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Executive Summary 

With the growing levels of DER deployment, it is imperative to analyze the interactions between 

electric power transmission and distribution (T&D) systems, especially the impacts of distribution 

system connected DERs on the transmission systems operations. This project develops an 

iteratively coupled T&D analysis framework through co-simulation approach to address the future 

requirements for modeling and analysis of the large-scale integrated T&D systems with high levels 

of DER penetrations. The impacts of DERs on T&D system may manifest as steady-state concerns 

(voltage regulation, variability, voltage unbalance), dynamic concerns (frequency regulation), or 

in its transient response (angle and voltage stability during faults). Depending upon the 

requirements for DER impact study, we present three types of co-simulation methods: quasi-static 

co-simulation to evaluate steady-state concerns; hybrid co-simulation to evaluate and mitigate 

frequency regulation concerns, and dynamic co-simulation to model T&D system response during 

transients/faults.  

The proposed framework 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 approach is adopted for co-simulation that results in a co-

simulation model that closely approximates the behavior of a stand-alone unified T&D simulation 

platform. The iterative vs. non-iterative coupling of T&D systems are thoroughly evaluated using 

rigorous simulation studies. It is observed that a non-iterative coupling for quasi-static T&D co-

simulation study may lead to significant errors for cases with significant DER variability and 

unbalanced loading conditions. However, a non-iterative coupling may be able to accurately model 

hybrid co-simulation cases if simulation time is advanced in small steps. Finally, it is validated 

that a coupled T&D model with a three-sequence transmission system model and power flow 

solver is more accurate compared to a positive-sequence model, especially when DERs introduce 

significant phase unbalance. 

Need for Co-Simulation  

Several exploratory studies and field demonstrations have pointed out that the new and recent 

developments, including the integration of DERs, electric vehicle loads, and energy storage units 

are increasing the stress on power delivery systems. Unfortunately, most of the existing DER 

interconnection studies evaluate the integrational challenges of DERs either only at the distribution 

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

system as lumped loads and (2) 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&D model. It is expected that the ongoing and future large-

scale DER deployment projects can potentially affect the regional transmission grid operations. 

The situation worsens in rural areas where the distribution system is lightly loaded and covers an 

extended area with low load density. Specifically, in the lightly loaded areas, with the increase in 

DER penetrations, the distributed generation may exceed the local consumption needs, resulting 

in a reverse power flow condition from individual consumers through the feeders back to the 

distribution substation and possibly into the transmission system. Therefore, a decoupled analysis 

of T&D system is no longer adequate, calling for new tools capable of capturing the interactions 

between T&D systems with high-levels of DER penetrations.   
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Summary of the Research Contributions  

As discussed before, in this project, three co-simulation models are developed to evaluate the 

impacts of DERs on the integrated T&D systems. These are quasi-static co-simulation (suitable 

for voltage regulation and power flow studies), hybrid co-simulation (to simulate frequency 

regulation concerns and AGC response from DERs), and dynamic co-simulation (to model system 

response during transients and faults).  

In Chapter 1, we detail an iteratively coupled quasi-static T&D co-simulation framework where 

both the transmission and distribution systems are simulated in quasi-static mode. This part is the 

major emphasis of this project, and the work is jointly conducted by Washington State University 

and Colorado School of Mines. In Chapter 2, a hybrid co-simulation framework is developed to 

study DER variability and its effects on the bulk grid frequency and AGC response. In hybrid co-

simulation approach, we model the transmission system in dynamic simulation mode while 

distribution system is modeled in a quasi-static mode; this part of the study is mainly conducted 

by Washington State University. In Chapter 3, a dynamic T&D co-simulation framework is 

introduced by Colorado School of Mines where both transmission and distribution systems are 

simulated in dynamic mode. The objective is to study the integrated system response during faults 

and transients with high-levels of DER penetrations.  

Chapter 1 ï Quasi-Static T&D Co-Simulation Framework 

The focus of this chapter is the development of an iteratively coupled co-simulation framework 

for the quasi-static analysis of T&D systems. Therefore, the transmission and distribution systems 

are simulated in the quasi-static mode of operation. Recently, several T&D co-simulation 

frameworks for the quasi-static analysis have been proposed in the literature, including, but not 

limited to FNCS, IGMS, HELICS.  The existing quasi-static T&D co-simulation frameworks, 

however, are limited in accurately modeling T&D interactions as these conduct transmission 

system analyses using a balanced positive sequence power flow approach that does not account 

for unbalanced load conditions. Furthermore, the existing co-simulation methods loosely couple 

T&D systems introducing errors in the solutions. To address these concerns, an approach to 

iteratively couple the T&D systems using a co-simulation approach is proposed. The proposed 

framework is comprised of three modules: a three-sequence ac power flow for the transmission 

system, a three-phase power flow solver for the distribution system, and an iterative coupling 

approach at the T&D interface. The co-simulation approach is implemented using MATLAB 

coupled with OpenDSS. The proposed framework is 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 updates that represent the coupled T&D 

system with interface constraint equations is developed. This analytical model characterizes the 

convergence of the proposed iterative co-simulation framework as a function of T&D system 

conditions. The developed non-linear interface constraint equations are solved using the first-order 

and second-order convergent techniques based on Fixed-Point Iteration (FPI) and Quasi-Newton 

method, respectively. The proposed iteratively coupled quasi-static T&D co-simulation 

framework is used to evaluate the impacts of distribution-connected PVs on both transmission and 

distribution system voltages.  

The developed framework is tested using IEEE 9-bus and IEEE 39-bus transmission system 

models coupled with multiple EPRI Ckt-24 distribution feeder model. The conditions for 

convergence by exchanging the boundary variables at the PCC are examined in detail using several 
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case studies with varying levels of distribution load unbalance and PV penetrations. The simulation 

results highlight the need for co-simulation when evaluating DER impacts for the cases with high 

levels of distributed PV deployment and their utility in supporting the grid via active voltage 

regulation methods. A case study in which multiple distribution systems coupled to the 

transmission load points is also presented to demonstrate the scalability of the approach. The 

results obtained using co-simulation approach are validated against a standalone T&D system 

simulated in OpenDSS.  It is demonstrated that the iteratively coupled T&D model closely 

approximates the stand-alone T&D model for highly stressed system conditions.  

The main take away here is that the iteratively coupled co-simulation framework provides accurate 

convergence characteristics at the T&D boundary when compared to the existing loosely coupled 

co-simulation models. It is also shown that the boundary variable update rules (also called co-

iteration rules) using Quasi Newton method results in faster convergence than the FPI method; the 

improvements in the number of iterations and the time taken to converge are more pronounced for 

stressed system conditions. 

