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SUMMARY 
 
The reliable and resilient operation of a Distributed Energy Resource (DER)-rich distribution grid requires real-
time monitoring and control. Distribution Phasor Measurement Units (D-PMUs) can provide time-stamped 
voltage and current phasor data at a high sampling rate, yielding real-time snapshots of electric distribution grids 
and microgrids. To leverage the synchrophasor data from D-PMUs deployed within the Bronzeville Community 
Microgrid (BCM), Commonwealth Edison Company (ComEd) implemented and tested a three-phase 
distribution linear state estimator (DLSE). The DLSE performs state estimation as fast as the PMU reporting 
rate, up to 60 times per second, while traditional state estimation (SE) typically solves just once every 10s of 
seconds to a few minutes. This application can provide increased observability that supports real-time situational 
awareness and monitoring, aiding real-time operation, control, and optimization of the distribution system.  
 
ComEd, with partners, has developed and tested a DLSE-based application that features observability analysis, 
state estimation, bad data detection and conditioning, topology change, and event detection. The performance 
of this DLSE is validated in ComEd’s Grid Integration and Technology (GriT) Lab using real-time digital 
simulation (RTDS). RTDS simulates ComEd’s BCM network model in real time and streams phasor data from 
46 virtual PMUs to the Phasor Data Concentrator (PDC). The PDC concentrates the phasor data and sends it to 
the DLSE application, where it is analyzed, corrected, and used for real-time estimation of the states of all the 
observable nodes in the microgrid. The DLSE platform is tested to recognize over 75 topology changes, detect, 
and exclude bad data, and explore Machine Learning (ML) capabilities to further enhance event detection.  
 
With lab validation complete, the technology is being deployed in the BCM, a 7-MW community microgrid, to 
monitor two feeders. It will also help assess the performance of the microgrid controller. DLSE is expected to 
be an integral part of the distribution management system to enable intelligent control of DERs and optimize 
the mix of DERs and wide area controls in distribution grids and microgrids. DLSE also provides qualified 
synchrophasor data for other applications using synchronized measurements. These applications include but are 
not limited to fault location and monitoring, DER monitoring and control, Volt-Var optimization, and event 
analysis. ComEd has also used the developed methodology for observability analysis to conduct PMU 
placement study for its key customer areas such as airports and customer-owned, DER-rich circuits.  
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The utility has deployed Distributed Energy Resources Management System (DERMS) to facilitate DER 
integration and ensure operational stability within its system. In addition, ComEd is extending the developed 
DLSE solution to the DERMS area. This will ensure real-time monitoring to benchmark the DERMS system's 
performance and further improve controls to avoid any operational and reliability issues due to high DER 
penetration.  
 
In this paper we will present the fully functional DLSE tool, including its features, methodologies, test cases 
and results. The paper will discuss the test cases developed for the Bronzeville Community Microgrid. It will 
also share best practices in terms of PMU placement driven by observability analysis, as well as using test beds 
to develop, test and enable DLSE for a distribution circuit. 
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1 Introduction 
 

The electric power distribution system is evolving in response to the changing technical, environmental, and 
customer needs for high-quality electric power. The change in generation mix, growth in distributed energy 
resources (DERs), integration of renewables both at large scale and at individual user level, the need for stronger 
resilience to natural and man-made disasters, as well as demand for more choice by the customers are all changing 
the requirements on the distribution grid. To meet these requirements, we need better real-time visibility and 
ability to control the bi-directional energy flow across the distribution grid.  Deployment of advanced technology 
is one of the key enablers for meeting these changing demands on the grid.  

To prepare for the grid of the future, ComEd has shown strong leadership in the recent years in advanced 
technology investigation and deployment, including distribution automation, synchrophasor technology and 
microgrids. A synchrophasor-based platform for advanced monitoring and control of the distribution grid has a 
great potential in enabling the dynamic grid of the future which delivers higher resilience, more granular control, 
and better ability to integrate distributed energy resources. Building on ComEd’s recent efforts in distribution 
synchrophasors, renewables integration, and microgrid controls, ComEd and partners have developed and tested 
a synchrophasor-based (PMU-based) application platform including distribution linear state estimation (DLSE) 
to provide real-time situational awareness and monitoring [1] and [2]. DLSE and the related applications can play 
a significant role in the feeder of the future where a multitude of advanced applications rely on real-time situation 
awareness and validated sensor data to reliably control bi-directional energy flows along the feeder.  

