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Background \ Ll

« 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 \ (G

« TSOs traditionally model distribution systems as consumers (loads).
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f) Distribution system #1

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
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—
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Connection to
Transmission
System

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)
* Integration of Information & Communication Technologies (ICTs).

Slack

)

The assumption of distribution being just passive loads is
unreasonable for optimal T&D operation.
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Challenges ops |

 Traditionally owned and operated by separate entities.

« Centralized models may not be scalable and hard to solve. (Assumption)

« Convergence issues with AC OPF (nonlinear, nonconvex formulations)
« Unable to coordinate or co-optimize resources across T&D boundaries

Coordination (Co-optimization) between T&D networks will be
for the optimal operation of the (future) power grid.

To fill this gap, we developed a that
supports and enables the Co-optimization of T&D systems
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« Core package for multi-infrastructure modeling and optimization
ecosystem

https://qithub.com/lanl-ansi/InfrastructureModels. |l



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

PowerModelsITD.jl (PMITD)

* Open-source tool (Written in Julia)

« Based on LANL multi-infrastructure ecosystem

« Used for modeling and optimizing T&D systems

« Solve steady-state ITD Optimal Power Flow (OPF)

« Evaluate diverse network formulations

« Common research platform for emerging formulations

GitHub

[1] https://github.com/lanl-ansi/PowerModelsITD.jl

[2] Ospina, J., et al. (2023). Modeling and Rapid Prototyping of Integrated Transmission-
Distribution OPF Formulations with PowerModelsITD.jl. IEEE Transactions on Power
Systems.

[3] Ospina, J., et al. (2023). On the Feasibility of Market Manipulation and Energy Storage
Arbitrage via Load-Altering Attacks. Energies, 16(4), 1670.
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PowerModelsITD.jl: Core Design e

Core language feature:
Multiple dispatch

Problem Specifications

AC Polar function build_opf(pm: :AbstractPowerModel)
AC Rectan Vanables s Variable_ gen_power(pm)

. variable_bus_voltage(pm)
Integrated T&D Power FIOW (pfltd) \I[V Variables: I}gk\;Vk;G r‘;’/ var‘iable_br‘anch_pmgaer‘[(’pm)
. . yatr —— { VL E / ] .

Integrated T&D Optlmal POWGY FIOW (Opfltd) SgkrVkEG 8. Vi EN objective_min_fuel _and_flow _cost(pm)

'[]I;S :l &‘_E;V]- 5y V(ij) €E U Eg constraint_model voltage(pm)
! Minimize: L.
S, )) € . for i in ids(pm, :ref_buses)
. Z Cax [91(53‘;5))2 +cqp (91(53‘;5)) + Cox constraint_theta_ref(pm, i)
Formulations \¢ Minimize: £ end
o Z o (R( Subject to: for i in ids(pm, :bus)
(ACP ACPU \ = 2K 8, =0,vr €R constraint_power_balance(pm, i)
= b end
: st < = Sk =St . VkEG
Subiject to: gk gk
ACR'ACRU Su 2UDJectfo: < V| < Vie N for i in ids(pm, :branch)
IVR IVRU S k= Sgk i il = vi\vie constraint_ohms_yt_from(pm, i)
= constraint_ohms_vyt_ to(pm, i)
(v‘)2 < (V Z k= Sai— Z Si;=0VieN
N FA'N FAU _g KEG; (i,j)EEUER constraint_voltage angle difference(pm,i)
g,k ) AI _ - - . (__”‘—_'
SOCBFM' kEG; 9” =0 -6 9” V@))€ E constraint_thermal limit from(pm, i)
. . |S| =gl y |SU| = S:,”V(I J) EEUE « constraint_thermal_limit to(pm, i)
LinDis3Flow =  end
en

.- Y =




PowerModelsITD.jl: Boundaries -

<------> Mapping
”I Boundary Buses Voltage constraints
[VP|[a] 4VT=4VP[a]
T = IVPI[b] 4VP2[b]= £VP[a] - 120°

