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ERCOT, Feb 20 2025 (New Winter Peak Load)

 Maximum load of 80.6 GW, a new winter peak for ERCOT
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Optimal Power Flow (OPF)
i

* OPF functionally combines the power flow with economic dispatch
« Security Constrained OPF (SCOPF) adds in contingency analysis

* Goal of OPF and SCOPF is to minimize a cost function, such as operating
cost, taking into account realistic equality and inequality constraints

« Equality constraints
~ bus real and reactive power balance
— generator voltage setpoints
— area MW interchange



OPF, cont.

Inequality constraints

— transmission line/transformer/interface flow limits

— generator MW limits

— generator reactive power capability curves

— bus voltage magnitudes (not yet implemented in Simulator OPF)

Available Controls
— generator MW outputs

— transformer taps and phase angles
— reactive power controls



Key SCOPF Application: Locational Marginal
Prices (LMPs)

* When OPF includes contingency analysis it is known as the Security-
Constrained OPF (SCOPF)

* OPF dates back to 1960’s with thousands of papers

« The locational marginal price (LMP) tells the cost of providing electricity
to a given location (bus) in the system

« Concept introduced by Schweppe in 1985

~ F.C. Schweppe, M. Caramanis, R. Tabors, “Evaluation of Spot Price Based
Electricity Rates,” IEEE Trans. Power App and Syst., July 1985

 LMPs are a direct result of an SCOPF, and are widely used in many
electricity markets worldwide both ahead and in real-time

« The exact calculations are market specific

AJ#r



Example: ERCOT Security Sequence
i

« The ERCOT Nodal Protocols document details the process used by
ERCOT Security Sequence

—- RUC is Reliability Unit weatrr

Commltment DRUC-Normal I Power Forecast | |
. HR%?égEL?m i Load Forecast Dyg?::;i:s':::hg

— DRUC IS the Da.y-Ahead Status l I Security Violation
Reliability Unit Commitment s, | [ [ emew || 4 1

- HRUC is the Hourly — Popats
Reliability Unit Commitment T s "

e Operain
* The most recent documents W o [ ——
) Outputs

are at l Operator Information ‘
www.ercot.com/mktrules/nprotocols/current




ERCOT and MISO LMPs, Feb 20, 2025 at about 9am
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Real-Time Locational Prices: Real-Time Market - SCED Pricing Help?

Last Updated: Feb 20, 2025 08:35
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OPF Problem Formulation

AJ#r

« The OPF is usually formulated as a minimization with equality and
Inequality constraints

Minimize F(x,u)
g(x,u)=0

h... <h(x,u)<h
u. <u<u

max

maXx

where X Is a vector of dependent variables (such as the bus voltage
magnitudes and angles), u is a vector of the control variables, F(x,u) is the

scalar objective function, g is a set of equality constraints (e.g., the power
balance equations) and h iIs a set of inequality
constraints (such as line flows)



Two Example OPF Solution Methods

* Non-linear approach using Newton’s method

— handles marginal losses well, but is relatively slow and has problems
determining binding constraints

— Generation costs (and other costs) represented by quadratic or cubic
functions

* Linear Programming

— fast and efficient in determining binding constraints, but can have
difficulty with marginal losses.

— used in PowerWorld Simulator

— generation costs (and other costs) represented by piecewise linear
functions

« Both can be implemented using an ac or dc power flow



LP OPF Solution Method

 Solution iterates between

— solving a full ac or dc power flow solution
« enforces real/reactive power balance at each bus
« enforces generator reactive limits
« system controls are assumed fixed
« takes into account non-linearities

~ solving a primal LP
« changes system controls to enforce linearized constraints while minimizing cost



With no overloads

Two Bus with Unconstrained Line

AJ#r

Transmission line is

Total Hourly Cost : 8459 $/h
the OPF matches Area Lambda @ 13.02 3/Mih not overloaded
the economic o —
dispatch g 81" 5
Bus A 13.02 $/Mwh Bus B 13.02 $/Mwh
é@ % '-“@ i
300. OfyMW 300.0
203. 0fMW 397. 0fyMW
AGC ON AGC ON

Marginal cost of supplying power to each bus
(locational marginal costs)
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Two Bus with Constrained Line

Total Hourly Cost : 9514 $/h
Area Lambda : 13.26 $/MWh

@

Bus A 13.43 $/MWh Bus B - 13.08 $/MWh
@ im ot ‘ i 300 oM
260 . 9yMW 419.13MW
AGC ON AGC ON

With the line loaded to its limit, additional load at Bus A must
be supplied locally, causing the marginal costs to diverge.

