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• Sample California study: process overview
– One possible “step by step” approach for developing LMP Analysis on a 

utility-scale multi-area case
– Use of Super Area to model ISO control
– Analysis of unenforceable constraints

• More on unenforceable constraints and other OPF challenges

LMP Analysis: Outline
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Sample California Study
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• Case Development
– Select area(s) of interest for study
– Establish the set of OPF controls: OPF, unit commitment, and AGC settings
– Establish the set of OPF constraints: Limit Monitoring settings

• Load cost curves for thermal generators
• Solve unconstrained OPF for area lambdas
• Set hydro dispatch to historical levels and hydro cost curves to 

unconstrained area lambdas
• Solve transmission-constrained OPF
• Review results, analyze unenforceable constraints, and iterate 

process as necessary

Process Overview
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• Full OPF analysis on a large case may be time consuming
• For extremely congested cases, there may be no solution that 

satisfies all constraints
• For meaningful results, it is recommended that the scope of 

analysis be limited to a region of interest such as a few control 
areas or a single RTO territory

Case Development Suggestions
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• Align the part of the system to be optimized with the generator 
controls to remove the constraints

• Do not monitor elements in the part of the system not on OPF 
control

• Only place the part of the system to be studied on OPF control

Case Development Suggestions
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• Load the ACTIVSg10k_OPF.raw case
• Settings described on following slides may be loaded from M08_Multi-

Area LMP\aux1000Master.aux

• Suppose we wish to model an LMP market for California
– 5 separate control areas
– 1098 total generating units, 852 committed generating units
– 7 branch thermal violations in base case

Western Case
ACTIVSg10kOPF.raw
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Starting Case
with Overloads on High-Voltage Grid

Note use of 
Emphasis, 
Dynamic 
Formatting, and 
dynamically-sized 
pie charts on 
one-line diagram

ACTIVSg10kCA.pwd
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• Solve the power flow first!
• Area/Zone Filters: show areas 3-7 only
• Area AGC

– Set areas 3-7 on OPF control
– Set area 9 to Off AGC
– Set all other areas to Part. Fact AGC
– Set all Area Unspecified MW Interchange equal to actual interchange (Interchange -> 

Actual MW Export)
• Generator AGC: set to YES for all generators in areas 3-7 except hydro, wind, and 

solar (load cost curves for types)
• Limit Monitoring Settings

– Report limits for areas 3-7 only, 100 kV and above
– Do not monitor radial lines

Case Development
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• Load cost curves and fuel types: aux1060GeneratorCostModels.aux

Cost Curves
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• Set AGC = NO for generators with fuel types of Hydro, Wind, or Solar
• Advanced filters for each may be loaded from 

aux1010FiltersExpressions.aux

Generator AGC
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Limit Monitoring

Report limits 
for areas 3-7 
only, 100 kV 

and above
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• Disable all controls except Generator MW
• Do not enforce branch or interface constraints

Solve Unconstrained OPF
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• This can occur if all AGCable 
generators in an area are at min 
and max limits.

• Even if ACE is met prior to 
solution, changes in losses can 
create need for make-up power

• Simulator applies hard-coded 
$5000/MWh penalty factor to 
unenforceable area constraints

Unenforceable Area Constraints
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• Area 3 AGCable generators are at 
Max MW

• Close largest AGCable unit
• Repeat for area 6
• Could also adjust Area MW 

Transactions (e.g. increase 
imports to these areas)

• Resolve power flow and then OPF

Unenforceable Area Constraints
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• Also an option to relax Area/SuperArea constraints up to AGC Tolerance 
(OPF Options and Results… → Options → Control Options)

• Treats ACE 
constraints 
as inequality 
constraints

• This could 
prevent some 
unenforceable 
area constraints, 
but additional 
reserves are 
still usually desirable

Unenforceable Area Constraints

Uncheck to relax ACE 
constraints
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• Examine Generator records or Area fields “Gen MW AGC Range 
Up” and “Gen MW AGC Range Down”

• To resolve
– Commit more generation
– Make more generation AGCable, or designate some units as OPF Fast 

Start
– Increase imports, or make Area part of a Super Area
– Decrease load, or make load dispatchable
– Uncheck “Treat Area/Superarea MW Constraints as unenforceable 

even when the ACE is less than the AGC Tolerance”

Unenforceable Area Constraints: Tips
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• Note that there is a single marginal MW price within each area
• Areas’ power balance are the only binding constraints
• Single marginal control for each area

Unconstrained OPF
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• For each Hydro Unit (filter Hydro Study), set
– AGC = YES
– Cost Model = Piecewise Linear
– Breakpoint (MW Break 1) = Minimum MW
– offer price (MWh Price 1) = MW Marginal Cost of its bus