Chapter 2ï Hybrid  T&D Co -Simulation Framework 

The increasing penetrations of renewable resources such as solar and wind resources with high 

variability in generation patterns may result in increased uncertainty in the supply and demand 

unbalance. In the bulk grid, the frequency regulation services performed by automatic generation 

control (AGC) plays a critical role in maintaining the supply-demand balance. Traditionally, 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 

energy storage systems (BESS) and flywheels, with their significantly faster ramping capabilities, 

can reduce the need to procure additional regulation capacity for variable generation resources.  In 

order to successfully integrate BESS technologies in the grid for frequency regulation services, 

they must be included in the distribution system planning process, and their impacts should be 

evaluated at both transmission and distribution levels.  

Owing to these emerging concerns, there is a need for integrated modeling and analysis of 

transmission and distribution systems for the AGC simulation studies. A high-level of DER 

penetrations in the distribution system may lead to reverse power flow from distribution to 

transmission systems that may adversely affect the transmission system operations resulting in 

frequency regulation problems. Furthermore, with frequent load changes and BESS responding to 

RegD (fast responding AGC signals) from the ISO, an aggregate battery model at the T&D 

coupling point is no longer adequate to represent actual system response. The ISOs should be 

aware of the BESS availability at every connecting point in the distribution system to perform 

planning studies for AGC response from BESS requiring an integrated T&D system analysis. 

While a fully dynamic T&D model can capture these scenarios, it is unnecessarily complicated. 

This is because, although the transmission system needs to be modeled in a dynamic mode to fully 

study the bulk grid AGC response, for frequency regulation concerns, the effects of distribution-

connected DER generation variability can be captured using quasi-static simulations for 

distribution systems. This calls for a hybrid co-simulation platform that can appropriately model 

the bulk grid frequency response due to variable DERs.  

In this chapter, an iteratively coupled T&D hybrid co-simulation framework is developed to study 

the effects of distribution-connected DERs/PVs on AGC response and the utility of BESS in 

maintaining supply-demand balance for scenarios with highly variable DER/PV generation 
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profiles. The proposed hybrid co-simulation framework is demonstrated using IEEE 9-bus 

transmission system model coupled with multiple EPRI Ckt-24 distribution system models. The 

generator dynamic model for the IEEE 9-bus transmission system is available in PSAT MATLAB 

toolbox. The quasi-static model for distribution system is developed using OpenDSS. The 

interactions between transmission and distribution systems at the point of common coupling (PCC) 

are captured using a tightly-coupled co-simulation interface developed in MATLAB. The 

developed hybrid T&D co-simulation platform is used to understand the PV integration impacts 

at both transmission and distribution levels, specifically, the effects of PV generation variability 

on the AGC dispatch signals. The utility of distribution-connected BESS on improving the AGC 

response by providing frequency regulation services is also detailed.  

Chapter 3 ï Dynamic T&D Co -Simulation Framework 

The existing dynamic co-simulation studies focus on studying the stability issues for the bulk grid 

when subjected to a transient event such as transmission line faults. The high-levels of DER 

penetrations can potentially aggravate or reduce the stability concerns during and post transient 

period. For example, the revised interconnection standard IEEE 1547-2018 allows the DERs to 

provide ride-through capabilities for dynamic voltage and frequency support that can help mitigate 

stability concerns for the bulk grid. The primary objective of this chapter is to develop a framework 

to understand the effects of high DER penetrations during faults on the bulk grid. Towards this 

goal, we present a loosely coupled T&D co-simulation framework for dynamic studies along with 

a model for DER ride-through requirements for distribution-connected DERs. The proposed 

framework leverages the stand-alone programs for dynamic simulation of T&D systems by 

coupling the solutions at the T&D interface. An integrated T&D dynamic model is developed 

using a positive-sequence simulation for the transmission system and a three-phase approach for 

the distribution systems. The T&D dynamic co-simulation is developed using PSAT & OpenDSS 

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

and distribution systems dynamics are simulated using the dynamic simulation mode in OpenDSS. 

The control of DER smart inverters is modeled using the IEEE 1547-2018 standard. Preliminary 

studies are presented to assess the impacts of DERs on the bulk grid system.  
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1. Quasi-Static T&D Co-Simulation Framework and Impacts of Integrating 

Distributed Energy Resources (DERs) 

1.1 Introduction 

 Background 

The electric power grid is one of the nationôs most critical infrastructures, and 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 transmission lines. The electric infrastructure today is significantly 

stressed due to dramatically changing load and generation characteristics [1]. The grid was 

originally designed for unidirectional power flow using dispatchable generation units for 

predictable customer loads. However, with the integration of distributed energy resources (DERs), 

the grid is experiencing bidirectional power flows, variable and uncertain generation, and 

stochastic load demands [2]. A significant effort has been lately directed towards grid 

modernization using advanced sensing and control devices to address these concerns [3]. Several 

smart grid demonstration projects have worked on improving the grid functionalities using smart 

devices and controls such as phasor measurement units (PMUs) that allows operators to assess the 

grid stability, relays that can quickly recover the system from faults, advanced digital meters that 

can automatically report outages, renewables that can support peak consumer demands, and 

batteries that can store excess energy to improve grid 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 and monitoring 

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 practices, and intelligent optimization and control methodologies.  

With the incentivized rapid decarbonization of electric power generation industry and the 

aggressive renewable portfolio standards (RPS) (see Figure 1.1), the electric power delivery 

system, i.e. the integrated transmission and distribution (T&D) systems are expected to transform 

rapidly in the foreseeable future [5]. Also, federal policymakers have put forward proposals to 

establish a national RPS, that makes technological developments an immediate requirement for 

the existing grid. Although low-levels of DER penetrations can be easily integrated, 

accommodating more than 30% generation from these renewable sources will require new 

techniques to operating and interacting within the grid [6]. With the increasing integration of 

DERs, technical changes are expected both on generation and load ends [7]. The generation end is 

likely to have changes that will include efficient use of variable-generation forecasting in standard 

grid operation practices, more flexible operating characteristics with high tolerance to frequency 

ramping and part-load efficiencies and providing possible modifications to base-load units. 

Electric vehicle loads, load-shifting encouragement with distribution market practices, increased 

flexibility in loads driven by utility demand-response 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.  
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Given recent changes in T&D systems, another line of research has focused on evaluating the 

impacts of integrating new technologies, especially DERs into the existing T&D systems. This 

includes the development of software platforms and simulation studies to perform quantitative 

analysis of DER impacts on T&D systems. However, the existing models evaluate the impacts of 

DERs separately for transmission and distribution systems. The objective of this chapter is to 

address this concern by developing an integrated T&D framework using co-simulation approach 

that accurately models the two systems in their dedicated software platforms to perform DER 

integration analysis.  

 

 
Figure 1.1  RPS 2019 report on the integration of renewable resources to the grid in the U.S. 