11



Three Bus (B3) Example
i

« Consider a three bus case (Bus 1 is system slack), with all buses
connected through 0.1 pu reactance lines, each with a 100 MVA limit
* Let the generator marginal costs be
- Bus 1: 10 $/ MWhr; Range = 0 to 400 MW
- Bus 2: 12 $/ MWhr; Range = 0 to 400 MW
- Bus 3: 20 $/ MWhr; Range = 0 to 400 MW

« Assume a single 180 MW load at bus 2

12



B3 with Line Limits NOT Enforced

Bus 2 Bus 1
10.00 $/MWh

0.0 MW |10.00 $/MWh @

180.0 Mw

OAMW

Line between
Bus land Bus 3

60 MW

Total Cost , .. _
1800 $/hr - 10.00 &/MWh IS overloaded:;
é)) all buses have
180AMW
the same
Y kb marginal cost

13



B3 with Line Limits Enforced

20 MW
Bus 2 20 MW 2 Bus 1

: —.—@:4444444@—.—L10.00$/MWh
60.0 MW|12.00 $/MWh @

120.0 MW
e—-
OjAMW
50 MW LP OPE ch
changes
Total Cost 100 Mw I g
80 MW generation to
el Vibs 14.00 $/MWh Ot
Bus 3 . remove violation.
180jgMW Bus marginal
0 MW costs are now
different.

14



Verify Bus 3 Marginal Cost

Bus 2 Bus 1

_._@ NNNNNNN | 10.00 $/MWh
e @

119.0 MW
<——'?lt8m@
oMW \
81 MW One additional MW
Total Cost,, .. & of load at bus 3
1934 $/hr N

Bus 3 14.00 $/MWh raised total cost by
é) % 1818w 14 $/hr, as G2 went

up by 2 MW and G1

went down by 1MW

0 MW

15



Why is bus 3 LMP = $14 /MWh
AJp
« All lines have equal impedance. Power flow in a simple network
distributes inversely to impedance of path.

— For bus 1 to supply 1 MW to bus 3, 2/3 MW would take direct path from 1 to 3,
while 1/3 MW would “loop around” from 1 to 2 to 3.

— Likewise, for bus 2 to supply 1 MW to bus 3, 2/3MW would go from 2 to 3, while
1/3 MW would go from 2 to 1to 3.

16



Why is bus 3 LMP $ 14 / MWh, cont’d
1T

With the line from 1 to 3 limited, no additional power flows are
allowed on it.

To supply 1 more MW to bus 3 we need
— AP, + AP, =1 MW
- 2[3APg +1/3 APg,=0; (no more flow on 1-3)

Solving requires we up P, by 2 MW and drop P, by 1 MW -- a net
increase of $24 — $10 = $14.

17



Both lines into Bus 3 Congested

MW
Bus 2 :

0 MW

@

100.0 MpF12.00 $/MWh

OAMW
100 MW

Total Cost . ..

(=

100 Mw

2280 S$/hr
Bus 3 %

4 MW

20.00 $/MwWh
gg 2044MwW

Bus 1
10.00 $/MWh

@

100.0 Mw

For bus 3 loads
above 200 MW,
the load must be
supplied locally.
Then what if the
bus 3 generator

opens?
18



Both lines into Bus 3 Congested

AJf
An infeasible example can be created by opening the generator
at Bus 3 with the Bus 3 load above 200 MW. There is no way

to serve the load without overloading a transmission line.

Bus 2 4 MW 4 MW Bus 1
10.00 S$/Mw!
—@
96.0 MW &=
108.0 MW

Total Cost
2232 $/h

1008.00 $/MWh
2043Mw

19



Lab 6 Comments
i
« Key Inputs for the OPF and the SCOPF are the assumed generator costs.
In PowerWorld these values can be specified either using a 4™ order
polynomial (with the cubic function from economic dispatch a special
case), or as a piecewise linear curve (which is more common in power

markets)

* In Lab 6, which at OPF and SCOPF, you’ll be using and modifying these
values; 1n the lab you’ll just be scaling the provided cost curves

* OPF and SCOPF can be solved using either an ac power flow or a dc
power flow; 1n the lab you’ll be using both

20



Lab 6 Comments, cont.

