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Abstract—In 2009, DTE Energy - Detroit Edison began a pilot 

project to use power quality monitors to locate faults on 
numerous trunk lines and tie lines of its 24-kV and 41.57-kV 
systems.  Fault measurements captured by the meters are 
downloaded automatically, integrated into a relational database, 
and processed for reactance calculations.  The reactance 
calculations are combined with detailed subtransmission circuit 
models and geographic information system data to build 
estimated fault location tables and web-based map displays.  The 
systems are integrated on the company intranet and used in real-
time by numerous groups within Detroit Edison including system 
supervisors, field operations, and system planning.  The 
algorithm used for waveform processing can distinguish between 
single-phase faults, multi-phase faults, subcycle faults, and feeder 
energizing magnetizing inrush.  The system integrates the 
measurements from the power quality monitors with circuit 
breaker operations stored in the SCADA historian.  This paper 
will present an overview of some of the parameters and practices 
for finding faults in place every day at Detroit Edison. 
 

Index Terms—fault location, power quality, power system 
restoration, power system transients, relational databases, 
geographic information system. 

I. INTRODUCTION 
HE automatic fault location system (AFLS) on the 
subtransmission system of DTE Energy – Detroit Edison 

(DECo) was first put into use during 2009.  It incorporates 
power quality monitors, database applications, up-to-date 
circuit models, and geographic information system (GIS) 
databases in order to provide automatic fault identification and 
fault location estimation.  The AFLS is becoming a valuable 
tool for quickly and accurately identifying the location of 
faults on the DECo subtransmission (24-kV and 41.57-kV) 
system.  

The AFLS uses measurements recorded at stations.  These 
measurements are downloaded automatically and incorporated 
into a relational database.  Calculations on these 
measurements estimate the reactance from the station to the 
fault.  The calculations are based on phasor measurements 
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derived from the voltage and current samples and calibration 
constants based on previous fault data and known locations.  
The result of these calculations is an estimated “reactance to 
fault,” or XTF.  The XTF values are compared with line 
models that estimate the positive-sequence impedance 
between station and line structures.  The estimated locations 
can be viewed in tabular format on the corporate intranet and 
can be displayed graphically using maps derived from a GIS 
database.  The calculated fault locations are typically available 
on the DECo intranet within ten minutes after a line fault. 

II. POWER QUALITY MONITORING AT DETROIT EDISON 
Installation of monitors for recording power quality 

measurements at DECo began in 1995 in order to administrate 
a ten-year Special Manufacturing Contract (SMC) between 
DECo and Chrysler Corporation, General Motors 
Corporation, and Ford Motor Company.  The SMC covered 
voltage interruptions and voltage sags.  DECo became liable 
for interruptions that exceeded performance targets effective 
January 1995.  The voltage sag amendment to the SMC, 
effective January 1998, made DECo liable to the customers if 
voltage sag measures exceeded performance targets.  DECo 
installed power quality monitoring at 56 locations of the three 
customers throughout the southeastern Michigan service area.  
The power quality monitors on the customers’ 4.8-kV and 
13.2-kV services allowed DECo to determine the frequency 
and severity of voltage sags that occur at the customer 
locations.   

Numerous reports were developed to administrate the SMC 
service agreements.  Figure 1 illustrates an example of a report 
that shows the location and voltage sag time stamp along with 
the minimum voltage on each phase, duration, cause category, 
and the faulted system element.  The report also shows a 
voltage sag score, which is the average voltage lost across the 
three phases.  Reference [5] describes the five rules of the 
SMC service agreements that pertain to voltage sags and 
provides more information about the sag score concept. 
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Figure 1: Example Sag Score Report for a DECo SMC 
Customer 
 

The SMC expired year-end 2005, but the voltage sag 
monitoring and analysis processes developed during the SMC 
period continues to the present time.  The power quality 
monitoring system was expanded over time to include 
distribution substations, industrial substations and 
subtransmission buses.  The subtransmission monitors were 
installed for trending area SARFI, voltage fluctuations, 
harmonics, and as a means to identify the location of 
permanent faults to achieve faster restoration, thereby 
reducing SAIDI.  The goal of the AFLS is also to identify and 
locate nonpermanent faults before they become permanent, 
thereby reducing SAIFI [2]. 