 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, the distribution 

system is modeled as a lumped load for transmission system analysis, and transmission system is 

modeled as an ideal power supply for distribution system analysis. This decoupled model cannot 

capture the interactions between the transmission and distribution systems accurately. In literature, 

multiple frameworks to model T&D interactions have been proposed to address this concern [8-

17]. Based on the existing methods, these frameworks are primarily categorized as the following:  

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

B. Co-simulation methods to combine multiple interacting domains for an integrated T&D 

system modeling and analysis. 

 

A. Standalone Unified Models 

 

The ñstandaloneò unified framework models the entire T&D system on a single simulation 

platform. The example of standalone T&D modeling tools includes Energynet Platform by New 

Power Technologies [8] and GridLAB-D by PNNL [9]. The Energynet project was dedicated 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 
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of modeling capability was needed to visualize the impacts of DERs, particularly in those where 

distribution connected systems have impacts extending beyond a single feeder through the 

substation and into the transmission systems. This indicates that the impacts of PVs deployed on 

the distribution system is reflected in transmission systems operations 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 markets, and other 

end-use load models using an agent-based simulation framework. Since GridLAB-D is an open-

source software platform, several smart grid problems in renewable integration and demand 

response were studied. The article in [9] details how the integrated T&D models are developed 

using an agent-based paradigm. This model has potential applications in Volt-VAR optimization, 

providing demand response for renewables integration and real-time pricing demonstrations. This 

study was done to simplify the integration of multiple simulation environments by modeling all 

the components on a single platform using GridLAB-D.  

The major limitation of the standalone unified modeling approach is the cost of simulating a 

unified T&D model. Given each distribution feeder includes 100s-1000s of nodes and multiple 

such feeders may be connected at the point-of-common coupling (PCC) for the T&D systems, a 

standalone model is usually too expensive to simulate and analyze. It is tedious and time-

consuming to build all the components of a complex electric power generation and distribution 

systems on a single platform. Moreover, the unified model fails to take advantage of legacy 

software tools that are dedicated to modeling individual domains. These legacy tools have 

specialized functional capabilities corresponding to their operational domains, i.e. transmission or 

distribution systems. Therefore, it is usually unnecessary and inefficient to bring together all of 

those functionalities in a single environment to model a stand-alone T&D system.  

 

B. Co-Simulation Models 

 

The ñco-simulationò approach models the interactions between multiple domains while 

simultaneously solving the individual systems, in this case transmission and distribution systems, 

in their respective solvers. Essentially, in a co-simulation approach, a hierarchical model is 

developed where single transmission-level 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 available in different domains to make the interconnection studies scalable. One of the 

limitations of the co-simulation framework is the inherent complexity of each interacting domains. 

Simulating the detailed model while including several operations carried out in multiple timescales 

and obtaining the coupling is a complicated task requiring time synchronization and efficient 

convergence protocols. A few examples of co-simulation framework in the literature are 

Framework for Network Co-Simulation (FNCS) from PNNL [10], GridSpice [11], Integrated Grid 

Modeling System (IGMS) by NREL [12], and HELICS platform [13]. 

  

Framework for Network Co-Simulation (FNCS)  

 

The FNCS platform by PNNL integrates simulators in multiple domains using a common 

communication platform. For instance, the transmission system in MATPOWER, distribution 

system in GridLAB-D, and wholesale markets in MATPOWER are interconnected through 

network simulator-3. This integrated platform is called ñFNCS.ò This platform helps provide time 

synchronization and interchange of messages between various simulators. FNCS is programmed 
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in C++ and easily interfaces with C, JAVA, Fortran, etc. The major design goal is to re-use the 

existing simulators, as shown in Figure 1.2. This platform has potential applications in various 

domains, including real-time market pricing, transmission, distribution and market 

communications, etc. Reference [10] provides detailed information on the design of the platform 

and its endless expandability to multiple applications. 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.2  FNCS co-simulation framework 

 

GridSpice 

 

GridSpice is an open-source co-simulation platform with a cloud-based architecture that is 

managed with a representational state transfer API, as presented in Figure 1.3 (a). It provides a 

browser-based interface for new users and can be run on a python interface. The first 

implementation of GridSpice was done to integrate GridLAB-D and MATPOWER simulators to 

identify the optimal placement of distributed resources and to develop optimal dispatch schedules 

for the flexible loads [11].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                            (b)   

Figure 1.3 Co-simulation frameworks a) Grid Spice b) IGMS 
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Integrated Grid Modeling System (IGMS)  

 

Another software model in this domain is the IGMS tool from NREL, as shown in Figure 1.3 (b). 

This is a hierarchical co-simulation framework that was built on High-Performance Computing 

(HPC) platform and integrates distribution systems with 1000's of nodes with transmission 

systems, detailed ISO markets, and AGC level reserve deployments [12]. The transmission level 

operation is based on MATPOWER and distribution systems in modeled using GridLAB-D. Here, 

each transmission or sub-transmission load bus is assigned to an aggregator which connects to 

multiple distribution loads modeled on GridLAB-D. A Message Passing Interface (MPI) paradigm 

is used to establish communication between the simulators. IGMS tool has been extensively used 

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

 

Work from Academia 

 

Recently, several methods have also been proposed in academia for the integration of T&D 

systems [14-17]. For example, the study in [14] 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 positive sequence transmission parameters and 

three-phase distribution system parameters at the interface (PCC). For exchange, the distribution 

parameters are converted from three-phase to positive sequence components at the boundary. The 

study done in [15] uses a similar framework in [14] at the interface for load parameter estimation. 

Here, the converged distribution parameters obtained at the distribution bus is fitted through a 

constrained linear least-squares optimization technique to obtain the equivalent load models of the 

distribution system.  The study in [16] models transmission system operation using sequence 

component analysis and also iteratively couples the T&D system interface for dynamic system 

simulation. Another recent article in [17] performs a comparative study of iterative and non-

iterative interfacing techniques of T&D co-simulation environment. This study also compares the 

responses of the integrated T&D system by using both a balanced positive sequence model and 

three-sequence model for the transmission system analysis. Table 1.1 compares all the co-

simulation models discussed, along with their advantages and limitations. 

Existing Gaps in the Literature  

 

Unfortunately, a majority of the above-mentioned co-simulation 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 coupled model, the T&D boundary variables 

are exchanged only once. That is, the simulation time step is advanced without making the 

boundary variables converge. A loosely coupled model assumes that the changes in T&D 

simulations are relatively slow and the integrated T&D model 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 systems. Also, with the increasing levels of system unbalance in 

the distribution system resulting from single-phase small-scale DER integration, analysis done 

using three-phase balanced positive sequence approach and loosely coupled interface may not be 

sufficient to evaluate the power quality impacts. This calls for an iterative interfacing framework 

that can model and solve transmission system in three-phase details and tightly couple the interface 

of T&D systems. Articles in [16] and [17] addresses the above two concerns 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. It is required to evaluate the convergence properties for T&D coupling with the increased 

levels of system unbalance for a large-scale distribution system. In addition to this, the existing 

literature does not provide a mathematical analysis for T&D coupling and the associated 

convergence properties. For larger T&D systems with rapidly varying load and generation profiles, 

it is important to characterize the convergence of the co-simulation framework as a function of 

T&D system conditions at the interface.  

