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Optimal Locations for Wind Generation in
the US

United States - Wind Resource Map
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Wind Power Classification 5 9
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4 Good 400 - 500 70-75  157-168 £ o
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Solutions?

* Transmission lines

United States - Wind Resource Map

Image sources: http://www.nrel.gov/gis/wind.html;

AEP; NYT;socialistaction.org

Wind Power Classification

Wind Resource  WindPower  Wind Speed” Wind Speod”
Power Potential Densityat50m a150m at50m
Class Wim? ms mph

3 Fair 300 - 400 64-70 143-15.7

4 Good 400 - 500 7.0-75 157 -16.8

§ Excellent 500 - 600 75- 8.0 16.8-17.9

6 Outstanding 600 - 800 80- 88 17.9-19.7

7 Superb 800 - 1600 88-11.1 19.7-24.8

“Wind speeds are based on a Weibull k value of 2.0

U.S. Department of Energy
! R Energy L Y

2008 1 14
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Solutions?

e Suboptimal location

United States - Wind Resource Map

»
w\ei
R\ 1o .~
B E
v =
N
&: ©
i c
& &
' >
44 80
f I
= S
./’ .
Xy 3
{ < O
o s c
AR _\,_5.\\ >~ O
e VA 5%
— \ | 4+ (@
| 2 o
. < »
,'J:éi 8 g
QO 0
Wind Power Classification 5 9
Wind Resource  WindPower  Wind Speed” Wind Speod® o ;
Power  Potential Density st 50m o150 m at50 m wv
Class wim? mis mph o Z
[ 3 Far 300 - 400 64-70  143-157 % as
4 Good 400 - 500 70-75  157-168 L
5 Excollent  500- 600 75-80  168-17.9 E <
6 Outstanding 600 - 800 80-88  17.9-197 —
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Solutions?

e Power Flow Control

United States - Wind Resource Map
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Wind Power Classification S 9
Wind Resourco  WindPowor  Wind Speed” Wind Speed” @] ;
Power  Potential Density st 50m o150 m at50 m w
Class Wim? mis mph o 2
3 Fair 300 - 400 64-70  143-157 % as
4 Good 400 - 500 7.0- 75 15.7 - 16.8 £ w
§ Excellent 500 - 600 75- 80 16.8-17.9 <
6 Outstanding 600 - 800 80- 8.8 17.9-19.7 —
7 Superb 800 - 1600 88-111  19.7-248
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Outline

* Power Flow Control and Modeling
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Limited Capacity of Transmission System

e Transfer capacity of a line is limited

Large Central Station
Generators

pam—

Connection to
other parts of the
system ..

Connection to
“other parts of the
~system

Connection to
other parts of the
system

Customer
Loads
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Power Flow Control

* Opportunities
— Optimal usage of existing transmission system
— Adjustable to required needs
— Fast response

Conventional Wind

@ @

* Requirements

— Control method taking into account variability

— Communication/Sensing
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What are FACTS Devices?

* FACTS = Flexible Alternate Current Transmission System
e ability to influence power flows and voltages
* based on thyristor technology
* Types:
— Shunt connected
* mainly influence voltages S
* SVC, STATCOM, etc. |'

— Series connected
* mainly influence active power flow

* TCSC, TCPST, etc.
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Thyristor Controlled Series Compensator

* Modeling

— variable reactance in series with line

Busi X Bus k

+ JX TCS
. i p— 'E
'F:'E"EE' ‘ | ' | | F.;-Ej ' Xiotat = K tine T Krese

I

09X, )< X

o | b

max( X c <min(X 0.4X

TCSC ,min’ - Line TCS TCSC,max ! ™ ° Line)

ectrical & Computer
) ENGINEERING 11



Carnegie Mellon

Outline

e Centralized vs. Distributed vs. Decentralized OPF
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Approaches