III. FAULT IDENTIFICATION AND LOCATION PROCESS 

A. Fault Measurements 
Measurements are recorded on the subtransmission buses 

using power quality monitors installed on the secondary of 
120-24 kV and 120-41.57 kV transformers.  Each bus group is 
typically supplied by two to four parallel transformers.  These 
locations serve from five to 28 lines.  Most lines are single-
ended (trunk line) whereas some are connected to other buses 
(tie line).  The DECo system consists of 478 trunk lines and 
95 tie lines.  The AFLS is being applied predominately for the 
trunk lines. Some tie lines are included since one end is at 
monitored location. 

At present, the lines are monitored by a single power 
quality monitor.  A monitor records voltage and current at the 
output of a single transformer, which means that each monitor 
measures a fraction of the total current supplied to a trunk or 
tie line fault.  DECo uses a short-circuit program to determine 
the portion of fault current supplied by the monitored 
transformer.  For example, the phase currents from the power 
quality monitor on the secondary of the transformer shown in 
Figure 2 are multiplied by 2.91 to represent the total fault for 
reactance-to-fault calculations on the seven lines. 
 

 
Figure 2: Each power quality monitor records voltage and 
current at the secondary of a transformer in parallel with 
other transformers that serve the load on several lines 
 
Figure 3 represents a single-line-to-ground (SLG) fault 
measured on a DECo trunk line.  The fault was recorded up-
line from the fault. 
 

 
 
Figure 3: Example of a SLG fault on a DECo trunk line 
estimated to be j1.553 ohms downline from the monitored 
buses 
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Figure 4 presents an example of a three-phase fault 
measured by an upline power quality monitor. 
 

 
Figure 4: Example three-phase fault on a DECo trunk line 
estimate of j3.999 ohms from the monitored buses. 

 
Measurements by the power quality monitors are triggered 

using high and low rms voltage thresholds.  When a voltage 
sag or voltage swell is detected, it will trigger voltage and 
current waveform samples and rms samples to be recorded.  
RMS voltage and current values and estimated reactance 
values to the fault are computed from the waveforms.  The 
DECo power quality monitors are configured to record 
voltage and current waveform samples at a rate of 64 points 
per 60 Hz cycle with three cycles of pre-trigger and at least 25 
cycles of post-trigger data. 

The power quality monitors communicate with a server via a 
broadband Ethernet connection provided by a mobile 
telephone provider or a DECo field-communications-network.  
This allows the fault measurements to be downloaded from 
the monitors to the corporate network typically within one 
minute. 

B. Circuit Models 
The quality of the geospatial data for the lines associated 

with the conductor type that is stored in the DECo GIS system 
is not sufficient at this time.  Thus for this project, a new 
approach was taken.  Each line’s geospatial coordinates are 
defined using Google Earth.  Typically, each pole can be seen 
using Google Earth’s aerial imagery whereas underground 
structure locating often requires use of additional references.  
All structures are included in the geospatial model.  The line 
data is exported from Google Earth as KML. 

A custom database application was developed for importing 
the XML coordinates of the polylines for the model (See 
Figure 5).  The conductor type is specified for each conductor 
section defined in Google Earth.  Care is taken when building 
the model to establish each unique conductor type as a single 
polyline.  Each record in the line models database represents 
the line sections in a sequential order, their conductor types, 
and structure coordinates.   
 

 
Figure 5: Custom Line Modeling Database Application 
used at DECo in the AFLS 
 

The polyline coordinates are matched with positive-
sequence and zero-sequence impedance for the conductor type 
used with each line section.  If the line section being modeled 
is a single circuit, then the impedance for the line section is 
distributed evenly between the points that comprise that line 
section.  However, if the line section being modeled is in 
actuality two parallel underground or overhead conductors, 
then the total impedance for the line section is distributed 
using an inverse relationship based on the distance of a given 
structure back to the start of the parallel conductor section. 
Estimates for faults within line sections consisting of three 
parallel conductors are complicated in that the impedance is at 
a maximum at about 75% of the total length of the line section 
rather than at the end of the line section as with a single 
conductor or two parallel conductors.  See Figure 6. 
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Figure 6: Analysis of Cumulative Impedance from Head 
Node for a Fault within a Line Segment with Parallel 
Conductors 

   
The cumulative impedance to each underground and 

overhead structure is stored in a relational database.  At 
present, 108 line models (19% of the total trunks and ties) are 
written to the database.  The typical time to build each line is a 
few hours. 

