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Open-Source Ecosystem for Power System

Modeling, Simulation, and Optimization

Sienna\Data

Efficient intake and use of energy
systems |nput data

Developed to support
modeling with large shares

. / of inverter-based sources \ .
Sienna\Ops s Sienna\Dyn

Simulation of system scheduling,
including sequential problems for
production cost modeling

Simulation of power system
dynamic response to
disturbances and contingencies

Formerly known as SIIP NREL | 2



Sienna in Julia

Sienna’s three core applications use combinations of packages in the Julia programming language:

Sienna\Data Sienna\Ops Sienna\Dvyn

Input data intake and handling System scheduling simulations Dynamic response simulations
PowerSystems.jl .
PowerSystems j PowerSimulations. jl PowerSystems.jl
PowerGraphics.jI HydroPowerSimulations.jl Powerglmulact_;lonsr?ynﬁmlcs.jl
' i ions. i owerGraphics.
PowerNetworkMatrices.jl StorageSystemsSimulations.j| p J

PowerFlows.jl
PowerAnalytics.jl
PowerGraphics.jl

PowerSystemsCaseBuilder.j|
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Training Overview

Goal: Show new users the key steps to build their own model in Sienna.

What'’s included:
o Overview of Sienna’s structure
o Examples of key steps.

Notes:
* This is not an introduction to Julia.
* Example scripts will not be maintained or made available.
o As Sienna evolves, exact syntax might change.
o Each example will begin with a list of packages used:
* using Pkg
* Pkg.status().
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Sienna\Data: How It Works
Sienna\Ops: How It Works

Sienna\Dyn: How It Works

Sienna\Data: Parsing Data
Sienna\Data: Time Series Data
Sienna\Data: Cost Data
Sienna\Data: Dynamics Data

Sienna\Ops: Operations Problems and Simulations
Sienna\Ops and Sienna\Dyn: Results
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Sienna\Data: How It Works




Sienna’s Approach to Data

Parsers, visualization, and data manipulation

Data for the model o/ Data model | Information stored
in memory

*.CSV Generators _

.m Loads 9 Sienna\Data
*.raw Service

~.txt Network topology

*.cf Time series data

) ) N

s Sienna\Ops

s Sienna\Dvn
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Sienna\Data Packages

Sienna\Data

Parse and format input data for consistent representation

' // Visualize data inputs and results

PowerSvstems.il Build common power system matrices
PowerG?'la hics-J'I / (Y bus, Power Transfer Distribution Factors,
phicsJt Line Outage Distribution Factors)
PowerNetworkMatrices.||

PowerSystemsCaseBuilder.jl
PowerFlows.||

— Load test system and custom system data

\ Calculate simple power flows
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Sienna\Data’s Type Hierarchy

HydroGen

ThermalGen

RenewableGen

StaticLoad

W

Generator
e ]

ACBranch

DCBranch

N

Branch

\F—__hh‘1‘q——__h"ﬂ‘ﬁq——_—_hh‘%‘mﬁnﬁﬁﬁ"—_“““‘*ﬂﬁﬂn——___

A system is a container of devices and services

and the topology that connects them.

Each type has a well-defined set of input data.
Time series data can be attached to any device

parameter.

ControllableLoad

N

ElectricLoad

AN

Storage

Staticlnjection

Jax

Device

AggregationTopology

A

I

Topology

\@/

Dynamicinjection

Service
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Recommended Next Steps

1. Load a system with PowerSystemsCaseBuilder.jl.
2. Explore the system, components, and time series data. Useful references in the PowerSystems. |l
documentation:
a. The Modeler Guide
b. The Tutorials
c. The Model Library.
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Sienna\Ops: How It Works




Sienna\Ops Packages

S' enna\o pS Parse and format input data for consistent representation

Formulate and simulate scheduling problems

PowerSystems.jl 4, Extension to formulate behavior of hydro generators

PowerSimulations.j|

HydroPowerSimulations.jl - Extension to formulate behavior of energy storage
StorageSystemsSimulations. ||

PowerFlows. |l — ,
PowerAnalytics. Calculate simple power flows
PowerGraphics.jl \ ) _ _ _
Analyze simulation results with common metrics

~~

Visualize data inputs key results
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Sienna’s Model Approach

Data for the model

v

Data model

Information stored

\ 4

Generators
Loads
Service
Network topology
Time series data

in memory

s Sienna\Data

—

——

s Sienna\Ops

s Sienna\Dvn
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Sienna’s Model Approach

s Sienna\Data

Equations for the model

Model stored in

v

Operational model >

memory

Power flow
Unit commitment Sienna\Ops

\ 4

To the solver

Economic dispatch
s Sienna\Dvn
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Key Sienna\Ops Concepts

* Formulations
« Templates

e Decision model.

Arm — Pump

Leg — Stride

Photo credit: Sirrob01, CCO, via Wikimedia Commons NREL | 15



https://commons.wikimedia.org/wiki/File:Cartoon_Robot.svg

Key Sienna\Ops Concepts

Formulations

. Templates Walking template
Arm — Pump
« Decision model. Leg — Stride

Dancing template
Arm — Wave
Leg — Jump

Photo credit: Sirrob01, CCO, via Wikimedia Commons NREL | 16



https://commons.wikimedia.org/wiki/File:Cartoon_Robot.svg

Key Sienna\Ops Concepts

Formulations

« Templates
Walking template

Arm — Pump
Leg — Stride

* Decision model.

Photo credit: Sirrob01, CCO, via Wikimedia Commons NREL | 17



https://commons.wikimedia.org/wiki/File:Cartoon_Robot.svg

Key Sienna\Ops Concepts

* Formulations Walking template Dancing template
. Temp_lates Arm — Pump Arm — Wave
* Decision models. Leg — Stride Leg — Jump

Nap \

Photo credit: Sirrob0O1, CCO,

. . . NREL 18
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Sienna\Dyn: How It Works




Environment for This Session

st « Sundials and OrdinaryDiffEq

"~/YoutubeTutorial/Project.toml’

OrdinaryDiffEq v6.58.0 contain the solvers for the time-
PlotlyJS v©.18.11 .. .
bowerFlone od 3.0 domain integration.

