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Advanced Power Controls

» Advanced Energy Introduction
* Why the need for advanced controls?
 Curtailment

« Reactive Power
« Temporary Over Voltage




AE Company
A leading, global supplier of:

« Power conversion and control technologies

To the world’s most demanding markets:
- Renewable energy
* Thin film

By creating best-in-class products and services through:
* Innovative technology
- Life-cycle performance - quality, reliability and uptime
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AE Solar Energy Global Footprint
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Toronto, Canada Shenzhen, China

Spares Depot:
Filderstadt, Germany

Spares Depot: .

Newark, NJ, USA

Manufacturing,
and AE Solar

Headquarters:
Bend, OR, USA

*

Manufacturing:

T Shenzhen, China

Spares Depot:
Taipei, Taiwan

Spares Depot:
San Jose, CA, USA

Design, Manufacturing,
and AE WW Headquarters:
Fort Collins, CO, USA

Spares Depot:
Austin, TX, USA

Fort Collins, Colorado, USA

B Direct AE Sales and Service

B AE Representative/Partners




Renewable Energy Markets

residential ommercial utility

POWER: 1-10kW POWER: 10-250kW POWER: 250-2,000kW

BB E UE:)@E -

Solar PV power conversion and architecture solutions aimed at lowest cost of energy
through project life-cycle
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“The Good Old Days”

21/,07)

4341130 1301 / 001044

Requirements
-IEEE1547, UL1741

Synchronization
Response to Abnormal conditions M

Non Islanding

-Assumed a minor player in the electrical
system
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Photovoltaic Industry Growth

Most States Have Renewable Portfolio
Standards or Goals

Has Renewable
Portfolio Standards

Has Re bl
Portfoli: Z“ézlse

Source: N.C. Solar Center at N.C. State University, Database of
State Incentives for Renewables & Efficiency (accessed July

2012).
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Decreasing Costs by System Element

Cost by Element (2010) Cost by Element (2012)
Total $4.38/W Total $3.00/W
Ir;toa;ilter Supply chain Sales tax, $0.26
$0.09 costs, $0.31 Supply chaln

installer OH,

costs, $S0.30

.$0'13 Installer
Site prep, $0.22 orofit
Land SQ8ller OH,
Acquisition, S0.12
$0.03 Inverter,
Permitting & Site prep,
Comrgcl)ssg;nmg, Land $0.22
) Acquisition,
Hardware labor, $0.03
Tra$gk'(e)g $0.13 stallati Permitting &
materials, Inverter, $0.31 Commissionin Hardware
$0.44 > 20 g, $0.02 labor, $0.08  Tracker, 50.10

Sources: NREL- 2/12, GTM- 7/12

These are PV System costs only. Utility upgrades, line extensions, and interconnect
costs are not included which can be a substantial part of total project cost.
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Decreasing System Cost by Market Segment
National Weighted Average System Prices, 2010 to Q1 2012
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(from GTM Research’s most recent U.S. Solar Market Insight)
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Photovoltaic Industry Growth

10,000
9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

Annual Installations (MWdc)
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mmm U S. PV Installations -m U.S. Global Market Share
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Source GTM 2012

*PV Industry experiencing year on year explosive growth

40% historical growth, 42% annual growth expected through 2020
More states incenting solar, grid parity within reach




Photovoltaic Industry Growth

2010 Total net generation: 2010 Non-hydro renewable
4,120 billion KWh net generation:
Other gases 168 billion kWh

0.3%

Conventional

Nuclear hydroelectric
19.6% 6.2%

Wind: 2.3%

Solar thermal

renewable and PV <0.1%

4. 1%

Wood and wood-
derived fuels: 0.9%

Geothermal: 0.4%

Petroleum Cther biomass: 0.2%

0.9%

Source: EfA, Annual Energy Review, October 2011

*Nationwide PV remains a small portion of electrical generation

*Is high penetration really a concern?
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How do we get high penetration?
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How do we get high penetration?
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How do we get high penetration?
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How do we get high penetration?




How do we get high penetration?




How do we get high penetration?

8.8 MW Total
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Advanced Power Controls

=
%
§

Power Factor 0.9 leading to 0.9 lagging b \\ /:;

. Y —mara |
Curtailment 5 -100% max kVA
Ramp Rate 1 — 50 kKW/S .
Action Delay U= Za9 see Stabilize grid voltage
Randomization 0 — 255 sec '
Remote Enable/Disable N/A

Utility support functions
» Grid stability
» Meet interconnections requirements
« Adapt to site dynamics

All functions comply with UL1741/IEEE1547
Available on 75/100/250/260/500kW TX inverters




Advanced Power Control - Functions

Power Eactor Sets the ratio of real power to apparent power. 0.9 t01.0 lead
Allows for sourcing or sinking of VARs -0.9t0 -0.99 lag
Curtailment Specifies an upper limit for inverter output power 5_-100%
by percent of max output or by absolute kVA. max kVA

