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Abstract

State estimation is a mathematical method used for determining the most-likely current behavior of
a power grid based on a set of measurements and the structure of the network itself. This method has
been used on transmission systems for decades to achieve and calibrate network visibility, but it is not

yet widely adopted for distribution system operations outside demonstration areas.

This report concludes an investigation by Smarter Grid Solutions into the application of state
estimation for distribution systems. Throughout the study on distribution state estimation (DSE),
Smarter Grid Solutions evaluated (1) initiatives supporting DSE development in the U.S. and in
New York State, (2) DSE Use Cases, (3) implementation challenges, (4) state-of-the-art literature
on DSE issues, (5) gaps in literature and demonstration projects, and (6) best practices for DSE. In
addition, Smarter Grid Solutions has prepared a software toolkit with which some DSE concepts

may be explored in a hands-on experiential environment.

While research into DSE has gone on for two decades, there exists a real gap between academic
understanding and operational practices. Many of the implementation challenges have their root in
the fundamental differences between transmission and distribution systems. Most importantly, it is
the passive nature with which distribution systems are operated that has reduced the need for
measurement, communication, and centralized computing infrastructure necessary to operate

a state estimator. The information presented in this report provides the material necessary to
understand the context and workings of DSE, as well as offers practical information on how to

evaluate a plan for implementing an estimator.

Keywords
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Summary

State estimation is a method for analyzing power systems in which all known information regarding a
live power network is used to assemble the most-likely internal state of the system. As a tool, state
estimation is extensively applied to transmission systems to support system visibility, optimization,
and market operation. However, distribution state estimation (DSE) has not yet seen widespread
adoption due to the relatively low monitoring and oversight of distribution systems compared to
transmission. Despite lack of adoption, DSE is an important aspect of the dynamically managed
distribution systems envisioned by utilities and policymakers such as New York State’s Reforming
the Energy Vision (REV) and the New York State Energy Research and Development

Authority (NYSERDA).

This report concludes Smarter Grid Solutions’ (SGS) research on navigating the challenges

and approaches to DSE. SGS approached this problem with the following key questions:

Figure S-1. Distribution State Estimation—Key Questions

Why install a distribution state estimator?

*How does DSE fit into current grid modernization initiatives?
*What problems does DSE solve?
*What system operation functions does DSE enable?

What are possibilities for navigating implementation
challenges?

*What challenges exist for DSE implementation?
*What measurement and monitoring infrastructure is necessary?
*How accurate must the network model be?

What decisions must be made regarding implementation?

*In what circumstance would DSE implementation make sense?
* Are system upgrades justified by performance?
*What methods are best suited to a given system?




S.1 Project Phases
SGS pursued this investigation into DSE in three phases:

1. DSE Context: Initiatives and Utility Usage
2. State-of-the-Art Review
3. DSE Software Toolkit

In its initial research on DSE context, SGS studied the place of DSE among distribution modernization
initiatives. High-level objectives were as described by policymakers in New York State, the United
States, and abroad, while implementation plans were laid out by distribution utilities themselves. SGS
had conversations with these utilities as well as with industry and academic experts in order to frame
the problem and formulate its approach. This information was used to compile an overview of DSE

use cases and implementation challenges.

The wealth of academic research on the topic as well as conversations with leaders in academia
contributed heavily to this project. SGS broke down the necessary components of DSE and provided an
in-depth review of current research in the state-of-the-art review. As part of this review, SGS documented
published studies and demonstration programs into DSE, and identified gaps where the body of literature
might be further developed to benefit operational DSE installations. Gaps identified by SGS included a
standardized metric for evaluating a utility’s measurement infrastructure and a critical analysis on using

forecasted pseudo-measurements for bad data detection.

Lastly, SGS put together a DSE software toolkit: A software-based DSE example for users to download
and be guided through DSE concepts. This toolkit enables users to run three-phase DSE through different
scenarios and custom measurement configurations. Users can easily examine the performance of the
estimator in relation to the underlying “true state” of the system and are given the power to further
extend and explore the toolkit capabilities—as all code is provided in a sandbox environment with
documentation. The goal of this task is to provide interested parties a hands-on opportunity to

familiarize themselves with DSE concepts presented in this report.