Set Cost Curves for Hydro Units
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• Enable constraint 
enforcement (on 
Constraint 
Options)

• Solve OPF, note 
several 
unenforceable 
constraints

Solve Constrained OPF
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• Note high LMPs in constraint 
pockets and seams along area 
boundaries

LMP Contour
ACTIVSg10kCA.pwd
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Bus: EL SEGUNDO~9 (25937)
Nom kV: 138.00
Area: Southwest Ca (6)
Zone: 1 (1)

OPF

 EL SEGUND~10 
ID 1 

CKT 1 

 HAWTHORNE ~3 
CKT 1 

 TORRANCE 5 1 
CKT 1  GARDENA 1 1  

 EL SEGUND~15 

CKT 1 

 LOS ANGEL~71 
CKT 1 

 EL SEGUNDO~2 
CKT 1 

100%
A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

EL SEGUNDO~9

  1.03 pu
141.48 KV
-78.38 Deg
168.29 $/MWh

25938

   0.0 MW
   0.0 Mvar

   0.0 MW
   0.0 Mvar
   0.0 MVA   0.00 MW

  0.00 Mvar
   8.2 MW
 -17.4 Mvar
  19.3 MVA

25384
  1.03 pu
141.81 KV
 96.38 $/MWh

  53.4 MW
 -17.8 Mvar
  56.3 MVA

25407
  1.03 pu
141.62 KV
114.79 $/MWh

25436

   5.1 MW
  10.6 Mvar
  11.8 MVA

26033
  1.02 pu
141.38 KV
 82.89 $/MWh

 132.9 MW
   6.1 Mvar
 133.1 MVA

25465
  1.02 pu
140.88 KV
143.05 $/MWh

 173.0 MW
  18.5 Mvar
 174.0 MVA

25920
  1.03 pu
141.50 KV
-70.62 $/MWh

Effect of Line Constraints

Note difference in 
LMP on each end 
of constrained line
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• Increase available units (and reserve margin) in areas with 
limited supply
– Many generators at their max output
– 6% committed, dispatchable reserves

• Place 5 California Areas on Super Area Control
– Single power balance constraint for entire super area
– Allows areas with limited capacity increase imports from other areas in 

the ISO/super area

Options for Further Analysis
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• Hydro Price = $30, system-wide
• Note easing of some constraints 

and high-price pockets
• 4 unenforceable constraints 

remain

California Super Area
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• Check sensitivities on unenforceable constraints
– Optionally ignore or raise limits, change unit commitment, or include 

demand response (curtailable load)
– Some unenforceable constraints may be unavoidable due to load 

pockets

• Incorporate contingencies with Contingent Interfaces 
(flowgates)

• Change cost curves (e.g. model a 10% increase in fuel cost)

Options for Further Analysis
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• Examine LP Basis Matrix
• Check Shift Factor sensitivities on overloaded lines to 

understand relationship between flows and generator and load 
values
– Look for generators with high sensitivities that could be committed or 

de-committed to relieve constraints
– Look for loads with high sensitivities that could be curtailed

Unenforceable Constraints
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• Most marginal controller sensitivities have very low absolute value
– Suggests presence of load pockets
– Opposite signs for different constraints (relieving one makes another worse)

• We could also examine sensitivities for controls that are at 
breakpoints, limits, or not committed

LP Basis Matrix
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• Load SensitivityCalcs.aux 
– PTDF Impact expression adjusts sign of PTDF to correspond to direction of flow
– PTDF Impact < 0 means transfer reduces flow

• Calculate PTDF for transfer 
from Bus 29060 to 
California Super Area

• Note that increasing 
generation at 
29060 would 
relieve some 
constraints but 
exacerbate others

PTDF Example
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• SensitivityCalcs.aux also contains expressions and data grids to aid 
this analysis

• “Select” lines that are unenforceable constraints

Multiple Element Shift Factors
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• Shift Factors on Selected Devices 
with Super Area as buyer

• Negative values on de-committed 
generators indicate units that may 
relieve congestion if committed

• Positive values on committed 
generators (especially those at 
Min MW) indicate that de-
committing may help

Multiple Element Shift Factors
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• Generators display, sorted by ascending 
ETLR (Effective Transmission Loading 
Relief)

• Note how committed, AGCable units 
with most negative ETLR are generally 
maxed out

• Try committing more units with 
negative ETLR or those with highest 
product of ETLR and Max MW (custom 
expression “ETLR Potential”) 

• e.g. Commit 8 units in the top 20 units 
that are not already committed

• Resolving power flow and OPF yields a 
reduction of about 7 MVA of 
unenforceable violations