Ramp Rate pontrols the maX|mum rate at which 1 — 50 KW/S
Instantaneous power increases / decreases

This feature enables pre-defined delays for set-

ACLE (DI point changes. Useful for multi-inverter sites. 0 =255 sec

Randomization This feature randomizes t.he start time of set-point 0 — 255 sec
change based on pre-defined thresholds

Remote This feature allows for the system to be remotely N/A

Enable/Disable turned on / off

All functions comply with UL1741/IEEE1547
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Inverter Curtailment
Why curtail?

o Service size
Service transformer size

o Network grid/spot network
No reverse power flow permitted
o Over subscribed feeder

Too much PV capacity already installed
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How Is curtailment achieved?

Inverter stops maximum power point tracking, moves above Vmp
All available power is not drawn from array
No heat is expended in inverter

Array |-V Curve
800.0 300.0

~—~ 700.0
SE./ A - 250.0 —_
+— 600.0 ;
S / f \\ - 200.0 <
CIt"soo.o R
5 /] 2
QO 400.0 150.0 5
> / / o
M 300.0 / >
= / 100.0 3
< 2000 Vop = Vmp =
/ - 50.0 <
100.0 \
0.0 0.0

0.0 100.0 200.0 300.0 400.0 500.0 600.0

Array Voltage (VDC)
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How Is curtailment achieved?

Inverter stops maximum power point tracking, moves above Vmp
All available power is not drawn from array
No heat is expended in inverter

( Array |-V Curve W

800.0 300.0

g 700.0 P g

£ N

LS) 400.0 / / \\ 150.0 %

% 300.0 / / .

= F 1000 =

< 000 / Vop > Vmp ' g
100.0 / 00 <
0.0 \ 0.0
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Array Voltage (VDC)
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How Is curtailment achieved?

Operating voltage is raised above maximum power voltage
Current decreases

— | Max Power 700.0
/ Current

\ Open Circuit 600.0
\ Voltage \

\ 500.0
— \\ 400.0
\\ 300.0

Max Power \
Voltage \ 200.0
100.0
) T T T T 0-0
100% 80% 60% 40% 20% 0%
Full Power Output Power No Output

—Voltage
—Current
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Case Study: Fixed Curtailment

Installation 412kW-DC

Products AE 75TX
AE 260TX




Case Study: Fixed Curtailment

S00KkVA

TRANSFORMER

/ MDP
—.m.—c
“—.q
INVERTER 1
ARRAY 1 260KW
7 B
~ L
I
INVERTER 2 FT
ARRAY 2 7okW f}l
T~
oV SYSTEM
SUBPANEL

. BQ
oNES

/

335kW-AC System — 300kVA Service Transformer

EE 2
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kWh

Case Study: Fixed Curtailment
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Hour Ending

| M Building M Gridin B Grid Export B Solar Production IlInverter Total |
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1,000
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£25
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125

Q
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Inverter power output limited not to exceed transformer rating.
Inverters power limit at high irradiance.
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Case Study: Scheduled Curtailment

Location

Paramus, NJ

Installation

1MW-DC

Products

AE 50TX
AE 100TX
AE 260TX




Case Study: Scheduled Curtailment

System split between Mall service
entrances

System B — 150kW - AC
= ADVANCED



Case Study: Scheduled Curtailment

\ Reverse power
flow not permitted

on spot network

E% 4160V o
Minimal load on

Sundays due to
4160V county blue laws

FROM PV —
SYSTEM A

5
g NP | e |

-
S 4160V

Lo

FROM PV — & ey
SYSTEM B

N
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Case Study: Scheduled Curtailment

INVERTER 1 —2B60KW MDP A
ARRAY 1
/ T —.r\a—c
/ ~ PV SYSTEM
SUBPANEL A
pRRAY o ERTER 27 TOOKW 2% ~ TO UTILITY
_ = e TRANSFORMER
7 el VAULT
oy |
INVERTER  3—100KW | |
ARRAY 3 29 |
/ - T J
7 -~ N —
INVERTER 4—260KW
ARRAY 4
. _
/ ™~

Scheduled curtailment eliminated need for site controller.
Backup protection provided by 32R.
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Case Study: Scheduled Curtailment
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Scheduled curtailment eliminated need for site controller.
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Case Study: Scheduled Curtailment

1000
900 MM L
800 .