PowerSimulationsDynamics v@.12.2 . PlOtlYJS will be used to display the
PowerSystems v2.6.1

Revise v3.5.6 results.
Sundials v4.20.0
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Sienna\Dyn Structure

PowerSystems.jl
Data Structures

PowerSimulationsDynamics.jl

Models

System Model

Y

ForwardDiff.jl

\d

| )

Jacobian

J(x)

NLsolve.jl
Initialization

Initial Condition

Zo

Y

Small-Signal Analysis

4R

14

A

DiffEgqBase.jl
Common Interface

\d

Time-domain Simulation

Two of the main capabilities of
Sienna\Dyn are:

* Run atime-domain dynamic
simulation to analyze transient
response to a disturbance or
perturbation.

* Perform small-signal analysis
to analyze eigenvalues and
damping.
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PowerSimulationsDynamics

PowerSimulationsDynamics.j1 (PSID) is a Julia-based open-source
modeling and simulation toolbox to study transient responses under various
modeling assumptions in power systems:

* A key goal is to enable researchers to assess the trade-off between model
complexity and computational requirements with reduced software development
overhead, taking advantage of the metamodel implementation of devices.

 The implemented models are balanced using dqO models. This allows Root-
Mean-Square (RMS) modeling (or positive sequence) via admittance matrix, or
quasi-electromagnetic transient (EMT) models if the network is modeled via
differential equations.

* It is not possible to model unbalanced faults.

« Static short-circuit analysis is not implemented. Dynamic response can be used
to analyze a short-circuit response.
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Avalilable PSS/e Dynamic Models

Machine

AVR

Prime Movers

PSS

GENROU
GENROE
GENSAL
GENSAE
GENCLS

* Data model available for parsing in Sienna\Data, but dynamic model is not available in Sienna\Dyn.
For generic inverter models, REPC_A, REEC_B, and REGC_A are available in both Sienna\Data and Sienna\Dyn.

ESAC1A
SEXS
SCRX
EXST1
EXAC1
ESST1A
STeB
ST8C
ESDC2A*
IEEET1*
EXAC1A*
EXAC2*
ESACGA*
ESAC8B*
EXPIC*
ESST4B*
ESDC1A*

TGOV1
GAST
HYGOV
DEGOV
WPIDHY
PIDGOV
DEGOV1
GGOvV1*
IEEEG1*

IEEEST
STAB1
PSS2A
PSS2B
PSS2C
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Additional Models

Traditional academic grid-following (GFL) and grid-forming (GFM) inverter models
(left: Lin et al.; right: D’Arco et al.): .

z
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1 function mdl_machine_ode!
0 2 device_states: :AbstractArray{<:ACCEPTED_REAL_TYPES},
I I I 3 output_ode: : AbstractArray{<:ACCEPTED_REAL_TYPES},
e a O e S n e n e ra O r 4 inner_vars::AbstractArray{<:ACCEPTED_REAL_TYPES},
5 current_r: :AbstractArray{<:ACCEPTED_REAL_TYPES},
6 current_i::AbstractArray{<:ACCEPTED_REAL_TYPES},
7 dynamic_device: : DynamicWrapper{PSY.DynamicGenerator{PSY.OneDOneQMachine, S, A, TG, P}},
. . 8 ) where {S <: PSY.Shaft, A <: PSY.AVR, TG <: PSY.TurbineGov, P <: PSY.PSS}
Example Of 1 d— 1 q— maCh'ne (”ght): 9 Sbase = get_system_base_power(dynamic_device)
10
11 #0btain indices for component w/r to device
12 local ix = get_local_state_ix(dynamic_device, PSY.OneDOneQMachine)
13 #Define internal states for component
- - 14 internal_states = @view device_states[local_ix]
Electric Power Grid & e P
L 16 ed_p = internal_states[2]
17
‘/M I‘i‘i 18 #0btain external states inputs for component
Y 19 external_ix = get_input port_ix(dynamic_device, PSY.OneDOneQMachine)
20 8 = device_states[external_ix[1]]
»- Reference Frame Conversion 21 #0btain inner variables for component
5 22 V_tR = inner_vars[VR_gen_var]
b |qu| 23 V_tI = inner_vars[VI_gen_var]
qu qu 24 V£ = inner_vars[Vf_var]
Y A 22 e
2 et parameters
Electrical Machine V EXCIt.a“Ol'I CIrCl-lIt 27 ma;:hlne PSY.getJFachlne(dynam.lc,demce)
f Electromotive Dynamics and Viet 28 R = PSY.get R(machine)
Stator Electro-Magnetic - ) — 29 Xd = PSY.get_Xd(machine)
Dynamics associated controls 30 Xq = PSY.get_Xq(machine)
(AVR and PSS) 31 Xd_p = PSY.get_Xd_p(machine)
32 Xq_p = PSY.get_Xq_p(machine)
T [ 33 TdO_p = PSY.get_Td®_p(machine)
Te 34 Tq®_p = PSY.get_Tq®_p(machine)
v 35 basepower = PSY.get_base_power (dynamic_device)
36 #RI to dg transformation
37 V_dq = ri_dq(8) * [V_tR; V_tI]
N-Mass Shaft w 38
H 39 #0btain electric variables
Rotor Electro-Mechanical 40 id= (1.0 / (R + Xd_p * Xq.p)) * (Xa_p * (eqp - V_dq[2]) + R * (ed_p - V_dq(11))
Dynamics 41 ig= (1.8 / (R*2 + Xd_p * Xg_p)) * (-Xd_p * (ed_p - V_dq[1]) + R * (eq_p - V_dq[2]))
42 Pe = (V_dq[1] + R * i_d) * i_d + (V_dq[2] + R * i_q) * i_q
A 43 #Compute ODEs
T 44 output_ode[local_ix[1]] = (1.0 / TdO_p) * (-eqp - (Xd - Xd_p) * i_d + V) #15.29 eq_p
U 45 output_ode[local_ix[2]] = (1.6 / Tq0_p) * (-ed_p + (Xq - Xq_p) * i_q) #15.30 ed_p
46
Pref 47 #Update inner_vars
— prime Mover 48 inner_vars[te_var] = Pe #Model assume w approx 1.0
. . " 49 #Compute current from the generator to the grid
Wrof Thermo-Mechanical Dynamics and < 50 LRI = (basepower / Shase) * dg.ri(8) * [id; i_q]
~rel,! associated Controls (Governor) 51 #Update current
52 current_r[1] += I_RI[1]
53 current_i[1] += I_RI[2]
. . 54 return
Various blocks of a synchronous machine (above) 5 end
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Metamodels: Inverter

