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Announcements

• Homework 5 is due on November 13. 
• The second exam is on Thursday December 4 during class (Sanjana 

will make arrangements for the distance education students).
– Closed book, closed notes. Calculators and two 8.5 by 11 inch note sheets are 

allowed
• The design project should be turned in by Monday Dec 8 (i.e., the last 

day of classes for the semester).
• A good, free book on Convex Optimization by Boyd and 

Vandenberghe is available at
web.stanford.edu/~boyd/cvxbook/bv_cvxbook.pdf
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DC Optimal Power Flow

• For simplicity and computational 
efficiency in the OPF, the dc power flow 
is often used to replace ac power flow, 
leading to the dc OPF model.

• The model is significantly simplified 
because voltage, reactive power, and 
power losses are all ignored.

• One of my most cited papers ([a]) looks at a comparison between the 
ac and dc OPFs, with the conclusion being “it depends.” 

• You’ll be using the dc OPF in your design project. 
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[a] T.J. Overbye, X. Cheng, Y. San, “A Comparison of the AC and DC Power Flow Models for LMP Calculations,” Proc. 37th Hawaii 
International Conf. on System Sciences, 2004



Multi-Time Period DCOPF

• The previous OPF models are single-
period, only optimizing one time 
snapshot. Both ac OPF and dc OPF 
can directly extend to multi-period 
settings, to capture the time-varying 
system conditions.

• For example, a multi-period dc OPF 
is formulated considering the time 
horizon t ={1,2, …, T}.

• Multi-period OPF involves 
time-coupled constraints, such as the 
generator ramping constraints. 3



Renewable Generation and Energy Storage

• For Renewable Generation, such as solar and wind, two operational 
settings are widely used:
– Non-dispatchable: treated as negative load
– Dispatchable

• For Energy Storage, its model is formulated at 
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Here the Pds values are the 
amount of power being 
supplied, and the Pch the 
amount for charging; E is 
the energy stored in the 
device.



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.

• 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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OPF and SCOPF History

• A nice OPF history from Dec 2012 is provided by the below link:
https://www.ferc.gov/sites/default/files/2020-05/acopf-1-history-formulation-testing.pdf 
(by M Cain, R. O’Neill, A. Castillo)
• Prior to digital computers economic dispatch was solved by hand and the 

power flow with network analyzers.
• Digital power flow developed in late 50’s to early 60’s.
• First OPF formulations in the 1960’s.

– J. Carpienterm, “Contribution e l’étude do Dispatching Economique,” Bulletin 
Society Francaise Electriciens, 1962

– H.W. Dommel, W.F. Tinney, “Optimal power flow solutions,” IEEE Trans. Power 
App. and Systems, Oct. 1968

• “Only a small extension of the power flow program is required” 
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OPF and SCOPF History, cont.

• An LP approach was presented by Stott and Hobson in 1978
– B. Stott, E. Hobson, “Power System Security Control Calculations using Linear 

Programming,” (Parts 1 and 2) IEEE Trans. Power App and Syst., Sept/Oct 1978
• Optimal Power Flow By Newton’s Method

– D.I. Sun, B. Ashley, B. Brewer, B.A. Hughes, and W.F. Tinney, "Optimal Power 
Flow by Newton Approach", IEEE Trans. Power App and Syst., October 1984

• Follow-up LP OPF paper in 1990
– O. Alsac, J. Bright, M. Prais, B. Stott, “Further Developments in LP-based Optimal 

Power Flow,” IEEE Trans. Power Systems, August 1990
• Critique of OPF Algorithms

– W.F. Tinney, J.M. Bright, K.D. Demaree, B.A. Hughes, “Some Deficiencies in 
Optimal Power Flow,” IEEE Trans. Power Systems, May 1988
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OPF and SCOPF History, cont.

• The SCOPF is presented by Monticelli, Pereira and S. Granville in
– A. Monticelli, M. V. F. Pereira and S. Granville, "Security-Constrained Optimal 

Power Flow with Post-Contingency Corrective Rescheduling," in IEEE 
Transactions on Power Systems, vol. 2, no. 1, pp. 175-180, Feb. 1987.

