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Renewable Energy
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PV Plant (5~50 MW)
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Image from Sun Power Corp.,
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(1~30 kW)

Image by Dennis Schroeder, NREL 22192

Mobile 9-kW PV system
Bechler Meadows Ranger Station
Yellowstone National Park
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Renewable Energy

Image from Bill Timmerman, 08989
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Image from Greg Glatzmaier, NREL 19807
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Renewable Energy
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i, Reference: Y. Li and Y.H. Yu. 2012. “Synthesis
of Numerical Methods for Modeling Wave
Energy Converter-Point Absorbers.” Preprint.
B NREL/JA-5000-52115.




Renewable Energy Resources

Wind Speed at 90 m

mis mph

11.5-120 7-268
11.0-115 246-257
105-11.0 235-246
100-105 224-235
95-100 213-224
9.0- 95 201-213
85- 9.0 19.0-201
80- 85 17.9-19.0
75- 80 168-179
70- 75 157-168
65- 7.0 145-157
60- 65 134-145

0-13.4

Solar Resource

Photovoltaic Solar Resource of the United States
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Month of the Year

Wind Power Resource

Annual Hourly Average

Spring Peaking

0 MW

50 MW

1 1 1
10 12 14
Hour of the Dav

100 MW

Midwest Region

Future consideration:

¢ Smart deployment of energy storage (e.g. pumped storage hydro - PSH) in coordinated controlled fashion
e Match the characteristics the load (demand-side management -DSM) to the local source.

¢ Understand the regional behavior of the wind pattern and other renewable energy resources.

e Multiple types of renewable energy resources in coordinated operation.
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Power

Hourly Average Power
Southern California Wind Power Plant

Summer Peaking
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Month
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0:00
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3:00

£4:00

22:00

Hour of the day

o015
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Renewable Power Integration

Small Wind Farm (less
Utility Scale Wind Farms (above 10 MW) than 10 MW) . .
Single Large Wind

Power plant
~ - Turbine

Small Wind Turbine

transformer transformer
Step-down Step-down Step-down
transformer transformer transformer
Transmission to o v
other utilities Subtransmission Distribution
Customers Customers @

Distribution Customers

115kV and higher 26-115 kV 4-35 kV 120-480 V

- > < >

. . Distributed Interconnections per
Wind Farm Interconnections |EEE-1547
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Grid Stiffness

Power Transfer from WPP (V1=V2=1 p.u.) Power Transfer from WPP (SCR=2)
Gi v, . v, @ . , :
s — SCR=10 :
WPP Grid ~== SCR-2 |
8- = :
—_ gy Stable Ogration
=] = A ¥y =V 1.0 puu, i
> & | 17 / ;
5 ° g ;
% ; | i ".'"'I St e (e
aly - p' .
s 1 / i
ﬁ S ~
< < "
2 \V e A L T B i PF?:.T“ % — VI=V2=1
a) Q=Q,=0.51" X 2 JPT == '
P ‘| == PF=1
.o I 1 1
$=0° V, % ;o 1‘00 150 00 50 100 150
g ) Power Angle (degree) Power Angle (degree)
v Weak grid vs. stiff grid:
JXsls
» If the reactive power consumed by the reactive loss I .2X; is compensated by
both Bus 1 and Bus 2, the voltage V; =V, = 1.0 p.u. can be maintained.
V, e Operating a wind power plant (WPP) at a unity power factor (PF=1) can lead

to an undervoltage at the WPP, especially for a weak grid condition (e.g.,
short-circuit MVA < 2.0 p.u.)

* A weak grid has a lower power transfer capability compared to a stiff grid;
thus, changing the output power in a weak grid pushes the operating point
closer to the stability limit.

Q. =12X; Q,=0 V, * The ability to generate reactive power from a wind turbine generator (WTG)
will expand the power transfer from a wind power plant (WPP) significantly
compared to PF=1.
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Reactive Power Control

Power Transfer from WPP at SCR=2

2F 4515 T T =
-
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Power Angle (degree)

Power-angle characteristics of the WPP

operated at different power factor
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settings

Terminal Voltage (p.u.)

Terminal Voltage at the WPP at SCR=2

1.5

0.5

— PF=0.95
=== PF=0.97
- =- PF=1.0

1

Active Power (p.u.)

Power-voltage characteristics of the WPP
operated at different power factor settings




Reactive Power Compensation

¥ = -0.0057¢ + 0.0093" - 0.0852¢ + 1.1057 R
R'=09734 .
*

Typical PQ

o characteristics of
100 v a small WPP |
with type 1 wind

turbine generator
050 With minimum i
capacitor

0.00 1.00 200 3.00 4.00 5.00 6.00
Total On-Line: 6675 MW

Max 11W: 5.17 MVAR: 260 w QF Contract: 8.000 MW

PQ characteristics of Tehachapi, California, Type 1 WTG

Voltage vs Power

1.05

0.95

Voltage (p.u.)

