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Executive Summary

With the growing levels of DER deployment, it is imperative to andlyzenteractions between
electric power transmission and distribution (T&D) syséeespecially thémpacts of distribution
system connected DERs on the transmission sgstggerations. Thisproject developsan
iteratively coupled T&D analysis framework throughgimulation approacto address the future
requiremergfor modeling anénalysisof thelarge scaleintegratedl &D systenswith high levels

of DER penetrationslhe impacts of DERs on T&D system may manifest as stetadg concerns
(voltage regulation, variability, voltage unbalance), dynamic concerns (frequency regutation),
in its transient response (angle and voltage stability during faults). Depending upon the
requirements for DER impact study, wesenthree types of cgimulationmethodsquaststatic
co-simulationto evaluate steadstate concerndyybrid cosimulaion to evaluate and mitigate
frequency regulation concerns, ahghamic cesimulationto model T&D system response during
transients/faults.

Theproposedramework utilizes dedicated software modules to solve the decoupled T&D models.
The T&D interactions are captured by exchanging network solutions at the point of common
coupling (PCC)An iterative coupling approacdh adoptedor co-simulationthatresutsin a ce
simulation model that closely approximates the behavior of a-stiané unified T&D simulation
platform.The terative vs. nositerative couplingdf T&D systemsare thoroughly evaluated using
rigorous simulation studied. is observed that mon-iterative coupling for quasstatic T&D co
simulation study may lead to significant errors éaises with significanDER variability and
unbalanced loading conditiartdowever, anortiterative coupling may be able to accurately model
hybrid cesimulaton cases if simulation time is advanced in small stBpsilly, it is validated

that acoupled T&D model witha threesequencdransmission systemodeland power flow
solveris more accurate comparedagpositivesequencenode| especially when DERs irdduce
significant phase unbalance.

Need for CoSimulation

Several exploratory studies and field demonstrations have pointed out that the new and recent
developmentsncluding the integration dDERS electric vehicle loads, and energy storage units

are increasing the stress on power delivery systdumgortunately, nost of the existing DER
interconnection studies evaluate the integrational challenges of &Rr only at the distribution

level or on a decoupled T&D system. The decoupled T&D systerpsasialodels(1) distribution

system as lumped loads a(®) transmission system as a constant power source. The potential
impacts on the transmission grid are either ignored given low penetrations of DERs or-are non
representative due to the decoupled T&bDdel.lt is expected that the ongoing and future large
scale DER deployment projects can potentially affect the regional transmission grid operation
The situation worsens in rural areas where the distribution system is lightly loaded and covers an
exterded area with low load densitgpecifically, in the lightly loaded areas, with the increase in
DER penetratios, the distributed generation may exceed the local consumpdieds, resulting

in a reverse power flow condition fromdividual consumers thrgi the feeders back to the
distributionsubstation and possibly into the transmission sysiémrefore, alecoupled analysis

of T&D system is no longer adequate, calling for new tools capable of capturing the interactions
between T&D systemwith high-levels of DER penetrations



Summary of the Research Contributiors

As discussed beforen this project,three cesimulation modelsare developedo evaluatethe
impacts ofDERs on the integrated T&D systemEhese areuasistatic co-simulaion (suitable
for voltage regulation and power flow studiefybrid co-simulation (to simulate frequency
regulation concerns amdGC response from DERsand dynamico-simulation(to model system
response during transients and fgults

In Chapter 1 we detail an iteratively coupleguaststatic T&D co-simulationframeworkwhere
both the transmissiomd distribution systesare simulateth quasistatic modeThis partis the
major emphasis of this projeeind the work is jointlyonducted by Washingn State University
and Colorado School of Minek Chapter 2 ahybrid co-simulationframeworkis developed to
study DER variability and its effects dmebulk grid frequencyand AGC responsén hybrid co-
simulation approachwe modelthe transmission system in dynamsmulation mode while
distribution systems modeled ira quaststatic modethis part of the study is mainjonducted
by Washington State University. IBhapter 3 a dynamic T&D co-simulation framework is
introducedby Colaado School of Mines whergoth transmission and distribution systeane
simulatedn dynamic modeThe objective is to study the integrated system response during faults
and transientwith high-levels ofDER penetrations

Chapter 17 QuastStatic T&D Co-Simulation Framework

The focusof this chapter ishe development ddin iteratively coupled caimulationframework
for thequaststatic analysisf T&D systemsTherefore, hetransmission and distribution systems
are simulatedin the quasstatic mode of operatiorRecently, sveral T&D co-simulation
frameworks forthe quasistatic analysis have been propogedhe literatureincluding but not
limited to FNCS, IGMS,HELICS. The existingquaststatic T&D co-simulationframeworks,
however, are limited in accurately modeling T&D interactions as these conduct transmission
system analyses using a balanced posgaguence power flowpproachthat does not account
for unbalancedoad conditions. Furthermore, the existingstmulationmethods loosely couple
T&D systems introducing errors in theolutions.To address these concerns, approach to
iteratively couplethe T&D systemsusinga co-simulationapproach is proposed@he proposed
framework is comprised of three modsile threesequence ac power flow for the transmission
system, a threphase power flowsolverfor the distribution system, and an iterative coupling
approach at the T&D interfac&he coesimulationapproachis implemented using MATLAB
coupled with OpenDSS he proposed framewolik suitable for the integrated analysis of T&D
systems subject to unbalanced load conditions and significant variations in load demand.

An analytical formulation for the boundary variable upddbeg represent the coupled T&D
system with interface constraint equations is developed. This analytichd| characterizethe
convergence othe proposed iterative esimulation framework as a function of T&D system
conditions. The developed ndinear inteface constraint equations are solved usinditbieorder
andsecondorder convergent techniques based-oed-Point Iteration (FPIand QuasNewton
method respectively. The proposed iteratively coupled quatitic T&D cosimulation
framework is usetb evaluate thempacs of distributionconnected PVs on both transmission and
distribution system voltage

The developedframework is tested using IEEEMus and IEEE 3%us transmissionsystem
modeb coupled with multipleEPRI Ckt24 distribution feede model. The conditiondor
convergence by exchanging the boundary variables at the PCC are examined in detail using several



case studies with varying levels of distribution load unbalande’V penetration$ he simulation
results highlight th@eed forco-simulationwhen evaluatindPER impacts for the cases with high
levels of distributed PV deploymeand their utility insupporing the gridvia active voltage
regulation methodsA case study in which multiple distributiosystemscoupled tothe
transmission load points also presented to demonstrate the scalability of the apprdaeh.
resultsobtained using ceimulationapproachare validated against standalone T&Dsystem
simulated inOpenDSS It is demonstrated that the iteratively coupl@&D model closely
approximates the staralone T&D modefor highly stressed system conditions

The main take away here is thia¢ iteratively coupled esimulation framework provides accurate
convergence characteristics at f&D boundarywhencompaed to the existing loosely coupled
co-simulation modelslt is also shown that the boundary variable update rules (also caled co
iteration rules) using Quabiewton method resudin faster convergence than the FPI methbd
improvements in the number of iterations and the time takeonweerge are more pronounced for
stressed system conditions

Chapter 2i Hybrid T&D Co-Simulation Framework

Theincreasing penetratiorsf renewable resources such as sola \aimd resoureswith high
variability in generation patternsay result inincreaseduncertaintyin the supply and demand
unbalanceln the bulk grid, the fequency regulation services performed by automatic generation
control (AGC) plays a critical role in maintainitige supplydemand balancd&.raditionally, the
majority of frequency regulation capability is provided by specially equipped generators. As
technologies evolve, the participation of new types of flexible energy resources such as battery
energystorage sysems(BESS)and flywheels, with their significantly faster ramping capabilities,
can reduce the need to procure additional regulation capaicitgriable generation resourceds

order to successfully integrate BESS technologies in thefgrittequencyregulation services,

they must be included in the distribution system planning prpeesstheir impacts should be
evaluated at both transmission and distributewels