* Below example 1s from the lab’s 37 bus case

Generator Information for Present X Generator Information for Present X

:; = Status
Bus Number |EE v “& | Find By Number O Open

View Bus Dialog

BusName |KYLE133 ‘ Find By Name © Closed View Area Dialog
Energized
D 1 ew Substation Dialog
e T NO (Cffiine) iew substation Lizlog
AreaName 1(1) YES (Online)

Labels ... nolabels Fuel Type  UN (Unknown)| [Pw=0] [EPC=0] v

UnitType  UN (Unknown) | [PW=0] [EPC=0

Generator MVA Base  100.00
Power and Voltage Control Costs  OPF Faults Owners, Area, etc. Custom Stability PFWModels, Weather

Output Cost Model  Bid Scale/Shift OPF Reserve Bids

Cost Model Piece-wise Linear Cost Curve

() None Note : The cost function must be strictly increasing.
() Cubic Cost Model MW §MWh

© Piecewise Linear 18.0000

Uniit Fuel Cost (§/MBtu) 1,000 2

Variable O&M ($/Mwh) 0,000 -

Fixed Costs (costs at zero MW output)

Fuel Cost Independent Value (S/hr) 0.00 5
Fuel Cost Dependent Value (Mbtu/hr) 0.00
Total Fixed Costs ($/hr) el
OK Save Save to Aux Cancel Help Print

_Ca Status
Bus Number v ~%Find By Number O open

View Bus Dialog

BusName |KYLE138 ‘ Find By Name O Closed View Area Dialog
Energized
D 1
— i NO (Offiine)
AreaName 1(1) YES (Online)

Labels ... nolabels Fuel Type  UN (Unknown)| [PW=0] [EPC=0]

Unit Type  UN (Unknown) | [PW=0] [EPC=0 -

Generator MVA Base 100.00

Power and Voltage Control Costs  OPF Faults Owners, Area, etc. Custom Stability PFWModels, Weather
Output Cost Model  Bid Scale/Shift  OPF Reserve Bids

Scaling Actual Cost to Bids
Cost Shift ($/MWh) 0.000 %
Cost Multiplier 1.000 3

These values shift, then scale the actual costs defined here to give the costs used in the ED and OPF. Values apply to
both the cubic and piecewise linear models.

Results
Incremental Cost ($/MWh) 18.00
ED/OPF Cost (§/hr) 393144
Unscaled Cost ($/hr) 393144
oK Save Save to Aux Cancel Help Print

AJ#r

Total Load 994.8 MW  Load Multiplier 0.70f]

Cost: 16331 $/h Total Losses: 22.98 MW
Average LMP: 17.94 $/MWh

Gen Name
RUDDER69

MW
0.0

CENTURYE9 0.0

FISH69
AGGIE345
SLACK345
SPIRIT69
RELLIS69
WEBG69
KYLE138
KYLEG9

0.0
400.0
400.0

0.0

0.0

0.0
218.4

0.0

Generator Values

Cost ($/MWh) Cost Multiplier LMP ($/MWh) Profit $/hr

42.0
25.0
40.0
15.0
16.0
25.0
25.0
28.0
18.0
32.0

Total Profit:

1.00f

1.00f
1.00
1.00§
1.00
1.00
1.00
1.00f
1.00

1.00§
1416 $/h

18.64
18.24
18.54
17.19
17.34
18.34
18.02
18.16
18.00
18.10

0$/h
0 $/h
0 $/h
878 $/h
538 $/h
0 $/h
0$/h
0$/h
0 $/h
0 $/h

21




Quick Coverage of Linear Programming (LP)
i
* LP is probably the most widely used mathematical programming
technique

* |t is used to solve linear, constrained minimization (or maximization)
problems in which the objective function and the constraints can be

written as linear functions

« Linear programming got its start during WWII but it was secret
throughout the war

« George Dantzig published the simplex method in 1947, and John von
Neuman developed the theory of duality around the same time; it became

widely used

22



Example Problem 1

i

e Assume that you operate a lumber mill which makes both construction-
grade and finish-grade boards from the logs it receives. Suppose it takes 2
hours to rough-saw and 3 hours to plane each 1000 board feet of
construction-grade boards. Finish-grade boards take 2 hours to rough-saw
and 5 hours to plane for each 1000 board feet. Assume that the saw Is
available 8 hours per day, while the plane is available 15 hours per day. If
the profit per 1000 board feet is $100 for construction-grade and $120 for
finish-grade, how many board feet of each should you make per day to
maximize your profit?