In Sienna\Dyn, the grid provides
the bus voltage whereas
devices inject current.

This setup allows multiple
components in a single bus, but
the models require each
component to inject current as
an output of its dynamic model.

A common dq reference frame
is used for the network, typically
based in a reference machine
or constant frequency.

501(:

Electric Power Grid

Vi | i

Y

Filter
AC Voltage and
Current Dynamics

A
Ve cv
T Iri

A/

Reference Frame Conversion

P, ref

A

cv gev
qu ’ qu

v

fit
&

Converter
PWM Dynamics

Ve Primary Energy Source
Energy-side Dynamics

A

Control Dynamics

f it rfl
If;; me't ? Im'tu Iﬁ:
Inner Loop Control J Frequency Estimator
Voltage Control, Current Control : e
. PLL Dynamics
and Virtual Impedance
A A
Wole V,orn!ecf I ;le: ‘5olc I/FEf 5OIC
- JPref
Outer Loop Control e Quef
Active and Reactive Power 5
pll| Wpll

Vﬁt Iﬂt

-
-
< R
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Code Demonstration

In the following demonstration, we will showcase the following:

Using PowerSystems.jl System function to construct a system in Julia using
raw and dyr files.

Using PowerFlows.jl solve powerflow function to showcase the power flow
solution based on the original static data.

Using PowerSimulationsDynamics.jl BranchTrip function to specify a
perturbation for the time-domain simulation.

Using PowerSimulationsDynamics.jl Simulation function to construct the
dynamic model and initialize the system in the specified operating point.

Using PowerSimulationsDynamics.jl small signal analysis and

summary eigenvalues function to explore eigenvalues before the branch trip.
Using PowerSimulationsDynamics.jl execute! function to run the time-domain
simulation and the branch trip. We will plot results using PlotlyJS.

NREL | 27



Parsing Data

Sienna\Data

NREL | 28



Importing Data Into Sienna

File Type Application(s)

Power flow
Production cost modeling*

Power flow case MATPOWER .m file
or
PSS/e .raw file
PSS/e dynamic PSS/e .raw file
model and
PSS/e .dyr file
Own .csv data files .csv files
PLEXOS model xml file

* With additional operational and economic data.

Power flow ‘ _
Dynamic simulations Vg Sienna

Power flow
Production cost modeling

Power flow**
Production cost modeling e R2X

** Depending on the PLEXOS model and whether it has the impedance data. NREL | 29



Data Validation

Check data for expected valid ranges and units.

Review information, warning, and error statements.

[ Warning: This PSS(R)E parser currently doesn't support Storage data parsing...
@ PowerSystems ~/work/PowerSystems.jl/PowerSystems. jl/src/parsers/pm_10/psse.jL:998
Warning: This PSS(R)E parser currently doesn't support Switch data parsing...

[ @ PowerSystems ~/work/PowerSystems.jlL/PowerSystems.jl/src/parsers/pm_10/psse.jl:1004
[ Info: angmin and angmax values are 0, widening these values on branch 1 to +/- 60.0 deg.
[ Info: angmin and angmax values are 0, widening these values on branch 2 to +/- 60.0 deg.

gmax values are 0, widening these wvalues on branch 3 to +/- 60.0 deg.

NREL | 30



Parsing From a Power Flow Case

. Single command to import sys = System(joinpath(file_dir, "case5_re.m"))
e Available data: sys = System(joinpath(file_dir, "RTS-GMLC.RAW"))
o Topology

o Generator information

e Common issues:
o Hacks in existing models: Sienna parses data as is
o Sienna requires unique bus names

* For production cost modeling;:
o Add generator costs
o Add time series data.

NREL | 31



Parsing From PSS/e DYR File

* Single command to import L
sys_file::AbstractString,
_ dyr_file::AbstractString;
* Available data: kwargs. ..
o PSS/e *.raw file ) -> Any

= Topology
= Generator information
o PSS/e *.dyr file
= Dynamic generator and inverter data

e Common issues:
o Hacks in existing models: Sienna parses data as is
o Sienna requires unique bus names
o Not all PSS/e models are available
= Check DynamicGeneratorComponent subtypes in PowerSystems.jl.

NREL | 32



Avalilable PSS/e Dynamic Models

Machine

AVR

Prime Movers

PSS

GENROU
GENROE
GENSAL
GENSAE
GENCLS

* Data model available for parsing in Sienna\Data, but dynamic model is not available in Sienna\Dyn.
For generic inverter models, REPC_A, REEC_B, and REGC_A are available in both Sienna\Data and Sienna\Dyn.