S.2 Project Takeaways

State estimation is only as powerful as the information that it is given. In understanding the goals
of network visibility and the infrastructure available to the utility, it can be determined if upgrading
the system to support DSE is expedient. At its most basic, Table S-1 is a summary of what must be

considered to implement DSE:

S-2



Table S-1. DSE Minimum Requirements

What items are necessary to support DSE?

1 An up-to-date network model

At least two pieces of operating data about each system node
e Examples of this could be (among others):

2 o Real and reactive customer load

o Voltage magnitude and angle

e This can take the form of load forecasts—understanding the compromise in system
accuracy and inability to detect bad data

3 A communication infrastructure to support real-time measurements and model updates

4 | A state estimation engine

It should be noted that having a state estimation engine is just as important to DSE as having any one of
the first three items. Without upgrading all four items in a convergent manner, the effectiveness of DSE
implementation will suffer. To demonstrate this, the relation between input quality and potential outputs

are summarized in Figure S-2.

Figure S-2. Input Quality versus Possible Outputs to a Distribution State Estimator

Network Model Forecast Number and
Coverage and Granularity and Distribution of
Accuracy Accuracy Measurements

Distribution State
Estimator

Accurate Voltages Accurate Flows on Detection of Bad Network Model
at All Buses All Lines Measurements Correction
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The four outputs shown in Figure 13 are results that could benefit the operation of any utility. However,
the effectiveness with which DSE can realize these results is a direct result of the quality of the three
inputs shown at the top of the figure. For instance, both detection of bad measurements and network
model correction are impossible without redundancy in the system measurements. It is vital that utilities
understand the relation between what goes into the state estimator versus what the state estimator

can provide.

The largest challenges to DSE implementation are summarized in the Table S-2:

Table S-2. DSE Implementation Challenges Summary

Implementation Challenges Accuracy and Effectiveness Challenges
Observability Uncertainty in Network Parameters
Communication Infrastructure Uncertainty in Topology
Complexity of Network Uncertainty in Load and Forecast
Line Parameters

As every distribution system faces its own challenges and has a unique mix of visibility and control
applications, no two solutions will have the same approach. However, there are common characteristics
to successful DSE implementations. One of the most important components is a network model that

can be updated dynamically and shared in real-time. The Common Information Model (CIM) not only
enables the network model to be communicable across platforms, but also enables upgrades in flexibility

and automation that are necessary for DSE.

Beyond network model considerations, the measurement infrastructure is the most important factor
for a DSE implementation. With the sparse placement of measurement points on distribution systems,
DSE must rely heavily on load forecasts to maintain an observable network. While there are limits to
the benefits obtained from using forecasts as measurements, it is reasonable to focus first on how to
maximize their accuracy. Even small levels of advanced metering infrastructure (AMI) adoption can
lead to more granular, targeted, and accurate load forecasts throughout the system. Furthermore, load

allocation methods powered by AMI and iterating with DSE can improve performance all around.
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With measurements being at the core of a state estimator, their placement is of utmost importance. The
financial burden of widespread measurement placement means optimizing the types of measurements
placed, their accuracy, and where on the network they will reside. Once a state estimator has been
modelled, a utility will be able to run assessments on how each measurement considered for

placement will beneficially impact the visibility of the system.

This report outlines the motivations and findings of SGS’ research into DSE, as well as providing an
overview of all previous phases of the project. The project should provide clarity to utilities investigating
DSE as an upgrade to their system visibility. The topic of system visibility is difficult, without a simple
prescribed avenue to success. However, the best way to implement a successful state estimator is to

become familiar with DSE as a method and a tool that is as powerful as the systems built around it.
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1 Introduction

1.1 Project Background

State estimation is a method for analyzing power systems in which all known information regarding a
live power network is used to assemble the most-likely internal state of the system. More simply, it is
the calculation of voltages and power flows from a distribution of measurements and forecasts. Offline
power analysis often makes the assumption of perfect knowledge or worst-case scenario. However,
during operation, no knowledge is absolute—measurements include a level of uncertainty and the
possibility for data corruption. Using state estimation, an operator can use any available information
(including measurements, forecasts, and network considerations) to create the most-likely state of

current operation.