• A nice coverage of a full SCOPF implementation is given in
– T. J. Bertram, K. D. Demaree and L. C. Dangelmaier, "An integrated package for 

real-time security enhancement," in IEEE Transactions on Power Systems, vol. 5, 
no. 2, pp. 592-600, May 1990

• Tens of thousands of other papers on OPF and SCOPF!
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OPF and SCOPF Current Status

• OPF (really SCOPF) is currently an area of active  research, with DOE 
ARPA-E just recently completing the GO (Grid Optimization) 
Competition
– Details on the initial competition are given at arpa-e.energy.gov/programs-and-

initiatives/view-all-programs/go-competition
– There were a total of three competitions, with Texas A&M being a data set provider 

for all of them.
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Prof. Xin’s Team took 2nd Place in Challenge 3 in 
2023!
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Comprehensive Grid Optimization Model

• The GO Competition provides a 
very comprehensive problem 
formulation for security-
constrained ACOPF (SC-ACOPF) 
problem.

• Here is the document link: 
https://gocompetition.energy.gov/s
ites/default/files/Challenge3_Probl
em_Formulation_20230126.pdf

• 53 Pages, 163 equations, hundreds 
of notations!
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Comprehensive Grid Optimization Model

13Source: https://gocompetition.energy.gov/sites/default/files/YongOptimization_Challenge3_Presentation_20231114.pdf



PowerWorld SCOPF Application

• To see the PowerWorld SCOPF application, first open the AGC37_SCOPF 
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
– On the Contingency Analysis form

click Start Run to do the contingency
analysis; note the violations

• Select Add Ons, SCOPF to 
open the SCOPF. 

• Click Run Full Security 
Constrained  OPF. 14



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. 15



LP OPF and SCOPF Issues

• 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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Most Impactful Electric Power Systems Papers

• At TPEC 2025 Jerry Heydt, Line Roald, Kate Davis and I presented a paper 
that provides results of a survey seeking to identify the most impactful 
power system papers written in English between 1975 and 2024.

• We had two goals in writing the paper:
1. To benefit history by determining the papers from 1975-2024 that people viewed as 

the mort important at the end of the first quarter of the 21st Century
2. To provide guidance to future authors on writing impactful papers by providing a 

listing of some of the most impactful recent ones
• The paper also provides a nice summary of the state-of-the-art in 1975.

– Many of the key technologies and algorithms in use today actually were known before 
1975; examples include power flow, optimal power flow, state estimation, 
electromagnetic transients, stochastic power flow, interactive computing, prototype 
energy management systems, digital relays, and much more  17



Building on a Survey from 2000

• This paper is a follow up to one from NAPS 2000 that identified the most 
impactful power system papers of the 20th Century. 
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Our Approach 

• In late 2024 we surveyed members of the power system community asking 
for up to three papers that they viewed as most impactful published 
between 1975 and 2024.

• We received 153 papers from 76 different people (a relatively small 
number of responses, but comparable to the 2000 survey).

• Like any survey, the results are biased by who responds; here the 
responses were primarily from electric power system researchers, as 
opposed to practicing engineers.
– The survey was widely distributed (more than 10,000 people), but many of the 

recipients probably did not have an in-depth knowledge of the technical literature
– The survey might have included some less impactful papers, and might have missed 

some others, but overall we think it correctly identified the most impactful papers  
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Votes by Publication Year 

• Almost all the responses were for papers from IEEE Power and Energy 
Society (PES) Journals, and many were from the last 20 years. 
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The Top Papers with Most in 615 Areas! 
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Some Comments

• A major theme was the breadth of the received responses. Of the 144 votes 
most of the nominated papers only received a single vote.

• Some of this could be due to the sheer volume of papers now being 
published.
– In I975 PES has one main journal publication with a page count of about 2200, an 

number that had grown to 3700 in 1985
– In 2023 PES has seven journal publications with a total page count of more than 

22,000!
– There are also now many conferences, including the Texas Power and Energy 

Conference!
• With so many papers being published, it is hard for any single one to stand 

out!
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AC OPF Convex Relaxations

• Optimization problems can also be divided into convex optimization and 
nonconvex optimization. 

• Convex function: a function f(x) is called convex if and only if 

• Convex optimization: the objective function 𝑓𝑓(𝑥𝑥) and 
inequality constraint function 𝑔𝑔𝑖𝑖(𝑥𝑥) are all convex 
functions, and equality constraint  function ℎ𝑗𝑗(x) are all 
linear functions, i.e., ℎ𝑗𝑗 𝑥𝑥 = 𝑎𝑎𝑗𝑗⊤𝑥𝑥 + 𝑏𝑏𝑗𝑗.

• In general, the ac OPF does not have this form. Convex relaxations of the 
power flow equations can make the problem easier but still is good results. 
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Two Papers in this Category
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Electricity Markets History

• For decades electric utilities operated as vertical monopolies, with their 
rates set by state regulators.