23



Problem 1 Setup

Let x;,=amount of cg, X,= amount of fg
Maximize 100x; +120x,
S.t. 2% +2Xy, <8
3% +5X%, <15
X(, Xo 20
Notice that all of the equations are linear, but they are inequality, as

opposed to equality, constraints; we are seeking to determine the values
of x; and X,

24



Example Problem 2 (Nutritionist Problem)
i
« A nutritionist is planning a meal with 2 foods: A and B. Each ounce of A
costs $ 0.20, and has 2 units of fat, 1 of carbohydrate, and 4 of protein.
Each ounce of B costs $0.25, and has 3 units of fat, 3 of carbohydrate, and
3 of protein. Provide the least cost meal which has no more than 20 units
of fat, but with at least 12 units of carbohydrates and 24 units of protein.

Let x,=ounces of A, x,= ounces of B

Again all of th i linear, but
Minimize 0.20)(1_'_0.25)(2 gain all ot the equations are linear, bu

they are inequality, as opposed to
s.t. 2% +3X, <20 equality, constraints; we are again
X, +3X, >12 seeking to determine the values of x,
and X,; notice there are also more
Ax +3X, = 24 : : :
constraints than solution variables
X(, Xo 20

25



Three Bus Case Formulation

A] ¥

For the earlier three bus system given the initial condition of an
overloaded transmission line, minimize the cost of generation such that

the change in generation
IS zero, and the flow

on the line between
buses 1 and 3 is not
violating its limit

Can be setup consider-
Ing the change In

generation, (APgq, APg,, APg3)

60 MW 60 MW

us 2
@-{"® e

10.00 $/MWh

0.0 MW

OAMW

60 MW

Total Cost 120 MW

1800 $/hr ° ™

Bus 3 V- 10.00 $/MWh

Bus 1
10.00 $/MWh

@

180.0 Mw

26



Three Bus Case Problem Setup

Let X;= APgq, Xo= APg,, X3= APg3
Minimize 10x; +12X, 4+ 20X,

s.t. 3 Xq + 3 X, <=20  Line flow constraint

X{+ X, +X3=0 Power balance constraint

enforcing limits on X, X,, X3

A] ¥

27



LP Standard Form

The standard form of the LP problem is

Minimize cx Maximum problems can be treated as
.t Ax =b minimizing the negative

x>0
where X = n-dimensional column vector

¢ = n-dimensional row vector
b = m-dimensional column vector
A = mxn matrix

For the LP problem usually n>>m
The previous examples were not in this form!

A] ¥

28



Replacing Inequality Constraints with Equality
Constraints

A] ¥

« The LP standard form does not allow inequality constraints

 |Inequality constraints can be replaced with equality constraints
through the introduction of slack variables, each of which must
be greater than or equal to zero

Sbl —)+y| :bi Wlthyl ZO

Zbl _)_yl :bi Wlthyl ZO

 Slack variables have no cost associated with them; they merely
tell how far a constraint is from being binding, which will occur
when its slack variable is zero

29



Lumber Mill Example with Slack Variables

Let the slack variables be x; and x,, so

Minimize -(100%, +120x,) Minimize the negative

S.t. 2X +2Xy + X3 =8
Xy X9, Xg, X4 20

A] ¥

30



LP Definitions

A vector X Is said to be basic if This is a key LP concept!
1. AX=Db

2. At most m components of X are non-zero; these

are called the basic variables; the rest are non basic

variables; if there are less than m non-zeros then

X Is called degenerate A is called the basis matrix

X
Define x = XB} (with xg basic) and A=[Az Ay]
LN
: Xg | A -l
With [Ag AN]L( }_b so Xg=Ag (b—Ayxy)
N

A] ¥

31



Fundamental LP Theorem

Given an LP in standard form with A of rank m then
— |If there is a feasible solution, there Is a basic feasible solution

— If there is an optimal, feasible solution, then there is an optimal, basic feasible
solution

Note, there could be a LARGE number of basic, feasible solutions

— Simplex algorithm determines the optimal,
basic feasible solution usually very quickly

A] ¥

32



Simplex Algorithm
]

The key is to move intelligently from one basic feasible solution (i.e., a
vertex) to another, with the goal of continually decreasing the cost

function

The algorithm does this by determining the “best” variable to bring into
the basis; this requires that another variable exit the basis, while always
retaining a basic, feasible solution

This is called pivoting

For more details on the solution process take an optimization classes, or
for those continuing on ECEN 615 next semester (which I’ll be teaching)

33



Marginal Costs of Constraint Enforcement in LP

If we would like to determine how the cost function

will change for changes In b, assuming the set

of basic variables does not change The marginal costs will be
used to determine the OPF

then we need to calculate locational marginal costs

) (LMPs)
0z 8(Caxg) O(CxARD .

ob ob ob
So the values of A tell the marginal cost of enforcing

each constraint.