* Centralized
— Single controller

— Information of the entire system needed

e Distributed

— Controller for each area or device
— Communication between devices needed

— Based on local information and information received from other
devices

* Decentralized Approach

— Local controller for each device
— Based on a limit amount of local information
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Distributed Approach

 Decomposed Optimization

Areap Aream

=]
_ M~ _

Lagrangian Relaxation
Optimality Condition Decomposition
Overall Problem

/ \|=> iterative process

Subproblem 1 Subproblem 2
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Decentralized Approach

e Limited OPF

— Approximation of
influence at border
buses

V=V, +K, , -U
=0, +K, U

— Reduced Optimal Power
Flow
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Outline

* Method based on Regression Analysis
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Mapping of System State to Optimal FACTS Setting

: : Voltages, Power Flow 1
Load/Generation Scenariol ——>
System
Topolo
Load/Generation Scenarion ————> pology
Voltages, Power Flow n
Optimizer
P Mapping?

]

Optimal FACTS Optimal FACTS
Setting 1 Setting n

- Optimization Offline

‘ - Use Mapping for Online
Operation
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Regression Analysis

e Structure

Values from
Key Measurements

Off-line Training Online Operation

Optlmal Optimal Device

b
: "| Power Flow Tings\_' . "
Load/Generation Regression | polynpmialy Satiolisr »Optimal Setting of
Scenarios AnalySiS Fungtion ™ QRO Control Device
.| Sensitivity M
4 s Measurements
Analysis

e Offline Simulation

— Solve OPF for various generation and load scenarios

— Determine function: optimal setting = f(local measurements)
* Online Decision Making

— Function determined in offline simulation
— Local measurements
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Offline Simulation

e Optimization Problem
X

TCSC

— Control variable: setting of the FACTS device X csc OF 7icsc = >

Line

— Objective function

* Multiple choices

* Maximize the minimum value of the capacity margin

max (min (P, .ii))

where the capacity margin of the transmission line is defined as

max
Fr - |Py|
margin,ij

max
F.

1)
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Offline Simulation

* Optimization Problem

— Constraints
* Power flow equations  Pei=PLi=2 B =0.Qg,-Q,; -2 Q; =0
* Model of the loads

i i

numLoad

JP, . ~ random, F;L’k =pP° 4+ P .. ISL’T = > P,
k=1

L,k

PL,T iy
PL,T ~ random,PLyk = —= PL‘k
I:)L,T
PFL’k = constant
e Device limits of TCSC
ma‘X(XTCSC,min’_O'9>< Line) B ><TCSC B min(XTCSC,max’O'4X Line)
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Offline Simulation

* Determining Key Measurements
— Considered measurements
* Active power flows and current magnitudes on lines

* Voltage magnitudes and angles at buses

— Sensitivity analysis

* Assumption: if FACTS device setting has large influence on system

value => system value gives important information for optimal device
setting

* calculate influence of FACTS device on considered measurements Z

AZ
AX

K =

TCSC
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Offline Simulation

* Regression Analysis

T T

— Key measurements  x=[P,,; 1.0, Gy Zresc] =[% X = X]
— Optimal setting y

L pees : . 1, .
— Polynomial fitting — quadratic function f(X)=Ex Bx+a x+c¢

— Features and coefficients in the function f(x) = «"x

s 2 2 2
x:[l X, X X XX, X, X, X, XX X, X XK:|

a=[c a a, 1/2-b, b b, 1/2-b, b, - b, - 1/2.b.]