As a tool, state estimation is extensively applied to transmission systems to support system visibility,
optimization, and market operation. While in-the-loop operation of state estimation has been widely
adopted for transmission systems, the same has not been the case for distribution systems. There are
few examples of distribution state estimation (DSE) that go beyond controlled research settings, in
large part because the measurement and communication infrastructure is not built to support such

system-wide real-time analytics.

Despite lack of adoption, DSE is an important aspect of the dynamically managed distribution systems
envisioned by utilities and policymakers. Widespread distributed energy resource (DER) integration

in particular is driving the need for better monitoring and control throughout distribution systems—
capabilities enabled by DSE. The need for advanced distribution systems with state estimation capability
has been described as crucial to the successful implementation of New York State’s Reforming the
Energy Vision (REV) markets and the High-Performing Grids (HPG) initiative driven by the New

York State Energy Research and Development Authority (NYSERDA).

Smarter Grid Solutions (SGS) has provided unbiased assessment of the current state of DSE in order

to provide guidance to New York State utilities on the implementation of DSE on their systems in
accordance with REV and HPG objectives. This includes identifying current public initiatives supporting
the development of DSE, reviewing current academic literature including demonstrations and pilot
programs, and developing a toolkit for utilities to experiment with DSE concepts. As an outcome of

this project, the State’s utilities will be better equipped to make decisions on DSE integration, which

in turn will facilitate a more dynamically managed grid.



This report concludes SGS’s research on navigating the challenges and approaches to DSE and
encompasses all the research findings, which include (1) identification of public policy initiatives,
(2) implementation use cases and challenges, (3) a review of the state-of-the-art techniques, and
(4) a software toolkit developed with open-sourced tools to allow hands-on study of DSE concepts.

The software toolkit is available as an accompaniment to this report.

To bring context to this project, SGS identified three key questions regarding DSE. The questions

encapsulate the goals of the assessment and are presented in Figure 1.

Figure 1. Distribution State Estimation—Key Questions

Why install a distribution state estimator?

*How does DSE fit into current grid modernization initiatives?
*What problems does DSE solve?
*What system operation functions does DSE enable?

What are possibilities for navigating implementation

challenges?

*What challenges exist for DSE implementation?
*What measurement and monitoring infrastructure is necessary?
*How accurate must the network model be?

What decisions must be made regarding implementation?

*In what circumstance would DSE implementation make sense?
* Are system upgrades justified by performance?
*What methods are best suited to a given system?

In providing answers to these questions, SGS will guide the State’s utilities in navigating the state
estimation landscape at the distribution level. Instead of performing a demonstration of DSE feasibility
as has been done in several other studies, SGS identified the most valuable approach would be to lay out

the fundamental concepts, challenges, and approaches of state estimation.

SGS pursued this investigation into DSE in three phases:

1. DSE Context: Initiatives and Utility Usage
2. State-of-the-Art Review
3. DSE Software Toolkit



In its initial research on DSE context, SGS studied the place of DSE among distribution modernization
initiatives. High-level objectives were as described by policymakers in the State, the United States,
and abroad, while implementation plans were laid out by distribution utilities themselves. SGS had
conversations with these utilities, as well as with industry and academic experts in order to frame

the problem and formulate its approach. This information was used to compile an overview of DSE

use cases and implementation challenges.

The wealth of academic research on the topic as well as conversations with leaders in academia
contributed heavily to this project. SGS broke down the necessary components of DSE and provided
an in-depth review of current research in the state-of-the-art review. As part of this review, SGS
documented published studies and demonstration programs into DSE, and identified gaps where the
body of literature might be further developed to benefit operational DSE installations. Gaps identified
by SGS included a standardized metric for evaluating a utility’s measurement infrastructure and a

critical analysis on using forecasted pseudo-measurements for bad data detection.

Lastly, SGS put together a DSE software toolkit: A software-based DSE example for users to download
and be guided through DSE concepts. This toolkit enables users to run three-phase DSE through different
scenarios and custom measurement configurations. Users can easily examine the performance of the
estimator in relation to the underlying “true state” of the system and are given the power to further
extend and explore the toolkit capabilities—as all code is provided in a sandbox environment with
documentation. The goal of this task is to provide interested parties a hands-on opportunity to

familiarize themselves with DSE concepts presented in this report.