Owing to these emerging concerns, thexex need forintegrated modeling and agais of
transmission and distribution systerits the AGC simulationstudies A high-level of DER
penetrations in the distribution system may lead to reverse power flow digtnibution to
transmission systenthat may adversely affect the transmissiostasyn operations resulting in
frequency regulation problemisurthermore, vth frequent load changes and BESS responding to
RegD (fast responding AGGignalg from the ISO,an aggregate battery model at the T&D
coupling point is no longer adequdte represent actual system resporidee ISOs should be
aware of theBESS availability at evergonnecing point in the distribution system to perform
planning studies for AGC response from BE&quiring an integrated T&D system analysis
While a fully dynamic T&D model can capture these scenarios, it is unnecessarily complicated.
This is becausalthough the transmission system needs to be modeled in a dynamic mode to fully
study the bulk grid AGC response, for frequency regulation condbmeffectof distribution
connected DER generation variability can be captured using -giadisi simulationsfor
distribution systemsThis calls for a hybrid ceimulation platform that can appropriately model
the bulk grid frequency response due to variable DERs

In this chapteran iterativelycoupled T&D hybrid cesimulationframework is developetd study
the effecs of distributionconnectedDERs/PVs on AGC response atite utility of BESS in
maintaining supphdemand balance for scenarios with highgriable DER/PV generation

iv



profiles. The proposedhybrid cesimulation frameworkis demonstrated usingEEE 9bus
transmissiorsystemmodel coupled with multipl&PRI Ckt24 distributionsystemmodek. The
generatodynamic model for the IEEE-Bus transngsion system is available in PSAT MATLAB
toolbox. The quasstatic model for distribution system is developed using OpenO$&8.
interactions between transmission and distribution systems at the point of common coupling (PCC)
are captured using a tightgoupled cesimulation interface developed in MATLABThe
developed hybrid T&D caimulation platform is used to understand the PV integration impacts
at both transmission and distribution levelgecifically, the effects of PV generation variability
on theAGC dispatch signaldhe utility of distributionconnected BES8n improving the AGC
responséy providing frequency regulation servideslso detailed

Chapter 37 Dynamic T&D Co-Simulation Framework

Theexistingdynamic cesimulation studies focusn studyng the stability issues fothebulk grid
when subjected ta transient evensuch as transmission line fauliThe hHgh-levels of DER
penetrations capotentiallyaggravateor reducethe stabilityconcernsduring and post transient
period.For example the evised interconnection standard IEEE 12448 allows the DERto
provide ridethroughcapabilitiesor dynamic voltage and frequency suppbet can help mitigate
stability concerns for the bulk gridihe primaryobjectiveof this chapteris to develop a framework
to understandhe effects of high DER penetrations during faultstebulk grid. Towards this
goal,we present a loosely coupled T&D-simulation framework for dynamic studies along with
a model for DER ridethrough requiremerg for distributionconnected DERsThe proposed
framework leverags the stanehlone programdgor dynamic simulation of T&D systemiy
coupling the solutionat the T&D interface.An integrated T&D dynamic model is developed
usinga positivesequencaimulaion for the transmissiorsystemanda threephase approach for
thedistributionsystens. The T&D dynamic cesimulation is developed using PSAT & OpenDSS

with MATLAB interface; transmission positive sequence dynamic model is developed in PSAT

anddistribuion systemslynamicsare simulated using the dynamic simulation mod@penDSS
The control ofDER smart inverterss modeledusing thelEEE 15472018standardPreliminary
studiesare presentetb asss the impasiof DERs onthe bulk grid system
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1. QuastStatic T&D Co-Simulation Framework and Impacts of Integrating
Distributed Energy Resources (DERS)

1.1 Introduction

1.1.1 Background

The electric power grid is one of the nati®most critical infrastructuresind virtually every

system in modern society depends on the reliable delivery of electricity. At present, the U.S. power
grid has more than 9,200 electric generating units with 1 million megawatts of generating capacity
and more than 600,000 miles of tsamssion lines. The electric infrastructure todagigmificantly

stressed due to dramatically changing load and generation characteristics [1]. The grid was
originally designed for unidirectional power flow using dispatchable geparatnits for
predictblecustomefoads. However, with the integration of distributed energy resources (DERS),
the grid is experiencing bidirectional power flows, variable and uncertain generation, and
stochastic load demands [2p significant effort has beenately directed towards grid
modernization using advanced sensing and control demiceddress these concef§ Several

smart grid demonstration projects have worked on improving the grid functionalities using smart
devices and controluch agphasor measurementits(PMUSs) that allows operators to assess the

grid stability, relays that caguickly recover the system from faults, advanced digital meters that
can automatically report outages, renewables that can support peak consumer demands, and
batteries that castore excess enerdy improvegrid operations [4]. To this regard, a smart grid

is characterized by the integration of information and communication technologies into the
traditional power systems using intelligent electronic devices (IEDs) for sensing@mitoring
purposes, and integration of DERs and demand response for advanced system control and
operations. Integration of smart grid technologies is focused on providing systematic emergency
response, better restoration practjeesl intelligent optirization and control methodologies.

With the incentivized rapid decarbonization of electric power generation industry and the
aggressive renewable portfolio standards (R@8g Figure 1.1), the electric power delivery
system, i.etheintegrated transmigm and distribution (T&D) systesareexpected to transform
rapidly in the foreseeable futufB]. Also, federal policymakers have put forward proposals to
establish a national RPS, that makes technological developments an immediate requirement for
the exsting grid. Although low-levels of DER penetrations can be easihtegrated,
accommodating more than 30% generation from these renewable sources will require new
techniques to operating and interacting within gniel [6]. With the increasing integratiomf

DERs, technical changes are expected both on generation and lo@d] ehlds generation end is

likely to have changes that will include efficient use of varia@aeration forecasting in standard

grid operation practices, more flexible operatingrabteristics with high tolerance to frequency
ramping and paitoad efficiencies and providing possible modifications to Haesd units.

Electric vehicle loads, loashifting encouragement with distribution market practices, increased
flexibility in loadsdriven by utility demandesponse programs are some of the changes expected
on the load end. Therefore, in order to achieve renewable energy goals, innovations are called for
reliably integrating new generation resources into the existing grid.



Given recent changes in T&D systemanother line of research has focused on evaluating the
impacts of integratig new technologiesespecially DERs into the existing T&D systenThis
includes the development of software platforms and simulation studies tonpeyfantitative
analysis of DER impacts on T&D systems. However, the existing models evaluate the impacts of
DERs separately for transmission and distribution systdims.objective of thishapteris to
address this concern lofgvelopng an integrated T&Ciramework using cgimulation approach

that accurately models the two systems in their dedicated software platforms to perform DER
integration analysis.
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Figurel.l RPS 209 report ontheintegration of renewable resources to the grithelJ.S.