 

Table 1.1 Comparison of Existing Co-simulation Platforms 

 

 

 Problem Statement ï Need for Co-Simulation 

As discussed previously, the combined T&D simulation can be achieved using 1) Stand-alone 

T&D system models and 2) Co-simulation approach. The major limitation of the standalone 

unified modeling approach is the cost of simulation. Given that the detailed model of a typical 

distribution feeder includes 1000s of buses/nodes, a stand-alone T&D model is usually too 

complex to simulate and analyze using a single tool. In addition, the stand-alone 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 balanced with low R/X ratio and highly meshed, a typical 

distribution feeder is highly unbalanced, include single-phase 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 Newton-Raphson method is adopted to solve the power flow model for 

transmission systems while distribution systems are solved using forward-backward sweep or 

current injection methods. There are multiple other functional differences between the two systems 

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 legacy tools 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&D co-simulation approach. The 

loosely coupled co-simulation methods are accurate only when the changes in distribution system 

loading characteristics, both during load unbalance and demand variability, are slower than the 

simulation time-step at which the two systems are solved, and the solutions are exchanged. 

Otherwise, the loosely coupled model introduces simulation errors [13]. 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 that the changes in power system 

loads are rather slow, and 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 time step must not advance until the boundary variables for 

both transmission and distribution systems have converged. This requires an iteratively or tightly 

coupled co-simulation approach. 

 Co-simulation Approach Proposed in this Work  

To address the aforementioned gaps in the literature, this study presents a co-simulation 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 the proposed 

iterative co-simulation approach is presented in Figure 1.5. 

 

The sequence component transmission system modeling and operations are carried out in 

MATLAB , and the modeling of the three-phase distribution system is done using OpenDSS. The 

T&D interface module is designed using MATLAB. This iterative framework based on ñco-

simulation approachò gives 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 independently, i.e., they are decoupled at their operational level and 

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 existing and/or potential 

interactions between the T&D networks. Also, this co-simulation approach assists in 

comprehending both the subsystem level operations and the convergence at the PCC. This leads 

to a co-simulation model that closely approximates a stand-alone unified model for the two 

systems. 
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Figure 1.4  Proposed integrated T&D framework 

 Specific Contributions 

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

 

1. Transmission system operational framework:  A three-phase transmission power flow 

framework is developed in MATLAB that uses three-sequence power flow method [18]. An 

integration of transmission system operational framework is demonstrated by interfacing a 

transmission system ACOPF economic dispatch program. 

2. Iteratively coupled co-simulation framework: An iterative framework to tightly couple the 

T&D networks at each iteration is developed using MATLAB. The proposed iterative method 

results in a T&D co-simulation approach that is comparable to that of the stand-alone unified 

T&D model. 

3. Mathematical representation of T&D co-simulation interface: The co-simulation interface is 

represented using a set of nonlinear equations that appropriately represents the interface 

coupling and individual subsystem equations. The developed non-linear interface constraint 

equations are solved using the first-order, and second-order convergence techniques and the 

results from two methods are compared.  

4. Comparison of T&D coupling methods: Different methods of T&D coupling, namely 

decoupled (DC), loosely coupled (LC), and tightly coupled (TC) are compared for their 

accuracy in modeling the integrated T&D system in a quasi-static simulation for different DER 

integration scenarios. In addition, a stand-alone T&D model is developed to validate the results 

from the TC co-simulation model. 

5. Accurate simulation during system unbalance and variability: A stochastic PV deployment 

scenario is developed using the Monte-Carlo method. The three co-simulation models (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 coupling points. 
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6. Significance of three-sequence transmission system analysis: The strength of the developed 

tightly coupled framework with three-sequence TS analysis is demonstrated using comparisons 

against a single-phase TS analysis employing other coupling models, mainly LC model. It is 

validated that the three-sequence transmission model accurately represents system unbalances. 

7. Overall impact studies on transmission and distribution Systems: This study utilizes the 

developed TC T&D co-simulation framework to understand the impacts of high levels of PV 

penetrations and resulting operational challenges on the entire transmission and distribution 

systems. 

 Chapter Organization 

This chapter of the report is organized as follows: 

 

¶ Section 1.2 provides the modeling details on all components of the quasi-static co-

simulation framework. It provides 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 interconnection studies. This section provides the ACOPF 

economic dispatch formulation for the time-series simulation of the proposed integrated 

T&D framework. The three-sequence transmission system model is detailed along with 

three-sequence analysis done in MATLAB to run the transmission system load flow. It 

provides information about the OpenDSS simulator used in creating the distribution 

system model and explains the three-phase power flow methods used by the software. It 

presents the PV deployment cases using the Monte-Carlo approach. A detailed explanation 

of the three coupling methods (DC, LC, and TC) for the quasi-static co-simulation 

platform is also presented. 

¶ Section 1.3 details the mathematical model at the interface to understand the 

characteristics and convergence of the TC T&D integrated framework. A detailed 

understanding on the first-order and second-order convergence techniques using fixed-

point iteration (FPI) method and Newtonôs method respectively is provided to solve the 

interface constraints equations developed at T&D PCC.  

¶ Section 1.4 presents a detailed analysis of the test cases that were simulated to test the 

convergence of the developed T&D framework. Small-scale and large-scale test systems 

were simulated, and multiple test cases involving varying levels of load unbalance and PV 

variations in the distribution system are simulated and tested. A thorough comparison of 

convergence efficiency is done for FPI vs. Newtonôs method, co-simulation vs. standalone 

models, DC vs. LC vs. TC models, parallel vs. serial method of T&D interaction, and 

single-phase vs. three-sequence transmission model.  

¶ Section 1.5 summarizes the findings and provides future research directions. 

1.2 Transmission and Distribution System Modeling  

The transmission systems model in MATLAB includes a detailed three-phase model with a 5-min 

ahead economic dispatch formulation solved using alternating current optimal power flow 

(ACOPF) model. Economic dispatch is implemented to achieve power balance. A sequence 

component-based three-phase power flow module is developed for transmission system power 
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flow analysis. OpenDSS, a commonly used distribution system modeling, and analysis software is 

used to simulate the three-phase unbalanced distribution systems. 

 ACOPF Economic Dispatch  

ACOPF is a static, non-linear programming problem with a non-linear objective function and 

linear and non-linear operational constraints. In this study, economic dispatch is done to optimally 

schedule the generator outputs of the IEEE 9-bus systems based on the generator cost functions 

with physical limits on real and reactive power generation and voltages. The objective function 

and the constraints are given below. 