This paper provides an overview of the DLSE platform, the functions included in the platform (including state 
estimation, bad data detection and conditioning, topology change, and event detection), the validation results in 
real-time digital simulation environment, and preparation for field deployment. 

 
2 Implementation of DLSE Function and Additional Features at ComEd 

 
2.1 DLSE Software Platform 

 
With the distribution grid undergoing significant changes, related to proliferation of distributed energy 

resources and emergence of bi-directional energy flows, real-time situational awareness, monitoring, and control 
play critical role in enabling a resilient and efficient operation of the distribution grid. Synchronized high-speed 
measurements produced by synchrophasors provide a more effective and reliable real-time information about the 
distribution grid. State estimation, which is a backbone for enabling real-time situational awareness, is the process 
of deriving a best estimate of system state based on a set of measurements, if there are errors in the measured 
quantities and there is a redundancy in measurements. Linear state estimation, which is based on synchronized 
phasor measurements of voltage and current phasors, provides a direct, linear solution of system state using time-
synchronized synchrophasor data only [3], [4]. Three-phase distribution linear state estimator (DLSE) [1], [2] 
performs state estimation at the PMU reporting rate, up to 60 times per second, and provides increased 
observability to support real-time situational awareness and monitoring, aiding real-time control and optimization 
of the distribution system. 

DLSE is the main activity of the Distribution PMU Region Of Stability Existence (D-PMU ROSE), a 
synchrophasor-based software platform which provides real-time situational awareness and monitoring of 
distribution system. ComEd implemented and tested the following features of the platform, [1], [2]: 

• Three-phase DLSE based on the weighted least squares (WLS) method; 
• Bad PMU data detection, correction, alarming and reporting; 
• Observability analysis to identify portions of the distribution network observable with PMUs; 
• Real-time distribution system monitoring, including voltage violation identification, reporting and 

visualization; 
• Identifying switching events and topology changes; for example, changes in microgrid configuration 

(full island, sub-island, grid-connected, etc.); 
• Archiving and alarming; 
• PMU placement to achieve full distribution grid observability.  
 

The DLSE framework in D-PMU ROSE is shown in Figure 1. 
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Figure 1: The DLSE Framework 

 
3 Simulation and Results  

 
3.1 Test Case: Bronzeville Community Microgrid 

 
ComEd has been installing its microgrid in the Bronzeville community on Chicago's South Side. The 

schematic of Bronzeville Community Microgrid (BCM) is shown in Figure 2.  
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Figure 2: Simplified BCM Circuit 



 

CIGRÉ is an international non-profit association for promoting collaboration by sharing knowledge and joining forces to 
improve electric power systems of today and tomorrow. The NGN exists to develop the next generation of power industry 
professionals. Page 5 

The BCM includes critical infrastructure, such as Chicago Police Department headquarters along with 
approximately 1,000 residences, businesses, and institutions. The BCM leverages a cutting-edge microgrid 
master controller, on-site generation, and storage that enables the BCM to connect to ComEd's grid or disconnect 
to keep the local power flowing in the event of interruption from the main grid. It consists of two independent 
feeders being fed from two substations via points of interconnection (POI) switches, POI-1, and POI-2. The top 
feeder, sub-system SS-1, has loads, distribution automation (DA) devices, a 4.8MW gas generator, 500kW 
battery storage system, and 750kW solar photovoltaic (PV). The lower feeder, sub-system SS-2, consists of loads 
and DA devices. The two sub-systems can be interconnected via tie switches (T1, T2, or T3) to transfer load from 
one feeder to the other feeder. Since SS-1 has DERs, it can island independent of SS-2. There are several practical 
operating topologies for this system.  
 