[VP1[c] 4VP[c] = 4VP[a] +120°
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PowerModelsITD.jl: Formulations
NLP Formulations Relaxations
- ACP-ACPU - SOCBFM-SOCUBFM
= Power-Voltage, polar coordinates, non-linear = Second Order Cone Branch Flow Model
(NLP) Relaxations — W-space.
- ACR-ACRU
= Power-Voltage, rectangular coordinates, non- Hybrid Formulations (Experimental)
linear (NLP) - ACR-FOTRU
- IVR-IVRU = Power-Voltage NLP, rectangular coordinates, First-
= Current-Voltage, rectangular coordinates, non- Order Taylor Approximation
linear (NLP) - ACP-FOTPU

= Power-Voltage NLP, polar coordinates, First-Order
Taylor Approximation

Linear Approximations
- ACR-FBSU

— NFA-NFAU :
« Network Flow Abproximation = Power-Voltage NLP, rectangular coordinates, Forward-
€ PP Backward Sweep Approximation
= Active power only, lossless, linear (LP) — SOCBEM-LinDist3Flow
- BFA-LinDist3Flow = Second Order Cone Branch Flow Model Relaxation —
= Branch Flow Approximation - Linear Approximation W-space.

= Linear Approximation.
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Using PowerModelsITD.jl: Files e

Transmission file

function mpc = caseb L
mpc.version = '2';
mpc.baseMVA = 100.0;