700 ’/ |
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Case Study: Scheduled Curtailment
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Case Study: Dynamic Curtailment

_ Installation 7MW, multiple buildings
- |_|ght |Oad _ P 9

- Only zero export installations Products AE 260TX
permitted AE 100TX

- High penetration area
- Over subscribed feeder



Case Study: Dynamic Curtailment

2 1MW PowerVaults
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Case Study: Dynamic Curtailment

-
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Case Study: Dynamic Curtailment

Irradiance
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Case Study: Dynamic Curtailment
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Case Study: Dynamic Curtailment
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Inverter Power Factor

Historically, PV inverters
have operated at unity
power factor

Leading power factor
may be used to mitigate
voltage rise and flicker

Lagging power may be
used to support system
voltage and on site
inductive loads

e
I(t)

wi

Ny

ar
N

e

Urs Zellweger
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Case Study: Scheduled Power Factor

Location Pedricktown, NJ
Installation 1.5MW-DC

Products AE 100TX
AE 260TX




Case Study: Scheduled Power Factor

Inverter PU2600BBAF1 210090058

MAC: 0040904732F1 DSP: 560 PVM:4.37 Model: 250k w-430% Location: | First Reported: 2011-01-17 Last Reported: 2012-11-06
Total kWh: 333,910 Last Fault: 2012-11-05 DC Precharge Timeout Fault

[2!312-0'-}23 h{s] [2012-!3'3-25 Granularity:1 minute Ccurrent_ac_output_a w4+ e B
— power_ac 63 — sv_power_factor €3 |
250k 9.5
2012-05-23 2012-059-24
200k a9
150k ‘h I 28.5
[
u
: g
o 100k 28 3
=]
<
S0k 7.5
] a7
-50k 26.5
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Case Study: Scheduled Power Factor

Products AE 75TX
AE 260TX
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Case Study: Scheduled Power Factor
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Case Study: Scheduled Power Factor
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Case Study: Dynamic VAr Control

Location Northern NJ
Dynamic Reactive Capability Installation 14MW
Active Volt/VAr Control

Required by system operator Products AE 500NX _
Disallowed by IEEE1547 Under Construction
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Voltage (% of Nominal)
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Case Study: Dynamic VAr Control

/////7ARRAY . INVERTER 1 PV SYSTEM ‘\\\\
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Temporary Over-Voltage (TOV)

TOV — a temporary condition where high, potentially damaging voltage can
occur

TOV mechanisms

Derived Neutral Shift

Ground Potential Rise

Inductive coupling of fault currents
Switching high generation into light load
Interruption of current through inductors
Over-modulation

2L o

Typical solution - Grounding inverter “neutral”
* |s this a safe solution?
* |s this an effective solution?
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Derived Neutral Shift — Voltage Source DG

Pre-fault

c

During

Fault
Vcenter # Vn ;é 0

center = Vpn# Vi

B Worst case: V,, = V., =V,, =V
]
Typical dicti
s ST T, DG modeled as voltage
S b0 I0 AR R AR AL AR source
o ey L LR DV YV
2 S IO AR 17956 over-voltage
> 450 M w T W W W for duration of fault
-2.00
1.000 1.050 1.100 1.150 1.20(
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Inverter Behavior — Current Source

AE Inverter: Phase to Phase Short
-Current remains controlled
-Inverter detects O/U voltage
-Trips off after 79.6mS.

. . i . | & -79.42ms —360 A
.............. S B 180.0Ms 20.0 A
T : A79.60ms A3B0 A

discharging N ' ' L e j w0 |

@ sS00A & 500 A @& 200V ) (Z 20.0ms 2.50MS/s @& - 272V
+~300.000us 1M points

9 Mar 2011
11:34:20

ASeercr




Inverter Behavior — Current Source

AE Inverter: Phase to Ground Short
-Current remains controlled

Wigwerl EXSTOWO006 \WDF

&lml [20000 ¢ 10ms/div

[~

[m »| som

I
|—Fast

Zoam Trgger Time: 2012/03/16 10:46:54. 238940
Groupl
1.0000k [T 1. 0000kN
2 10000k
3 ©oot.o00oks
| Kl — . . .
"
Loo-l.ooooky ..
-1. 0000k
-1.0000k -1.0000}kY
2.0000k 11 2. 0000k,
|2 2.0000k4,
13 T 20000ks -
L1
Y I
Lo-2.0000ke .
=2 TINNN ey

Murmber of Crata: 20,001

Over voltage is within

ITIC limits

BN

Run on < 1 cycle
No phase over current




Correct modeling of inverter based DG

Must properly represent inverter controls

* Need relatively short (<< 1 msec) time steps

* Should make sure that saturation is not artificially excluded
Must properly represent inverter power stage
Must have inverter output filter components explicitly modeled

All transformers need to be modeled to see impact of DG on distribution system

Power-limited nature of DC source is important
* Ideal DC voltage source models will not work
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Correct modeling of inverter based DG