Multiple Element Shift Factors
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• Generators display, sorted by 
descending ETLR

• Note how committed units with 
most positive ETLR are generally at 
minimum limit

• Try de-committing units with 
positive ETLR or those with highest 
product of ETLR and Max MW 
(custom expression “ETLR Potential”) 

• e.g. De-commit highest output LONG 
BEACH unit

• Solve power flow, then Re-solve OPF

Multiple Element Shift Factors
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• 3 Unenforceable 
Constraints remain

• Unselect all lines and 
select just these 3

• Re-calculate multi-
element Shift Factors

Multiple Element Shift Factors
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• Return to Generators display
• Sort by descending “ETLR 

Potential” (custom expression)
• Designating all units with ETLR 

Potential > 0.5 as “Fast Start”
• Allow Commitment and 

Decommitment of Fast Start 
Generators on LP OPF Dialog

• Re-solve OPF

Multiple Element Shift Factors
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• 1 unit turned on, 1 unit 
turned off by OPF

• Sum of MVA overloads is 
reduced, but 3 
unenforceable constraints 
remain

OPF Fast Start Status
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• Pricing is fairly uniform 
system-wide except for 
pocket near San Diego

Updated Color Contour
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• Overloaded lines across the 
pricing boundary

• Turn off all layers except 
“Borders”, “ContourStencil”, and 
“Default Layer”

• For Dynamic Formatting set 
“Overloaded Lines”, check the 
Force Visibility checkbox

San Diego Area with Dynamic Formatting



38© 2026 PowerWorld CorporationM8: Multi-Area LMP Analysis

• Highest negative ETLR for 
remaining unenforceable 
constraints occur at load 
buses

• Wind generator (not 
AGCable)

ETLR Bus Sensitivities
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• Loads may have benefit functions, allowing them to respond to 
price signals in the OPF

• Load the aux file 
CALoadBenefitModel.aux: 
includes benefit functions 
for 19 loads in this pocket

Demand Response
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• Enable OPF load controls 
– Globally in OPF Options and Results
– By Area for Areas 3-7 in OPF Areas 

Case Info Display

• Re-solve OPF

Demand Response
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• Updated contour shows more 
uniform pricing

• Constraints into remaining 
pockets are binding rather than 
unenforceable

• Total reduction in load is about 30 
MW

Demand Response
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• Load CAContingentInterfaces.aux
• Each flowgate interface includes a monitored element and a 

contingent element
• Make sure Contingent Interface Elements are Enforced in OPF 

(Simulator Options -> General tab or OPF -> Interfaces Display)
• Close OPF Branches/Interfaces display in the Model Explorer
• Re-solve OPF

Incorporate Contingencies with Flowgates
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• A new set of constraints become unenforceable and a pocket of 
high prices re-appears in the LA area

• Re-calculate multi-element shift factors, now choosing 
Overloaded Devices and Both Lines/XFMRs and Interfaces

• Designate the generators with the most negative ETLRs (El 
Segundo and Torrance) as Fast Start and re-solve the OPF

Contingencies with Flowgates
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Other Examples of OPF Challenges
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• Radial Elements
• Mvar loops in AC power flow
• Unusual modeling parameters

OPF Unenforceable Constraints
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• Example: Load M08_LMP Multi-
Area\UnenforceableConstraints.pwb (has cost info)

• Choose Add Ons ribbon tab  Primal LP
– We end up with 46 unenforceable constraints

• Of these many seem to be caused by radial
– Change Limit Monitoring Settings to Ignore Radial Lines and Buses

• Radial Bus is connected to the system by only one transmission line
• Radial Line is a line connected to a radial bus.

– Choosing this reduces the unenforceable list to 29 constraints.

Analysis of Unenforceable Constraints
UnenforceableConstraints.pwb
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• If you look at the MW and MVar flows on these lines you’ll find 
that many have VERY large MVar flows
– Add Columns for Max MW and Max MVar on Add Ons ribbon tab  

OPF Case Info  OPF Lines and Transformers

• If you look through the case, you’ll find many very strange LTC 
tap ratio settings

• Also some are due to phase-shifters being in series with an 
overloaded branch

Unenforceable Constraints
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• Set all transformers on LTC control to a tap ratio of 1.00 
(perform manually, or load UC_ChangeTransformers.aux)

• Re-solve power flow, then OPF
• May also examine Circulating Mvar Flows

– Tools -> Connections -> Find Circulating MW or Mvar Flows
– Check relative tap ratios in Flow Cycles with high Loss Mvar Reduction