Distribution Boundary file

~ basekv=230 pu=1.00 MVAsc3=200000 MVAsc1=210000

K bus data ! Substation Transformer
% bus_i  type Pd Qd Gs Bs area Vm Va baseKV zone N o
mpe.bus = [ New Transformer.SubXF Phases=3 Windings=2 Xh1=0.01
1 9 0.0 0.9 0.0 0.0 1 1.07762 2.80377 ~ wdg=1 bus=sourcebus conn=wye kv=230 kva=25000 %r=0.0005
2 1 300.8  98.61 0.8 0.0 1 1.08407 _0.73465 ~ wdg=2 bus=Substation conn=wye kv=13.8 kva=25000 %r=0.0005
3 2 300.0 98.61 0.0 0.0 1 1.10000 -0.65972 . R 3
s 3 3%.0 131.47 0.6 0.8 1 1.96414 0.06600 II=ffive (Livasmits ) ~
BV Py e = =S p gt e New linecode.556MCM nphases=3 basefreq=68 ! ohms per 5 mile H [
aptt S o 0.6 6.6 0.6 0.8 1 1.06907 3.59033 ~ Tmatrix = (" 010U0"T0: 5400 " 021000 ©.0400.....0.4000) }
T ~ xmatrix = ( 0.0583 | 0.0233  0.0583 | 0.0233  0.0233  0.0583) 5 1
~ cmatrix = (50.92958178940651 | -0 50.92958178940651 | -0 -0 50.92958178940651 ) ! small cap *, "+ ransmi Ssion_boundary : “5“;
%% generator data w3 3 5 LR "
b g o o m G G wace  statue Prax  Pain New Tinecode.4/B0UAD nphases<3 basefreqe68 | ohms per 100ft distribution_boundary": ¥Sbus_unbal.voltage_source.source
Bezenly ~ rmatrix = ( 0.1167 | 6.0467  0.1167 | 0.0467  0.0467  0.1167) 1,
1 40.0 30.0 30.0 -30.0 1.07762 100.0 1 40.0 0.0; ~ xmatrix = (0.0667 | ©.8267 0.0667 | 0.0267 0.0267 0.0667 ) .
1 170.0 127.5 127.5 -127.5 1.07762 100.0 1 170.0 0.0 ~ cmatrix = (50.92958178946651 | -0 50.92958178940651 | -0 -0 50.92958178940651 ) ! small ca ."'-.,
3 324.498 390.0 39%90.0 -390.6 1.1 100.6 1 520.0 0.0; {
4 0.0 -10.802 150.0 -150.0 1.06414 100.0 1 200.0 Define lines "transmission_boundary": " l:______"‘
10 470.694 -165.039 450.0 -450.0 1.06907 100.0 1 New Line.OHLine busi1=Substation.1.2.3 Primary.1.2.3 linecode = 556MCM length=1 normamps=600 o LETTTEN H
15 New Line.Quad  Busi=Primary.1.2.3 loadbus.1.2.3 linecode = 4/0QUAD length=1 normamps=6000 e "dIStle“tld"—b"‘““daW} 3bus_bal .ivoltage_source.source”
}
%% generator cost data !Loads - single phase ]
% 2 startup shutdown n c(n-1) ... c New Load.L1 phases=1 loadbus.1.8 ( 13.8 3 sqrt / ) kW=3000 kvar=1500 model=1
mpc.gencost = [ New Load.L2 phases=1 loadbus.2.8 ( 13.8 3 sqrt / ) kW=3800 kvar=1500 model=1 70 ) 0 e
2 0.0 0.0 3 0.000000 14.000000 0.000000 2.000 New Load.L3 phases=1 loadbus.3.0 ( 13.8 3 sqrt / ) kW=3000 kvar=1500 model=1 :
2 0.0 0.0 3 0.000000 15.000000 0.000000 2.000 nm [1]
2 0.8 6.0 3 0.600000 30.000000 0.000000 2.000 !GENERATORS DEFINITIONS J SO N ( _J S 0 n )
2 0.8 0.0 3 0.000000 40.008000 0.0600000 2.600 New generator.genl Busi=loadbus.1.2.3 Phases=3 kV=( 13.8 3 sqrt / ) kW=2000 pf=1 conn=wye Model
2 0.8 0.0 3 0.000000 10.008000 0.000000 2.000 661 ) ! small ca
Is Set VoltageBases = "230,13.8"
Set tolerance=0.000001
%% branch data set defaultbasefreq=60 \gth=1 normamps=600
% fbus tbus T X b rateA rateB rateC ratio angle status 1=1 normamps=6000 e
mpc.branch = [ < ’
1 2 0.00281 0.0281 0.00712 400.0 400.0 400.0 0.0 1loads - single phase
1 a 0.00304 0.0304 0.00658 426 426 426 0.8 New Load.L1 phases=1 loadbus.1.0 ( 13.8 3 saqrt / ) kW=3000 kvar=1500 model=1
1 10 0.00064 0.0064 0.03126 426 426 426 0.0 New Load.L2 phases=1 loadbus.2.0 ( 13.8 3 sqrt / ) kW=3000 kvar=1500 model=1
2 3 0.00108 0.0108 0.01852 426 426 426 0.0 New Load.L3 phases=1 loadbus.3.0 ( 13.8 3 sqrt / ) kW=3000 kvar=1500 model=1
3 4 6.00297 0.0297 0.00674 426 426 426 1.65
4 10 0.00297 0.0297 0.00674 240.0 240.0 240.0 0.0 1GENERATORS DEFINITIONS
2 5 0.00297 0.0297 0.00674 426 426 426 0.0

New generator.geni Busi=loadbus.1.2.3 Phases=3 kV=( 13.8 3 sqrt / )

w0 o1 e ot OthEr proprietary file
R Set VoltageBases = "239,13.8" formats Su pported
Set tolerance=0.600001

MATPOWER (“ m”) (set defaulthasefreq=60 Via D|TT0 [4]
PSS(R)E v33 specification (".raw") OpenDSS (".dss")

(support PowerWorld for PSSE conversions )  [4] “DiTTo (Distribution Transformation Tool),” 2021, Accessed: Aug. 06, 2021. [Online]. Available: https:/github.com/NREL/ditto
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Using PowerModelsITD.jl: Solving

Case w/ 1 distro. system Case w/ 2 distro. systems

PowerModelsITD PowerModelsITD
Ipopt Ipopt
ipopt = Ipopt.Optimizer ipopt = Ipopt.Optimizer