3.2 Test Setup 

 
DLSE has been validated and tested for its 

accuracy and real-time performance (at the PMU 
streaming rate of 60 times per second) in GriT Lab 
using the test setup shown in Figure 3.  

A BCM model with 46 PMUs and over 200 nodes, 
is simulated using RTDS. The synchrophasor 
measurements are then aggregated into a Phasor Data 
Concentrator (PDC) using the IEEE Std. C37.118.2 
communication protocol. A real-time synchrophasor 
stream from PDC is established over TCP/IP 
protocol and is sent to the DLSE for state estimation, 
creating a    test setup that emulates realistic field 
operations. 

 
3.3 Results 

 
Figure 4 shows the user interface for the DLSE platform. 

 
Figure 4. The User Interface of the DLSE Platform, Showing Various Available Functionalities. 

The available information from the software platform include estimated three-phase voltages, currents, and 
real and reactive power at locations where PMUs are installed and at locations where PMUs are not installed but 
are observable using PMU measurements; identification and correction of bad PMU data; identification of 

Figure 3: DLSE Test Setup 
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violation (typically voltage, frequency, and current/thermal violations) in the circuit; switching event detection 
and archiving; violation alarms and archiving; and real-time visualization of circuit state, including PMU data, 
estimated values, switching events, and violations. 

Observability analysis, which identifies observable and non-observable portions of the distribution network, 
is performed in real-time, and observability may change when bad data is detected and removed, and when a 
switching event occurs and network topology changes. Observable and non-observable portions of the network 
are shown in different colors in the single-line diagram: portions of the network observable with PMUs are shown 
in light blue, and non-observable portions in black in Figure 5. Healthy PMUs are shown with a dark blue square 
(with letter P inside) and unavailable (or bad data) PMUs are turned red. Figure on the left shows a portion of the 
circuit which is fully observable when all the PMUs are healthy. Figure on the right shows that certain segments 
become unobservable (shown in black) when five PMUs near nodes 212, 404, and 407 become unavailable. 

      
Figure 5. Observability Analysis Result Visualization.   

DLSE issues a series of alarm based on observed and calculated values. Three types of alarm indicators are 
shown on the interface: event, bad data, and limit violation alarms. If a switching event is identified, the Event 
Alarm indicator turns red. If voltage and/or thermal violation occurs, the Violation Alarm indicator turns red. If, 
for example, both an event is identified and voltage limit is violated, both Event and Voltage Violation Alarm 
indicators turn red (see Figure 6). If bad or inaccurate data is identified, Bad or Inaccurate data alarm is issued. 

 
Figure 6. An Event and Voltage Violation Alarms are Issued 

The DLSE software learns all the possible topology using the machine learning training module. As soon as 
the topology of the system changes the PMU data also changes and DLSE decodes the change in PMU data to 
accurately estimate the current topology in real-time. The purpose of the switching event detection computation 
is to correctly identify switching events (i.e., topology changes) without supplying switch status to the DLSE. 
Generally, collecting and providing switch status data to state estimation programs are very significant and costly 
efforts, and it is even more complicated in distribution systems where some switches have no automation or 
remote SCADA connection. The DLSE software operates without access to switch status and estimates topology 
(and switch status) using only voltage and current phasor data from PMUs. Figure 7 shows a series of simulated 
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topology changes as detected by the DLSE software, showing the transitions during energization of the local 
DERs. The time chart on the left shows the voltage level on phase A of bus 185.1, and the output tab on the right 
provides details about every change or event detected by the system. The first transition denotes the base case 
configuration of the BCM circuit, followed by energization of the local gas generator after about a second, and 
then connection of the photo-voltaic (PV) distributed generation source to the circuit about 4 seconds later. 

 
Figure 7. Detecting a Series of Topology Changes  

State Estimation: State estimation accuracy 
is the most important factor to validate that the 
Model in RTDS or field matches with DLSE. 
State estimation accuracy is also key to enabling 
features like observability analysis, topology 
detection, and bad data detection. Figure 8 
shows that the PMU measurements match 
exactly to the DLSE estimates.   