1.1.2 Literature Review

Most of the traditional approaches that model the integrated framework decouple the T&D systems
while conducting DER interconnection studies. In the decoupled framework, thibutistr
system is modeled as a lumped load for transmission system aratgstsansmission system is
modeled as an ideal power supply for distribution system analysis. This decoupled model cannot
capture the interactions between the transmission atmgbdigon systeraaccuratelyln literature,
multiple frameworks to model T&D interactions have been proptsedidress this concefg-
17]. Based on thexisting methodsthese frameworks are primarily categorized as the following:

A. Standalone unified tds using an integrated power system modeling in one platform

B. Co-simulationmethodsto combine multiple interacting domaifer anintegrated T&D

systemmodeling and analysis

A. Standalone Unified Models

The Astandal oneo wunified fr amewaosndgle smolaienl s t h
platform The example oftandalond &D modelingtoolsincludes Energynet Platform by New

Power Technologies8] and GridLAB-D by PNNL [9]. The Energynet project was dedted to

developing an approach to integrate distribution and transmission operations to evaluate the
regional grid impacts of wholesale PV projects. The results from this project show that a new level



of modeling capability was needéal visualize the irpacts ofDERS particularly in those where
distribution connected systems have impacts extending beyond a single feeder through the
substation and into the transmission systenhis indicates that the impacts of $8eployed on

the distribution system igeflected in transmission systemperations and using the integrated
T&D platform, it is possible to achieve coordinated control of T&D systems. Similarly, the
GridLAB-D project from PNNL integrated the distribution systems, transactive mzaketsther
enduseload models using an agebased simulation framework. Since GridLABIs an openR

source software platform, several smart grid problems in renewable integration and demand
response were studied. The article 9 details how thentegrated T&Dmodels are developed

using an agerbased paradigm. This model has potential applications iIRWAIR optimization,
providing demand response for renewalodegration and regime pricing demonstrations. This
study was done to simplify the integrationrmoéltiple simulation environments by modeling alll

the components on a single platform using GridtBB

The major limitation of the standalone unified modeling approach is the castofating a
unified T&D model Giveneachdistributionfeeder include400s1000s of nodeand multiple
such feeders may be connected at the pmflcommon coupling (PCC) for the T&D systenas
standalone model is usually ta@xpensiveto simulate and analyze. It is tedious and time
consuming to build all the componentsaotomplex electric power generation and distribution
systems on a single platform. Moreovére unified model fails to take advantage of legacy
software toolsthat are dedicated to modeling individual domaifitese legacy tools have
specializedunctiond capabilities corresponding to their operational domaiastransmission or
distribution systemsTherefore, 1 is usuallyunnecessargnd inefficient to bring together all of
those functionalities in a single environmémimodel a standlone T&Dsydem

B. Co-Simulation Models

The -siicnoul ati ono approach model s t he i nter act
simultaneouslsolving the individual systems, in this cassnsmissiorand distribution systems

in their respective solver€Essentially, m a co-simulation approach, a hierarchical model is
developed where single transmisslemel representation connects to a large number of
distribution systems that are run in parallel. The major advantage is that it can integrate the existing
simulators ®ailable in different domains to make the interconnection studies scalable. One of the
limitations oftheco-simulation framework is the inherent complexity of each interacting domains.
Simulating the detailed model while including several operationsedantit in multiple timescales

and obtaining the coupling is a complicated task requiring time synchronization and efficient
convergence protocolsA few examples of csimulation framework in the literature are
Framework for Network G&imulation (FNCS) fom PNNL [LO], GridSpice [L1], Integrated Grid
Modeling System (IGMS) by NREL P, and HELICS platform [3].

Framework for Network Co-Simulation (FNCS)

The FNCS platform by PNNL integrates simulators in multiple domains using a common
communication pldiorm. For instance, the transmission system IATROWER distribution
system in GridLABD, and wholesale markets in MTPOWER are interconnected through
network simulatoi3. This integrated platform is call@@NCS ®his platform helps provide time
synchpnization and interchangd messages between various simulators. FNCS is programmed

3



in C++andeasilyinterfaceswith C, JAVA, Fortran, etc. The major design gaato reuse the
existing simulatorsas shownin Figure 12. This platform has potentiapplications in various
domains including reakttime market pricing, transmission, distribution and market
communications, etdeferencd10] provides detailedinformationon the design of the platform

and its endless expandability to multiple applicagion
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Figurel.2 FNCS coesimulation framework
GridSpice

GridSpice is anopensource cesimulation platformwith a cloudbased architecture that is
managed with a representational state tranSRdr as presented iRigure 1.3 (a). It provides a
browserbased interface for new users and can be run on a python interface. The first
implementation of GridSpice was dotteintegrateGridLAB-D andMATPOWER simulatorsto
identify the optimal placemenf alistributed resources ama developoptimal dispatch schedules

for theflexible loadg[11].
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Integrated Grid Modeling System (IGMS)

Another software model in this domain is the IGMS tool from NR&Lshown irFigure 1.3 (b).

This is a hierarchical esimulation framework that was built on Higterfamance Computing
(HPC) platform and integrates distribution systems with 1000's of nodes with transmission
systems, detailed ISO markets, and AGC level reserve deploym&ht$h#& transmission level
operation is based MATPOWERanddistribution systems modeled usingridLAB-D. Here,

each transmission or sditansmission load bus is assigned to an aggregator which connects to
multiple distribution loadsnodeled orGridLAB-D. A Message Passing Interface (MPI) paradigm

is usedo establish communication between the simulat@®1S toolhas been extensively used

to evaluate the impacts of distribution connected PVs on transmission level operations.

Work from Academia

Recently, several methods haakso been proposed in acaderfor the integration of T&D
systems [4-17]. For example, the study in 4] proposed a tightly coupled framework for
combined T&D system analysis to assess the impacts of bulk Volt/VAR control on the
transmission system. This work exchanges the posstéagience transmission parameters and
threephase distribution system parameters at the interface (PCC). For exchange, the distribution
parameters are converted fréinneephase to positive sequence components at the boundary. The
study done in [3] usesasimilar framework in [4] at the interface for load parameter estimation.
Here, the converged distribution parameters obtained at the distribution bus is fitted through a
constrained linedeastsquares optimization technique to obtain the equivalentuatels of the
distribution system. The study in€lmodels transmission system operation using sequence
component analysis and also iteratively couples the T&D system interface for dynamic system
simulation. Another recent article in7qlperforms a comarative study of iterative and non
iterative interfacing techniques of T&D @mulation environment. This study also compares the
responses of the integrated T&D system by using hdihlanced positive sequence model and
threesequence model for the m@mission system analysi$able 1.1 compares all the eo
simulation models discussetlong with their advantages and limitations.

Existing Gapsin the Literature

Unfortunately, a majority of the aboweentioned cesimulation platforms for integrated T&D
system analysis use a balanced positive sequence AC power flow for transmission system analysis
and loosely couple the T&D networks. In a loosely couphedie| the T&D boundary variables

are exchangeanly once That is, the simulation time step is advaneg@thout making the
boundary variables convergé@ loosely coupled model assumes thiaé changesn T&D
simulationsare relatively slow and theintegrated T&D mdel converges over multiple time
stamps. This limits the expandability of the existing framework to the operations with faster
dynamics. This also limits both implementation and advanced mitigation actions involving
coordinated control of the T&D systesnAlso, with the increasing levels of system unbalance in

the distribution system resulting from singlbase smalscale DER integration, analysi®ne
usingthreephase balanced positive sequence approach and loosely coupled interface may not be
sufficientto evaluate the power quality impacts. This calls for an iterative interfacing framework
that can model and solve transmission systetre@ephase details and tightly couple the interface

of T&D systems. Articles in [ and [17] addresses the above twoncerns by modeling
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transmission system operation using sequence component analysis and by iteratively coupling the
T&D system interface. However, they use a small distribution network with 8 nodes for the
analysis. Itis required to evaluate the coneang properties for T&D coupling with the increased
levels of system unbalance for a laiggale distribution system. In addition to this, &éxésting
literature does not provida mathematicalnalysis for T&D couplingand the associated
convergence prapoties For larger T&D systems with rapidly varying load and generation profiles,

it is important to characterize the convergence of thgiroalation framework as a function of

T&D system conditions at the interface.

Table 1.1Comparison oExisting Co-simulationPlatforms

Approach Platforms Advantages Limitations

* Provides a new level of

Standalone EnergyNet visibility to coordinated * expensive to simulate
integrated control of T&D systems. * do not take advantage of
model * Does not rely on the use of existing analysis tools
GridLAB-D representative feeder
models
FNCS Uses network simulator (ns-3)

for communication between
simulators making the
framework highly scalable.