1 o© pmitd_path = joinpath(dirname(pathof(PowerModelsITD)), "

pmitd_path = joinpath(dirname(pathof(PowerModelsITD)),

. L. . . o . . pm_file = joinpath(pmitd_path, "test/data/transmission/case5 with2loads.m"
pm_file = joinpath(pmitd_path, "test/data/transmission/case5 withload.m pmd_filel = joinpath(pmitd_path, "test/data/distribution/case3 unbalanced.dss"
pmd_file = joinpath(pmitd_path, "test/data/distribution/case3_balanced.dss" pmd_file2 = joinpath(pmitd_path, "test/data/distribution/case3_balanced.dss"

boundary_file = joinpath(pmitd_path, "test/data/json/case5_case3 bal.json" boundary_file = joinpath(pmitd_path, "test/data/json/case5_case3x2_unbal_bal.json"

pmitd_type = NLPowerModelITD{ACPPowerModel, ACPUPowerModel pmd_files = [pmd_filel, pmd_file2
pmitd type = NLPowerModelITD{ACPPowerModel, ACPUPowerModel

result = solve_opfitd(pm_file, pmd_files, boundary_file, pmitd_type, ipopt

result = solve opfitd(pm_file, pmd_files, boundary_file, pmitd_type, ipopt

Simple User Interface Easy User Adoption
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Using PowerModelsITD.jl: Results

julia> result

Dict{String, Any} with 8 entries:
"solve_time" => 0.12712
"optimizer" => "Ipopt"
"termination_ status" => LOCALLY_ SOLVED

"dual_status™ => FEASIBLE_POINT

"primal_status" FEASIBLE_POINT

"objective" 18146.3

"solution” Dict{String, Any}("multiinfrastructure"=>true, "it"=>Dict{String, Any}("pmd..
"objective_lb" -Inf

Transmission

julia> result["solution™]["it"]["pm"]

Dict{String, Any} with 6 entries:
"baseMVA" 100.0
"branch” Dict{String, Any}("3"=>Dict{String, Any}("qf"=>206.656, "qt . >221.006, "pf"=>-220.308), "4"=>Dict{String, Any}("gqf"=>-217.108, "qt"=>221.882, "pt"=>79.0383, "pf"=>-78.3924), "1"=.
“gen" => Dict{String, Any}("4"=>Dict{String, Any}("qg"=>56.3262, "pg"=>18.0328), "1 ct{String, Any}("qg"=>30.8, "pg“=>40.8), "5"=>Dict{String, Any}("qg"=>-201.205, "pg"=>461.003), "2' ict{String, A..
"multinetwork” => false
"bus™ => Dict{String, Any}("4"=>Dict{String, Any}("va"=>-1.06955e-34, "vm"=>8.9), "1"=>Dict{String, Any}("va"=>3.95367, "vm"=>0.917681), "5"=>Dict{String, Any}("va"=>-8.949629, "vm"=>0.937736), "2"=>Dict..
"per_unit” => false

julia> result["solution"]["it"]["pmd™]

Dict{String, Any} with 7 entries:
"line" => Dict{String, Any}("3bus_unbal.quad"=>Dict{String, Any}("qf"=>[1344.85, 1503.97, 1562.46], "qt"=>[-1333.33, -1500.0, -1508.8], "pt"=>[-3333.33, -2333.33, -2333.33], "pf"=>[3351.62, 2348.39, 2344.9..
"settings" Dict{String, Any}(“sbase"=>100000.0)
"transformer” => Dict{String, Any}("3bus_bal.subxf ict{String, Any}("q"=>[[1508.51, 1508.51, 1508.51], [-1588.41, -1508.41, -1508.41]], "p"=>[[2351.59, 2351.59, 2351.59], [-2351.58, -2351.58, -2351.58]]), "3bu..
“generator”  => Dict{String, Any}("3bus_unbal.genl"=>Dict{String, Any}("qg bus“=>[-@.@, -8.0, -0.9], “"qg"=>[-0.8, -0.8, -0.8], “"pg"=>[666.668, 666.668, 666.668], “pg_bus"=>[666.668, 666.668, 666.668]), "3bus bal..
"load" => Dict{String, Any}("3bus_unbal.12"=>Dict{String, Any}("qd_bus"=>[1500.8], "pd_bus"=>[3000.0], "qd"=>[1506.8], "pd"=>[3@88.8]), "3bus_bal.13"=>Dict{String, Any}("qd_bus"=>[1500.8], "pd bus"=>[3@600...
"bus™ => Dict{String, Any}("3bus_unbal.loadbus"=>Dict{String, Any}("va"=>[-1.101@6, -120.971, 119.172], "vm"=>[7.388@1, 7.42776, 7.41273]), “3bus_bal.substation"=>Dict{String, Any}("va"=>[-1.08179, -121.0..
"per_unit” => false