• Utilities had an obligation to serve
and customers had no choice.
– There was little third-party generation

• Major change in US occurred in 1992
with the National Energy Policy Act
that mandated utilities provide
“nondiscriminatory” access to the high 
voltage grid.

• Goal was to setup true competition in generation.
25



Markets Versus Centralized Planning

• With the vertically integrated utility, a small number of entities (typically 
utilities) did most of the planning. 
– For example, which new generators and/or lines to build
– Planning was coordinated and governed by regulators
– Regulators needed to know the utilities actual costs so they could provide them with 

a fixed rate of return
• With markets the larger number of participants often make individual 

decisions in reaction to prices.
– For example, whether to build new generation
– Generator owners in general to not need to reveal their true costs; rather they make 

offers into the market
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Overall Goal

• Goal is to maximize the economic surplus (or total welfare), which is the 
sum of the consumer surplus and the producer surplus (i.e., their profit).

• Generation owners have to
decide their offer prices.

• If their price is too high, they
are not selected to generate.

• At the wholesale level, the
consumers often just see a 
price, though there can be price
responsive load bids.

Image Source: en.wikipedia.org/wiki/Economic_surplus#/media/File:Economic-surpluses.svg 27



Electricity Market History

• Power pools have been used for almost 100 years, in which utilities 
created agreements to buy and sell electricity with their neighbors.
– PJM (originally Pennsylvania-New Jersey-Maryland) formed in 1927

• The methodology used to determine the price was the production cost; 
each utility calculated how much it would cost them to produce more 
power (sell price), or how much they would say if they produced less (buy 
price); if the sell price for one utility was less than the buy price for 
another, then they would transact, usually splitting the savings.

• In the 1990’s there was a goal of creating more flexible electricity 
markets.
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Multidisciplinary Research in Power and Economics

• The development of true power markets required collaboration between 
power engineers and economists with the nice description of
how some of this developed within the Power Systems 
Engineering Research Center (PSERC, with Texas A&M 
a member) described in Chapter 8 of [1].
– One of the challenges was agreeing on notation, with the power 

engineers treating P and Q as power, and the economics as price
and quanity

• The Hawaiian International Conference on Science Sciences (HICSS) also 
played a major role, with one of the participants winning the Nobel Price 
for Economics in 2002 (Vernon Smith) (he was a TAMU Hagler Fellow in 
class of 2012-2013). [1] US National Academies, Analytic Research Foundations for the Next-Generation 

Electric Grid, 2016 29



Example Vernon Smith Paper from HICSS (1998)
First two pages
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The California Politicians Ran Ahead of the 
Research, Resulting in Their 2000-2001 Crisis

• In 1996 California 
decided to create an 
electricity market 
even though the risks 
in doing this were not 
fully known.

• During 2000 their
wholesale electricity
prices jumped by
800% due in part to
market manipulation. 

OFF

OFF
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Electricity Markets Today in North America

• Starting in about 1995 electricity markets gradually started to develop, 
both in the US and elsewhere.

• In North America 
more than 60% of the
load is supplied via 
wholesale electricity 
markets; markets differ 
but they all have certain
common features.
– The terms regional transmission organizations (RTOs) and independent system 

operators (ISOs) are used (RTOs are more functionality and most are actually RTOs
• Image source: www.ferc.gov/industries-data/electric/power-sales-and-markets/rtos-and-isos 32



Electricity Markets Common Features

• Day ahead market – this is needed because time is required to make 
decisions about committing generators.
– Generation owners submit offers for how much generation they can supply and at 

what price; accepted offers are binding
• Real-time energy market – needed because day ahead forecasts are never 

perfect, and unexpected events can occur.
• Co-optimization with other “ancillary services” such as reserves.

The source for much of this material “Analytic Research Foundations for the Next-Generation Electric
Grid” (Chapter 2), The National Academies Press, 2016 (free download available) 
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Electricity Markets Common Features

• Pricing is done using locational marginal prices, determined by an 
SCOPF.
– Most markets include a marginal losses component

• LMP markets are designed to send transparent price signals so people can 
make short and long-term decisions.
– Generators are free to offer their electricity at whatever price they desire; they do not 

have to reveal their “true” costs
– Most of the times markets work as planned (competitive prices) 
– During times of shortages (scarcity) there are limits on LMPs; ERCOT’s had been  

$9000/MWh prior to Uri; now it is $5000/MWh
– Markets are run by independent system operators (ISOs)
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ERCOT November 8, 2025 LMPs (13:15 CST)
Day Ahead Market Real-Time Market
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