 

Minimize               В ὥ ὦ ὖ ὧ ὖ                 Objective function 

 

Subject to: 

       h(x)   
ὖ π
ὗ π

                                    Equality constraints 

 

g(x)   

ừ
Ừ

ứ
ὖ ὖ π

ὖ ὖ π

ὠ ὠ π
ὠ ὠ π

                  Inequality constraints 

 

where, a, b and c are the fuel cost coefficients of each generator i. Pgi is the power output of each 

generator, and n is the total number of generators in the system. The equality constraints of the 

power system are given by power flow equations that require the net injection of real and reactive 

power at each bus sum to zero along with the line losses. The inequality constraints reflect the 

operational limits. The cost functions of the generators in the IEEE 9-bus system are given as the 

following. 

 

F(ὖ ) = 150+5ὖ +0.11ὖ  

F(ὖ ) = 600+1.2ὖ +0.085ὖ  

F(ὖ ) = 150+1.0ὖ +0.1225ὖ  

 

The algorithm begins with the implementation of a basic economic load dispatch formulation. The 

MATLAB function, equationsToMatrix, and linsolve are used to get the values of Pg1, Pg2, Pg3, 

and ɚ as a result of economic load 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 generation must equal the total load and demand. The sum of generation must equal the 

load demand plus any system losses. This is the reason for performing the ACOPF problem instead 

of the basic economic dispatch function. The ACOPF runs for a given load profile of the IEEE-9 

bus system, and the optimal scheduling of the generators is obtained. The obtained generator 

scheduling for IEEE 9-bus system on a 5-minute interval for 24 hours is presented in Figure 1.6. 
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 Transmission Systems Modeling and Analysis 

The transmission system is predominantly modeled as a three-phase balanced power system and 

solved using a positive-sequence load flow analysis. This is acceptable when the physical 

components of the transmission system are three-phase balanced. But the positive-sequence 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 single-phase 

customers, the positive-sequence analysis on the transmission end is no longer adequate.  

Figure 1.5  ACOPF generation schedule in every 5 minutes for 24 hours 

 

The unbalanced power flow problem of the transmission system can either be formulated in phase 

frame or sequence frame. The three-phase transmission power flow model has once been an 

extensive field of research with Newton-Raphson and bus admittance techniques [18-21]. The 

Newton-Raphson technique has excellent convergence characteristics but requires recalculating 

φὔ  φὔ Jacobian matrix at each iteration that may be computationally intensive. Several other 

methods were also proposed including the Z-bus Gauss method, complex formulations of 

Newton's method, fast decoupled method; however, they pose computational challenges.       

 

The adoption of three-sequence modeling for the transmission systems unbalanced power flow 

analysis is a relatively recent field of interest [22-24]. The first paper in this domain used a Gauss-

Seidel iteration scheme based on bus impedance matrix as a sequence model for three-phase 

unbalanced circuit analysis [22]. Later, a decomposed three-phase power flow solution using 

sequence components was presented in [23]. In this work, the three sequences were decoupled for 

analysis. However, it still required the calculation of σὔ  σὔ admittance matrix. This paper 

introduced calculating the admittance matrices separately for each sequence component by 
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introducing a decoupled line model [23]. Later, the reference in [24] came up with a simpler 

formulation that requires the calculation of σὔ  σὔ admittance only for solving positive 

sequence components based on conventional power flows such as Newton-Raphson or fast-

decoupled methods. The negative and zero sequences followed a simple linear solution with two 

ὔ  ὔ admittance matrices.  This paper also included decoupled line model, sequence generator 

model, and sequence transformer phase shifts. This simplified the problem statement of solving 

the three-phase unbalanced power flow in the transmission system. The transmission system model 

for unbalanced analysis is developed using the sequence components model shown in Figure 1.7.  

 

 
Figure 1.6  Three-sequence transmission system load flow 

 

Note that the three-sequence 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 from φὔ  φὔ in a three-phase power flow model 

to ςὔ  ςὔ for a positive-sequence model and two ὔ  ὔ for negative and zero 

sequence components [24]. 

[2]. The positive, negative, and 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 component using non-linear equations and linearizing the negative 
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and zero sequence components. This is desirable when solving T&D co-simulation with 

multiple integrated distribution system models. 

 

The transmission systems power flow is modeled using the three-sequence power flow approach 

detailed in [24]. The system components (generators, transformers, and transmission lines) adopt 

a decoupled sequence component model. For the untransposed transmission lines, the sequence 

admittance matrix is full, unsymmetrical, and coupled. Since the mutual coupling in sequence line 

model is weak, it is decoupled into three independent sequence circuits by replacing the off-

diagonal elements with the respective compensation current injections [24]. The decoupled 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 Newton-Raphson technique. The 

negative and zero sequence components of the system model are solved using linear equations as, 

 

ὣ Ȣὠ Ὅ 

ὣ Ȣὠ Ὅ 

 

where, the suffix 0 and 2 represent zero and negative sequence components, respectively. The 

positive-sequence power mismatch is used as the convergence criterion. Other convergence 

criteria, such as positive sequence voltage mismatch or phase voltage mismatch, can also be used. 

There are several advantages of using this sequence component method, and the major ones 

include the significant reduction in time and memory requirements to solve the three-sequence 

transmission load flow. In this method, the Jacobian matrix, negative and zero sequence 

admittance matrix for N buses and M branches result in solving a φὔ ςὓ  non-zero elements 

instead of the σφὔ ςὓ  matrices that need to be solved in a three-phase power flow routine. 

Since the algorithm execution time depends on the size of the problem, this method reduces the 

CPU execution time by 83% [24]. In addition to this, the solution process can include transformer 

shifts introduced 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 [25] and 39-bus test systems [26] are used in this work for transmission system analysis 

and are shown in Figures 1.8a and 1.8b, respectively. IEEE 9-bus system consists of three 

generators, three loads totaling to 315 MW ad 115 MVAr and three two winding transformers. The 

base MVA here is 100, and the system operating frequency is 60Hz. The static and dynamic data 

for this system can be found in [25]. The total length of the transmission system is 40 miles. All 6 

lines in the system are considered to have the same model.  The typical 230 kV untransposed tower 

model is given in [25] is used to model the transmission lines in this test system and hence are 

used in the calculation of sequence admittance matrices for the decoupled transmission lines.  IEEE 

39-bus system with 10 generation sources and 18 load points is used in this study as our bigger 

transmission system model. The three-sequence data for the IEEE 39-bus system was obtained 

from PSS/E software [27], and three-sequence power flow solver is developed in MATLAB based 

on the three-sequence power flow method. 
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                              (a)                                                                                (b) 

 

Figure 1.7  Transmission test systems a) IEEE 9-bus system b) IEEE 39-bus system 

 Distribution System Modeling and Analysis 

The distribution system three-phase modeling and analysis is done using OpenDSS, an open-

source platform designed for distribution system analysis [28]. OpenDSS supports all frequency 

domain analysis performed for utility distribution system planning and analysis. There are multiple 

functionalities in OpenDSS along with its extraordinary capability to support planning and analysis 

of distributed generation (DG) technologies. OpenDSS allows to specify DERsô incremental 

capacity along with associated controls and help visualize their impacts on the distribution system. 