1.2 Using This Report: Structure and Intended Audience

This report presents the research results from several different phases of SGS’ investigation into DSE,
with the intended audience ranging from policymakers to utility engineers and academics. The following
table has been provided to elaborate on the content of each section so that the reader can focus their

attention on the most important parts of the project.



Table 1. Report Phase and Section Overview

Phase

| Detail

Section

Detail

1. Introduction

DSE Context:
Initiatives and
Utilities

The four sections which
comprise this phase of the
DSE project lay a
groundwork for the context
of DSE in modern
distribution systems. This
phase provides insight into
the state of DSE in the
distribution industry.

2. State Estimation
Definition and
Utilization

Introduction to the mathematical method of state
estimation, and how it compares to other approaches to
network visibility.

3. Public Policy
Initiatives

Discussion of State and Federal initiatives that incentivize
DSE, including relevant findings from agency-funded
reports and assessments of distribution modernization.

4. DSE Use Cases

Discussion of the place of DSE among other smart grid
objectives, and the potential benefits of DSE as an
enabling technology.

5. DSE
Implementation
Challenges

Roadblocks to DSE implementation, breaking down the
fundamental differences between distribution and
transmission systems that impede widespread adoption of
DSE.

State-of-the- Art
Review

The state-of-the-art review
covered by these five
sections is a thorough dive
into the research
surrounding every block in
the DSE process. The
review also includes
documentation of and
lessons learned from
implementations of DSE in
various studies and field
demonstrations, and a
look at where further
research is required.

6. Origin of DSE
Literature

Summary of initial state estimation research and how it
transitioned from transmission to distribution systems. This
section provides context for the DSE literature cited in the
review.

7. Components of a
State Estimator

Outlining the building blocks of a fully functional state
estimator. This section goes in-depth on current research
surrounding each vital component of DSE.

8. State Estimation
Algorithms

In-depth study of many of the most common algorithms for
solving the state estimation problem.

9. Documented
Implementations

Thorough documentation of all known implementations of
DSE in real systems—both in offline studies and in online
demonstration projects.

10. Gap Analysis

Analysis of areas where further research would be
beneficial to the widespread adoption of DSE, both in
academia and in demonstrations.

DSE Software
Toolkit

The DSE Software Toolkit
is a companion tool that
may be downloaded to
provide a hands-on
experience for interested
users to investigate the
concepts discussed in this
report.

11. DSE Software
Toolkit: Overview and

Overview of the DSE Software Toolkit which is provided as
an accompaniment to this report. This includes a guided
example for running a simple DSE case.

12. DSE Software
Toolkit: Further
Guidance and
Advanced
Functionality

Further documentation of the DSE Software Toolkit that
enables users to customize the tool and explore DSE
concepts on their own.

13. Project Takeaways: Challenges and Best Practices

14. Concluding Remarks

Note

Throughout the report, important takeaways that are particularly applicable to distribution system
implementation are highlighted. Many of these takeaways can be found in boxes such as this one.




2 State Estimation Definition and Utilization

State estimation is a mathematical method that has a well-studied set of inputs, outputs, and methods

from which a solution may be obtained. State estimation is the most thorough method with which network
information can be used to determine the behavior of a power system. However, it is not the only method.
Depending on the available information and its quality, there are a range of methods available to estimate

network flows and voltages with varying accuracy. Therefore, it is important to define the state estimation

problem and its relation to other methods.

In this section, a high-level description of the state estimation problem is presented. This is an overview
of the context, inputs/outputs, and methodology of state estimation as it compares to other power

system functions.

Approaches to distribution network visibility are then discussed in order to provide a context for state
estimation. The reader should come away from this section with a clear understanding of how state

estimation differs from other approaches to visibility in terms of requirements and quality of result.

2.1 State Estimation

In a state estimation problem, no bus values are assumed to be known, and no measurement device is
assumed to be absolute. Instead, the knowledge base is composed of a set of distributed measurements,
each with a specified amount of error. Any new measured point in the power system improves the state
estimation result. Load forecasts and other known characteristics can also be incorporated in a state

estimator as measurements and assigned an error tolerance.

The known values are therefore:

e Any system measurements (injection, bus, line, etc.)
e  Load forecasts and known characteristics

e  Network topology

e  Network model

From these known values, the most-likely system state is calculated, which will be a feasible power

flow solution that minimizes the deviation from the known values it is given.