A] ¥

34



Nutrition Problem Marginal Costs

Alm
In this problem we had basic variables 1, 2, 3;
nonbasic variables of 4 and 5

"2 3 177201 [ 4 1  Thereisno marginal
oAl B B cost with the first
Xg = AB (b-Anxy)=1 3 0 12/1=|2.67 constraint since it is
4 3 0] [24] | 4 not binding; values
_ 1 _ tell how cost changes
2 31 0 If the b values were
h=cgA'=[02 025 0]|1 3 0| =|0.044| changed
4 3 0 1 0.039

35



Lumber Mill Example Solution

A] ¥

Minimize -(100x; +120x,)

An Initial basic feasible solution

ISX =0,X, =0,%3 =8,%X, =15
X1, Xo, X, Xy =
R 0 Economic interpretation of A
The solution is X, =2.5,X, =1.5,X3 =0,X, =0 is the profit is increased by
5 9Tl 35 35 for every hour we up the
Then A :[100 120] first constraint (the saw) and

3 5 10 by 10 for every hour we up the
) ) -7 second constraint (plane)

36



Marginal Cost of Constraint Enforcement

In an LP solution the marginal costs of enforcing each constraint are
provided by the A vector

Marginal costs are only associated with enforcing binding constraints;
Inequality constraints that are not binding have no associated cost

If there are no binding limit constraints, then the only constraint is
associated with the power balance for each area (or the whole system)

— The bus costs might be different because of the impact of marginal losses

37



Locational Marginal Prices (LMPs)

AJ#r

In an OPF solution, the bus LMPs tell the marginal cost of supplying
electricity to that bus

* The term “congestion” 1s used to indicate when there are elements (such as
transmission lines or transformers) that are at their limits; that is, the
constraint Is binding

« Without losses and without congestion, all the LMPs would be the same
« Congestion or losses causes unequal LMPs

« The LMPs are calculated using the marginal costs of enforcing each
constraint

38



Five Bus Case Optimal Power Flow Example

i

« Load the case Example7_7. Start the simulation and gradually increase the
load; watch the variation in the LMP values

— In Simulator a case can be automatically solved using the OPF by 1) setting the area
AGC Status to OPF, and 2) in Simulator Options, Environment page setting the Play
Animation/Solution Method to Optimal Power Flow

N110 MW
50 M 55/ 3 35 M a5 M A 78 M 75 MW ) 75 MW 66 MW i 66 MW -
[ 42% < 16% < 29 Mvar ) > 53% € 30%
1.05 pu | > > . vl.OO pu ) 41.00 pu ® 1.05 pu . B 4
1_v_,/!>,_ 14.50 $/Mwh —v' 14.50 $/Mwh 14.50 $/1 1 16.01 $/MWh 16.91 $/MWh 17.21 $/MWh
‘ R T A 1875MW a
81 v A 1410MW 53 v | —— o A 112 va A AGC"ZON 64 MW 206 MW 53 A
v =)) AGC ON 39 Mvar > (=) ._'_,;H_:- 55 Mvar V’__,_,_ !.‘_,J—l,"_.‘
— 7 §;7 e - ! — ; - - P —
61% 48% Sy . 704MW 80% (58% - Yy 7 5 1457MW
s e " 52% — 94:/0 AGC ON v . - ;}; 53:& lnl:AJ AGC ON
Visamw 7 - > 4 64 mw ) 77//57/
> - Yy 22 MW
81 MW T . 124 ¥y . 4 112 M\ =4 s 156 MA
7 MW
1.04 puyg | >> D> 2.0 1l tam 104 pu 4 - 7 28w 1.00 pu
Y 22 A 14.50 $/MWh 5 14.50 § ) s A 15.80 $/Mwh s 18.32 $/MWh
* 30 MW A 181yMW 127. 4Mw V¥ 55 MW L 2165w 178 . 45MW
20 Mvar —))AGC ON 39.2 Mvar \|, 27 mvar ((=))AGC ON , 54.9 Mvar
\ 4 il V N,
Total Hourly Cost: 5724.31 $/h Load Scalar: 1.00} Total Hourly Cost: 8158.67 $/h Load Scalar: 1.40}
Total Area Load: 392.0 MW Total Area Load: 548.8 MW

Marginal Cost ($/MWh): 14.50 $/MWh Marginal Cost ($/MWh): 16.85 $/MWh 39



Solving the OPF in Planning Software

When solving an OPF in any planning software there will likely be lots of

AlM

o

options; key values control 1) which constraints to enforce, and 2) which
controls to use to enforce those constraints