GridSpice Open source cloud-based
architecture for simulation with
common user interfaces like

* Positive sequence model for
transmission system
* Loosely coupled interface

Co-simulation
approach

python
model
IGMS * Uses HPC tools for

integration

* Includes AGC reserves and
flexible scheduling tool for
PV integration

Frameworks * Tightly coupled boundary
from academia |+ Iterative interfacing for * Smaller test systems

exchange of variables * Simplified transmission system

* Three sequence transmission operations
system analysis * Mathematical model is missing

1.1.3 Problem Statementi Need for CoSimulation

As discussed previously, the combined T&D simulation can be achieved using 1JaBtaad

T&D system models and 2) @mulation approach. The major limitation of the standalone
unified nodeling approach is the cost of simulation. Given that the detailed model of a typical
distribution feeder includes 1000s of buses/nodes, a-slané T&D model is usually too
complex to simulate and analyze using a single tool. In addition, the ata@models do not

take advantage of legacy power systems modeling and simulation platform. It should be noted that
the electric power transmission systems and distribution systems are significantly different. While
transmission systems are largely balaneeth low R/X ratio and highly meshed, a typical
distribution feeder is highly unbalanced, include sirglase loads and laterals, and is radial in
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the configuration. Owing to these differences, the solution approach used for the two networks
also differ. The NewtonRaphson method is adopted to solye power flow model for
transmission systems while distribution systems are solved using febaekdvard sweep or
current injection methods. There are multiple other functional differences between thetbénwssys
making it impractical and inefficient to bring together all of the functionalities of individual legacy
software tools into a single simulation environment. Consequently, it is more efficient to-use co
simulation methods that bring the individual leg#ools together to perform the combined T&D
simulation studies without having to make changes to the individual legacy platforms.

Next, we discuss the need for an iteratively/tightly coupled T&Esiowlation approach. The
loosely coupled caimulationmethods are accurate only when the changes in distribution system
loading characteristics, botturingload unbalance and demand variability, are slower than the
simulation timestep at which the two systems are solved, and the solutions are exchanged.
Otherwise, the loosely coupled model introduces simulation eft8is This is because, in the
loosely coupled models, the time step for individual T&D simulators is advanced without making
the boundary variables converge. The primary assumption is thahdinges in power system
loads are rather slgwand the system converges over multiple time steps. This limits the
applicability of the existing framework when modeling faster load/DER variations. In an actual
co-simulation platform, the simulation timeeptmust not advance until the boundary variables for
both transmission and distribution systems have converged. This requires an iteratively or tightly
coupled cesimulation approach.

1.1.4 Co-simulation Approach Proposed in thiswWork

To address the aforemermied gaps in the literature, this study presentssroalation framework

that is close to the standalone T&D model by accurately modeling the system unbalance and by
tightly coupling the T&D networks using an iterative approach. The framework for thesawp
iterative cesimulation approach is presentedrigure1.5.

The sequence component transmission system modeling and operations are carried out in
MATLAB , and the modeling of the thrgdhase distribution system is done using OpenDSS. The
T&D interface moduleis designed using MATLAB. This iterative framework basedfioo-
simulation approaahgives an understanding of the T&D system operation as a whole and
eliminates the uncertainties from using the decoupled model for interaction. In this framework, the
T&D systems are solved independenilg., they are decoupled at their operational leared

solved using their dedicated software modules. The T&D interactions are captured by
interchanging the solutions obtained from the two simulators at the point of common coupling
(PCC) and making them converge. The key idea here is to simulate exstrg potential
interactions between the T&D networks. Also, this-saoulation approach assists in
comprehending both the subsystem level operations and the convergence at the PCC. This leads
to a caesimulation model that closely approximates a stalode unified model for the two
systems.
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1.1.5 Specific Contributions

The following specific contributions are made in this part of the project:

1.

Transmission systeroperational framework: A threephase transmission power flow
framework is developeoh MATLAB that useshreesequenc@owerflow method [18].An
integration of transmission system operational framework is demonstrated by interfacing a
transmission syste®COPF economic dispatch program.

Iteratively coupled c@imulation frameworkAn iterative framework to tightly couple the
T&D networks at each iteration is developed using MATLAB. The proposed iterative method
results in ar&D co-simulationapproach thas comparable to that of the staatbne unified

T&D model.

Mathematical representation of T&D «mulation interfaceThe casimulation interface is
represented using a set of nonlinear equations that appropriately reptesemtterface
coupling and individual subsystem equationse developed nalinear interface constraint
eqguations are solved using the fiostler, and secondrder convergence techniquasd the
results from two methods are compared.

Comparison of T&Dcoupling methodsDifferent methods of T&D coupling, namely
decoupled PC), loosely coupled KC), andtightly coupled TC) are compared for their
accuracy in modeling the integrated T&D system in a gstasic simulation for different DER
integration scegrios.In addition, a standlone T&D model is developed to validate the results
from the TC cesimulation model.

Accurate simulation during system unbalance and variabiftystochastic PV deployment
scenario is developed usitige Monte-Carlo methodThe threeco-simulation model¢DC,

LC, and TC) are evaluated for their performance by analyzing the error at T&D PCC by
simulating multiple test cases with different levels of PV variability, PV penetrations, load
unbalances, and the number of T&D couplpaints.
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6. Significance of thregequence transmission system analybige strength of the developed
tightly coupled framework with thregequence TS analysis is demonstrated using comparisons
against a singlphase TS analysis employing other coupling m&dalainly LC model. It is
validated that the thregequence transmission model accurately represents system unbalances.

7. Overall impact studies otransmission andlistribution Systems This study utilizes the
developed TC T&D cesimulationframeworkto uncerstand the impacts of high levels of PV
penetrations and resulting operational challenges on the entire transmission and distribution
systems.

1.1.6 Chapter Organization

This chaptepf the report is organized as follows:

1 Section1.2 provides the modeling dét on all components of the quastatic ce
simulation framework. Itprovides a background on the existing transmission and
distribution system modeling practices and the changes that are needed in the modeling of
T&D systems to support DER interconneatistudies. This section provides the ACOPF
economic dispatch formulation for the tiraeries simulation of the proposed integrated
T&D framework. The threesequence transmission system masdealetailed along with
threesequence analysis done in MATLAB iton the transmission system load flow. It
provides information about the OpenDSS simulator used in creating the distribution
system model and explains the thpease power flow methods used by the software. It
presents the PV deployment cases ugieyylonte-Carlo approach. A detailed explanation
of the three coupling methods (DC, LC, and TC) for the cséaic cesimulation
platform is also presented.

1 Section 1.3 details the mathematical model at the interface to understand the
characteristics and cwargence of the TC T&D integrated framework. detailed
understandingn the firstorder and secondrder convergence techniques using fixed
point iteration (FPI) met hisgdrovidedtd soMetlet o n 6 s
interface constraints equatis developed at T&D PCC.

1 Section1l4 presents detailed analysis of the test cases that were simulated to test the
convergence of the developed T&D framework. Sraadlle and largecale test systems
weresimulatedand multiple test cases involving yarg levels of load unbalance and PV
variations in the distribution system are simulated and teAtdtbrough omparison of
convergence efficiency tdonefor FPIvsN e wt o n 6 s -simeutatforovd. standatone
models, DC vs. LC vs. @ models, parallel/s. serial method of T&D interaction, and
singlephase vs. thresequence transmission model.

1 Sectionl.5 summarizes the findings and provides future resafrebtions

1.2 Transmission and Distribution SystemM odeling

The transmission systeamodel in MATLAB includes a detailed thrgghase model with a-&in

ahead economic dispatch formulation solved using alternating current optimal power flow
(ACOPF) model. Economic dispatch is implemented to achieve power balangequence
componenbased thre@hasepower flow module is developed for transmission system power



flow analysis. OpenDSS, a commonly used distribution system mogatidgnalysis software is
used to simulate the thrgase unbalanced distribution system

1.2.1 ACOPF Economic Dispatch

ACOPF isa static, nofinear programming problem with a néinear objective function and
linear and no#inear operational constraints. this study, economic dispatch is done to optimally
schedule the generator outputs of the IEEEIS systems based on thengetor cost functions
with physical limits on real and reactive power generation and voltddmesobjective function
and the constraints are given below.