ESAC1A
SEXS
SCRX
EXST1
EXAC1
ESST1A
STeB
ESDC1A*
ESDC2A*
IEEET1*
EXAC1A*
EXAC2*
ESACGA*
ESAC8B*
EXPIC*
ESST4B*
ST8C*

TGOV1
GAST
HYGOV
DEGOV
WPIDHY
PIDGOV
DEGOV1¥*
GGOvV1*
IEEEG1*

IEEEST
STAB1
PSS2A
PSS2B
PSS2C
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The Tabular Data Parser

* Requires data preparation
data_dir = "/data/my-data-dir"

base_power = 100.0

° Requirements: descriptors = ", fuser_descriptors.yaml"
o Specific file formats timese;ies_met?dat?_r{ile : :.ftimeieries_p:?intersiﬂ53.1"
. . . . generator_mapping_file = ", /generator_mapping.yam
o Configuration files matching data = PowerSystemTableDatal
file formats: data_dir,
= user_descriptors.yaml .
. t . | descriptors;
g.enera o.r_map.)plng.yam timeseries_metadata_file = timeseries_metadata_file,
= Time series pointers generator_mapping_file = generator_mapping_file,

o Minimum required data )
sys = System(data, time_series_in_memory = true)
columns

* Will be deprecated in future versions:
o Recommendation: Write your own Julia code to loop over your .csv format.

NREL | 34



Sienna PLEXOS Sienna | PLEXOS
ReEDS / / PRAS

B
@azx P 4

Image by Leonardo Rese and Jarrad Wright, NREL
R2X F ra m eWO rk * Translate from PLEXOS to Sienna
Translate among NREL's open-source tools:

o ReEDS (Regional Energy Deployment System): Capacity
expansion

o PRAS (Probabilistic Resource Adequacy Suite)

Capacity expansion integrations: Engage
GenX and Pypsa integrations: Development just starting. NREL | 35
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Running R2X

Currently supported as of June 2025:
 R2X: Python v3.11, v3.12
 PLEXOS: v9.0,v9.2,v10

e Sienna: PowerSystems.jl v3.0, v4.0.

$ r2x -help
$ r2x run ... [cli arguments, yaml configuration file(s)]

input_model: reeds-US
output_model: sienna
run_folder: /path/to/input_model/

output_folder: /path/to/save/results
scenarios:

- {name: Runl, solve_year: 2035}

- {name: Run2, solve_year: 2040}

NREL | 36



Time Series Data

Sienna\Data

NREL | 37



What Are Time Series Data Used For?

Common use cases:
* Wind and solar variability
« Hydro power availability Could model what actually happened or be a forecast
* Load variability
* Reserve (ancillary service) requirements.
== Load PV — Wind = Hydro == NG-CC

NG-CT — NG-St — Natural Gas = Nucl — Coal . . .
cam Al s nelear o — Regulation Up — Regulation Down — Spinning Reserve

3i—|—'—|_

400

(MW x100.0)

Reserve Requirement [GW]
N

50

0

0 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
00:00  03:00  06:00  09:00  12:00  15:00 1800  21:00 Operating Hour Timestamp

Hour of the day

Figures from Lara et al. (2022) NREL | 38



Type 1: Static Time Series

Static time series: — Regulation Up — Regulation Down — Spinning Reserve

« Each time point has only one value. S U S S
e Type: SingleTimeSeries.

W

DatelTime

2020-02-01T00:00:00

2020-09-01T01:00:00

Reserve Requirement [GW]
—_ b

2020-09-01T02:00:00

0
) 00:pof 03:00 06:00 09:00 12:00 15:00 18:00 21:00
Sources: Operating Hour Timestamp
* Requirements I
« Historical realizations. Resolution Length = count

Figure from Lara et al. (2022) NREL | 39



Forecasts: There might be more than one

Type 2: Forecasts

value or estimate for each time point.

DateTime 0 1 2 3 4 5 6

2020-09-01T00:00:00 1000 1010 1013 <90.0 98.0 87.0 88.0

2020-09-01T01:00:00 1010 1013 990 98.0 889 88.3 67.1

2020-09-01T02:00:00 99.0 67.0 89.0 99.9 1000 1010 1120

Sources:

Day-ahead weather forecasts
Hour-ahead forecasts
Reformatting static time series:
Limited or missing forecast data.

7

Deterministic

Scenarios

Probabilistic

| H[I

(1

v

A 4

NREL |
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Forecast Definitions

Horizon
A

f

\

e

Initial time — 8:00

9:00

MW:®

| 8:30 9:30
Interval MW ‘D

9:00 10:00

NREL | 41



Scaling Factors

Time series can be stored in megawatts 10

(MW) or as normalized scaling factors. = 5 /—\/\_/_N—
=

A single time series can be referenced by 0

multiple components or component fields:

%%
o
S

8:30 9:00 9:30

o Efficient: data are saved only once.
o Scaling factors are recommended
for reusability.

to peak
load
©c o B~
o o1 O

Time series can have the same name as
a component field:
o Scaling factor time series modulates
a component field.
0 max_active_ power.

Normalized

8:00 8:30 9:00 9:30
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Data Storage

« Small time series datasets can be stored in memory.

HLOFS
TimeSeres

Validation
Descriptors
« Large datasets can be stored in custom location.
Component Data + HDF5 compression can be customized.
PRI « Time series can be defined manually or automatically
Miatadals added from CSV files.
) « Data can be cached in memory when accessed
repeatedly.
- System
See:
* System

* add time series!
* Dbulk add time series!
* ForecastCache.
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Operating Cost Data

Sienna\Data

NREL | 44



What Are Cost Data Used For?

Production Cost Modeling (PCM) in ‘, Sienna

== Load PV — Wind — Hydro == NG-CC

NG-CT — NG-Steam — Natural Gas — Nuclear — Coal 1. Production cost

« What does it cost to run each unit?

e \Vertically integrated systems

« Estimates of cost in markets, where
market bids are unavailable.