09

0.8s

[1k:]
30%

40% 50% 60% 0%

Power (Yarating)

Voltage collapse observed at several WPPs

80% 90% 100% 110%

Collector
Bus

Induction

Il r
Generator Collecto

Bus

Induction
Generator

Turbine
Transformer

q G-box

Turbine
Transformer

Grid
PFC
Capacitors

Type 1 Fixed Speed Induction Generator ~ Type 2 Variable Slip Induction Generator

Reactive power compensation for WTG-1 and WTG-2:

e Type 1and Type 2 WTGs are based on an induction
generator.

e Reactive power compensation is needed as a
function of the output power generation.

 Without proper reactive compensation, the grid
voltage will drop significantly and a voltage collapse
occurs.

 An undervoltage relay at the WTG will disconnect
the WTG, and the power system is self-corrected

e There is a loss of valuable generation if not
compensated.

e Switched bank capacitors are needed to
compensate the reactive power at the individual
WTGs and in some cases at the plant level.
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Reactive Power Compensation

‘Egj‘v‘;‘:ve Reactive power for voltage support:
Qmax @ Smax  The power factor range may vary depending

on the local requirement— typically - 0.90
underexcited/0.90 overexcited range.

e Variable-speed WTGs with power converters
usually satisfy power factor requirements at
the point of interconnection (POI).

Qmin

e Variable-speed WTGs can generate reactive
rubne | Collecor power even when not generating.

Bus
Transformer

j@M“_'_@  In some cases, plant-level reactive power may

G 'd . .
AN ' be necessary, especially for a weak grid
Power Converter CO n d it | O n .
Type 3 Doubly Fed Induction Generator (DFIG)
(Variable Speed WTG) Station Collector Pad-mounted
Interconnection Transformer(s) System Transformer
Tranim:essmn Equivalent Equivalent
Collect - .
PWM Converter 0Esfls o I I @ I @ 4@ ‘g::]i;l:;? ine
Equivalent
s f¢lo—t o | | |
PMSG Turbine Grid  pol or Connectionto
Transformer issi
ansforme the Tg;r:g:lssmn —— 1 PE Correction
Reactive ShuntCapacitors
Compensation —_E
Type 4 Full Power Conversion | |

(Variable Speed WTG)
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Conventional vs. Wind Power.Plant

Load

Other Conv. Load

Generator

Collector
System
Station

Interconnection
Transmission Line

Large
Synchronous
Generator

Issues in a WPP:

Individual
¢ Collector system optimization WTGs
* Reactive power management
 Voltage regulation at POl and each turbine Feeders and Laterals (Overhead
¢ ACvs. DC; OH vs. UG; offshore vs. land-based collector systems and/or Underground)

¢ Predictive maintenance
e WPP model vs. WTG model.
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Photovoltaic Power Plant

Photovoltaic (PV) plant interconnection:

/10 modules per string at

3 kW; 380-430Vdc s  From the perspective of the plant, a PV

H 2 strings per row at 6kW

M1
m2

1 380- . plant is very similar to a WPP.
|1 430V -
M0 T Representing | e A PV generator is similar to a Type 4 (full
combines S0z s power conversion) WTG.

MPPT

e APV generator does not have rotating
inertia like a WTG.

300Vge 150kWy. Inverter

'DC fide ) AC side .
e |[tcan generate reactive power when

| |
| I
! ! . . .
3 IM10E Eg 5 o A S phass generating or even when not generating.
=1 Z Py = .
-5 1R B R &1« Insome cases, plant level reactive
.E = : 1 I ) ) N15 .
v 2710 1 25 rows at power may be necessary, especially for a
1 M1 E' . o, .
| 150kW weak grid condition.
: Stati Collect Pad-mounted
_ Ac-asov AC - 34.5kV Interconnection Transformer(s) s°y:t‘;,$,r Transfomer
[PYAMPPT|—| laverter |35 660 KVA 3 phase Line Equivalent d

v |52 anHzi;agmi.sw I I @ I I @—r :)r:\//erter

|w+uppr|—| Inverter H P

M1 POl or Connectionto
the Ti issi
|W+HPP'I'|—| Inverter l% —_— e ?y’;ﬂ:ﬂ?s"’" plantlevel | , PF Correction
165 kKVA 3 phase Beactive Shunt Capacitors
GOHz 208/480V,,

I I Compensation
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Wind Power Plant—One Year.of.Observation in Texas

120% = vvveee ‘Méh‘s‘i‘dr'éd vanaa'e'f 120% 1< -=*** Moasured Voltage' . .