Bad data detection: DLSE includes an 
elaborate bad data detection module, which can 
detect data anomalies, bad measurement, single 
point outlier, missing data, packet data drop, 
GPS time stamp errors and network congestion. 
Figure 6 shows an instance where bad data was 
inserted in PMU measurement. DLSE detects 
the bad data and removes the PMU from further 
state estimation process until the data is deemed as good again.  
 
4 Benefits and Values beyond LSE Function 
 

The modern active distribution grid with various DERs and microgrids can be complicated to manage. Real-
time monitoring and balancing of resources are critical to maintain quality of service and grid stability. The fast 
state estimation function provided by this PMU-based DLSE platform can be very helpful in achieving real-time 
visibility and grid stability. When the DLSE system is used for monitoring, it is a very valuable tool for quick 

Figure 8. State Estimation Accuracy 
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post-mortem analysis helping build knowledge in controlling active distribution grids and building confidence in 
their operation. It can also help with the optimization of various services, such as microgrid control and hosting 
capacity analysis. For example, in a dynamic microgrid environment, through DLSE real-time monitoring, 
additional (pre-planned) circuit segments can be added to the core microgrid when extra resources are available 
(e.g., when load levels are not close to peak limits), sharing the microgrid services/benefits with a larger group.  

Beyond state estimation, the DSLE platform here has several additional functions that provide significant 
value. For example, fast topology detection function (switching event detection) can help identify fault locations 
and reduce outage durations. The PMU placement function can minimize the number (and cost) of PMUs to be 
installed. The PMU placement function with features for considering already-installed PMU locations as well as 
unavailable locations (where for various physical/practical reasons it is hard or too expensive to install a PMU in 
the field) can be very helpful with practical PMU placement, minimizing the marginal cost of adding PMUs and 
observability for the grid. 

One of the most valuable services this DLSE platform can provide in a practical real-world advanced 
distribution operation environment is that it can serve as a data refinery (a data quality control layer) between the 
voltage and current sensors and grid applications. Typically, for a critical application to function reliably, it needs 
accurate and reliable sensor data. DLSE’s bad and inaccurate data detection function can identify bad data quickly 
(in many cases within one power cycle) and tag it (or replace with good data) so that the application using the 
data won’t malfunction because of the erroneous input data. The function can also help identify drifting/aging 
sensors as well as sensor communications issues in many cases, all leading to a robust architecture of data-driven 
advanced grid applications (e.g., in ADMS or DERMS system). This data quality control layer can enable reliable 
use of data even for mission critical applications such as advanced/adaptive protection. The bad data detection 
function may also be used to support enhanced cyber security using physics-based cyber event detection 
techniques. 
 
5 Summary and Future Work 
 

The DLSE platform reported in this paper has been developed in tight collaboration between technology 
developers and the utility experts, with focus on practical challenges that utilities face in maintaining and 
operating the emerging DER-rich distribution grid. The technology introduction is following a rigorous 
development process starting from requirements definition (including various practical deployment issues) to 
software development and factory testing, extensive proof-of-concept testing in a real-time digital simulation 
environment, pilot field deployment, and staged expansion for mass deployment. Each stage helps refine the 
solution, solve challenges, and manage risk. ComEd and partners have made great progress along this journey 
and are in the process of deploying DLSE at BCM as a full-fledged field pilot. Field PMUs and PDCs are in place 
and the DLSE function is being integrated with field data. 

The team has also been working on streamlining the process, including model reduction and conversion for 
DLSE, PMU placement studies, etc. and has already performed some of these functions for several critical 
customer circuits (such as airports) and renewables-rich circuits (e.g., Mendota area in Illinois). The DLSE 
platform is being validated and enhanced on these additional circuits in an RTDS environment, each circuit 
providing differences and some new challenges, helping mature the DLSE solution more rapidly for broader use 
across the utility. We intend to report on these activities in the near future. 
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