In addition to this, OpenDSS has explicit models of many real-world 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 Institutes (EPRI) Ckt24 test system) for 

the distribution system model [29]. The sub-transmission level voltage is 230 kV, and the Ckt-24 

operates at 34.5 kV system voltage. The system has 2 substation feeders with 3885 customers, of 

which 87% are residential loads. EPRI ckt-24 network is presented in Figure 1.9. OpenDSS is 

designed to solve both radial distribution circuits, and network (meshed) distribution system power 

flows. It can be also be used to solve transmission-style power flow for small to medium-sized 

systems. The circuit model designed can either be multi-phase or positive sequence model of a 

given distribution system.  The power flow executes in various solution modes, including the 

standard single snapshot mode, daily mode, duty cycle mode, and others. It can also perform time-

series simulation of a circuit as the load varies as a function of time. The time period can be hourly, 

daily, or yearly. 

 

OpenDSS uses the following two simulation modes: Iterative power flow, and Direct solution. 

Loads and distributed generators are treated as injection 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 method and the Newtonôs method. The voltages, power flows, currents, and 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 a stand-alone executable program or as an 
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in-process Component Object Model (COM) server DLL designed to be driven by a variety of 

existing software platforms like MATLAB, Python, R, and others. The executable version has a 

text-based user interface on the solution engine to assist users in developing scripts and viewing 

solutions. The COM interface is implemented on the in-process server DLL version of the program 

that allows users to perform new types of studies through existing program features. In this project, 

OpenDSS is executed using a MATLAB program. 

 

 
Figure 1.8  EPRI Ckt-24 OpenDSS distribution system model 

 PV Integration Models  

The high-levels of distribution-connected PV penetration may result in multiple operational 

challenges for the integrated T&D systems including but not limited to overvoltages, excessive 

reverse power flow, increased power losses, severe phase unbalances, and power quality issues. 

This study specifically focuses on analyzing the impacts of distribution-connected 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 analysis for 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 increasing customer 

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 simulated using the 

Monte Carlo approach by associating a uniform random distribution to the PVs location and size. 

100 different scenarios are created for each level of customer penetration that varies from 10%-

100% in the steps of 10%. First, 10% of the customers in Ckt-24 feeder are selected at random 

using a uniform distribution and PVs are deployed at those load locations. The individual PV sizes 

connected to each customer is obtained based on the customerôs peak load demand and customer 

type (residential or commercial). 100 such cases are generated for 10% customer penetration by 

randomly selecting PV locations and sizes. Customer penetration is then increased in steps of 10%. 

For each penetration level, 100 unique PV deployment scenarios are generated. So, in total, 1000 

cases are simulated to study the voltage impacts of PVs on integrated T&D systems. For each 
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scenario, co-simulation is solved, and the bus voltages at the substation bus are recorded after the 

co-simulation model converges. These voltages are reported in the results section for further 

analysis and discussions. For time-series simulations, a specific time window for three different 

days with different irradiance variability have been simulated. In that time window, the load in the 

distribution system is assumed constant. Three different days with different variabilities (low, 

medium, and high) of irradiance has been created. The low, medium, and high irradiance 

variability with a variability index of 1.33, 6.29, and 15.58, respectively, and the PV profile for 

each variability is presented in Figure 1.10 [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9  PV generation profile with low, medium, and high variabilities 

1.3 T&D Co-Simulation Coupling Methods 

A co-simulator is a tool that works on different set 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 operations on 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. The two major components of a simulator are the model and the solver. The model 

is a system designed with its specific details, and the solver carries out dedicated operations on the 

model based on the inputs provided. In this work, the simulators are three-sequence transmission 

and three-phase distribution systems developed in their respective platforms, MATLAB and 

OpenDSS, respectively.   

 

The co-simulation master algorithm developed in MATLAB leads the simulation setup 

(framework). It leads all the simulators 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 conditions. 

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 and converge the boundary variables between the simulators and  

3) Synchronize the time component throughout the simulation. 

 

Due to the intermittent nature of the DERs, the strength of integration of T&D systems plays a 

vital role in the accuracy of studies when evaluating the impacts DER integration on transmission 

and distribution systems.  As introduced before, there are three different coupling models: 

decoupled (DC), loosely coupled (LC), and tightly coupled (TC) models. In this section, we 

include detailed information on each of these coupling methods. 

 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 load, and the upstream 

transmission network is modeled as an equivalent voltage source. The transmission system is first 

solved using aggregated load (including DERs), and the voltage at PCC is obtained. Then using 

that balanced voltage at PCC and assuming an ideal voltage source, the distribution system is 

solved. The transmission system models are solved in positive-sequence domain and assume the 

distribution system loads to be balanced. The DC model, therefore, cannot capture the impacts of 

high-levels of DER penetrations, single-phase loads and DERs, variable DER generation on the 

integrated transmission and distribution systems.  

 
In a time-series power flow analysis, at each time-step, the transmission system is solved for the 

forecasted aggregated load at distribution substations. 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, especially for the cases with unbalanced loading conditions. The block diagram of the 

DC method and the workflow diagram for time-sequence analysis is shown in Figure 1.11. 
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                                             (b) 

Figure 1.10 a)  Decoupled T&D co-simulation model b) Time-series framework for DC model 

 Loosely Coupled Models 

In loosely coupled (LC) model, unlike the decoupled (DC) model, the transmission and distribution 

system solutions are exchanged at the PCC, to capture the interactions between the two systems. 

Specifically, the real and reactive power demand at PCC, obtained by solving the distribution 

system is provided to the transmission system solver. The transmission system solves for voltages 

at PCC using the updated value of demand obtained from the distribution system solver. The time 

moves one step forward, and the PCC voltages (obtained from transmission solver) are provided 

to the distribution system solver. Distribution system solves for load demand at PCC and the 

process repeats. For time-series analysis, at a given time step (t), based on the aggregated load 

demand of the distribution system, the transmission system is solved for its voltages. This voltage 

is given to the distribution system as the source voltage, and the distribution system is solved to 

obtain the substation power demand. The substation power demand obtained from this time step 

(t) is given to the transmission system solver in the next time step (t+1). For slow changes in load, 

the LC coupled model provides accurate results. With frequent load changes, this method might 

be inaccurate because of not converging to common solutions in every time step. Although the LC 

model gives a lower error than the DC method, it is still not accurate enough. Note that unlike the 

DC model, the boundary parameters (voltages and load demand) are exchanged once between the 

two systems. However, the time-step is advanced without making the boundary values converge 

at the current time-step. Thus, the strength of T&D coupling in the LC model is weaker than stand-

alone T&D models but stronger than DC model. The block diagram of the LC method and 

workflow diagram for time-sequence analysis is shown in Figure 1.12.  
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   (a) 

 
   (b) 

Figure 1.11  a) Loosely coupled (LC) model b) Time-series framework for LC model 

 Tightly Coupled Models 

The proposed tightly coupled (TC) model provides strong coupling between the T&D systems thus 

bringing it closer to a standalone model. Instead of exchanging the boundary parameters only once 

at PCC, in this model, the variables are exchanged iteratively through the co-simulation 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 iteration in the TC model continues until the convergence is 

achieved. However, in LC, the convergence is not the goal and is a non-iterative approach. 