K 12 1K

— Fitting — Ly,-norm regularization problem
. 2
min HXa -Y H2

st. e, <4
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Offline Simulation

* Regression Analysis — Algorithm Used

— Orthogonal Matching Pursuit (OMP)

 Step 1: Calculate the inner products <X, Y>

 Step 2: Select X, that corresponds to the largest inner product
magnitude

» Step 3: Solve the coefficient a,, by min |, - X, - Y|
* Step 4: Calculate the residue F =Y —«, - X,

» Step 5: recalculate inner products and coefficients, etc. until A is
reached

X,
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Offline Simulation

* Regression Analysis — Algorithm Used
— Optimal value for number of the non-zero coefficients 4
* Case-dependent

* determined by cross-validation: calculate coefficients from training
set and estimate errors from testing set
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Mapping of System State to Optimal FACTS Setting

Load/Generation Scenario/
FACTS setting 1 —

Voltages, Power Flow, FACTS setting 1

System

Load/Generation Scenario/ Topology
_ —>
FACTS setting n

Voltages, Power Flow, FACTS setting n

Optimizer

]

Optimal FACTS Optimal FACTS
Setting 1 Setting n

Mapping?

- Optimization Offline

‘ - Use Mapping for Online
Operation
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Online Decision Making

* Process

Local measurements

active power flow, current Current setting of TCSC
magnitude and voltage angle

. —

TCSC controller

l

Optimal setting of TCSC
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Outline

e Simulation Results
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Simulation Results

* Simulation Setup

(G) ceNERATORS

- |EEE 14-bus system  © gnsnaos

- Wind generator at
Bus 2

- Load center on north !

side
- Asingle TCSCin Line

1-2 2
- 1000 different

generation/load s
scenarios

11]
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Simulation Results

* Initial Point X;csc = 0, no overloading

Objective Function

0.8

0.6

0.4~

Value of the Objective Function

Actual
0.2 - ¥ 11 [ e i E Estimate
H ‘,' ------- Without TCSC
0 I I I I
0 50 100 150 200

Case Number

ectrical & Computer
) ENGINEERING 29



Carnegie Mellon

Simulation Results

* Initial Point X;csc = 0, no overloading

Error in the Objective Function

0.02¢
Error
£ o001 - T e T
w
O f | L
0 50 100 150 200
Case Number
Relative Error in the Objective Function
« 0.1: r - :
o ,
L Relative Error
2 o005}
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Simulation Results

* Initial Point X;csc =0, no overloading

Optimal Setting of the TCSC

0.6¢
'
|

0.4

Optimal Setting of the TCSC
)
N

-0.4 | v
-0.6 U vy I
-0.8 * 1T
Actual
(]
1°- | mm——— Estimate
0 50 100 | —mee- Estimate within range

Case Number
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Simulation Results

* Initial Point X;cgc = 0, overloading

Objective Function

0.6¢

Value of the Objective Function

Estimate
-0.6 —-—ame- Without TCSC
-0.8° - - - - -
0 20 40 60 80 100

Case Number
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Simulation Results

* Initial Point X;cgc = 0, overloading

Error in the Objective Function
0.14¢ r - - :

Error

0.12

0.1

0.08

Error

0.06

0.04 “

0.02 Al

0 20 40 60 80 100
Case Number
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Simulation Results

* Initial Point X;cgc = 0, overloading

Optimal Setting of the TCSC
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Simulation Results

* |Initial Pointx_.. =0, no overloading

TCSC

Objective Function

Actual
----- Estimate
- Without TCSC

Value of the Objective Function

0 100 200 300 400 500 600 700
Case Number

ectrical & Computer
) ENGINEERING 35



Carnegie Mellon

Simulation Results

* |Initial Pointx_.. =0, no overloading

TCSC

Error in the Objective Function

0.04:
2 0.02
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Simulation Results

* Initial Pointx. . =0, no overloading

Optimal Setting of the TCSC
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Conclusions

* Power flow control devices provide the opportunity
— to improve the usage of the existing transmission system

— to make the transmission system more flexible and adjust to the needs
of flexible generation

* Usage of regression analysis might provide solution to
determine optimal settings without solving OPF online

Electrical & Computer
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Future Work

* Multiple FACTS devices

* Larger System

* Incorporation of Dynamic Line Rating
* Implications on planning

* N-1 security
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