1007% pmemr—" R 100% 4 - -- g==—————= A WPP is very large with hundreds of
80% - - BO% o N caaraid v e e e

60%;- ........................... 60% 4 - - ;{P;g"!-"”u:,,. WTGS.

e There is diversity within a WPP:
 Wind resource at each WTG
e Collector system impedance and
electrical distance from the
substation transformer
e Terminal voltage, V,, at each WTG.
e The diversity develops a higher
immunity for the WPP against a

Tims [sacands)

Tin s disturbance.
Monitoring - o . A.fault at the transmission line may
Node Slf]l;;a‘rion Tfiml‘;‘;‘ﬁel disconnect some of the WTGs but rarely
\ all of the WTGs.
Q | — OI% * Afault rarely occurs when the plant is at
| full power operation.
Infinite  Transmussion Collector WTIG * Most faults are single-line-to-ground,
Bus Line System self-clearing, and of short duration and
Figure 1. A typical network topology of a large wind power plant. i;ola;c(ed from the network by circuit
reakers.
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Wind Power Plant—One Year.of.Observation in Texas
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Voltage Lewel for Fault Events
(percentage is based on 23 events)
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Figure 6. Voltage at the POI duning the fault.

Level of Production During Faults
(percentage is based on 215 events)
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Figure 8. Wind power plant output at the pre-fault condition.

é
d

&
;

#
d

B
;

10005 A 2=

<10 cycles 10cy=T_fit< 20cy > 2cycles

Duration of the Fault

Loss of Turbing within Wind Power Plant

[percentage is based on 2135 events)

100%
%
bl
b=t
-4
=
Ly
=%
m
=
4%
a
&3
o
-4
o 0%
m TR

b= ]

0% Lossof Twbines 0% <Lossof Twbies< < 20% Loss of Turbines
an%

Percentage of Turbines Stay Connected After an Event

Figure 7. Duration of the fault.
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Figure 9. Percentage of turbines that stay on line.




Wind Power Plant—Overall Design.Optimization

Aerodynamic and Electrical Co-Simulations

=000 270 degrees at 8 m;’s neutrat conditions at time = 600 GD 5

14
L2
10+

000 . O

Active Power per Line (MW)

(=IO -
T
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3000F
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L]

300 ; ; :
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Credit: Jennifer Annoni
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Wind Power Plant—Overall Design.Optimization in Colorado

Collector System Design

SUBSTATION

Line Losses (%)
Group| Option1 | Option2 |

Simulation/output data available
(for analysis and plotting):
Voltage at each generator bus
Currents at line segments
Ploss at line segments
Output power at each generator
Ptot at each group
WPP efficiency.

Op
Lines)
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Variable Renewable Energy Power Plant—

Stability.of Power:Systemrin New Mexico

Conventional
il Power Plant
Fault - -:- -
: B
> 14 Le 20O
O_ ZAD Top :
ZAD Botom i ( :
Infinite Bus _E P Large Load
sl
:\ ,: Wind Power Plant
(a)
Conventional
Power Plant
Infinite ____ . E
Bus “pamis ' ,C s O
\ opened’: '
Z.'\‘E):-B:J;[DII’[ :
D A !
H Large Load
el

Fig. 3.

Major path before and after the line fault is cleared. (a) Before the line

fault is cleared. (b) After the line fault is cleared.
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Photovoltaic Power Plant—

Freguency Regulation Demonstration in Puerto Rico

f Nee=—xo PV plant’s droop characterlstlc
™  Title: “Demonstration of Active Power
| Pt Controls by Utility-Scale PV Power
o = Plant in an Island Grid (Puerto Rico),”
\ % by Vahan Gevorgian and Barbara
Al O’Neill, Wind and Solar Integration

Workshop, Nov. 2016

e Total installed generation capacity: 6
GW with 173 MW of wind and solar PV
generation; the rest is based on

§ 05 +12.5 mHz

= - frequency petroleum and natural gas.

o 5% droop e Puerto Rico’s transmission system

E_ 0 consists of 230-kV and 115-kV lines,
£ 38-kV subtransmission lines and 334
Eﬂ substations.

5 s * PREPA’s typical summer daytime peak

load is approximately 2.8 GW.
e AES’s 20-MW llumina PV power plant
B is located in Guayama, Puerto Rico (40
-02 -01 0 01 02 inverters rated at 500 kWac each).