C. Data Integration 
Once downloaded from the substation, data from the power 

quality monitors is integrated automatically into a relational 
database [3].  The waveforms from the power quality monitors 
are stored in a proprietary database format provided by the 
monitor vendor. 



Overview of an Automatic Subtransmission Fault Location System at DTE Energy 
 

4

The fault measurements are incorporated into an ODBC 
compliant relational database usually within a few minutes of 
a fault occurrence.  Once in the relational database, the 
measurements can be queried and analyzed directly using 
workstation computer applications or indirectly via intranet 
web applications. 

The measurement captured from the power quality monitor 
is correlated with circuit breaker open and/or close operations 
recorded simultaneously in the commercial SCADA historian 
system.  The timestamp and line associated with the SCADA 
operation is stored in the ODBC compliant relational database 
along with the waveforms to make it easier to determine on 
which line a fault occurred.  This is important because each 
power quality monitor is measuring the current to more than 
one line simultaneously. 

D. Fault Identification 
Each measurement downloaded by the remote power 

quality monitors is analyzed by a power quality database 
management and analysis software system for voltage 
characteristics and zero-sequence current characteristics that 
indicate a SLG fault has occurred.  Other line-line voltage 
characteristics are examined that indicate that a two-phase or 
three-phase fault has occurred. 

The harmonic content of each measurement is used to 
estimate if the measurement is not a fault measurement but 
rather a magnetizing inrush current measurement.  When an 
inrush is measured without a subsequent fault, an e-mail alert 
is sent in order to help operations differentiate a repaired line 
that has opened automatically due to a new fault, from a 
repaired line that has tripped because of a large magnetizing 
inrush current transient. 

A single measurement may be classified as more than one 
type of fault.  This means that the AFLS is able to identify 
single-phase faults that evolve into multi-phase faults.  As 
another example, the system is able to identify the start and 
end of each stage of a fault that begins as transformer 
energizing transient but degrades into a fault condition. 

The AFLS computes two durations.  One duration is related 
to the start time and end time of the fault itself.  Another 
duration is related to the rms voltage sag related to the fault or 
to system recovery.  When the duration of the voltage sag 
exceeds a set number of cycles, then another type of e-mail 
message alert is sent. 

E. Reactance Estimation 
For SLG faults, the XTF is estimated using (1), where Vf is 

the magnitude of the voltage measured on the phase showing a 
voltage sag, NT is the number of transformers in service during 
the fault, I0 is the magnitude of the zero-sequence current, and 
θ is the phase angle between Vf and I0.   

 

θ
IkN

V
XTF

T

f sin
01

=  (1) 

 
The constant k1 is a calibration factor that is determined 

using previous faults recorded at the bus in the recent past.  

The historical faults must have occurred when the network 
was in the same configuration for the fault that occurs in the 
present.  Practical use of the fault location at DECo indicates 
that the actual distance in reactive ohms for historical faults 
can be used to determine a value of k1 that will estimate the 
reactance to fault for future events.  The k1 constant can be 
computed at the bus level for all lines supplied by a station, or 
can be computed for each line.  The line-level k1 constants 
typically are more accurate than the bus-level constants. 

 For multi-phase faults, a more traditional method is used for 
fault location. The approach described in IEEE C37.114 for 
single-ended impedance-based measurements has been 
applied successfully to the DECo subtransmission faults [1].  
This method requires computation of line-line voltage and 
current phasors before the fault and during the fault.  

F. Fault Location Visualization 
There are multiple applications available for displaying 

estimates of fault location.  Figure 6 presents an example one-
line diagram showing the estimated fault locations as circles 
and the actual fault location with a callout annotation line.  
Multiple estimated locations are possible whenever a line has 
laterals.  This one-line is visible via desktop computer 
programs or within a web page display.  Figure 7 presents the 
same one-line diagram, but overlaid on an aerial map 
available from Google Earth. 