Measurement points can be any electrical characteristic of the system that is measured in real time.

This could be node voltage magnitude and/or angle, line current magnitude and/or angle, line power or

load/generation power. Note that angle measurements are only possible when using phasor measurement

units (PMUs). These measurements are incorporated into a calculation that incorporates the physical

behavior of the network model and weighs each measurement based on the confidence placed on the

individual measurement.

Depending on how many measurement points exist in a network, a system state solution may or may not

exist. This is what is referred to as observability—a system is only observable when there are requisite

measurements with which the state might be recreated. Because the state of a power system is defined

as two values (voltage magnitude and angle or any other two independent values) at each node (or bus),

it is necessary to have measurements numbering at least twice the number of nodes in order to have a

solution. This number is used as a benchmark in Table 2.

Table 2. Determination Levels of System Observability

System
Classification

Number of Measurement Points

Ramification

Underdetermined

Less than twice the number of system
nodes.

Infinite solutions; Not enough information to
calculate state estimate

Determined

Approximately equal to twice the number
of system nodes.

One exact solution; No redundancy; Subject to
erroneous measurements

Measurements must be distributed across system
nodes to achieve observability.

Overdetermined

Greater than twice the number of system
nodes.

No exact solution; Redundancy; Measurements
weighted based on their accuracy to achieve a
solution; Resilient to erroneous measurements

State estimation is impossible when the system is underdetermined. In the case of a determined system,

the system has no measure with which to incorporate measurement accuracy, but the state estimation

calculation is possible. An overdetermined system allows state estimation to be resilient to measurement

errors, as it is able to identify measurements which do not match a feasible power flow solution.

Figure 2 depicts a four-bus system in order to demonstrate overdetermined (redundant) state estimation.




Figure 2. State Estimation Example
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Notice that there are 15 measurements on the four-bus system. Because there are more measurements
(15) than unknown state variables (8), this is an overdetermined system. There are no exact solutions to
an overdetermined system as some measurements will be conflicting—however, the problem is solved
by determining the most-likely solution: one which minimizes the discrepancy between the measurements
and the underlying state. The result of this approach is a state estimate which is more accurate than even
the measurements used to solve it, as the measurements and network model are combined to find the best
mathematical solution to the problem. Increasing the number of measurements can only improve the state
estimate—and this redundancy can lead to useful applications such as eliminating erroneous data points

from consideration.

If the measurements were reduced until there were only two at each bus, it would be a determined
system. There would not be any room for minimizing error or eliminating bad data as there would

only be one feasible solution.

If the measurements were further reduced, it would be an underdetermined system. There are infinite
solutions to an undetermined system, and therefore it is not solvable as a state estimation problem.
Additional information such as load forecasts or new installed measurements would be necessary

in order to solve the problem.



Exceptional textbook overviews of the state estimation problem are provided by Monticelli [1] and

Abur and Gomez-Exposito [2]. Both have provided extensive background knowledge for this report.

2.2 Approaches to Network Visibility

State estimation is not the only approach to visualizing the electrical characteristics and behavior of

distribution systems. Depending on the extent of measurement infrastructure, network visibility can

take one of several forms. Approaches to network visibility are summarized in Table 3, in increasing

order of breadth and accuracy.

Table 3. Approaches to Network Visibility

Approach

Necessary Information

Description

Visibility

Point monitoring

Critical constraint point
measurements

Infer secure operation based on
certain critical bottleneck conditions.

None

Load allocation

Upstream transformer load
measurement or estimate

Locational load forecasts
loads assigned to transformers

Estimate loads at each bus based on
customer forecast rectified with
upstream transformer loads.

Customer loads

Load flow

Upstream transformer load
measurement or estimate
Distributed power injection (load and
generation) measurements of
forecasts

Network model and topology

Predict or calculate internal system
state based on input injected power
and estimated customer loads.

Entire system state
(assumed)

Non-redundant
state estimation

Same requirements as load flow

Additional line and bus
measurements

Rectify load flow results with
measurements for realistic state
estimate.