In Simulator some options are available by selecting Add Ons, OPF Case
Info, OPF Options and Results; other options are available on the OPF

v - Options
Common Options
Constraint Options
Control Options
Advanced Options
Vv Results
Solution Summary
Bus MW Marginal Price Details
Bus Mvar Marginal Price Details
Bus Marginal Controls
W - LP Solution Details
AllLP variables
LP Basic Variables
LP Basis Matrix
Inverse of LP Basis
Trace Solution

OK Solve LP OPF  Single Outer Loop

Options

page of the Area Information dialog

© Lp OPF Dialog -

Common Options Constraint Options  Control Options  Advanced Options

Line/Transformer Constraints

() Disable Line/Transformer MVA Limit Enforcement

Percent Correction Tolerance 20 =
MVA Auto Release Percentage 75.0 =
Maximum Violation Cost ($/MWhr) 1000.0 -5

([C) Enforce Line/Transformer MW Flow Limits (not MVA)

Interface Constraints

[ Disable Interface MW Limit Enforcement
Percent Correction Tolerance 20 5
MW Auto Release Percentage 75.0 :
Maximum Violation Cost ($MWhr) 1000.0 =

Phase Shifting Transformer Regulation Limits

[C) Disable Phase Shifter Regulation Limit Enforcement
In Range Cost (§/MWhr) 0.10 =
Maximum Violation Cost ($/MWhr) 1000.0 =

Save As Aux Load Aux

If you want to change enforcement percentages,
modify the Limit Monitoring Settings

Limit Monitoring Settings ...

Bus Constraints
@ Disable Bus Angle Enforcement
Maximum Violation Cost (§/deg-h) 1000.0 :
D-FACTS Constraints
() Enforce Limits on Number of D-FACTS Devices in OPF
Maximum Number of D-FACTS Devices 1000 ;2
Maximum Violation Cost (§/num-h) 1000.0 5

Print Restore Help Cancel

© 1 Area Information for Present

Area MW Control Options

No Area Control

) Participation Factor Control

) Economic Dispatch Control

Mumber [t o FindBy Number
Name [1 Find By Name
Super Area Find

Labels ... no labels
Info [ Interchange Options Area MW Control Options  OPF
OPF Options
@ enforce Branch Limits (@ Enforce Interface Limits
Enforce Bus Angles I8 Allow DC Line Control
(B Indude Marginal Losses [ Allow Load Control

OPF Resuits

Average LMP for Area 23.96

LMP Standard Deviation 0.00

Min/Max LMP 23.96 - 239
Total Generator Results
Production Cost (Scaled) ($/hr) 15539.29
Unscaled Production Cost ($hr) ~ 15539.29
LMP Profit ($/hr) 4253.02

Cost of Energy, Loss, and Congestion Reference
O Existing loss sensitivities directly
Area’s Bus' Loads
) Injection Group
") Specific Bus

oK Save Cancel

Area Slack Bus
Injection Group Area Slack

O Optimal Power Fiow Control

Tielines Buses Gens Loads Switched Shunts Custom Stabilty
Reserve Requirement Curves

Operating Regulating Contingency Resuts
[[JEnforce Operating Reserve Requirement in OPF
MW S/MWh
Ton Defined

Help Print

40



37 Bus Example

* Repeat the previous
example with the 37
bus case used in Lab6
(Lab_ AGLOPF);

If desired display the
contour to show the
LMPs; try opening
some of the
transmission lines

Aggieland Power and Light

26 MW

16.2 Mvar S C0

HOWDY69
24 MW
4 Mvar

BATTG9

27 Mvar

1.01 pu NORTHGATEGS)

0%

12MANG9

0.99 pu BONFIREG9

28% MW
0 Mvar

CENTURYES)

B 30.6 Mvar,
=0 ! o MW 1t
11 Mvas it
=3 MAlooMss ReverLiEss. Uy 83 MW
a3 MW 58 Muar
24 Hvar
a 5 TREEGS
2|] 6 Mvar )
28.9 Mvar i
36%
=
84 MW,
SPIRITES 52 Mt
o,
WELLED 5'—| 6_ 30.6 Mvar
1.00
22 MW = I—E» 55 MW
3 bvar = 118 MW 15 tvor
1.01 pu s
52w 1.01 pu
1% 20.8 Mvar 86 MW T 15 Mvar  22.1 Mval
pu Msces
X X 63 Mw 53MW  RINGES
e L rao Loohu A ruDDERGS 0 Hvar —
1.02pu 34 MW
32 MW,
gml ©) oMW
RELLIS138 1.00 pu ReEDey 10O PU EEEE
0.99 HULLABALOO138 .
= Ofdes ) sin