Also, in the proposed TC model, 3-sequence transmission system solver is used, which helps with 

unbalance case studies. Similarly, in time-series analysis for the TC method, the convergence of 

boundary variables is ensured at each time-step, 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 coupling of T&D in this method. The block diagram of the TC 

method and workflow diagram for time-sequence analysis is shown in Figure 1.13.  
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All components of the co-simulation framework are coordinated using a master algorithm written 

in MATLAB. The timing components and the convergence criteria are specified in the master 

algorithm. Since this co-simulation approach assists in comprehending both the subsystem level 

operations and the convergence at the point of common coupling (PCC), it leads to a co-simulation 

model that closely approximates a stand-alone unified model for the two systems. 

 

 

(a) 

 

 (b) 

 

Figure 1.12 a) Tightly coupled (TC) model b) Time-series framework for TC model 
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1.4 Proposed Tightly Coupled T&D Co-simulation Framework 

The co-simulation approach to exchanging boundary variables in an iterative framework is detailed 

in this section for snapshot solution and time-series framework. The basic framework is one where 

the system solves for one specific loading 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 time-series simulation. Both frameworks are 

explained in detail in this section with the emphasis on the performance of the master algorithm 

developed in MATLAB. 

 T&D Interaction Framework for Snapshot Solution: 

In the proposed co-simulation framework, T&D systems are solved independently, and the 

interactions 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 level and solved 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 networks are interchanged between the two simulators by master 

algorithm synchronization after the iteration, as presented in Figure 1.14. The integrated model is 

solved when the solutions from the decoupled models converge. 

 

 
 

Figure 1.13 T&D Iterative framework for the co-simulation approach at PCC 

 

The sequence components transmission system modeling and operations are carried out in 

MATLAB , and the modeling of the three-phase distribution system is done using 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 independently solving the 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 vice-versa. Exchanging the solutions follows an iterative framework, as shown in Figure 1.14. 

The simulation ends after the integrated model is solved, i.e. the solutions from the individual 

models have converged. This approach overcomes the limitations of the explicit co-simulation 

tools where the system advances to the next time step without converging the models in that 

interval. Also, this co-simulation 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 stand-alone unified model for the two systems. 

 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 synchronizing the 

integrated simulation is enabled to advance with time step in this section. As mentioned previously, 

the simulators exchange variables before moving to the next iteration or time step. These are called 

communication points. There are two separate time frames defined in this study for the master 

algorithm. i.e. macro and micro timestamps.   

 

 
 

Figure 1.14 Time frames followed by the master algorithm to interchange boundary variables 

 

The macro time steps are defined for every 5-minute 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 distribution systems 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 this study. 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 three-sequence node voltages and angles obtained from the transmission system solver and 

the three-phase 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. Figure 1.15 presents communication points and time frames 

used by the master algorithm. 
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Figure 1.15 Time-series simulation algorithm of the integrated T&D system 

 

The time-series simulation of the integrated T&D system can be visualized using Figure 1.16. The 

algorithm used for the real-time simulation of the integrated T&D system for 24 hours is detailed 

below: 

1) At time stamp ὸ ρ of the master algorithm, ACOPF runs to give generator outputs based 

on its loading conditions at ὸ ρ . 
2) At time stamp ὸ ρ (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) The three-sequence transmission load flow and three-phase distribution load flow are 

solved in parallel for one micro time step.  

c) At the end of one micro time stamp, the three-sequence voltage at the PCC is converted 

to three-phase voltages and are provided as an input to the distribution system source 

node. The three-phase 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 incremented for every PCC variable exchange advanced. 

e) Steps a-d 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 signal to move to the next macro time stamp (ὸ ς) 
with inputs from transmission and distribution load shapes.  

4) Steps 1-3 are repeated until the start of the next macro time stamp (ὸ φ) where the inputs 

are fetched from ACOPF formulation.  

5) Steps 1-4 repeat for 24 hours of the simulation. 
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1.5 Mathematical Models for the Proposed TC T&D Co -simulation Framework 

In this section, we present analytical formulations for the boundary variable update rules for 

iterative T&D coupling, also termed as co-iteration rules that are obtained by solving the nonlinear 

models for T&D co-simulation interface. The proposed mathematical models help characterize the 

convergence of the iterative co-simulation framework as a function of T&D system parameters. 

To this regard, we obtain models for T&D co-simulation interface and propose first-order and 

second-order convergent techniques based on Fixed-point iteration (FPI) and Newton's method to 

solve the associated nonlinear T&D interface equations. The proposed iterative coupling technique 

can be easily incorporated into any existing co-simulation platform capable of co-iteration such as 

HELICS. It should be noted that this work does not intend to replace the existing large-scale co-

simulation platforms but aims to propose advances that will help 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 systems. First, a fixed-point 

iteration (FPI) method is used to solve the interface equations. Next, using Newton's method, a 

Jacobian-based update rule is developed for the T&D interface. The iterative coupling interface 

ensures convergence of boundary variables at each timestamp. Both first- and second-order 

methods proposed to solve iteratively coupled T&D system are validated for stressed system 

conditions. It should be noted that this work focuses on developing a T&D interface for quasi-

static power system co-simulation. The proposed update rules can potentially be extended to 

iteratively coupled dynamic T&D co-simulation.  

 T&D Interface Coupling Equations  

For coupled T&D system, the transmission system (Subsystem 1) is solved using three-sequence 

analysis while the distribution system (Subsystem 2) using a three-phase power flow, and 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 PCC (PT, QT) and the voltage at 

PCC in sequence component (VT) respectively. Similarly, the input and output parameters for the 

subsystem representing distribution system are phase voltages at PCC (VD), and the real and 

reactive power demand at the PCC (PD, QD) respectively. The transformation matrix (†) converts 

the sequence to phase components. The mathematical equations governing the coupled system, 

solved using co-simulation are given below. The mathematical equations governing the coupled 

systems are given as, 

ὠ ὪὛ                                                                 (1) 

Ὓ Ὢὠ                                                                  (2) 

Ὓ Ὓ π                                                                 (3) 

†ὠ ὠ π                                                                 (4) 

 

Ὢὼ -  the non-linear equation defining three-sequence transmission power flow  

Ὢὼ - the non-linear equation for three-phase distribution power flow 

 

where †  
ρ ρ ρ
ρ ὥ ὥ
ρ ὥ ὥ

  and ὥ ρ᷁ρςπЈȢ 
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Next, we present the mathematical model for the co-simulation interface. We define interface 

equations as a set of non-linear equations in (5) and (6). 

