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Background

• Conventional electric power systems 
(EPS) are composed of:
− Generation
− Transmission
− Distribution

• Managed independently by:
− Transmission system (TSOs) 
− Distribution system operators (DSOs). 
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Background: TSOs
• TSOs traditionally model distribution systems as consumers (loads).

Distribution system #1

Distribution system #2

Distribution system #3

Modeled as single-phase
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Background: DSOs

• DSOs traditionally regard transmission systems as slack buses with 
unlimited resources (often modeled as voltage sources).

Slack

Modeled as three-phase (multiconductor)
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Background: Integration of DERs

• Distribution systems are becoming more active: 
− Integration of Distributed Energy Resources (DERs)
− Demand Response (DR) Programs 
− Integration of Information & Communication Technologies (ICTs).

The common assumption of the distribution system being just
a load seen from the transmission system-side is now unreasonable 

Slack
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Challenges

• Traditionally owned and operated by separate entities.
− Competitive relationship -> unwillingness to share and/or combine models.
− Assumption: centralized models may not be scalable and hard to solve.

• This ‘independent’ optimization does not allow optimal dispatch of both 
T&D resources simultaneously.

Coordination between T&D networks will be imperative
for the optimal operation of the power grid.
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Challenges: Technical

“Coupling [transmission-distribution] models and 
formulations is a non-trivial task”

• How to model T&D ‘Boundaries’?

Common modeling practices are:

o Transmission systems as single-phase, and

o Distribution systems as phase-unbalanced (multi-conductor)
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Challenges: Other Technical

• Variable coefficient scaling
Powers and voltages over feeders can differ by orders of magnitude

• Problem scaling
Distribution models can be many times bigger due to explicit 
multiconductor modeling

• Convergence issues with AC OPF (nonlinear, nonconvex 
formulations)
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Challenges: Questions

• How can grid operators optimally manage resources across 
operational boundaries?

• How can integrated utilities (i.e., those who own both T&D) reduce 
operational costs?

• Is there a way to examine different formulations for T&D (e.g., 
nonlinear, approximations, convex relaxations) in a centralized 
problem specification (OPF, PF, etc.)?

Overall strategy: Co-optimization of T&D networks
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InfrastructureModels.jl

• Core package for multi-infrastructure modeling and optimization ecosystem 

https://github.com/lanl-ansi/InfrastructureModels.jl

https://github.com/lanl-ansi/InfrastructureModels.jl
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Core Design: PowerModels.jl Example
Separation of 

• Formulations (AC polar, AC rectangular, DC polar, etc.)
• Problem Specifications (PF, OPF, etc.)

Variables:

Minimize:

Subject to:

…

IV Rectangular
Variables:

Minimize:

Subject to:
𝑆𝑆𝑔𝑔,𝑘𝑘
𝑙𝑙 ≤ 𝑆𝑆𝑔𝑔,𝑘𝑘 ≤ 𝑆𝑆𝑔𝑔,𝑘𝑘

𝑢𝑢 ,∀𝑘𝑘 ∈ 𝐺𝐺

(𝑣𝑣𝑖𝑖𝑙𝑙)2 ≤ 𝑉𝑉𝑖𝑖ℜ
2

+ 𝑉𝑉𝑖𝑖
ℑ 2

≤ (𝑣𝑣𝑖𝑖𝑢𝑢)2,∀𝑖𝑖 ∈ 𝑁𝑁

𝑆𝑆𝑖𝑖𝑖𝑖 ≤ 𝑠𝑠𝑖𝑖𝑖𝑖𝑢𝑢 ,∀ 𝑖𝑖, 𝑗𝑗 ∈ 𝐸𝐸 ∪ 𝐸𝐸𝑅𝑅

�
𝑘𝑘∈𝐺𝐺𝑖𝑖

𝑆𝑆𝑔𝑔,𝑘𝑘 − 𝑆𝑆𝑑𝑑,𝑖𝑖 − �
𝑖𝑖,𝑖𝑖 ∈𝐸𝐸∪𝐸𝐸𝑅𝑅

𝑆𝑆𝑖𝑖𝑖𝑖 = 0,∀𝑖𝑖 ∈ 𝑁𝑁

…

�
𝑘𝑘∈𝐺𝐺𝑖𝑖

𝑐𝑐2𝑘𝑘 (ℜ(𝑆𝑆𝑔𝑔,𝑘𝑘))2 + 𝑐𝑐1𝑘𝑘 (ℜ(𝑆𝑆𝑔𝑔,𝑘𝑘)) + 𝑐𝑐0𝑘𝑘

𝑆𝑆𝑔𝑔,𝑘𝑘 ,∀𝑘𝑘 ∈ 𝐺𝐺
𝑉𝑉𝑖𝑖ℜ,∀𝑖𝑖 ∈ 𝑁𝑁

𝑆𝑆𝑖𝑖𝑖𝑖 ,∀ 𝑖𝑖, 𝑗𝑗 ∈ 𝐸𝐸 ∪ 𝐸𝐸𝑅𝑅

AC Rectangular

𝑉𝑉𝑖𝑖
ℑ,∀𝑖𝑖 ∈ 𝑁𝑁

Variables:

𝜃𝜃𝑟𝑟 = 0,∀𝑟𝑟 ∈ 𝑅𝑅
𝑆𝑆𝑔𝑔,𝑘𝑘
𝑙𝑙 ≤ 𝑆𝑆𝑔𝑔,𝑘𝑘 ≤ 𝑆𝑆𝑔𝑔,𝑘𝑘

𝑢𝑢 ,∀𝑘𝑘 ∈ 𝐺𝐺

𝑣𝑣𝑖𝑖𝑙𝑙 ≤ 𝑉𝑉𝑖𝑖 ≤ 𝑣𝑣𝑖𝑖𝑢𝑢,∀𝑖𝑖 ∈ 𝑁𝑁

𝜃𝜃𝑖𝑖𝑖𝑖Δ𝑙𝑙 ≤ 𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑖𝑖 ≤ 𝜃𝜃𝑖𝑖𝑖𝑖Δ𝑢𝑢 ,∀ 𝑖𝑖, 𝑗𝑗 ∈ 𝐸𝐸
𝑆𝑆𝑖𝑖𝑖𝑖 ≤ 𝑠𝑠𝑖𝑖𝑖𝑖𝑢𝑢 ,∀ 𝑖𝑖, 𝑗𝑗 ∈ 𝐸𝐸 ∪ 𝐸𝐸𝑅𝑅

�
𝑘𝑘∈𝐺𝐺𝑖𝑖

𝑆𝑆𝑔𝑔,𝑘𝑘 − 𝑆𝑆𝑑𝑑,𝑖𝑖 − �
𝑖𝑖,𝑖𝑖 ∈𝐸𝐸∪𝐸𝐸𝑅𝑅

𝑆𝑆𝑖𝑖𝑖𝑖 = 0,∀𝑖𝑖 ∈ 𝑁𝑁

…

�
𝑘𝑘∈𝐺𝐺𝑖𝑖

𝑐𝑐2𝑘𝑘 (ℜ(𝑆𝑆𝑔𝑔,𝑘𝑘))2 + 𝑐𝑐1𝑘𝑘 (ℜ(𝑆𝑆𝑔𝑔,𝑘𝑘)) + 𝑐𝑐0𝑘𝑘

𝑆𝑆𝑔𝑔,𝑘𝑘 ,∀𝑘𝑘 ∈ 𝐺𝐺
𝑉𝑉𝑖𝑖 ,∀𝑖𝑖 ∈ 𝑁𝑁
𝜃𝜃𝑖𝑖 ,∀𝑖𝑖 ∈ 𝑁𝑁
𝑆𝑆𝑖𝑖𝑖𝑖 ,∀ 𝑖𝑖, 𝑗𝑗 ∈ 𝐸𝐸 ∪ 𝐸𝐸𝑅𝑅

AC Polar

Subject to:

Minimize:

function build_opf(pm::AbstractPowerModel)
variable_gen_power(pm)
variable_bus_voltage(pm)
variable_branch_power(pm)

objective_min_fuel_and_flow_cost(pm)

constraint_model_voltage(pm)

for i in ids(pm, :ref_buses)
constraint_theta_ref(pm, i)

end

for i in ids(pm, :bus)
constraint_power_balance(pm, i)

end

for i in ids(pm, :branch)
constraint_ohms_yt_from(pm, i)
constraint_ohms_yt_to(pm, i)

constraint_voltage_angle_difference(pm,i)

constraint_thermal_limit_from(pm, i)
constraint_thermal_limit_to(pm, i)

end
end

Core language 
feature: 

Multiple dispatch
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PowerModels.jl
• PowerModels.jl (PM) is free and open-source 

software library to solve Transmission Systems

• Fueled by:
• Explosion in the number of power flow 

nonconvex, approximations, and relaxations

• Difficulty of evaluation using a common 
platform

• Written in Julia and JuMP.jl https://github.com/lanl-ansi/PowerModels.jl

https://github.com/lanl-ansi/PowerModels.jl
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PowerModels.jl
• Perform various quasi-steady-state optimizations of power 

transmission networks. 

Problem Specifications

Modeled as single-phase

Formulations

Power Flow (pf)
Optimal Power Flow (opf)
Optimal Transm. Switching (ots)
Transmission Net. Expansion (tnep)

AC polar (ACP)
AC rectangular (ACR)
DC polar (DCP) – approximation
IV rectangular (IVR)
SDP – relaxation
SOC – relaxation
…

Coffrin, C., Bent, R., Sundar, K., Ng, Y., & Lubin, M. (2018, June). Powermodels. jl: An open-source framework for exploring power flow 
formulations. In 2018 Power Systems Computation Conference (PSCC) (pp. 1-8). IEEE.
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PowerModels.jl

https://github.com/lanl-ansi/PowerModels.jl

Provides a common platform 
for baseline implementations

https://github.com/lanl-ansi/PowerModels.jl
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PowerModelsDistribution.jl
• Building on the success of PM, PMD was built 

to addresses similar issues as PM, but for 
phase unbalanced power systems

• Quasi-steady-state multi-conductor (e.g., 
three-phase, explicit neutral & ground) phase-
unbalanced optimization problems

https://github.com/lanl-
ansi/PowerModelsDistribution.jl

https://github.com/lanl-ansi/PowerModels.jl
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PowerModelsDistribution.jl
• Perform various quasi-steady-state optimizations of power 

unbalanced multi-conductor distribution networks. 

Problem Specifications

Modeled as phase unbalanced multi-conductor

Formulations

Power Flow (pf)
Optimal Power Flow (opf)
Optimal Power Flow with 
on-load tap-changer (opf_oltc) …

AC polar unbalanced (ACPU)
AC rectangular unbalanced (ACRU)
IV rectangular unbalanced (IVRU)
SDP – relaxation
SOC – relaxation
…

Fobes, D. M., Claeys, S., Geth, F., & Coffrin, C. (2020). PowerModelsDistribution. jl: An open-source framework for exploring distribution power flow 
formulations. Electric Power Systems Research, 189, 106664.
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PowerModelsDistribution.jl

https://github.com/lanl-
ansi/PowerModelsDistribution.jl

Provides a common platform 
for baseline implementations

https://github.com/lanl-ansi/PowerModels.jl
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PowerModelsITD.jl
• PMITD enables

• rapid prototyping of integrated transmission-
distribution (ITD) optimization problems

