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ABSTRACT 

 Transmission lines are a vital yet often over simplified component in a power system. 

While digital power system models use impedance values to represent both the balanced and 

unbalanced states of a transmission line, these values are obtained from formulas using many 

simplifying assumptions. These values serve as accurate representations of a transmission line 

within the constraints of the assumptions. However, when conditions exist in a transmission line 

that are not accounted for in the modeling assumptions, significant error can result. 

 Synchronized phasor measurement is a proven technology that has the ability to measure 

power system parameters and perform calculations in real time at speeds that were previously not 

possible. These real time calculations can be used to validate power system models, and predict 

dangerous transmission line conditions as system loading changes. Additionally, if transmission 

lines are closely monitored in real time, the ability to dynamically rate the transmission line’s 

capacity becomes possible. 

 This thesis work focuses on the use of a simplified calculation to determine transmission 

line positive sequence impedance. The benefit of using simplified calculations is that real time 

information can be analyzed without the additional overhead of processing vast amounts of 

historical data sets and critical loading events can be identified in time to take corrective action. 

Through the use of a minimal sample interval where all measurements represent the same system 

conditions, existing statistical methods may be readily applied and actual line parameters 

determined. As such, this work will focus strongly on quantifying the minimum sample interval 

and calculating actual positive sequence line parameters. 
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CHAPTER 1 

INTRODUCTION 

 This chapter will briefly outline the topic of transmission lines and discuss some 

compelling reasons to model transmission lines accurately. In section 1.1, a dialogue for the 

power line to be considered a component that is more than a relatively static building block of the 

transmission system is presented. Section 1.2 will establish the framework of the specific 

objectives related to this thesis. 

1.1 Power System Structure 

Worldwide, the bulk power system (“the grid”) differs little in architecture and 

fundamental principal of operation. Utilizing an economy of scale approach, electrical power has 

historically been generated at large distant facilities by alternating current (AC) machines via an 

electromagnetic process. The generated power is sent through conductors to a generator step up 

transformer (GSU). The output of the GSU is connected to a web of conductors and transformers 

that distribute power to the end users. While modern distributed generation has become 

increasingly popular in areas close to load centers, the network of transmission lines remains in 

place and heavily utilized. 

Many factors susceptible to change can impact a line’s ability to carry power. While 

scientists and engineers have determined sets of formulas that do a good job of modeling what a 

line’s electrical properties should be, transmission lines are mostly considered to be power system 

elements that do not change substantially in normal operation. Often, two types of conditions are 

used to model transmission lines. One method models the steady state balanced parameters of a 

line. The other method determines line parameters in a state of imbalance. Both sets of equations 

yield values that are not considered to change significantly from the calculated values. 
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However, discrepancies in conductor calculated parameters, temperature extremes, 

proximity of adjacent lines and increased conductor loading may arise. Many cases exist that 

require more real time information be determined about a transmission line. Knowledge of 

accurate line parameters will increase the accuracy of post event fault location and power flow 

modeling [1, 2].  

Distance relays require accurate impedance information to properly detect faults in the 

appropriate zone [3]. Modern computer modeling assumes a constant value of earth resistivity. 

However, in the original work of Carson, the resistivity of the earth was not considered a constant 

[4]. It is beneficial to verify simplifying assumptions based on actual system conditions, and that 

the components are modeled and represented properly. 

1.2 Research Objective 

The focus of this work is to use synchronized phasor measurement to examine a 

transmission line in normal operation. From the measured quantities, the line’s steady state series 

and shunt impedance parameters can be determined. Determining the line impedance in real time 

will allow more accurate modeling of the transmission system and more reliable operation of the 

grid. Many complex methods have been previously proposed that require multiple mathematical 

manipulations to obtain transmission line parameters. If a simple implementation of line 

parameter calculation could be determined, the transmission line characteristics could be 

calculated in real time as synchrophasor data arrives at a data concentrator, using minimal 

processes. This would allow historical analysis without requiring synchrophasor data to be 

processed separately from very large files.  

Methods using random sampling of synchrophasor data have been proposed in other work. 

The concern of obtaining samples representing the actual system condition and not values 

containing significant presence of noise are substantial. This work will propose using a minimal 
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interval of samples obtained during identical loading conditions to calculate and summarize the 

characteristic values of the line.  
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CHAPTER 2 

LITERATURE REVIEW 

This chapter will review some previous work surrounding transmission line modeling and 

transmission line parameter determination with synchrophasors. The benefits and reasons to 

model a power system are discussed in section 2.1. A brief examination of synchrophasor history 

is outlined in section 2.2. Some concerns raised by potential adopters of synchronized phasor 

measurement technology as well as the benefits to the technology are debated in section 2.3. 