 

 
Figure 7: Example One-Line Diagram Showing Estimated 
Fault Locations and Actual Location with Coordinates 
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Figure 8: Example One-Line Diagram Showing Estimated 
Fault Locations and Actual Location Displayed with 
Aerial Map Data Provided by Google Earth 

 
On the DECo intranet, several applications provide system 

operations and engineering with estimated fault locations.  A 
web page picture listing estimated fault locations is presented 
in Figure 8.  The system supervisors that respond to 
subtransmission events are reminded with the message 
“Calculated Fault Locations Available” on their SCADA 
displays so that this information is promptly used.  

 

 
Figure 9: Web Table Display of Estimated Fault Locations 
 

In Figure 9, an example of a one-line diagram from another 
intranet web application is shown for the feeder with an 
estimated fault location.  This map display was drawn using 
data from a commercial GIS database system.  The lightning 
bolt icons represent the estimated (green) and actual (red) 
location of the fault.  This application can also display the 
locations on satellite imagery. 
 

 
Figure 10: Example Street View Map of Estimated and 
Actual Fault Location 

IV. AUTOMATIC NOTIFICATION  REPORTING 
For each fault measurement identified by the AFLS, an e-

mail message is sent.  The e-mail message includes the 
following values for each fault (See Figure 10): 

 
• Database Event Number 
• Substation Name 
• Local Time 
• Hyperlinks to web-based waveform samples and derived 

rms samples of the fault  
• Fault Type 
• Duration of the rms voltage sag associated with the fault 
• Estimated Reactance to Fault 
• Magnitude and Phase Angle of All Voltage and Current 

Phasors during the Fault 
• SLG Calibration Constant (k1) 
• Digital relay channels that change value during fault (not 

used at present at DECo) 
• Correlated circuit breaker operations from SCADA 

historian 
 

 
Figure 10: Example of an Automatic E-mail Notification 
after Fault Processing 
 
An alternative e-mail notification of some event 
characteristics and the line operations that displays well on 
cell phones is shown in Figure 11. 
 



Overview of an Automatic Subtransmission Fault Location System at DTE Energy 
 

6

 
Figure 11: Example of an Automatic E-mail Notification 
Sent to Mobile Telephones after Fault Processing 

V. RESULTS 
The process and information described in this paper is 

gradually replacing the slow methods of fault locating.  These 
slow methods include manually using various sets of data 
collected during the fault and a short circuit program to 
simulate faults and derive a location which can take hours to 
complete if an engineer and information are available [4].  
Then, patrols are requested, often from the beginning of the 
line to its end(s).  The time-of-day, line length, line location 
and weather impact the duration and safety of this activity.  As 
a last resort, lines have been progressively sectionalized with 
the intent of isolating a hard to find fault on a lateral and allow 
partial line restoration. 

In contrast, fault location estimates have been provided for 
about 50 faults since January 2011 using the AFLS.  Since 
July 2011, the estimates have been available to the system 
supervisors within 10 minutes of a fault in either the street 
view, one-line or satellite image fashion.  The street view is 
preferred since an intersection of the location estimate is 
readily available for issuing instructions and logging.  

The typical distance between the estimated and actual 
locations for multi-phase faults has been 180 meters or less.  
SLG fault comparisons have been initially more distant but 
become closer with the ability to tune the calculations with k1.  
The accuracy of the estimates has earned a higher priority for 
a patrol due to temporary faults since only a small fraction of 
the line must be inspected. 

Abnormal system configurations have caused a few invalid 
estimates.  Some of these have been corrected by changing the 
transformer factor NT in (1) and in the IEEE C37.114 
approach. 

VI. CONCLUSION 
The AFLS at DECo was developed from 2009 to 2011.  

Regular usage by the system supervisors and others started in 
July 2011.  The AFLS has proven very dependable and has 
become a favorite application.  Its users are anxious for the 
inclusion of many more lines.  Orders to install more monitors 
and creation of line models are ongoing.  Four sets of power 
quality monitors and cellular modems have been mounted in 
portable boxes for short term use to take advantage of the 
AFLS prior to permanent equipment installation.  

Planned enhancements to the AFLS include calculations to 
support fault location within line sections that consist of three 
parallel conductors; the use of line-level k1 constants to 
improve the accuracy of SLG fault location estimates; the 
ability to quickly or automatically compensate for some types 
of abnormal system conditions and web page improvements. 
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