 

ὍὛȟὠ  Ḋ Ὓ Ὢὠ π                                                            (5) 

Ὅ Ὓȟὠ  Ḋ †ὠ ὪὛ π                                                          (6) 

 

The residual components for each system at the interface corresponding to a given subsystem 

solution are then defined as the following: 

 

Ὑ Ὓ Ὢὠ  = 0                                                             (7) 

Ὑ †ὠ ὪὛ  = 0                                                            (8) 

 

The co-simulation interface shown in Figure 1.17 solves non-linear equations defined in (5) and 

(6) subject to (1) and (2). The approach is detailed in Algorithm 1. First, subsystem equations, (1) 

and (2), are 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 convergence of the co-simulation framework, 

where ‐and ‐ are predefined tolerance parameters (9).  

 

ד
Ὑ
Ὑ

‐
‐                                                                             (9) 

 

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 tolerance. If the convergence criterion is 

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

in sections 3.2 and 3.3 for FPI and Newton's method, respectively. The process is repeated until 

the boundary variables converge. 

 FPI Method for T&D Convergence  

The fixed-point iteration algorithm is one of the classic Jacobian-free solution techniques for 

solving nonlinear system of equations. The approach is to transform the root-finding problem to a 

fixed-point problem. For a set of non-linear equations defined as f(x) = 0, the FPI sequence is 

given as follows,  

ὼ ὼ  Ὢὼ                                                         (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,  

 

ὖȟὗ)

ὠȟ
 =  

ὖȟὗ)

ὠȟ
 + 

ὖ, ὗ) ὖȟὗ ὲ

Ὕὠ,  ὲ ὠȟ ὲ
                     ( 11) 
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Figure 1.16  Proposed T&D co-simulation interface 

 

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 co-simulation master algorithm. The algorithm for implementing the 

FPI method for the coupled T&D system is detailed in Algorithm 1. The co-simulation interface 

only focuses on solving interface equations and updating input to the two subsystems. The 

nonlinear equations for individual subsystems are solved using subsystem solvers. Until the 

convergence criterion is met, the input to the individual subsystems is updated using the FPI co-

iteration sequence defined in (11). This method, therefore, iteratively exchanges the subsystem 

solutions until the boundary variables converge. 

 Newtonôs Method for T&D Convergence 

The second-order convergence technique is referred to as Newtonôs method in this work. Newtonôs 

method to solve the non-linear system of equations, Ὢὼ π requires the first derivative of the 

function, i.e., ὐὪὼ . The iterative sequence for solving the Ὢὼ π using Newtonôs method is 
given as,  

ὼ ὼ Ўὼ                                                                        (12) 

Ўὼ ὐὪὼ Ὢὼ                                                             (13) 

 

where, ὐ is the Jacobian operator.  

 

For the T&D co-simulation problem, the system of non-linear equations to be solved are the 

interface equations IT (ST, VD) and ID (ST, VD) 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 subsystems, i.e., ST 

and VD, are updated using Jacobian-based update rule. The Jacobian-based update rule for solving 

the interface equations is defined below. First, the Jacobian operator is obtained by differentiating 

the interface equations wrt. variables ST and VD. 

 

Co-simulation Interface (MATLAB)
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ὐ                                      (14) 

 

where, 

ụ
Ụ
Ụ
Ụ
ợ

Ứ
ủ
ủ
ủ
Ủ

                                                                    (15) 

 

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợȿ ȿ ȿ ȿ ȿȿ

ȿ ȿ ȿ ȿ ȿ ȿ

ȿ ȿ ȿ ȿ ȿȿ

π π π
π π π
π π π

   
π π π
π π π
π π π

    

ȿ ȿ ȿ ȿ ȿȿ

ȿ ȿ ȿ ȿ ȿ ȿ

ȿ ȿ ȿ ȿ ȿȿỨ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

                          (16) 

 

Note that the terms corresponding to the interface equation (2) in  ὐ are real and defined in terms 

of real and reactive power demand (PT, QT), and absolute values of phase voltages (|VD|). On the 

other hand, the terms corresponding to (3) in ὐ are defined in terms of complex quantities, i.e., 

complex power demand ST and complex sequence voltages VT. Due to the different modalities of 

terms in ὐ, (2) and (3) cannot be solved simply using the update rule specified in (13). To solve 

this problem first, we write the update equations for solving (2) and (3) using J separately in (17). 

Next, we develop an update rule by iteratively solving (17) using ὐ defined in (14). 

 

Ўὖ
Ўὗ

 
Ὢὠ ὲ

ὠ ὲ
 
ȿЎὠȿ

ȿЎὠȿ
ὖ ὲ ὖ ὲ

ὗ ὲ ὗ ὲ
 

ЎὛ †Ўὠ †ὠ ὲ ὠ ὲ                               ( 17) 

 

Since the updates are defined in separate modalities; an iterative method is employed to solve for 

ST and VD. The process is repeated until the changes in updates are not significant. Note that the 

proposed Newton-based method employs exactly the Jacobian operator, ὐ, that is approximated 

over multiple iterations in (18)-(20). 

 

Ўὠ † †ὠ ὲ ὠ ὲ ЎὛ                                         (18) 

 
Ўὖ
Ўὗ

ὖ ὲ ὖ ὲ

ὗ ὲ ὗ ὲ
  

ȿЎὠȿ

ȿЎὠȿ
                                    (19) 

 

ЎὛ Ўὖ Ὦὗ                                                                 ( 20)  
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For a given iteration of co-simulation, the boundary variables obtained from the subsystem solvers 

are available. The current values of boundary variables are used to calculate ὐ. Next, ὐ is used to 

obtain the Newton-based updates defined in (18)-(20). 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 updates, the inputs to the subsystem solvers are modified, and 

subsystems are solved again in parallel. The second iteration of co-simulation begins, and ὐ is 

recalculated for the new value of boundary variables obtained from the subsystem solvers. This 

process is repeated until the residuals defined in (7)-(8) are within permissible error tolerance (see 

Algorithm 1). 

 

 
 

Notice that ὐ needs to be updated at each iteration of the co-simulation. 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 demonstrated in the results 

section. This concludes the approach for Newton-based update rule to solve the T&D co-

simulation interface equations and method to obtain the Jacobian operator, ὐ. 












































































