(MW x100.0)

2. Market bids

* How much is a market participant willing
to buy or sell power for?

* Realistic PCM in market systems.

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
Hour of the day

Figure from Lara et al. (2022)
NREL | 45



ThermalGenerationCost

HydroGenerationCost

Startup/shutdown
Fixed
Variable

Uy

Variable
Fixed

Operational Costs in Sienna

R

RenewableGenerationCost

Variable
Curtailment

LoadCost

Variable
Fixed

=)
StorageCost

* Startup/shutdown
Charge/discharge variable

Fixed
Shortage/surplus penalties

&>

MarketBidCost

e Startup/shutdown

* Noload

* Incremental buy/sell offer
curves

NREL | 46



ThermalGenerationCost

HydroGenerationCost

Start up/shut down
Fixed
Variable

Uy

Variable
Fixed

Operational Costs in Sienna

R

RenewableGenerationCost

Variable
Curtailment

LoadCost

Variable
Fixed

=)
StorageCost

e Start up/shut down
Charge/discharge variable

Fixed
Shortage/surplus penalties

&>

MarketBidCost

e Start up/shut down

* Noload

* Incremental buy/sell offer
curves

NREL | 47



Variable Costs

1. Choose a variable cost curve based on units:

CostCurve or FuelCurve

* Variable cost function is already in $ * Variable cost function is in terms of fuel or
water (million British thermal units, liters,
cubic meters)

* Must also include a conversion factor to $
Both contain: (can be a time series)
* Function describing the variable cost
* Additional proportional variable operations and
maintenance (VOM) costs (e.g., $/megawatt-hour)

Defines the X and Y axis units

2. Choose a ValueCurve to match your variable cost function: This is a unitless
function.
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ValueCurves

PiecewisePointCurve([(P1,C1),(P2,

|
| I
o | | c2), (P3,C3)
|
10 §/hr | E :
|
I | |
Pl 1Py P3
Qj/hl‘ T * G 4*__'
QMw 1w 2mw I mw
30 $/hr .
Y $fhr LN
© $/hr ———— L e S | o |
Qmw 1 Mw 2 mw 3 mw \ 8§ co | | 'I PiecewiselncrementalCurve(optional
] | | Co, C1, [P1, P2, P3], [M1, M2])
LinearCurve(M, optional C) 10 $/hr { : l
I
I ! |
L Pl | P2 P3
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Defining a Cost

FuelCurve
Define a ValueCurve > or » OperationalCost
Input CostCurve Input

T 30 ¥hr ) L

ot Wt HydroGenerationCost

" 15 $hr > —— Variable

10 1 10 Fixed = $0

04— + : @ §/py -+ ;

0 1 2 3 QMW 1w Lmw 3 mw
VOM = $0 _

NREL | 50



Dynamics Data

Sienna\Data
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How Dynamic Data Are Different

1. Two data layers: Static data foundation + dynamic data layer.

2. The data define the model.
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Static vs. Dynamic

Static Dynamic
“Typically refers to steady-state data or models “Refers to data and simulations for power system
where the power system and each of its components transient simulations using differential equations.”

are assumed to be operating at a steady-state
equilibrium point.”

- - Load PV — Wind — Hydro  — NG-CC Voltage trace comparison t « [0.097, 0.12]
NG-CT == NG-Steam == Natural Gas == Nuclear == Coal
400 o A FSID_v_1
1.4 f PSCAD_v_1
]
1 [ PSID_w_6&
— 1.1 IR ) PSCAD v_&
- ; _____ Y LAl ¥ A A AT emem e
= 5 1 LHY- b
e h I i
= 8 P -
2 B 09 |
- ’ Il
I ¥
0.8 |
.I
03:00  06:00  09:00  12:00  15:00  18:00  21:00 0.1 0.105 0.11 0115 0.12
Hour of the day Time

Figure from Lara et al. (2022) NREL | 53



Data Layers

Layer 1: Static data Layer 2: Dynamic data
* Buses / * Dynamic lines
 Branches * Dynamic injection

. Generators/ o Generators
 Loads Inverters

@)
e Sources o Loads
* System metadata. o Distributed energy
resources (DERS).

.raw file data .dyr file data
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Recall Sienna’s Approach to Data...

Data for the model

v

Data model

Information stored

\ 4

Generators
Loads
Service
Network topology
Time series data

in memory

s Sienna\Data

—

——

s Sienna\Ops

s Sienna\Dvn
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Recall Sienna’s Approach to Data...

s Sienna\Data

Equations for the model

Model stored in

v

Operational model >

memory

Power flow
Unit commitment Sienna\Ops

To the solver

\ 4

Economic dispatch
s Sienna\Dvn
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Dynamic Data Break the Rule

— Data model

[ & s Sienna\Data
\
<0 ‘5@\2@6@
,Q(\G
—\t Operational model > —

Stability analysis s Sienna\Dyn
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Electric Power Grid

A
Vii | Iri

Y

Y

Reference Frame Conversion

Dynamic Generator

)
7y ‘p&ﬂ
Vig | Lag
A \J
. . Excitation Circuit
Electrical Machine Vf . - V.
Stator Electro-Magnetic Elect;g;r;?:tgg E‘égﬁﬂ'ﬁ: and - tref
Dynamics (AVR and PSS)
7. t
Y
N-Mass Shaft w
Rotor Electro-Mechanical
Dynamics
A
T‘m
JiDr'ef
Prime Mover
Thermo-Mechanical Dynamics and
Wref

associated Controls (Governor)

NREL

58



The Data Define the Model

Electric Power Grid

A
Vei | Lri

Y

Y

Reference Frame Conversion

)
7y ‘Lﬁ
qu qu q |
Y Y
: . Excitation Circuit
Electrical Machme_ Vf Electromotive Dynamics and
Stator Electro-Magnetic associated controls
Dynamics (AVR and PSS)
7. f
Y
N-Mass Shaft w
Rotor Electro-Mechanical
Dynamics
A
T*m,
Pr'ef
Prime Mover
Thermo-Mechanical Dynamics and
Wref

associated Controls (Governor)

The data type determines which mathematical
model will be used.