Change in frequency (Hz)
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Photovoltaic Power Plant—

Frequency.-Regulation'Demonstration

Frequency »

drop to FFR fully deployed
trigger FFR Delay
w00 — T T _ 1—4 —» Transition to PPT
— Estimated Max Power 20500 60.2
7000 | —Generated Power -
—AGC et Point 20000 :
_ 100 —Estimated Max Power s
3 15000 19500 ——Curtailed Power . =
= —- ~——Generated Power T
e g_ —External Frequency Trigger - 59.6 T
E 13000 = 19000 = g
S AW MWW - 59.4 3
O uomo 3 W g
I ] a- 18500 [
Hom j - 59.2
10000
1..:5& "L'."-'R"&"‘ [ o “3’% ) ;1-.'9‘ . :'I} 18000 Rt 9
B o s ' N hﬂﬁ W nT@"tJ\
o o o L N o 17500 . s8.8
TIME 0 500 1000 1500 2000
TIME (ms)
—Estimated Max Power
20000 ---Estimated Min Power 603 25000 . : . . . 60.15
—Generated Power
18000 —AGC SetPoint 601
16000 Grid Frequency mz'g 20000
. 14000 b - 60,06
60.1 —
] 2 =
i 12000 § < 15000 z
. ¥ L s !
5 10000 ) 3 5 60 3
g a0 & g 10000 S
& 59.9 59.95
6000 o a :s';
4000 1. L 59.35 5000 —Estimated Max Power 59.9 =
2000 I S S S N N SN I i S I N | —Generated Power
—AGC Set Point
o 1' R o %7 0 Grid Frequency 59.85
I % 0
& ﬁ ﬁq WP 58 5’9 ‘:“c’ 50 o ¥ ‘sq’ o x‘?:: 5t ‘a" ot b’“h o> 2 s s A5 & >
O A0 Ao Q¥ '\r Q O A0 I A - A . a5
107 0> 0 0% 10> 107 0 0% 10 A0 0> 10 0 10> 110> 0% o ' % a0 S M '&
A e e e e \%‘ e & - & & e &
Ui 1 - Ui 1 1
TIVE @\ & % A TiME @ q,\

AGC test using 20% range AGC test using 40% range
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Wind Turbine—Ancillary Services. Jesting

w Future NWTC Substation . “ .
f{f@m::'""""“d e Title: “Controllable Grid Interface (CGl)
Lk Dynamometer . . . .
— S —— for Testing Ancillary Service Controls
WILCN \ogar
Buiding and Fault Performance of Utility-Scale
, Dynamometer . .
of ‘ 25MW Wind Power Generation,” by V.
D)mamomater

25N |W*"dCT"rbmas Gevorgian et al., Wind and Solar
[ _ Integration Workshop, Nov. 2016

’ f e 7.5-MVA power system simulator (CGl)

f e 2.75-MW GE wind turbine drivetrain

e Testing includes fault ride-through,
frequency response (governor and
inertial response), short circuit, power
oscillation damping, power hardware-
in-the-loop (PHIL), impedance
compensation.

NREL/NWTC infrastructure for renewable energy
systems grid integration testing. Illustration by Josh
Bauer, NREL
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Wind Turbine—Ancillary Services. Jesting

Single-phase zero voltage test

10 rnn rnn
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Three-phase zero voltage test
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Wind Turbine—Ancillary Services. Jesting

0 100 200 300 500 600 70O

t[s]
s 0.8
=
gﬂ?ﬁ
o 07
5884 5986 59.8B8 598 5992 5994 5996 5998 60

fiHz]

Frequency droop test
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Wind Turbine—Ancillary Services. Jesting

T—T BESS BUS 2 BUS 8

I oy ry 1 MW Battery Energy Storage =
TT Load3
=2l m —n— > . N

Control

) n | | ™
Controllable Grid Interface (CGI) @ Q\:) | Lines I Lined I_( 4@
BUSS

DC

TMVA | /s || _ _
(39 MVA for 2 sec) Pr bl 1.5 MW Field Turbine x@
Linet Lines
3.3kv/13.2l 13.2kv / 690V DFIG
Box- ra

Grid DC
| Ac A AC BUS 4 BUS S 5633
DC T DC |

13.2kv

AC el Lined

Loadl U Load2
DC
e BUS 7
Controller w j T4 8 Tl
: WPP BUS 1
&-2= ~) 561

PHIL test setup with CGI and RTDS RTDS model of 9-bus power system
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Inertial Response of a Wind Power.Plant

Torque-Limited Inertial Control

minimum rotor speed torque limit

Generation loss or load change occurs
/ Initial slope of frequency decline dependent on system inertia

>

»

(cumulative inertial response of all generators and loads damping)

|

|

|

Iy

‘1‘\ \
BAN
I SN
N
!