Entire system state

Redundant state
estimation

Distributed SCADA, line/bus, and
customer measurements

Locational load forecasts
Network model and topology

More measurements resulting in
improved state estimation accuracy.
Ability to detect bad data inputs.

Entire system state
Bad data inputs

Many utilities do not operate with real-time measurements in the loop, relying on forecasts and assuming

normal operation unless alerted to a contingency, at which point measurements may be used to ensure

normal operation. When real-time measurements are used in day-to-day operations, the most common

tools for network visibility and operation for utilities are point monitoring and load allocation. Load

flows are often pursued in the network planning and expansion phase to calculate worst-case conditions

and plan for contingencies.




The introduction of distribution management systems (DMSs) and advanced DMSs (ADMSs) to
distribution utilities have helped streamline and modernize distribution operations, centralizing
information across utility platforms to reduce outages and improve efficiency. However, while an
ADMS may have the capability to perform all five functions listed in Table 3, the systems in practice
rarely perform extended load flows or state estimations due to the challenges surrounding the passive

operation of distribution grids.

Each function from Table 3 is described in more detail in the following sections, with additional

references provided for further reading.

2.2.1 Point Monitoring

The simplest and most common use of real-time measurement point monitoring is the collection of
operating characteristics from select points on the distribution network to ensure constraints are not

being violated and the system is running as intended. Some common examples of measurement points:

e  Distribution automation (DA) and protection measurements
e Bottleneck line flow measurements
e  End-of-line voltage sensors

In most cases, current distribution systems operate in a passive, predictable manner. Distribution networks
are mostly radial, with customers aggregated to transformers and power flowing in a single direction at all
times. Operating the network means maintaining flows within bounds to protect equipment, and isolating

equipment when constraints are breached (often an automated process). Certain lines may be identified as
bottlenecks—more likely to be overloaded or more vital to system operation—and might be monitored for

control systems such as active network management (ANM).

One-way flows result in predictable voltage decreases along a feeder, with the end-of-line representing
the lowest voltage on the feeder. Therefore, voltages can be ensured within bounds with an end-of-line
voltage sensor. Reactive and other voltage-supporting elements may be engaged along the feeder to adjust
voltage based on the end-of-line or upstream transformer measurements. In this way, simple volt-VAR
control (VVC) and even some volt-VAR optimization including conservation voltage reduction (CVR)

may be implemented with only a few voltage measurements [3].



The predictable, passive, and unidirectional paradigm of traditional distribution networks that allows
point monitoring to be an effective method for network visibility relies on a set of assumptions that
becoming less reliable in modern systems. This approach may need to be updated to keep up with

elements of modernized distribution systems such as distributed energy resources (DER).

2.2.2 Load Allocation

Load allocation is the process with which forecasts or measurements of customer loads or secondary
transformers are mapped to corresponding upstream transformer loads. This process can take many
forms and can be used for different end goals, such as determining the peak flow at a given time or
visualizing network operations in real-time. The general load allocation process uses estimated load
curves, based on customer type and often with many time steps per day, to interpolate the behavior of
downstream loads based on upstream measurements or forecasts. One example of this methodology is
shown by Carmona, et al. [4], detailing how load allocation can include iterations until the best estimate

of load distribution has been reached based on the available information.

Miranda, Pereira, and Saraiva [5] discuss load allocation in the context of generating inputs for DMS load
flow functionality with a lack of customer load measurement data. Kersting and Phillips [6] expand the
discussion to include 15-minute meter readings in the context of load allocation, comparing various
methods under different circumstances. Both papers recognize the limitations of estimating load
distribution based on very minimal (or no) measurements and emphasize that measurements should

take precedent when making control decisions. However, both papers also describe the importance of

accurately estimated loads both for planning and as inputs to other distribution management functions.

Load allocation can be an important step to calculating power injections for load flow or to generating
pseudo-measurements for state estimation, as is described by Carmona-Delgado, Romero-Ramos, and
Riquelme-Santos [7]. Arritt and Dugan [8] compare four different methods for allocating loads intended
for input into DSE. Wan and Miu [9] describe a method of load allocation based on weighted least
squares (WLS).