Example: If the data type for an excitation system is
given by the Institute of Electrical and Electronics
Engineers (IEEE) Type AC1A Excitation System
(ESAC1A), the mathematical equations will be
determined completely by the choice of this data

type.
ESAC1A:

; 1
Vi = f(Vh — V)

V —1(V(1 Tf) V)
rl—Tb in Tb rl

. 1

Vo= E(KaIfour -Va)
. 1

Ve= (V. = VFE)

1 [ Ky

;o 2 (_Br v
Vr3 Tf ( Tf VFE rB)
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Electric Power Grid

A
Vii | Iri

Y

Y

Reference Frame Conversion

Dynamic Generator

)
7y ‘p&ﬂ
Vig | Lag
A \J
. . Excitation Circuit
Electrical Machine Vf . -
Stator Electro-Magnetic Elect;g;r;?:tgg E‘égﬁﬂ'ﬁ: and
Dynamics (AVR and PSS)
7, t
Y
N-Mass Shaft w
Rotor Electro-Mechanical
Dynamics
A
T*m,
JiDr'ef
Prime Mover
Thermo-Mechanical Dynamics and
Wref

associated Controls (Governor)

DynamicGenerator
___ Machine

—— Shaft

— AVR

— PSS

—— TurbineGov
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Dynamic Generator

Electric Power Grid

A
Vii | Iri

Y

Y

Reference Frame Conversion

A
Vig | Lag

Y

Electrical Machine
Stator Electro-Magnetic
Dynamics

Te

OneDOneQMachine ()
SingleMass ()

ThermalStandard
V| Pynamchenerator

y —— Machine
Excitation Circuit

Vi Electromotive Dynamics and Vet b Shaft =
associated controls

(AVR and PSS) _ AVR = ESACI1A()
F

Y

N-Mass Shaft
Rotor Electro-Mechanical
Dynamics

— PSS =

A
Tm

Prime Mover
Thermo-Mechanical Dynamics and
associated Controls (Governor)

PSSFixed ()
—— TurbineGov

TGFixed ()
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Dynamic Inverter

Electric Power Grid
Vii | Ing
A
Filter
AC Voltage and V;fgt
Current Dynamics DynamicInverter
Va | I 4
Sote T : —— Converter
—{ Reference Frame Conversion P
o pov | —— OuterControl
qu ! qu * A .
——ActivePowerControl
Converter Vie Primary Energy Source ,
PWM Dynamics N Energy-side Dynamics ——ReactivePowerControl
Fypr Y ey —— InnerControl
Inner Loop Control J Frequency Estimator —— DCSource
Voltage Control, Current Control PLL Dynamics . '
and Virtual Impedance 4 — FrequencyEstlmator
y Y b A 1
wae| Vit 110 Joe Vi Dote — Filter
- ref
Outer Loop Control Dam— I
——  Active and Reactive Power Silw
Control Dynamics - pllj %l i pi
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Operations Problems
and Simulations

Sienna\0Ops
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Unit Commitment and Economic Dispatch

Generation (GW)

.E:cal

M Gas cC
Gas CT
Hydro

M Other
PV

B steam

[ Storage

B Wind

Jan 30 Jan 31 Feb 01 Fetlv 02 FEtI| 03 Fel; 04 Fel; 05 Fel:; 06 Fet; o7 Feb 08
\ J
Optimization horizon:
48 hours
Figure adapted from Barrows et al. (2014) NREL
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Unit Commitment and Economic Dispatch

M Coal

M Gas CC
Gas CT
Hydro

M other
PV

B steam
| Storage
2 Wind

Generation (GW)

T T T T T
Jan 30 Jan 31 Feb 01 Feb 02 Feb 03 Feb 04 Feb 05 Feb 06 Feb 07

\ J
Y

Rolling forward in
24-hour increments

Feb 08

Figure adapted from Barrows et al. (2014) NREL | 65



Unit Commitment and Economic Dispatch

10.0 -
S 754 -
% Il Coal
= B GasCC
g Gas CT
= Hydro
© 50— W other
o PV
o) M steam
(0] I Storage
= B wind
004
Jan 30 Jan 31 Feb 01 Feb 02 Feb 03 Feb 04 Feb 05 Feb 06 Feb 07 Feb 08

H%)%%%%_/

Figure adapted from Barrows et al. (2014) NREL | 66



Unit Commitment and Economic Dispatch

M Coal

M Gas CC
Gas CT
Hydro

M other
PV

B steam
| Storage
2 Wind

Generation (GW)

T T T T T T
Jan 30 Jan 31 Feb 01 Feb 02 Feb 03 Feb 04 Feb 05 Feb 06 Feb 07

\ J

Feb 08

One operations problem

Figure adapted from Barrows et al. (2014) NREL | 67



Unit Commitment and Economic Dispatch

10.0 -
S 754 -
% Il Coal
= B GasCC
g Gas CT
= Hydro
© 50— W other
o PV
o) M steam
(0] I Storage
= B wind
004
Jan 30 Jan 31 Feb 01 Feb 02 Feb 03 Feb 04 Feb 05 Feb 06 Feb 07 Feb 08

H%)%%%%_/

A simulation:
A sequence of decision problems

Figure adapted from Barrows et al. (2014) NREL | 68



Managing Data With Sequential Steps

Run 60 minutes prior to operating hour (8:00)
HA 5-min UC: 2 hours look-ahead (24 steps)
Level >
1 =
=}
S
Issues at the seam:
% Level 1 Data ﬂOW
s 2 -
= 2
5 N .
2 2. Constraints
0] Py 1n : Power dispatch at step m
Rgm : Reserve allocation at step m
4-seconds AGC: 5 minutes total (75 steps) N 3 b StItC h In g togeth erresu |ts
Level | AGC ~ ”
Jan 30 Jan 31 Feb 01 3 o T P
IS IS
% R, ¢ : Reserve usage at step t %