18%

REED138

1.03 pu

1.02 pu o,

o

Total Load 1278.9 MW  Load Multiplier 0.90f]

Cost: 22928 $/h Total Losses: 25.50 MW
Average LMP: 25.27 $/MWh

Generator Values

Cost ($/MWh) Cost Multiplier LMP ($/MWh) Profit $/hr

Gen Name MW

RUDDER69 0.0 42.0
CENTURY69 0.0 25.0
FISH69 89 40.0
AGGIE345 400.0 15.0
SLACK345 400.0 16.0
SPIRIT69 117.7 25.0
RELLIS69 60.0 25.0
'WEB69 0.0 28.0
KYLE138 3184 18.0
KYLEG9 0.0 32.0

Total Profit:

1.00§
1.00§
1.00
1.008
1.00
1.00§
1.008
1.00§
1.00
1.008
6166 $/h

32.89
23.38
40.00
23.50
22.61
25.00
27.05
25.29
18.00
23.00

0¢/h
0$/h
0$/h
3399 $/h
2644 $/h
0$/h
123 $/h
0$/h
0§/h
0$/h

24
~ <4 a00 MW
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Security Constrained OPF

« Security constrained optimal power flow (SCOPF) is similar to
OPF except it also includes contingency constraints

— Again the goal Is to minimize some objective function, usually the current
system cost, subject to a variety of equality and inequality constraints

— This adds significantly more computation, but is required to simulate how
the system is actually operated (with N-1 reliability)
« A common solution is to alternate between solving a power flow
and contingency analysis, and an LP
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Security Constrained OPF, cont.

AJp
« With the inclusion of contingencies, there needs to be a distinction
between what control actions must be done pre-contingent, and which

ones can be done post-contingent

— The advantage of post-contingent control actions is they would only need to be done
In the unlikely event the contingency actually occurs

* Pre-contingent control actions are usually done for line overloads, while
post-contingent control actions are done for most reactive power control
and generator outage re-dispatch
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PowerWorld SCOPF Application

AlM

* To see the PowerWorld SCOPF application, first open the Lab  AGCSCOPF
case and set the load multiplier to 0.9 and solve the case with the OPF; look
at the results

- Then select Tools, Contingency Analysis to verify that some contingencies
have been defined

‘ Run Full Security Constrained OPF Close Help Save As Aux Load Aux

SCOPF Status  SCOPF Solved Correctly

— On the Contingency Analysis form =

Coningency Violations SCOPF Specdific Options SCOPF Results Summary
= = Bus Marginal Price Details Maximum Number of Outer Loop Iterations 35 Number of Quter Loop Iterations 2
C I C ta rt u I l to O t e C O n t I n e n C Bus Marginal Controls 8 Consider Binding Contingent Violations from Last SCOPF Solution Number of Contingent Violations
v -LP Solution Details ) )
All P Variables Initialize SCOPF with Previously Binding Constraints SCOPF Start Time 2/22/2025 11:29:04 AM
- . - - ::z gESPC :lar:bles Set Solution as Contingency Analysis Reference Case SCOPF End Time 2/22/2025 11:29:05 AM
a n a yS I S y n O e e V I O a I O n S ssis Hatrix Maximum Number of Contingency Violations Allow Per Element 122 Total Solution Time (Seconds) 0,403
Basecase Solution Method Total LP Iterations 30

10 Solve base case using the power flow

(O Solve base case using optimal power flow Final Cost Function ($/Hr) 22925.79
. e e C I l S ’ O Handling of Contingent Violations Due to Radial Load

© Flag violations but do notindude them in SCOPF Contingency Analysis Input
() Completely ignore these violations Number of Active Contingendies: 56 View Contingency

(O Indude these violations in the SCOPF Analysis Form
O p e n e Contingency Analysis Results

DC SCOPF Options
Storage and Reuse of LODFs (when appropriate)

- -
. O None (used and disgarded) éf:t;nsgteo;;s
Analysis LODFs

() stored in memory

Constrained OPF -



37 Bus Case SCOPF Results

Keeping the SCOPF form open, contour the bus LMPs

What had been a
relatively boring

OPF solution indicates
some major Issues

Looking at the SCOPF
form Results,
Contingency
Violations indicates
there are some
contingencies with

unenforceable constraints

Aggleland Power and nght

AJ#r

-50.00 $/MWh

A 0.00 $/MWh
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Total Load 994.9 MW Load Multiplier 0.70f]