2

Minimize B ® 0 ®O Objective function
Subject to: .
0 T . :
h(x) 5 - Equality constraints
0 0 s
0 0 T
X : : Inequality constraints
9() W o T a Y
U @ W T

where a, b and c are the fuel casgefficients of each generatorPy; is the power output of each
generatorandn is the total number of generators in the syst€he equality constraints of the
power system are given by power flow equationsbgirethe net injection of real and reactive
power at each bus sum to zero along with the line lo§$esinequality constraints reflect the
operationalimits. The cost functions of the generators in lBEE 9-bus system are given ds
following.

FO )=150+% +0.11)
FO )=600+1.9 +0.08%)
FO )=150+1.0 +0.122%

The algorithmbeginswith the implementation of basic economic load dispattdrmulation The
MATLAB function, equationsToMatrixandlinsolve areused to get the values Bf1, Pg2, Pg3,
anda-as a result oeconomicload dispatch. The primary drawback with equal incremental cost
scheduling is that it neglects all losses in the system. The only enforced equality constraint is the
sum of the genetn must equal the total load and demarttesum of generation must equal the

load demand plus any system losses. This is the reason for perftnie®@OPF problem instead

of the basic economic dispatch function. The ACOPF runs for a given load pfdfile IEEE9

bus systemandthe optimal scheduling of the generators is obtained. The obtained generator
scheduling for IEEE $bus system on aminute interval for 24 hours is presented in Figlte
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1.2.2 Transmission Systers Modeling and Analysis

Thetrarsmission systens predominantly modeled as a thyelease balanced power system and
solved using a positiveequence load flow analysi$his is acceptable when the physical
components of the transmission system are thhese balanced. But the positsexjuence results

are inaccurate in cases where the system is supplying for unbalanced loads. For instance, with the
proliferation of DERs in a largely unbalanced distribution system supplying many-pimage
customers, the positiveequence analysis orettransmission end is no longer adequate.

Optimal schedule of Generators
95 T T

90 b
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Figurel.5 ACOPF generation schedule in every 5 minutes for 24 hours

The unbalanced power flow problem of the transmission system can either be formybdtaskein
frame or sequence frame. The thpmase transmission power flow model has once been an
extensive field of research with Newt&aphson and bus admittance techniques21]. The
NewtonRaphson technique s&xcellent convergence characteristics taguiresrecalculatng

@0 @0 Jacobian matriat each iterationhat may becomputationallyintensive Severalother
methods werealso proposed includinghe Zbus Gauss method, complex formulations of
Newton's method, fast decoupled methoalwever, tiey pose computational challenges

The adoption of thresequence modeling for the transmission systenbalancegower flow
analysigs arelativelyrecent field of intereg§22-24]. The first paper in this domain used a Gauss
Seidel iterationscheme based on bus impedance matrix as a sequence model fphdsee
unbalanced circuit analys{22]. Later, a decomposed thrphase power flow solution using
sequence components was present¢gdh In this work, the three sequences were decoupled
analysis However, it still required the calculation ot o0 admittance matrixThis paper
introduced calculating the admittance matrices separately for each sequence component by
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introducinga decoupled line modgR23]. Later, the reference if24] came up with asimpler
formulation that requireshe calculation ofob o0 admittance only for solving positive
sequence components based on conventional power Howals asNewtonRaphson or fast
decoupled methad The negative and zero sequena@®ived a simple linear solution with two

0 0 admittance matrices. This paper also included decouplethtidel!, sequencgenerator

mode| and sequence transformer phase shifts. This simplified the problem statement of solving
the threephase unbalared power flow in the transmission systéihetransmission system model

for unbalanced analysis is developed ushesequence components modbbwnin Figurel.7.

Transmission system
three sequence data
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Figurel.6 Threesequencé&ransmission system load flow

Note that the thresequence approach to solving the transmission system is chosen over the three
phase modeling for the following reasons:

[1]. The Jacobian matrix calculation and storage is one of the most important concerns in
solving a power flow problem for large networks. Using the sequence component method
reduces the size of the Jacobian matrix f@@m @O in a threephase power flow model
to g0 ¢0 for a positivesequence model and two 0 for negative and zero
sequence componerji4).

[2]. The positive, negativand zero sequence components in the sequence component analysis
can be solved in parallel.
[3]. The computational time of the load flow problem is significantly reduced by solving only

the positive sequence cpanent using notinear equations and linearizing the negative

12



and zero sequence components. This is desirable when solving T&ibhaationwith
multiple integratedlistribution systenmodels

The transmissiogystemgower flowis modeledusingthethreesequence power floapproach

detailed in[24]. The system componentgénerators, transformers, and transmission )iadspt

a decoupled sequence component model. For the untransposed transmission lines, the sequence
admittance matrixs full, unsymmetrical, and coupled. Since the mutual coupling in seqlieace

model is weak, it is decoupled into three independent sequence circuits by replacing the off
diagonal elements with the respective compensation current injef24jn3 he decopled three

sequence models are solved separately. With the specified generation fixed at the beginning of the
iteration for the positive sequence model, it is solved using the NéRdphson technique. The
negative and zero sequence components of thensystelel are solved using linear equations as,

w& O
w& O

where the suffix 0 and 2 represent zero and negative sequence compoespéstively.The
positivesequence power mismatch is used as the convergence criterion. Other comvergenc
criterig such as positive sequence voltage mismatch or phase voltage mjsiaatalso be used.

There are several advantages of using this sequence component,mathdade major ones
include the significant reduction in time and memory requiremensolive the thresequence
transmission load flow. In this method, the Jacobian matrix, negative and zero sequence
admittance matrix for N buses and M branches result in solvng a ¢0 non-zero elements
instead of they @0 ¢0 matrices that need toe solved in a threphase power flow routine.

Since the algorithm execution time depends on the size of the problem, this method reduces the
CPU execution time by 88[24)]. In addition to this, tAsolution process can include transformer
shifts introducd with special transformer connections. This formulation also includes injected
currents and powers from loads and untransposed transmission lines that can be called as routines
while solving the positive sequence model.

IEEE 9-bus [29 and 39bustest syster®[26] are used in this work for transmission system analysis
and are shownin Figures 1.8a and 1.8b, respectivelEEE 9bus system consists of three
generators, three loads totaling to 315 MW ad 13#A\vland three two windintgansformers. The
base MVA here is 1Q@nd the system operating frequency is 60Hz. The static and dynamic data
for this system can be found[@5]. The total length of the transmission system is 40 miles. All 6
lines in the system are considered to taeesame model. The typical 230 kV untransposed tower
model is given iM25] is used to model the transmission lineghis test system and hence are
used in the calculation of sequence admittance matrices for the decoupled transmissiliHies.
39%-bus system with 10 generation sources and 18 load points is used in this studpiggeur
transmission systeimodel The threesequence data for the IEEE-BAs system was obtained
from PSS/E softwarR7], and threesequence power flow solvisrdevelod in MATLAB based

on the threesequence power flow method
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Figurel.7 Transmission test systems a) IEEB® system b) IEEE 38us system

1.2.3 Distribution System Modeling and Analysis

The distribution system thrgghase modeling and analysis is done using OpenDSS8peam

source platform designed for distribution system ana[ys OpenDSS supports all frequency
domain analysis performed for utility distribution system planning and analysis. There are multiple
functionalities in OpenDSS along with its extraordinary cdpwkbo support planning and analysis

of distributed generation (DG) technologi€3penDSS allows to specify DE&scremental
capacity along with associated controls and help visualize their impacts on the distribution system.
In addition to this, OpenD&has explicit models of many reabrld distribution feeders.