2.2.3 Load Flow

Load flow, otherwise known as power flow, is a fundamental calculation in which a power system
is solved for the internal state based on the power injections and generation voltages present at each

system bus.
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In load flow, the information known is as follows:

e  Reference bus voltage and angle (e.g., substation)

e Real and reactive power injection at each node (load and generation)

e  Additional generation buses where real power and voltage magnitude are set
e  Network model and topology information

The system state is then calculated based on this known information. It is sufficient to have two known
data points per network node to solve the load flow problem. The system state is generally considered to
be full-system knowledge of node voltage and angles. With this state information, the line currents as well

as real and reactive power flows may be calculated in a trivial manner.

In operation, load flow is currently used primarily as a planning tool. Planning software uses the most up-
to-date and accurate network model available, then uses load distributions and growth forecasts to predict
operating conditions under various worst-case conditions such as maximum or minimum load, as well as

any number of contingency scenarios.

With the introduction of ADMS platforms, using load flow as an on-line operational resource has become
more common. In order to run a load flow, real and reactive power injections must be known at each bus,
as well as voltage at the feeding transformer. These injections could be load forecasts (or the output of a
load allocation application), or they could also be measurements based on transformer automation sensors
or advanced metering infrastructure (AMI). The number of known state variables must be equal to the

number of unknown state variables to calculate a state solution.

However, load flow itself has its own limitations:

e Load flow is not structured to incorporate real-time measurements of line flows or bus voltage
e Load flow does not easily allow breaking the problem into sub-problems
e Load flow is sensitive to error in its input injections or network model

Per the first item, should a load flow result be different from the true internal operation of the system,
there is no straightforward mechanism to rectify the two. The second item limits the potential for high-
performance computing or parallelization, and additionally makes it difficult to focus the problem on a
specific region of the network without network reduction techniques. The third item describes a limitation
for day-to-day operation: there is no mechanism to detect unrealistic input data or incorrect network

parameters or topology, and therefore the output is susceptible to errors when present on the network.
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2.2.4 Non-redundant State Estimation

Non-redundant state estimation is a state estimation problem where similar types of inputs to a load

flow are introduced to the formulation of a state estimation problem. Formulated as a state estimation
problem, the system has the capability to incorporate line flow and bus voltage measurements as well

as the injection measurements and forecasts that are used for load flow. If the inputs to the problem are
the same as load flow, the result will be the same—though each additional measurement improves this
result. This category is distinct from a redundant state estimation in that there are approximately as many
measurements as state variables (a determined system)—with no redundancy to further improve the

accuracy of the system.

In addition to improved accuracy in real-time network visibility over load flow due to incorporation
of measurements, state estimation allows the network to be broken into sub-problems. This means that
areas of the network with better measurement infrastructure can be considered on their own, or the

computation can be parallelized for fast convergence with high-sample rates.

Non-redundant state estimation is the most realistic implementation of state estimation for modern-day
distribution utilities as many of these utilities have the capability to run a load flow on their system,

if only offline. Implementation of this function requires up-to-date network model and topology, load
forecasts with the desired resolution in both time and location, and synchronization with real-time

measurements—probably from a distribution supervisory control and data acquisition (SCADA) system.

This state estimation problem is considered to be observable because it can utilize the inputs of the

load flow problem—even if these inputs are just forecasts. However, without an extensive measurement
infrastructure, there will be little to no measurement redundancy required to detect erroneous data, so this
problem is still sensitive to input error. For detail on the requirement of measurement redundancy in order

to run the bad data detection and identification application, see section 7.4.1.

2.2.5 Redundant State Estimation

The best possible method of visualizing internal power network operations based on available
information is a state estimator with redundant measurements. This problem includes all the benefits

of non-redundant state estimation, with the improved measurement infrastructure providing redundancy
that makes operations resilient to erroneous data points, measurement calibration, or network parameters

and topology.
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A redundant state estimator typically has on the order of at least twice the number of measurements as
unknown state variables, though any introduction of new measurements improves the result of the state
estimator. The redundant formulation has the advantage of making the fewest assumptions from the

options discussed in this section. It is closest to the state estimation example given in section 2.1.

2.2.5.1 Notes on Comparing State Estimation and Power Flow

State estimation relies on many of the same assumptions as load flow, such as an accurate network
model, but its foundation in measurements as opposed to generation schedules and load forecasts
inherently makes it the better option for monitoring and operating a system in real-time. If a generation
schedule or load forecast were significantly inaccurate, the state estimator would still give an accurate

estimate of the state and may identify these data sources as erroneous.