Boundary

julia> result["solution™]["it"]["pmitd"]["boundary™]
Dict{String, Any} with 4 entries:
"(10@001, 5, voltage source.3bus_unbal.source)” => Dict{String, Any}(“pbound fr"=>[8068.8], "qgbound fr"=>[4367.42])

"(1eeeel, voltage source.3bus_unbal.source, 5)" => Dict{String, Any}("pbound_to"=>[-3367.36, -2346.47, -2354.97], "gbound_to"=>[-1355.14, -1587.53, -1504.75])
"(1e@e82, voltage_source.3bus_bal.source, 6)" => Dict{String, Any}("pbound_to"=>[-2351.62, -2351.62, -2351.62], "gbound_to"=>[-1508.64, -1508.64, -1508.64])
"(10@0082, 6, voltage source.3bus_bal.source)” => Dict{String, Any}("pbound_fr"=>[7054.87], "gbound_fr"=>[4525.93])
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Use Cases & Tests: OPF

+

Taxonomy Test Cases
PNNL Cases [5] ] Boundary Bus case_ri_25 1
T2 e RS e r 1247 1
3 R1'1247'2 case_ri_1247 2
‘ R1.1247.3 case_ri 1247 3 | 168 | 165
3 R1.1247.4 case ri 1247 4 |Eb70 |Eb81
& | e case r2 25 1|17 [Bes1
(,?Q --------------- 13 e GC-1247-1 CGSE_gC_1247_1
\:\Q ............... 14 ............... R2-1247-1 Case_r2_1247_1
A 15 sereesersesenns R2-1247-2 case_r2 1247 2
--------------- 29 EmEmEmEEEEEEEEE R4-1247-2 Case_r4_1247_2
............... 55 sEsEmssEEsEEEsEE R5_25_1 CGSE‘_PS_ZS_I
e ] e §G =rresenaeenns R5-35-1 case_r5 35 1
(Bulsességl?destlg’637 . ) ............... B7 resssssssrannas R5-1247-4 CGSE_P5_1247=4 E
w/ + rom transmission
Totals: R Totals: 19,137 19,862
Edges: 20,595 (w/ +733 PVs
from transmission) T
S5 17

[5] 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.




Use Cases & Tests: OPF Results \

=

CPU: x6 Cores @ 2.80 Ghz
RAM: 128 GB

Ipopt vers.: 3.14.4
MUMPS vers.: 5.4.1

er & Energy Society®
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Case PNNL - All Regions

Formulation

S/hr

ACP-ACPU | 422,095.2350
IVR-IVRU | 422,095.2348
NFA-NFAU | 412,286.7567 | 10.860

ACR-FBSUBF | 422,074.7218

BFA-LinDist3 | 412,286.7567

SOCBF-LinDist3




&

Use Cases & Tests: Other Use Cases

T&D Hosting Limit T&D Coordination
Market Manipulation via Capacity for Transformer Deferral
Load-Altering Attacks [6] T&D

&)

@ cktr51 ,
Q
q E

' 3 f 10 6 |
138 kv L i
4 5 i
cktr22 | I |
cktr13 1 j

S

Replace Deferral

[6] Ospina, J., Fobes, D. M., & Bent, R. (2023). On the Feasibility of Market Manipulation and Energy Storage Arbitrage via Load-Altering Attacks. Energies, 16(4), 1670. url:
https://www.mdpi.com/1996-1073/16/4/1670
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Contacts:

. e . ‘\
» Juan Ospina: jjospina@]lanl.gov "0
« David M. Fobes: dfobes@Ianl.gov Q.

Los Alamos

NATIONAL LABORATORY
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