Three models of actual electric power distribution circuits are made public in OpenDSS. This
thesis uses one of those feeders (Electric Power Research InstitutesGERR Best system) for

the distribution system modg9]. The suktransmission level voltage is 28¥, and theCkt-24
operates at 346V system voltage. The system has 2 substation feeders with 3885 custifmers
which 87% are residential loadSPRI ckt-24 network is preseed in Figure 1.9. OpenDSS is
designed to solve both radial distribution circuatsd network (meshed) distribution system power
flows. It can be also be used to solve transmissigie power flow for small to mediwsized
systems. The circuit model dgeed can either be mulbhase or positive sequence model of a
given distribution system. The power flow executes in various solution mogésding the
standard single snapshot mode, daily mode, duty cycle,;andethers. It can also perform time
seies simulation of a circuit as the load varies as a function of time. The time period can be hourly,
daily, or yearly.

OpenDSSuses the following two simulation moddterative power flow, and Direct solution.

Loads and distributed generators are trea®dnjection sources for the Iterative power flow
solution In Direct solution mode, they are included as admittances in the system admittance matrix
and solved directly. The two iterative power flow algorithms used by OpenDSS are Current
injection methodandthe Newtord sethod. The voltages, power flows, curreatsd losses for

each component or the total system can be viewed from OpenDSS output terminals after the power
flow operation. OpenDSS can be implemented either as aakame executable progm or as an
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in-process Component Object Model (COM) server DLL designdzketdriven by a variety of
existing software platforms like MATLAB, Python, R, and others. The executable version has a
textbased user interface on the solution engine to assis imsdeveloping scripts and viewing
solutions. The COM interface is implemented on thprocess server DLL version of the program
that allows users to perform new types of studies through existing program fdatthrissproject
OpenDSS is executassing a MATLAB program.

EPRI Ckt-24 - Distance from Substation (km)

XX Substation 12
E capacitor

10

0

Figurel.8 EPRI Ckt24 OpenDSS distribution system model

1.2.4 PV Integration Models

The hgh-levels of distributiorconnected PV penetration may result inltiple operational
challenges for the integrated T&D systems including but not limitez/épvoltagesexcessive

reverse power flow, increased power losses, severe phase unbalances, and power quality issues.
This study specifically focuses on analyzing timpacts of distributioigonnected PVs on
transmission system voltages. In this section, we detail the method used to generate random PV
deployment scenarios for a given distribution feeder. Following the related literature concerning
PV hosting analysifor distribution feeders, similar stochastic analysis framework is adapted to
generate numerous PV deployment scenarios. Multiple scenarios are simulated to fully capture the
randomness associated with PV sizes and deployment locations for increasingecusto
penetration levels.

The method to simulate stochastic PV deployment scenarios is briefly detailed here. For each
customer penetration level, multiple unique PV deployment scenarios are simulatedhasing
Monte Carlo approach by associating a unifaandom distribution to the PVs location and size.
100 different scenarios are created for each leveusfomerpenetratiorthat varies from 10%
100% in the steps of 10%irst, 10% of the customers in CR#Y feeder are selected at random
using a uniform distribution and PVs are deployed @s¢Hoadocations.The individual PV sizes
connected to each customer is obtained basedeanu s t opeak toddsdemand amdistomer

type (residential or commerciallO0 such cases are generated for 10% customer penetration by
randomly selecting PV locations and siZesstomer penetration is then increased in steps of 10%.
For each penetration levadl)0 uniquePV deploymenscenariosre generatedso, in total 1000
casesare simulated to study the voltagmpacts of PVs on integrated T&D syster&@®r each
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scenario, cesimulation is solvedand te bus voltages at the substatisarerecorded aftethe
co-simulation model convergs. These voltages are reportedthre results section for further
analysis and discussianSor timeseries simulationsa specific time window for three different
days with different irradiance variability have been simulated. In that time wjrideMoadn the
distribution system is assumed constdrireedifferent days with different variabilities (low,
medium and high) of irradiance has been created. The low, medna high irradiance
variability with a variability index of 1.33, 6.2%nd 15.58respectively and the PV profile for
each variability is presented in Figurd0 [30].

PV Profiles
ST TR " |e—Clear Sky
Low variablity profile
Medium vanablity profile

High variablity profile

Normilizec Irraridance

fime (Hr)

Figurel.9 PV generation profile witlow, medium, and higkariabilities

1.3 T&D Co-Simulation Coupling Methods

A co-simulator is a tool that worlan differentset of simulators based on the time synchronization
and execution coordination provided by a master algorithm. Each simulator is equipped with its
own model and a solver that performs desired omeratbn the model. The simulators are then
coupled by dynamically exchanging their input and output variables with each other. A simulator
in co-simulation approach is a software module that is developed to perform modeling and analysis
of a subsystem. Thevo major components of a simulator are the model and the solver. The model
is a system designed with its specific detailgjthe solver carries out dedicated operations on the
model based on the inputs providédthis work, the simulators are thrseguence transmission

and thregphase distribution systems developed in their respective platforms, MATLAB and
OpenDSS, respectively.

The coesimulation master algorithndeveloped in MATLAB leads the simulation setup
(framework). It leads all theimulators in the system by setting up the communication links
between each of the simulators and the master algorithm. Once the communication is established,
the master algorithm initializes each of the simulators by providing compatible starting eenditio

It synchronizes the simulation by exchanging the events and variables between the simulators. The
important tasks of the master algorithm in this framework are
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1) Set up communication links and initialize the simulators with specific inputs
2) Exchange andonverge the boundary variables between the simulators and
3) Synchronize the time component throughout the simulation.

Due to the intermittent nature of the DERSs, the strength of integration of T&D systems plays a
vital rolein the accuracy of studies whevaluating the impacts DER integration on transmission
and distribution systems.As introduced before, there are three different coupling models:
decoupled (DC), losely coupled (LC), and tightly coupled (TC) models. In this section, we
include detailednformation on each of these coupling methods.

1.3.1 Decoupled Models

As mentioned before, the earlier power system analysis tools use models that are decoupled. In the
DC model, the distribution network is represented as an equivalent doddthe upstream
transmission network is modeled as an equivalent voltage source. The transmission system is first
solved using aggregated load (including DERs)Y the voltage at PCC abtained Then using

that balanced voltage at PGdd assuming an ideal voltage sourtee distribution system is
solved.Thetransmission system models are solved in posgaguence domain and assume the
distribution system loads to be balanced. The DC model, therefore, cannot capture the impacts of
high-levels of DER penetrations, siegbhase loads and DERs, variable DER generation on the
integrated transmission and distribution systems.

In atime-series power flow analysis, at each tistep,the transmission system is solved the
forecasted aggregated load at distributsoibstations. The obtained transmission bus voltage is
used as the source bus voltage for the distribution system. The simulation moves to the next time
step and the process repeats. Here, the total aggregated load is assumed balanced. Thus, in this
method the solutions obtained from solving the transmission and distribution system can be
erroneous, especialfgr the cases with unbalanced loading conditidie block diagram ate

DC method and the workflow diagram for tireequence analysis is showrFigure 1.11.
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Figurel.10a) Decoupled T&D cesimulation model b) Timaeries framework for DC model

1.3.2 Loosely Coupled Models

In loosely coupled (LC) model, unlikkedecoupled (DC) model, the transmission and distribution
system solutions are exchanged at the RE@Capturehe interactions between the two systs.
Specifically, he real and reactive power demandP&C obtaned by solvingthe distribution

system igrovidedto the transmission system solv&he transmission system solfesvoltages

at PCCusing the updated value of demand obtained from the distribution system $hkéime

moves one step forwarend the PCC voltages (obtained from transmission solver) are provided

to thedistribution systensolver. Distribution system solves for load demand at PCCtlzand
process repeat§or timeseries analysis, at a given time stdp ljased on the aggregated load
demand of the distribution system, the transmission system is solved for its voltages. This voltage
is given tothe distribution system as the source voltaged the distribution system is solved to
obtain the substation power demand. The substation peweand obtained from this time step

(t) is given to the transmission system solver in the next timetstep For slow changes in load,

the LC coupled model provides accurate results. With frequent load changes, this method might
be inaccurate becauserait converging to common solutions in every time step. Although the LC
model givesalower error thartheDC method, it is still not accurate enougjote that umlike the

DC model, the boundary parameters (voltages and load demand) are exchandpedveese the

two systemsHowever, hetime-step is advanced without making the boundary values converge
at the current timstep. Thus, thetrength of T&Dcouplingin theLC modelis weaker than stand

alone T&D models but stronger than DC mod&he blok diagram ofthe LC method and
workflow diagram for timesequence analysis is shown inuigl.12.
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Figurel.11 a)Looselycoupled(LC) modelb) Timeseries framework for LC model

1.3.3 Tightly Coupled Models

The proposed tightly coupled (TC) model provides strong coupling between the T&D sisiems
bringing it closer to a standalone model. Instead of exchanging the boundary parameters only once
at PCC, in this model, the variables are exchdnggeatively through the esimulation platform

until both solvers agree on the same voltage and load demand at the substation. The difference
between LC and TC model is that the iteratiothinT C model continues until the convergence is
achieved. Howesr, in LC, the convergence is not the goal and is aiteoative approach.