Reset LTC Taps
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• This results in a reduced list of 20 unenforceable constraints

Unenforceable Constraints
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• Phase Shifters have three control options
– None – leave at a fixed angle
– Power Flow – Allow the power flow solution to dispatch according to 

the MW setpoints of the controller
– OPF – Allow the OPF’s linear program to “dispatch” the transformer for 

a more global optimization

• OPF phase-shifter control is often necessary if load is varied with 
the time-step simulation, unless appropriate phase-shifter 
control settings are known for each load level

Phase-Shifting Transformers
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• Phase-shifter setpoints are often important for stability
• The setpoints may vary with load or seasonal generation pattern
• Options to consider:

– ignore MVA/Amp limit enforcement where obvious conflicts occur between 
limit and phase-shifter setpoints (e.g. overloaded line in series with phase-
shifter)

– allow only a few phase shifters to operate on OPF control where it is known 
that stability margins are sufficient

– choose to Enforce MW Regulation Limits in OPF (branch field for phase-
shifters)

– tighten the angle limits of phase shifters to limit range of OPF dispatch

Use Caution with Phase-Shifter OPF Control



52© 2026 PowerWorld CorporationM8: Multi-Area LMP Analysis

Conflict between Phase-Shifter Setpoint and Line 
Limits

Phase-shifter 
setpoint is 60.3 – 
72.9 MW, but line 
limits are <=45 
MVA; ignore these 
lines
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• Look more closely at the majority of the remaining unenforceable 
constraints 
– Continues to show a large number of under radial elements which should 

probably just be ignored
• A handful of elements require greater study

– Draw a oneline diagram to represent this part of the system
– You will start to see what the problem is

• Changes described in following slides (along with similar situations 
affecting other elements) may be automatically loaded with 
UC_MonitorChanges.aux

A Closer Look
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Example: GSU Loading
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Example: High Impedance Bus Tie
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Negative Loads

Removing the negative loads at 
NAZARETH and an equivalent 
amount of positive load at 
SIEGFRIE relieves the otherwise 
difficult overloads on the 
branches between them.

  0.98 pu KEY CM 1
3390-2645.85 $/MWh

  0.98 pu KEY CM 2
33913151.26 $/MWh

  0.96 pu SIEGFRIE
34082858.32 $/MWh

  1.02 pu NAZARETH

3399
-5347.63 $/MWh

  1.01 pu SIEGFRIE
3081463.58 $/MWh

  1.01 pu PALM T1
34031202.26 $/MWh

  1.01 pu
PALM T2
3404

1211.81 $/MWh

  1.04 p
-3403.1  

  1.03 pu CH HL T1
3375-5219.33 $/MWh

  1.03 pu LSTAR T1
3392-3157.48 $/MWh

  1.03 pu LSTAR T2
3393-3157.48 $/MWh

  1.03 pu CH HL 
3415-4437.97 $/MWh

EPALMERT
3376

EPALMERT
3061 /MWh   1.03 

 42.2  

  1.03 pu
-4410.75 $/MW

  1.03 pu
-3067.50 $/M

   pu ARROWHEA
31955 $/MWh

  1.01 pu MECKESVI
3394729.78 $/MWh

3412567 33 $/MWh

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

A

MVA

  7.33 Mvar

 18.37 Mvar

  1.70 Mvar

 21.61 Mvar

 11.02 Mvar

 11.02 Mvar

 28.96 Mvar

  9.63 Mvar

  64.0 MW  24.3 Mvar

  64.0 MW  24.3 Mvar

  64.0 MW
  24.3 Mvar

  64.0 MW  24.3 Mvar

  71.3 MW
  10.8 Mvar

  59.7 MW  -0.1 Mvar  59.7 MW  -0.1 Mvar

 -32 MW
 -32 MW

 81%
A

MVA

 99%
A

MVA

 99%
A

MVA 99%
A

MVA

106%
A

MVA
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• Still some very high cost constraints remain
• 1562 – 1593 = $752.3/MVAhr

After these changes we remove all unenforceable 
Constraints
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• Yellow Region forms a 
“load pocket” for two 
large loads 
– 85.3 MW 
– 193.7 MW

• The 69 kV lines feeding 
this region have high 
loadings

Load Pocket
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• These prices could be reasonable

Price Contour at the Load Pocket
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• Look for radial systems and “load pockets”
• Look for generators or phase-shifters which can relieve problems

– Give the OPF more controls to FIX the problems

• Look for constraints which don’t make sense
– Radial lines serving load
– Radial transformers/lines leaving generators

• Use your judgment to setup a reasonable case
• Realize that some unenforceable constraints are inevitable at first

Unenforceable Constraints Summary
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