Additionally, while the power flow problem cannot easily be broken down into sub-problems, this
comes naturally to a state estimation problem. In order to refocus the problem on a subset (or “island”)
of the entire network model, the flows along lines connecting the island to the larger model become
unknown variables. Because a power flow is dependent on knowing power injections at each bus,
increasing the number of unknown injections can make the problem difficult. Meanwhile, a state
estimation solution is not dependent on predicated knowledge of bus injections and thus is more

flexible to diversity in known values.

However, for all its advantages, state estimation on distribution systems suffers from issues in

implementation such as too few measurements and inaccurate network models.
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3 Public Policy Initiatives

Research into DSE has been incentivized as part of initiatives at both the federal and state levels. The
U.S. Department of Energy (DOE) has funded national laboratories as well as university researchers
and industry as part of the Grid Modernization Initiative. The State has seen a number of agencies come
together to support the goals of the NYS REV. Figure 3 shows a breakdown of some major initiatives

that directly or indirectly support research into DSE.

Figure 3: Initiatives Supporting DSE

Initiative Grid National
Modernization | Laboratories Clean Energy Fund

Projects Funded Research Projects gse gﬁ;i: 20

DSE +  Grid Modernization Multi- +  High Performing Grid +  Energy Infrastructure + Supplemental DSIP

Applicability Year Program Plan Modernization +  Utility DSIPs
* Modern Distribution Grid « Clean Energy Financing
Grid Architecture * Innovation and R&D

3.1 Federal Initiatives

DOE supports research into grid modernization at a national level. Its Grid Modernization Initiative
(GMI) works with both public and private entities, including national laboratories to support research
and facilitate discussions. SGS reviewed several avenues in which DOE is supporting DSE development

both directly and indirectly.
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3.1.1 Grid Modernization Laboratory Consortium

DOE’s Grid Modernization Laboratory Consortium (GMLC) is a partnership between DOE and

national laboratories that oversees mentorship and funding of research projects on the subject of grid

modernization for academic and industry recipients. It funds projects in a wide range of areas, several of

which have a direct or indirect relation to DSE. These projects are summarized in Table 4. There are also

many projects not highlighted in this table which assume good knowledge of the distribution grid state to

begin with—meaning that implementation of much of the research in this area is predicated on DSE being

present on the system.

Table 4. DOE GMLC Award Topics, Key Projects, and Relation to DSE

Subject Area

Project and Laboratory

Relation to DSE

Core Activities

Project 6—ORNL: Grid Sensing and
Measurement Strategies:
Requirements for Full System
Visibility

Advanced sensing and measurement placement
tools to achieve state visibility

Improved telemetry is a precursor to DSE adoption.

Regional Partnerships

Project 14—BNL, NYSERDA et al:
Technical Support to the NYS REV

Technical support in policy, planning/operations,
and DER integration in the State.

Crosscutting Activities

Project 19—ORNL et al: Advanced
Sensor Development

Developing low-cost sensors and asset monitoring

Cheaper sensors are more deployable in
distribution networks to support DSE.

Project 20—LANL et al: Multi Scale
Data Analytics and machine Learning
for the Grid

Distributed and machine learning algorithms for
enhanced network information exchange, analysis,
and forecasting.

Highlights need for reliable system state
information and seeks to improve knowledge base.

Buildings . . . .
No identified projects with relevance to DSE
Fuel Cells
Project 8—NREL: Opportunistic e  Communications system based on variety of data
Hybrid Communications Systems for sources and channels for coordinating photovoltaic
Distributed PV Coordination (PV) generation.

e Research will allow gaps to be filled with measured
data and inferences from state estimation.

e Distributed steady and dynamic state estimation
techniques for PV generation and multiple levels of
the power grid.

Solar Energy Project 13—ANL et al: Integrated ¢ Includes development of unbalanced DSE tool

Tool for Improving Grid Performance
and Reliability of Combined
Transmission-Distribution with High
Solar Penetration

using semi-definite programming with
noisy/missing measurements.

Unbalanced, three-phase DSE tool benchmarked
against IEEE systems.

Project 15—SLAC: Visualization and