PowerSimulations.jl has not had a stable v1.0 release yet.
There may be significant changes to syntax and structure before a v1.0 release.
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Level

Level

Level

Data Flow

HA

Run 60 minutes prior to operating hour (8:00)
5-min UC: 2 hours look-ahead (24 steps)

=3 L8] (= v (= ksl =3 vy
= - o < (=) — " <t

% o0 % S =) =N N =N

10:00 1Y

Ug, h : Status of units g at hour h

5-minutes ED: 1 hour look-ahead (12 steps)

8:10
8:204
8:30
8:50

9:00

Py 1n : Power dispatch at step m

Ry m : Reserve allocation at step m

AGC

8:20

4-seconds AGC: 5 minutes total (75 steps)

Ry ¢+ : Reserve usage at step t

8:25

Figure from Lara et al. (2022)

Chronologies: Define how data flow between operations problems to define
initial conditions and constraints:

1.

InterProblemChronology: Information flows between stages—e.g., unit
commitment results constrain economic dispatch.

IntraProblemChronology: Information flows within multiple executions

of a single stage—e.g., use final setpoints of previous economic
dispatch to set initial conditions for next economic dispatch.
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Level

Level

Level

Run 60 minutes prior to operating hour (8:00)

HA 5-min UC: 2 hours look-ahead (24 steps) N
SCUC T
(=) s} [=) [1a) [= " =3 v [=]
< - g X < - @ = <
© % ) © & =) & <) S
Ug, h @ Status of units g at hour h
RT S-minutes ED: 1 hour look-ahead (12 steps) N
SCED T 1 T I VVVVV 1 1 T T T T
[=] =] =2 =) =3 =] =}
S = Q 58] 53 e S
o6 oo ) o % oo X

Py m : Power dispatch at step m

Ry m : Reserve allocation at step m

AGC 4-seconds AGC: 5 minutes total (75 steps)

8:20
8:25

R+ : Reserve usage at step t

Figure from Lara et al. (2022)

Constraints

Feedforward constraints: Define what to do with data passed through an
interproblem chronology:

* SemiContinuous: On/off decisions—e.g., enforce thermal generator
on/off decisions from unit commitment.

* FixValue: Fixes variable to a value; can be used with input parameters—
e.g., fix the reserve provision based on unit commitment decisions.

* LowerBound: Allow more flexibility than a fixed value option—e.g,
reserve provision can be larger than unit commitment decision but

cannot be smaller.

* UpperBound: Available but not often used.
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S T o

Sequential Simulation Steps

Define a decision model for each stage, with problem template and dataset.
Select a chronology.

Define feedforward constraints.

Combine in a SimulationSequence.

Build and execute the Simulation.

Use read_realized_* functions to automatically stitch together results windows, removing the lookaheads.

10.0 o

754 =
Coal
Gas CC
Gas CT
Hydro

B Other
PV

M steam
I Storage
B Wind

504

Generation (GW)

251

Jan 30 Jan 31 Feb 01 Feb 02 Feb 03 Feb 04 Feb 05 Feb 06 Feb 07 Feb 08

NREL
Figure adapted from Barrows et al. (2014) |
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Analyzing Results

Sienna\0Ops and Sienna\Dyn
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Sienna\Ops: Loading Results

* A DecisionModel = Use OptimizationProblemResults on a solved model.
A Simulation:
* SimulationResults on a solved Simulation or output directory.
e get_decision_problem_results to get one stage in the simulation.
 Multiple Simulations — Use PowerAnalytics.create_problem_results_dict
to load results from multiple scenarios.
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Sienna\Ops: Reading Results

Start: 2020-01-01T00:00:00
End: 2020-01-02T23:45:00
Resolution: 5 minutes

ED Problem Expressions Results

ActivePowerBalance__ACBus
ProductionCostExpression__ThermalStandard
ProductionCostExpression__RenewableDispatch
ActivePowerBalance__System
FuelConsumptionExpression__ThermalStandard

ED Problem Parameters Results
OnStatusParameter__ThermalStandard
ActivePowerTimeSeriesParameter__PowerlLoad
RequirementTimeSeriesParameter__VariableReserve__ReserveUp__Spin_Up_R2
RequirementTimeSeriesParameter__VariableReserve__ReserveDown__Reg_Down
RequirementTimeSeriesParameter__VariableReserve__ReserveUp__Spin_Up_R1
ActivePowerTimeSeriesParameter__RenewableNonDispatch
RequirementTimeSeriesParameter__VariableReserve__ReserveUp__Reg_Up
ActivePowerTimeSeriesParameter__RenewableDispatch

RequirementTimeSeriesParameter__VariableReserve__ReserveUp_ Spin_Up_R3

ED Problem Variables Results

HVDCLosses__TwoTerminalHVDCLine
FlowActivePowerToFromVariable__TwoTerminalHVDCLine
FlowActivePowerVariable__Line
FlowActivePowerFromToVariable__TwoTerminalHVDCLine
SystemBalanceSlackDown__System
ActivePowerReserveVariable__VariableReserve__ReserveUp__Spin_Up_R1
ActivePowerVariable__RenewableDispatch
HVDCFlowDirectionVariable__TwoTerminalHVYDCLine
ActivePowerReserveVariable__VariableReserve__ReserveUp__Reg_Up
ActivePowerReserveVariable__VariableReserve__ReserveUp__Spin_Up_R3
ActivePowerReserveVariable__VariableReserve__ReserveUp__Spin_Up_R2
ActivePowerVariable_ ThermalStandard
ActivePowerReserveVariable__VariableReserve__ReserveDown__Reg_Down
FlowActivePowerVariable__Taplransformer

SystemBalanceSlackUp__System

Get DataFrames or Dicts of data by name:
read_optimizer_stats
read_realized_variable(s)
read_realized_parameter(
read_realized_dual(s)
read_realized_expression(s).