Cost: 18723 $/h Total Losses: 17.19 MW

Average LMP: 21.99 $/MWh

Generator Values
Gen Name MW  Cost ($/MWh) Cost Multipier LMP (S/MWh) Profit $,
RUDDER69 0.0 42.0 1.008 31.86 0§/t
CENTURY69 23.2 25.0 1.0(1% 25.00 -0 $/t
FISH69 76.1 40.0 l.OdE 40.00 0§/t
AGGIE345  400.0 15.0 1.008 16.02 406 $/
SLACK345 277.0 16.0 l.OdE 16.00 -0 g/t
SPIRIT69 0.0 25.0 1.0dﬁ 21.13 0§/t
RELLIS69 58.7 25.0 l.Od% 25.00 0 $/h
WEB69 0.0 28.0 LOdE 24.39 0 s/t
KYLE138 177.5 18.0 1.00[%] 18.00 0 $/t
KYLE69 0.0 32.0 1.00§ 25.13 0 $/f
Total Profit: 406 $/h
-100.00 $/MWh



LP OPF and SCOPF Issues
AlMm

« The LP approach is widely used for the OPF and SCOPF, particularly
when implementing a dc power flow approach

* A key issue Is determining the number of binding constraints to enforce In
the LP tableau

— Enforcing too many is time-consuming, enforcing too few results in excessive
Iterations

« The LP approach is limited by the degree of linearity in the power system
— Real power constraints are fairly linear, reactive power constraints much less so
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Additional OPF and SCOPF Solution Methods
i

« There are several additional approaches for solving the OPF and SCOPF
|t continues to be an area of active research

« More general commercial optimization packages are being applied to the
problem, including Gurobi and CPLEX

— Over the years there has been great progress in this area, including with the solution
of mixed-integer programming problems (speedups of up to 1 million times have
been reported since 1991 with new algorithms and faster computers)

47



	Slide 0: ECEN 460 Power System Operation and Control Spring 2025
	Slide 1: ERCOT, Feb 20 2025 (New Winter Peak Load)
	Slide 2: Optimal Power Flow (OPF)
	Slide 3: OPF, cont.
	Slide 4: Key SCOPF Application: Locational Marginal Prices (LMPs)
	Slide 5: Example: ERCOT Security Sequence 
	Slide 6: ERCOT and MISO LMPs, Feb 20, 2025 at about 9am
	Slide 7: OPF Problem Formulation
	Slide 8: Two Example OPF Solution Methods
	Slide 9: LP OPF Solution Method
	Slide 10: Two Bus with Unconstrained Line
	Slide 11: Two Bus with Constrained Line
	Slide 12: Three Bus (B3) Example
	Slide 13: B3 with Line Limits NOT Enforced
	Slide 14: B3 with Line Limits Enforced
	Slide 15: Verify Bus 3 Marginal Cost
	Slide 16: Why is bus 3 LMP = $14 /MWh
	Slide 17: Why is bus 3 LMP $ 14 / MWh, cont’d
	Slide 18: Both lines into Bus 3 Congested
	Slide 19: Both lines into Bus 3 Congested
	Slide 20: Lab 6 Comments
	Slide 21: Lab 6 Comments, cont. 
	Slide 22: Quick Coverage of Linear Programming (LP)
	Slide 23: Example Problem 1
	Slide 24: Problem 1 Setup
	Slide 25: Example Problem 2 (Nutritionist Problem)
	Slide 26: Three Bus Case Formulation
	Slide 27: Three Bus Case Problem Setup
	Slide 28: LP Standard Form
	Slide 29: Replacing Inequality Constraints with Equality Constraints
	Slide 30: Lumber Mill Example with Slack Variables
	Slide 31: LP Definitions
	Slide 32: Fundamental LP Theorem
	Slide 33: Simplex Algorithm
	Slide 34: Marginal Costs of Constraint Enforcement in LP
	Slide 35: Nutrition Problem Marginal Costs
	Slide 36: Lumber Mill Example Solution
	Slide 37: Marginal Cost of Constraint Enforcement
	Slide 38: Locational Marginal Prices (LMPs)
	Slide 39: Five Bus Case Optimal Power Flow Example
	Slide 40: Solving the OPF in Planning Software
	Slide 41: 37 Bus Example
	Slide 42: Security Constrained OPF
	Slide 43: Security Constrained OPF, cont.
	Slide 44: PowerWorld SCOPF Application
	Slide 45: 37 Bus Case SCOPF Results
	Slide 46: LP OPF and SCOPF Issues
	Slide 47: Additional OPF and SCOPF Solution Methods