Also, in the proposed TC models@quencéransmission system solver is used, which helps with
unbalance case studies. Similarly, in tisexies analysis for the TC method, thevwrgence of
boundary variables is ensured at each-tstep, and only after convergence is achieved, simulation
moves forward to the next timestamp. Note that the converged solution is the most accurate among
all three methods due to the tight couplingl&D in this method. The block diagram tife TC

method and workflow diagram for tirequence analysis is shown inurigl.13.
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All components of theo-simulationframework areoordinated using a master algorithm written

in MATLAB. The timing componerst and the convergence criteria are specified in the master
algorithm. Sincethis cosimulation approach assists in comprehending both the subsystem level
operations and the convergerat¢he point of common couplif§CC) it leads to a ceimulation

modéd that closely approximates a staaldne unified model for the two systems

a. Inclusion of 3-Phase
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Figurel.12 a) Tightly coupled (TC)modelb) Timeseries framework for TC model
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1.4 Proposed Tightly Coupled T&D Co-simulation Framework

The cesimulation approach to exchanging boundary variables in an iterative framework is detailed
in this sectiorfor snapshot solution and tinseries frameworkThe basic framework is one where

the system solves for one specibadliing condition at any given time. This is the snapshot solution
mode. The time component is then included where the system converges to varying load profiles
of transmission and distribution systems in a tseees simulation. Both frameworks are
explaned in detail in this section with the emphasigtmperformance of the master algorithm
developed in MATLAB.

1.4.1 T&D Interaction Framework for Snapshot Solution:

In the proposed cesimulation framework T&D systems are solved independentand the
interactons are captured by interchanging the solutions obtained from the two simulators. The key
idea here is to simulate existing and/or potential interactions between the T&D networks. In this
framework, the T&D systems are decoupled at the operational ledealadved using their legacy
software. Once the master algorithm initiates the simulation with specific starting conditions, the
transmission and distribution simulators are solved in parallel. The solutions obtained from
independently solving the two netvks are interchanged between the two simulators by master
algorithm synchronization after the iteratj@s presented in Figudel4d. The integrated model is
solved when the solutions from the decoupled models converge.
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Figurel.13T&D Iterative framework for the esimulation approach at PCC

The sequence components transmission system modeling and operations are carried out in
MATLAB , and the modeling of the thrgdhase distribution system is dorgng OpenDSS. The
sequence components bus voltages and angles obtained from transmission network solver and
active and reactive power flow obtained from distribution network solver are interchanged at the
PCC. The solutions obtained from independentlyiaglthe models are then exchanged between
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the two networks by making the output of the transmission system input to the distribution system
and viceversa. Exchanging the solutions follows an iterative frameyasrkhown in Figuré.14.

The simulation ensl after the integrated model is solyed. the solutions from the individual
models have converged. This approach overcomes the limitations of the expstitutation

tools where the system advances to the next time step without converging the imdbats
interval. Also, this cesimulation approach assists in comprehending both the subsystem level
operations and the convergence at the point of common coupling (PCC). This leads-to a co
simulation model that closely approximates a stalode unifiednodel for the two systems.

1.4.2 T&D Interaction Framework with Time Coordination

The time coordination provided by the master algorithm is exploited to account for DER based
variations in the integrated T&D system analysis. The master algorithm synchroniging th
integrated simulation is enabled to advance with time step in this sé&diorentioned previously,

the simulators exchange variables before moving to the next iteration or time step. These are called
communication points. There are tweparatdime frames defined in this study for the master
algorithm i.e.macro and micro timestamps.

Inputs from
Inputs from s
Transmission Transmission system ::puts frmeACOtPE Transmission system IEnputs fr?mDACOtPE
simulator load profile conomic Dispatc load profile conomic Dispatcl
—> >
Inputs from
o~ =1 @ @ @ @ =0 @ @ @ @ @ i @
algorithm
—> >
Distribution
simulator
P ——
One micro time step One Iteration count Communication point

One macro time step interchange of variables

Figurel.14 Time frames followed by the master algorithm to interchange boundary variables

The macro time steps are defined for everypiBute interval in which the simulation restarts by
initializing with a new set of inputs from the ACOPF formulation. The micro time stamps here
define the time frame for convergence of transmission and disbmaystems at the PCC. Within
every micro time stamp, the system exchanges variables between the T&D simulators and is
expected to converge before the start of the next micro time stamp. The micro timestamp has a 1
minute interval and is fixed in th&udy. The iterations inside the micro timestamps are the only
communication points for the master algorithm in this study. The variables of exchange at the PCC
are the thresequence node voltages and angles obtained from the transmission systemdaolver an
the threephase active and reactive power obtained at the PCC from the distribution system solver.
The number of iterations within every micro time stamp varies depending on the T&D system
conditions used for the simulation. Figurd5 presents commuration points and time frames

used by the master algorithm.
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Figurel.15 Time-series simulation algorithm of the integrated T&D system

The timeseries simulation of the integrated T&D system can be vigghilizing Figuré.16. The
algorithm used for the rediilme simulation of the integrated T&D system for 24 hours is detailed
below:
1) Attime stampd p of the master algorithm, ACOPF runs to give generator outputs based
on its loading conditions & p .
2) At time stampd p (beginning of the first macro and micro timestamp) and iteration
count=0:
a) Master algorithm initiates the transmission system solver with the results from ED and
distribution system solver with substation voltage and angle.
b) Thethreesequenetransmission load flow and thrgdase distribution load flow are
solved in parallel for one micro time step.
c) Atthe end of one micro time stamp, theeesequencegoltage at the PCC is converted
to threephase voltages and are provided as an inpiletalistribution system source
node. The threphase active and reactive power output at the distribution substation
is provided as input to the transmission sequence load flow (i.e., the variables are
exchanged at the PCC).
d) The iteration count is incremeed for every PCC variable exchange advanced.
e) Steps a are repeated within one micro timestamp until the system converges.

3) Once convergence is achieved at the end of the first micro time stamp, the master algorithm
created in MATLAB issues a timing sigl to move to the next macro time starap (g)
with inputs from transmission and distribution load shapes.

4) Steps 13 are repeated until the start of the next macro time stamppf where the inputs
are fetched from ACOPF formulation.

5) Steps 14 repeatdr 24 hours of the simulation.