• PMITD provides

• baseline implementations of steady-state 
ITD optimization problems

• a common platform for the evaluation of 
emerging formulations and optimization 
problems.

https://github.com/lanl-ansi/PowerModelsITD.jl

+

https://github.com/lanl-ansi/PowerModels.jl
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PowerModelsITD.jl

Mapping

=

=

=

=

=

=

𝑃𝑃𝛽𝛽𝑇𝑇𝛽𝛽𝐷𝐷

𝑄𝑄𝛽𝛽𝑇𝑇𝛽𝛽𝐷𝐷

|𝑉𝑉𝑇𝑇|
𝑉𝑉𝐷𝐷 [𝑎𝑎]

= 𝑉𝑉𝐷𝐷 [𝑏𝑏]
𝑉𝑉𝐷𝐷 [𝑐𝑐]

=∡𝑉𝑉𝑇𝑇 ∡𝑉𝑉𝐷𝐷[𝑎𝑎]
∡𝑉𝑉𝐷𝐷[𝑏𝑏] ∡𝑉𝑉𝐷𝐷[𝑎𝑎] + 120°=

= ∡𝑉𝑉𝐷𝐷[𝑎𝑎] - 120°∡𝑉𝑉𝐷𝐷[𝑐𝑐]

𝑃𝑃𝛽𝛽𝑇𝑇𝛽𝛽𝐷𝐷

𝑄𝑄𝛽𝛽𝑇𝑇𝛽𝛽𝐷𝐷

𝑃𝑃𝛽𝛽𝑇𝑇𝛽𝛽𝐷𝐷

𝑄𝑄𝛽𝛽𝑇𝑇𝛽𝛽𝐷𝐷

− �
𝜑𝜑=𝑎𝑎,𝑏𝑏,𝑐𝑐

𝑃𝑃𝛽𝛽𝐷𝐷𝛽𝛽𝑇𝑇[𝜑𝜑]

− �
𝜑𝜑=𝑎𝑎,𝑏𝑏,𝑐𝑐

𝑄𝑄𝛽𝛽𝐷𝐷𝛽𝛽𝑇𝑇[𝜑𝜑]

− �
𝜑𝜑=𝑎𝑎,𝑏𝑏,𝑐𝑐

𝑃𝑃𝛽𝛽𝐷𝐷𝛽𝛽𝑇𝑇[𝜑𝜑]

− �
𝜑𝜑=𝑎𝑎,𝑏𝑏,𝑐𝑐

𝑄𝑄𝛽𝛽𝐷𝐷𝛽𝛽𝑇𝑇[𝜑𝜑]

− �
𝜑𝜑=𝑎𝑎,𝑏𝑏,𝑐𝑐

𝑃𝑃𝛽𝛽𝐷𝐷𝛽𝛽𝑇𝑇[𝜑𝜑]

− �
𝜑𝜑=𝑎𝑎,𝑏𝑏,𝑐𝑐

𝑄𝑄𝛽𝛽𝐷𝐷𝛽𝛽𝑇𝑇[𝜑𝜑]

Voltage constraints
Boundary Buses

Transmission
Distribution(s)
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PowerModelsITD.jl

Problem Specifications

Formulations

Integrated T&D Power Flow (pfitd)
Integrated T&D Optimal Power Flow (opfitd)
Integrated T&D Optimal Power Flow with on-load tap-changer (opfitd_oltc)
…

ACP-ACPU 
ACR-ACRU
IVR-IVRU
NFA-NFAU
SOCBFM- LinDis3Flow
…
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PowerModelsITD.jl

https://github.com/lanl-ansi/PowerModelsITD.jl

Provides a common 
platform for baseline

implementations

https://github.com/lanl-ansi/PowerModels.jl
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• Background & Challenges

• Introduction to PowerModelsITD.jl

• Integrated Transmission-Distribution (ITD) OPF Problem Specification & 
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• Using PowerModelsITD.jl