R 0z
gnm

5 esm 7 5k
75“-:5 gm1 gmzl

gms

= ‘U Faultl X;U Faulz ‘U Faults \U Fauld
T Lo Lo Lol Lo
173 50 E
R
PUZE
FUEC |m ] a K | N-]
o e -m. .uﬁ uns -u|1|:|
Py [] r [ Tn ] [
s a s a [« a [« = [« = A —
[ S a6 b-|l | alg  n|m alg  hm alg  b|e——
[ [t [+ [ [ [ o
| e 1N} N I|H I | |H n ] n
SabItation 1Em 1.5k | Eal\l'l'l 1 25mn2 Jm l

Faults

25 kV four-wire feeder, neutrals explicitly modeled, loads

distributed, PV at head end. Faults modeled at multiple locations,
including 480 V DG customer bus; impedance and aggregate loads

used.
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Correct modeling of inverter based DG

Simulated and experimental inverter terminal wltages, no neutral, with parasitic Z

800 : : i : : '
f ’ | i Sim A
<]0]0 | NS T ., AP iL SmB |
: : : : Sim C
: 5 " i : » ExpA
400 &= g N A N N A — . ExpB|
| | | = ExpC
200 SEE (SN WE S S P —

Voltage (V)
o

N

!

o
|

1
400 N NI NI o ¥ e S |
L
7-Y0 o) IRSHSE DU & SN S S — |
s ! i
s I s
_800 | | - | | |
6.98 6.99 7 7.01 7.02 7.03 7.04
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Correct modeling of inverter based DG

Voltage source modeling Complete inverter modeling
Line S|de VC Esgti]mulated and experimental inverter terminal voltages, no neutral, with parasitic Z
f o ! :
1 1 : : —— SimA
= \/LineA = VLineB I D T A T O |
2.00 e | | i i ——sim¢C

+  ExpA

ool NSRRI R v/ VAV a w1 )

5 osodlCl L T |y e e
ol TRV NI RURIR (S AR N AL e
S AEA IR INEIRE gl

O STV LTIV o o W N /£ R

- g VAU S

2.0 AT - I S —

1 OOO 1 050 1 . 1 80898 6.99 7 7|01 7 02 7.03 7.04




Modeling Results:

Grounding inverter isolation transformer not effective at mitigating TOV
Yg on line side of distribution transformer is effective at mitigating TOV
High load : PV ratio is effective at mitigating TOV

Other protection strategies are being investigated by Advanced Energy

Solid neutral connection to inverter should not be permitted unless the
Inverter is actually tested and listed in that configuration
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Proposal for near term solution: Grounding Banks

Add grounding bank near inverter(s) AN |
—2
: . = )
Sized per modified IEEE 142 standard |
* Based on conservative assumptions about inverter fault
current magnitude and duration
* Limits TOV magnitude to 1.25pu
Grounding bank interlocked with inverter PR
* If grounding bank is off-line, inverter is disabled 4%
T
De-couples grounding question from inverter design and UL
1741 listing
* Avoids potential problems with: e
* Harmonics
. ZIG—ZAG BANK
« Response during faults \‘{ RECOMMENDATIONS. FROM
ADVANCED ENERGY

e A ‘.r"“\"":\l.".'l_ ;Tr'



MEDIUM VOLTAGE
UmLimy

UTILITY SECTION DISTRIBUTION
- - - MEDIUM VOLTAGE PAD MOUNT
E_@ E_@ E_@ TRANSFORMER ASSEMBLY
B B B Yg:Yg
480V : MED. VOLT.
X3ty
CUSTOMER CUSTOMER CUSTOMER
PANEL / PANEL PANEL / \
5 5 5
|>——— b =0 ) DEDEPIS
Yg SECONDARY
IF UTILTY REQUIRES
“EFFECTIVE GROUNDING™
SELECT ZIG-ZAG BANK
PER RECOMMENDATION
FROM ADVANCED ENERGY
IF UTILITY DOES NOT HAVE
"EFFECTIVE GROUNDING”
REQUIREMENT, NO ZIG-ZAG
INVERTER 1 INVERTER 2 INVERTER 3 BANK IS NECESSARY.
f\/ / f\/ f\J NOTE:
N ZIG—ZAG BANK MUST BE IN
— — — o ggczkgggb PARALLEL WITH INVERTER
A N T - GUTPUT.
|||| |||| INVERTER REMOTE DISABLE INTERLOCK |||| 3 DIFFERENT OPTIONS FOR
INTERCONNECTION ARE
SHOWN.
OTHER INTERCONNECTION
OPTIONS MAY BE SUITABLE.
~—— N~——
DC INPUTS DC INPUTS DC INPUTS
ZIG—ZAG BANK
SIZED PER

ZIG—-ZAG BANK

SIZED PER
RECOMMENDATIONS FROM
ADVANCED ENERGY

\{

RECOMMENDATIONS FROM
ADVANCED ENERGY

ZIG—ZAG BANK

SIZED PER
RECOMMENDATIONS FROM
ADVANCED ENERGY

AE
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