!

!

1!

1!

!

Grid Frequency (Hz)

Slope3 / ‘PmpPT

|
|
|
|
|
| |
| |
| | |
| | |
| | |
| | |
| | |
| | |
! L | ! [

05 510s  20-30s 5-10 min Time (sec)

Inertial Response
|
[ .
IPrimary Freq Contro| ~ Secondary Freq Control (AGC) Tertiary Freq Control
(Droop) (Economic Dispatch)

1. Inertial response releases kinetic energy and restricts the rate of change of frequency.

2. Primary frequency response is deployed by the speed governors of synchronous
generators. It improves the frequency nadir and stabilizes the frequency.

3. Secondary frequency response recovers the frequency back to the nominal value.

E3

i
i
i
i
i
i
i

Electrical and mechanical powers

Rotor speed Opppr

The inertial response suppresses and slows the frequency drops before the action of
underfrequency load-shedding relays, when a loss of generators or transmission lines
occurs. It is crucial to the power system reliability before the relatively slow response of
speed governors.
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Inertial Response of a Wind Power.Plant

Modified Nine-Bus Power System

ES —

BUS 9 BUS 3 SG31

T2 I : ; : T3 :

Line5 Line6
SGZ BUS 6 SG32

SG33
BUS 4 BUS 5

Line2 Line4

Loadl Load?2

| ]

T1

BUS 2 BUS 8

Linel Line3

BUS1

SG1

Rated Rated Inertial
Capacity voltage Constant Tdo’(s) Tdo”’(s) Tqo’(s) Tqo”’(s)
(MVA) (kV) (s)

200 16.5 6.64 8.96 0.12 = 0.95
80 18 5.31 8.0 0.03 1.0 0.07
30 13.8 4.01 8.0 0.03 1.0 0.07
30 13.8 4.01 8.0 0.03 1.0 0.07
40 13.8 4.01 8.0 0.03 1.0 0.07
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Rated Voltage 690 V

Rated Power 2 MW
Rated Rotor Speed
(GEN) 22.5 rpm
Np 26
Rated Torque 848.826 kN.m
Diameter of
Blades 78.52 m
Rated Wind Speed 11.2 m/s
Rated Rotor Speed
(WT) 2.32rad/s
Air Density 1.225 kg/m3
Cp,max 0.48
- 8.1




Inertial Response of a Wind Power.Plant

Case studies: The performance of torque-limited inertial
control under different wind speed conditions.
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Low-wind-speed cases: 7 m/s and 8.2 m/s
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Summary

 Variable and renewable energy resources have similar characteristics:
e May take different forms (wind, PV, concentrating solar power [CSP], marine hydrokinetic, etc.)
e The electrical output power varies with the resource.
e Distributed generation or centralized as a power plant
e \oltage variations can be minimized by adjustable VAR compensation.

e Frequency variations can be minimized by fast-acting spinning reserves and storage availability
and capability.

e Load-wind matching can be improved by including other renewable energy resources (CSP, PV,
geo, hydro, bio), cleaner and cheaper conventional power plants, DSM, and storage (long-term:
PSH, CAES, plug-in hybrid electric vehicles, fuel cell—H,, battery, flywheel).

 The forecast error can be minimized by shorter scheduling periods, incentivizing PSH,
coordinated nationwide wind measurements, and better forecasting methods.

e Transmission constraints and curtailment can be minimized by improvements on the
transmission lines (FACTS devices, series/parallel capacitors, additional lines, dynamic
ratings, storage).

e Grid codes may vary depending on the local/regional regulation and the power system
network to which it is connected.
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Summary

* Phasor measurement unit deployment allows the WWP to be monitored more precisely
during normal and transient operation. The stability margin can be measured more
accurately, and remedial action schemes can be deployed at the correct time confidently;
thus, blackouts and outages can be prevented.

 Wide area monitoring, protection, and control can help monitor and coordinate
protection of the surrounding power system relative to the stability limit and anticipate
the next coordinated control action to protect the WPP ahead of potential/impending
disturbances in the vicinity.

e Use of a smart grid, modern control, high-speed data communications, and power
system intelligence allows the system to operate in autopilot and reduces the burden on
operators to manage normal operations but allows for special intervention in critical
events.

e High-penetration renewable energy sources may force us to follow a new paradigm (AC
vs. DC, centralized vs. distributed, constant f vs. 60 Hz, synchronized vs. floating/island
networks, instant delivery vs. stored energy).
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