• Experimental Test Cases
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Integrated Transmission-Distribution (ITD) Formulation
• Mathematical Formulation ACP-ACPU - Notation
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Integrated Transmission-Distribution (ITD) Formulation
• Mathematical Formulation ACP-ACPU – ITD Cost Function

Transmission 
generation cost

Distribution 
generation cost
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Integrated Transmission-Distribution (ITD) Formulation
• Mathematical Formulation ACP-ACPU - Transmission

Reference

Gen. limits

Volt. limits

Active power 
line flows

Reactive 
power line 

flows

Active/Reactive 
Power limits

Angle diff.
limits

Active power 
balance 

constraints

Reactive power 
balance 

constraints

Boundary flow

Boundary flow
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Integrated Transmission-Distribution (ITD) Formulation
• Mathematical Formulation ACP-ACPU - Distribution

…                                   (27)

…                                   (29)

Gen. limits

Volt. limits

Active power 
line flows

Reactive 
power line 

flows

Active power 
balance 

constraints

Reactive power 
balance 

constraints

Active/Reactive 
Power limits

Angle diff.
limits

Boundary flow

Boundary flow
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Integrated Transmission-Distribution (ITD) Formulation
• Mathematical Formulation ACP-ACPU - Boundary

Active/Reactive power flows @ boundary(ies)

Voltage mag. equality @ boundary(ies) Voltage angle equality/shift @ boundary(ies)
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Integrated Transmission-Distribution (ITD) Formulation

Assumptions at the Boundary

• Transmission system is balanced (This may/may not be valid in reality) -
1Ø modeling

• Distribution system(s) are not balanced at the substation (See (15) and 
(16) summations)

− Vanilla implementation
− Additional constraints can be added to force ± X balance between 3Ø
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Integrated Transmission-Distribution (ITD) Formulations

• Built-in Formulations (Tested)
− ACP-ACPU
 Power-Voltage, polar coordinates, non-linear 

(NLP)
− ACR-ACRU
 Power-Voltage, rectangular coordinates, non-

linear (NLP)
− IVR-IVRU
 Current-Voltage, rectangular coordinates, non-

linear (NLP)
− NFA-NFAU 
 Network Flow Approximation
 Active power only, lossless, linear (LP)

• Other Formulations (Experimental)
− ACR-FOTRU
 Power-Voltage, rectangular coordinates, First-

Order Taylor Approximation
− ACP-FOTPU
 Power-Voltage, polar coordinates, First-Order 

Taylor Approximation
− ACR-FBSU
 Power-Voltage, rectangular coordinates, 

Forward-Backward Sweep Approximation
− SOCBFM-LinDist3Flow 
 Second Order Cone Branch Flow Model 

Relaxation – W-space.
 Linear Approximation.

− BFA-LinDist3Flow
 Branch Flow Approximation



348/23/2022

Integrated Transmission-Distribution (ITD):
Problem Specification
Declarative modeling     Rapid development / testing
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Outline

• Background & Challenges

• Introduction to PowerModelsITD.jl

• Integrated Transmission-Distribution (ITD) OPF Problem Specification & 
Formulations 

• Using PowerModelsITD.jl

• Experimental Test Cases
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The files needed to run OPFITD are:

Using PowerModelsITD.jl

Boundary fileTransmission file Distribution file(s)

MATPOWER (“.m”)
PSS(R)E v33 specification (".raw")

OpenDSS (".dss")
https://lanl-ansi.github.io/PowerModelsITD.jl/stable/manual/fileformat.html

JSON (".json")

other proprietary file 
formats supported

via DiTTo [25]

[25] “DiTTo (Distribution Transformation Tool),” 2021, Accessed: Aug. 06, 2021. [Online]. Available: https://github.com/NREL/ditto(support PowerWorld for PSSE conversions )
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Using PowerModelsITD.jl

Simple User Interface Easy User Adoption

Case w/ 2 distro. systemsCase w/ 1 distro. system
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Using PowerModelsITD.jl
Results