23



1.5 Mathematical Models for the ProposedTC T&D Co -simulation Framework

In this sectionwe presentanalytical formulations for the boundary variable update rules for
iterative T& D coupling also termed as eiberation ruleghatare obtained by solving the nonlinear
models for T&D cesimulation interfacelThe proposednathematical modehelp characterize the
convergence of the iterative -stmulation framework as a function of T&D system parameters.
To this regard, we obtain meld for T&D cosimulation interface and propose fimider and
secondorder convergent techniques based on Fp@idt iteration (FP1) and Newton's method to
solve the associated nonlinear T&D interface equations. The proposed iterative coupling technique
can be easily incorporated into any existingsgaulation platform capable of dteration such as
HELICS. It should be noted that this work does not intend to replace the existingdatgeo
simulation platforms but aims to propose advances thbh&lp refine the existing modeling and
co-simulation techniques. The major focus is on developing improved methods with faster
convergence for iterative coupling of accurately modeled T&D systéinst, a fixedpoint
iteration (FPI) method is used to gelthe interface equations. Next, using Newton's method
Jacobiarbased update rule is developed for the T&D interface. The iterative coupling interface
ensures convergence of boundary variables at each timesBawtip.first and secondrder
methods prposed to solve iteratively coupled T&D system are validated for stressed system
conditions. It should be noted that this work focuses on develepii&D interface for quasi

static power system esimulation. The proposed update rules can potentially bend&d to
iteratively coupled dynamic T&D esimulation.

1.5.1 T&D Interface Coupling Equations

For coupled T&D system, the transmission system (Subsystem 1) is solved usirgptjuerce

analysis whilghedistribution system (Subsystem 2) usinipgeephase power flonand the two
subsystems are coupled at PCC. The input and output parameters for the subsystem representing
transmission system are real and reactive power demand at the PQE)(&1d the voltage at

PCC in sequence component]Vespectively. Similarly, the input and output parameters for the
subsystem representing distribution system are phase voltages at BZ@n the real and
reactive power demand at the PCG, (Bp) respectively. The transformation matriy Converts

the sequence to phase components. The mathematical equations governing the coupled system,
solved using csimulation are given belovithe mathematical equations governing the coupled
systems are given as,

® QY (1)
Y Qo )
Y'Y m 3
fw w 7 4

"Q w - thenontlinear equation defining threzequence transmission power flow
"Q w - thenonlinear equation fothreephase distribution power flow

Y

p P
wheret P O & andw p” pI&BT
P O
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Next, we present the mathematical model for thesiowlation interface. We define interface
equations as a set of ntinear equations in5j and ©).

0'Yiy DY "Qd n (5)
O°Yhw Dfd QY m (6)

The residual components for each system airttegface corresponding to a given subsystem
solution are then defined as the following:

Y Y Q6 =0 (7)
Y fo QY =0 ®

The coesimulation interface shown in Rige 1.17 solves nodinear equations defined in (5) and

(6) subject to (1) and (2). The approach is detailed in Algorithm 1. First, subsystem equations, (1)
and (2), ae solved in parallel. The roots (output) of the subsystem equations are used for residual
evaluation of the coupled system at the interface using (7) and (8). A global interface residual
vector, is defined to evaluate the condition for the convergenteeatesimulation framework,
where- and- are predefined tolerance parameters (9).

Ty ©)

The objective is to iteratively solve interface equations defined in (5) and (6) until the residual
evaluated using (7) and (8) are within a permissible error tolerartheclhnvergence critesn is

not met, the boundary variables are updated. The epdkgs for boundary variables are derived

in sections3.2 and3.3 for FPI and Newton's method, respectively. The process is repeated until
the boundary variables converge.

1.5.2 FPI Method for T&D Convergence

The fixedpoint iteration algorithm is one of thdassic Jacobiafree solution techniques for
solving nonlinear system of equations. The approach is to transform tHendhog problem to a
fixed-point problem. For a set of ndimear equations defined as f(x) = 0, the FPI sequence is
given as follows,

W ®w | Qw (10

The system is updated for the next iteration if the residual vector error convergence is not satisfied
based on FPI iteration sequence as follows,

Gy _ 0) , 0.5) O
) h

e , . : (11)
w h w h YO, & o

25



Distribution system solver 1 Distribution system solver 2 Distribution system solver n

(OpenDSpH OpenDSPH (OpenDSp
A A A A
Pabc vabd t  Pabé ; vabé ¢ [ Pabé Vab&
Qab¢ Labd Qabé Lab¢ Qab¢ Labd"
A\

Cosimulation Interfac§ MATLAB

Y

/
An iterative approach to [V01212,4 01212] t [Pabc, Qabc ]
update the decoupled &D [Voiz 4 012] [Pabé, Qab]
models using solutions [Voiz', 4 012] 'R [Pabc, Qab¢']
form multiple interacting
simulators Transmission system solvevATLAB

Figure1.16 Proposed T&D cesimulationinterface

Once the residual components are within a permissible error, the system is converged and moves
to the next solution with inputs from transmission load profiles given as a new set of starting
conditions provided by the eemulation master algithm. The algorithm for implementing the

FPI method for the coupled T&D system is detailed in Algorithm 1. Th&roalation interface

only focuses on solving interface equations and updating input to the two subsystems. The
nonlinear equations for individual lssystems are solved using subsystem solvers. Until the
convergenceriterion is met, the input to the individual subsystems is updated using the +PI co
iteration sequence defined in (11). This method, therefore, iteratively exchanges the subsystem
solutiors until the boundary variables converge.

1.53 Ne wt dMmetbosl for T&D Convergence

Theseconmr der convergence technique is referred t
method to solve the ndmear system of equation§Qw T requires the first derative of the
function i.e.,0 "Qw . The iterative sequence for solvingttles musi ng Newt onds me
given as,

) 0 Yo (12)

Yo 0Qw Qo (13

where Uis the Jacobian operator.

For the T&D cesimulation problem, the system of nbmear equations to be solved are the
interface equations: (Sr, Vp) and b (Sr, Vp) as defined in (2) and (3). Same as FPI method, the
interface equations are solved iteratively until the residuals defined are within a permissible error
tolerance. Until the convergence criteria are met, the input to the individual subsyster8s, i

and \b, are updated using Jacobiaased update rul&he Jacobiafbased update rule for solving

the interface equations is defined below. First, the Jacobian operator is obtained by differentiating
the interface equations wrt. variablesg®d \b.
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where,
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Note that the terms corresponding to the interface equa)dn ( are real and defined in terms
of real and reactive power demand,(Br), and absolute values of phase voltages|{|\On the
other hand, the terms corresponding to (3} are defined in terms of complex quantities.,
complex power deman8r and complex sequence voltages Wue to the different modalities of
terms iny, (2) and (3) cannot be solved simply using the update rule specifi&8)inlo solve
this problem first, we write the update equations for solving (2) and (3) usiparatsy in 17).
Next, we develop an update rule by iteratively solviti) isingudefined in (4).

¥ 100 ¢ Yos 0 & 0 ¢
Y0 Tw & Yos 0 & 0 ¢
YY Yo tw & ¢ (17)

Since the updates are defined in separate modalities; an iterative method is employed to solve for
Sr and . The process is repeated until the changes in updates are not significant. Note that the
proposed Newtotrased method employs exactly the Jacobian operattrat is approximated

over multiple iterations in @)-(20).

Yo t tw ¢ W ¢ y'Y (18)

Y0 0 0 Yo s
Y0 0 0 STAK 19
YY Yo @ (20)
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For a given iteration of esimulation, the boundary variables obtained from the subsystem solvers
are available. The current values of boundary variables are used to calchiexé U is used to

obtain the Newtoibbased updates defined in (4&P). Although updates require iteratively solving
(18)-(20), in practice not more than two iterations are required to achieve sufficient accuracy.
Using the current values of updatdbe inputs to the subsystem solvare modified and
subsystems are solved again in parallel. The second iteratiorsihatation beginsand 0 is
recalculated for the new value of boundary variables obtained from the subsystem solvers. This
processs repeated until the residuals defined in(@)are within permissible error tolerance (see
Algorithm 1).

Notice thathneeds to be updated at each iteration of th&imallation. Although we have derived

the update rules using only two subsystems, the proposed approach is general and applicable to a
transmission system connected to multiple distribution feeders as deatehstr the results
section. This concludes the approach for Newiased update rule to solve the T&D-co
simulation interface equations and method to obtain the Jacobian operator,
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