PowerAnalytics. |l

ComponentseleCtor: FleXi bly - All solar plants and, separately, all wind plants
express what part of the power - Each solar plant larger than 15 MW, individually
SyStem tO analyze - Loads in a particular zone, combined.

Metric: What to compute, how t0 - Power: Look up power in results; sum across
. generators and time
compute it, how to aggregate

- Integration: Calculate power + total load; sum

across Space and t|me across generators, weighted mean across time.

DataFrame metadata: Enables
easy time aggregation and
plotting

- Aggregate by day of week, hour of day, and so on
- Plot using built-in metadata for labels.




Metrics

:calc_active power
:calc_active power forecast
:calc_active power in
:calc_active power out

* 25 predefined metrics: :calc capacity factor
* TimedMetric: For example, curtailment, battery stored :calc_curtailment
energy, generator production cost :calc_curtailment frac

:calc _discharge cycles
:calc _integration
:calc _is slack up

* TimelessMetric: For example, memory allocation, solve
time, objective value, total system cost

* Quickly obtain summary statistics on metrics -calc load forecast

« Modify metrics with different aggregation methods—for :calc load from storage
example, sum, mean, and so on :calc net load forecast

«  Write your own custom metrics. :calc_production cost

:calc_shutdown cost
:calc_startup cost
:calc_stored energy
:calc _sum bytes alloc
:calc _sum objective value
:calc _sum solve time
:calc_system load forecast
:calc _system load from storage
:calc system slack up
:calc _total cost
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How It Works

Use ComponentSelector to filter and
group subsets of components.

Use a to automatically
calculate outputs based on a
ComponentSelector.

Resulting
enabling post- time
aggregation and plotting.

# thermal generators with ratings above 15 MW, grouped by prime mover:
julia> my_sel = make_selector(gen -> get_rating(gen) > 15, ThermalStandard;

groupby = get_prime_mover_type)

julia> power_df = calc_active_power(my_sel, my_results)
744x5 DataFrame

Row | DateTime CT ¢€C SsT oOT
| DateTime Float64 Float64 Float64 Float64
+

1| 2020-07-01T00:00:00 0.0 83.6767 98.3611 0.0
2 | 2020-07-01T01:00:00 0.0 68.0 83.8165 0.0
o ; S

744 | 2020-07-31T23:00:00 0.0 143.682 98.3611 0.0

julia> aggregate_time(power_df; groupby_fn = dayofweek, groupby_col = "agg_day")
7x6 DataFrame

Row | DateTime agg_day CcT cc
+

1 | 2020-07-06T00:00:00 1 2811.12 1.04591e5 ---

2 | 2020-07-07T00:00:00 2 2745.08 106733.0

3 | 2020-07-01T00:00:00 3 3490.63 1.32703e5

4 | 2020-07-02T00:00:00 4 34933 1.1759e5

5| 2020-07-03T00:00:00 5 3425.49 1.14584e5 ---

6 | 2020-07-04T00:00:00 6 2944.23 67607.7

7 | 2020-07-05T00:00:00 7 2716.16 65886.6
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PowerGraphics.jl

*  Built on top of Plots.jl, so all the same customizations are available.

* Generic results plot plus customized plots for demand and generation plots.
* Options to make either static or interactive plots (GR vs. PlotlyJS packages).
* Additional keyword arguments to make common plots.

Static Interactive

gr() plotlyjs()
plot_demand(sys_DA); plot_demand(sys_DA, stack=true, aggregation = Area, title = "Area-wide Demand");

Area-wide Demand & B

Laine
Asser
Cabell
Bayle * (Jan 1, 2020, 17:00, 18.8888) [
~———— Alber
Caesar
Basow
Cecil
Cabot
Alder

Ali
Agricola
Astor
Beethoven
Bain

Abel
Balzac
Baffin
Carew

2.0

15

MW
MW

1.0 —

05 | =

Amold 08:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00
Alken Jan 1, 2020 Jan 2, 2020

0.0 — L
2020-01-01T00:00:00 2020-01-02723
2d ays Bailey
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plot_fuel(uc_results);

MW

Plotting Dispatch Stacks

Fuel

Jan 1, 2020

< (Jan 1, 2020, 07:00, 1,823.751) fellLElEN

00:00
Jan 2, 2020

2 days

plot_fuel(uc_results, stair=true);

= = Load

mmmm Curtailment
PV

e Wind

— NG-CC
NG-CT

= Coal

m— Nuclear

Mw

Fuel

= = Load

mmmm Curtailment
PV

m—Wind

m— NG-CC
NG-CT

= Coal

m Nuclear

08:00 00:00
Jan 1, 2020 Jan 2, 2020
2 days

plot_fuel{uc_results, bar=true);

MWh

Fuel

Built-in, customizable color palettes to group technologies

NREL

Load
Curtailment
PV

Wind
NG-CC
NG-CT
Coal
Nuclear
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Sienna\Dyn: Loading and Reading Results

As of PowerSimulationsDynamics.jl vO.15

Loading results: A Simulation — Use
read_results(my_sim) to retrieve

SimulationResults on a solved
Simulation. julia> plot!(v1101_ida, label = "IDA");

julia> v1101 = get_voltage_magnitude_series(res_rodas, 1101);

julia> plot(vi101, label = "RODAS4");

Reading results:

* get_state_series

e get_voltage_magnitude_series
e get voltage_angle_series

e get_activepower_series.

RODASA
DA
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