Transmission

Distribution

Boundary
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Using PowerModelsITD.jl

Running Multinetwork (Time-series)

Solve multinetwork opfitd
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Using PowerModelsITD.jl
Results Multinetwork (Time-series)
Boundaries – all time steps (networks)

Boundaries – time-step #3

Boundary Power Flows
24 hours time-step example
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Outline

• Background & Challenges

• Introduction to PowerModelsITD.jl

• Integrated Transmission-Distribution (ITD) OPF Problem Specification & 
Formulations 

• Using PowerModelsITD.jl

• Experimental Test Cases
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Experimental Test Cases

All feeders are Kron-reduced (any 
explicit neutral/ground removed)

1. Case5-Case3: 
− PJM 5-bus system 

 New load bus #5
− IEEE 4 Node Test Feeder

 Connected at bus #5 
 1 - 600 kW DG at bus #4

2. Case118-Case3x5
− IEEE 118 Bus 
− x5 IEEE 4 Node Test Feeders

 Connected at buses #2, #7, #14, #28, #44
 Each one w/ 1 DG (different power ratings) 

3. Case500-Case30x5
− IEEE PGLib 500 bus
− IEEE 30 bus system

 Multiconductor (three-phase)
 1- 40 MW DG at bus #B2 

4. Case500-CaseLVx5
− IEEE PGLib 500 bus
− IEEE LVTestCase (European Low-Voltage test feeder)

 Each one w/ 3 DGs at buses #835, #539, and #619 

Total # of nodes & edges



438/23/2022

Experimental Test Cases

• 2 Scenarios
− Independent: Systems are optimized independently, i.e.,
 Step 1: Distribution optimized assuming DSOs want to maximize DG usage, reserving 10% 

capacity for emergency.
 Step 2: Transmission is optimized based on fixed load from Step 1.

− Integrated:
 Full use of DG is allowed due to full coordination of transmission and distribution systems.

Solved with Ipopt (open-source)
− MUMPS Linear solver
− Default configuration
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Experimental Test Cases
Results
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Experimental Test Cases
Results
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Challenges 
(Currently not addressed by PowerModelsITD.jl)

1.Building realistic T&D datasets
• Sufficiently large T&D networks
• Realistic T&D networks
• Lack of reliable large distribution systems datasets* (Open-source)

2.Adding support to other types of algorithms (e.g., decomposition-based)

*PNNL: Schneider, Kevin P., et al. Modern grid initiative distribution taxonomy final report. No. PNNL-18035. Pacific Northwest National Lab.(PNNL), Richland, WA (United States), 2008.

*NREL: Krishnan, V. K., Palmintier, B. S., Hodge, B. S., Hale, E. T., Elgindy, T., Bugbee, B., & Kadankodu, S. (2017). Smart-ds: Synthetic models for advanced, realistic testing: Distribution 
systems and scenarios (No. NREL/PR-5D00-68764). National Renewable Energy Lab.(NREL), Golden, CO (United States).
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Future Work

1.Support new ITD formulations

• Relaxations
• Approximations
• Hybrids

2.Support decomposition-based formulations that allow:
• Parallel computation of large-scale problems

3. Explore applications & research (Collaborations)
• EVs/DERs integration and optimization Studies
• Transformer Deferral Studies
• Cybersecurity-related studies in T&D networks
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Conclusions

1.Package designed to be a complement of PowerModels.jl and 
PowerModelsDistribution.jl

2.Supports diverse set of formulations enabling the co-optimization of T&D 
networks.

3.Package designed to be a foundational tool that:
• Enables the speedy development of novel co-optimization formulations 
• Improves the state-of-the-art
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Thank you
Questions?

Contacts:
• Juan Ospina: jjospina@lanl.gov
• David M Fobes: dfobes@lanl.gov

mailto:jjospina@lanl.gov
mailto:dfobes@lanl.gov
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