Previous research conducted with simulated and actual synchrophasor data is reviewed in section 

2.4 and section 2.5. Concluding this chapter is a section on the regulating standards surrounding 

synchronized phasor measurement in section 2.6. 

2.1 Power System Modeling 

The power system is a complex machine that requires a representative model to analyze 

and predict system response under different conditions. The first power system model was 

developed at Massachusetts Institute of Technology (MIT) in 1929 [5]. This allowed engineers to 

study a scale model of the power system in an effort to better understand the system’s behavior. 

These early models were referred to as network analyzers. The early network analyzers did not 

allow for detailed system-wide studies including each power system component. The network 

analyzers were used to examine the larger more critical segments of a power system. Since 1929, 

the grid has become significantly more complex while power system operating margins have 

become much thinner.  

Modern power system components are mostly operated by for-profit, government-

regulated companies. To provide a return on investment, the power system must operate at much 

closer to full load ratings, with high reliability, requiring tools of increasing complexity to both 

model the power system and verify its representation. The development of modern computers 



5 

allows power system models to become digitized and easily modified. With the use of computer 

models, the grid can be simulated with a great deal of accuracy. The Oklahoma Gas and Electric 

(OG&E) power model contains approximately 9,000 busses to represent the power system within 

their operational territory. Modeling power systems of this scale would simply not be practical 

with the original MIT network analyzer approach. 

These power system models have traditionally operated in isolation from the power 

system without a feedback mechanism to verify modeling assumptions. Any feedback on model 

accuracy would likely occur during post event fault analysis using digital fault recorder (DFR) 

measurements and/or microprocessor relay oscillography. This isolation leaves room for 

modeling error. Once an error is entered into a model it can become very difficult to track down. 

By comparing real world measured values of a power system under both steady state and dynamic 

conditions, a model can be assessed to ensure it provides an accurate representation. 

2.2 Phasor Measurement History and Adoption 

Synchronized Phasor measurement is not a new technology. The American Electric Power 

Company (AEP) documented their initial installation of five global positioning system (GPS) 

synchronized phasor measurement units in 1989 [6]. The objectives of the original AEP study as 

to use the synchrophasor measurements to [6]: 

• Capture power swings which were poorly damped or which have negative 

damping 

• Capture frequency transients 

• Prototype differential relay logic 

• Improve post event analysis 

• Augment state estimation with synchrophasors 
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Utilities and researchers continued to experiment with the technology without a formal 

standard for several years. The use of synchrophasor technology experienced an increase after the 

investigation report of the 2004 U.S.-Canada blackout cited “inadequate situational awareness for 

grid operators” as the principle cause of many of North America’s major blackouts [7]. In 2009 

the American Recovery and Reinvestment Act provided $4.5 billion for the Smart Grid 

Investment Grant (SGIG), Smart Grid Demonstration Program (SGDP) and other Department of 

Energy smart grid programs [7]. This funding increased the presence of synchrophasor coverage 

by ten fold through the use of matching funds [7]. 

2.3 Synchrophasor Project Considerations and Benefits 

Cost of installation remains a significant barrier of entry for synchrophasor projects [8]. 

Under the SGIG, the median cost of phasor measurement units (PMUs) by participating utility 

companies was $43,400 per PMU, with phasor data concentrator (PDC) costs of $107,000 per 

PDC [7]. Many substations are located in remote areas where access to secure, high-speed, 

reliable communication methods are a concern. Therefore, not every substation is suitable for the 

installation of synchronized phasor measurement. The approximate communication bandwidth 

requirement of a theoretical network of phasor measurement units is listed in Table 1. 

TABLE 1 [9]  

APPROXIMATE BANDWIDTH REQUIREMENTS OF PHASOR MEASUREMENT UNITS 

  Number of Phasor Measurement Units 
Samples Per Second 2 

(kbits/s) 
10 

(kbits/s) 
40 

(kbits/s) 
100 

(kbits/s) 
30 27 220 836 2,085 
60 114 440 1672 4,170 

120 229 881 3,345 8,340 
 

Note: Bandwidth assumes a sample rate of 20 measured quantities per PMU each complete phasor measurement  
requires 2 total measured quantities. 

 
 When total bandwidth including time stamp and storage overhead is considered, a network 

of 40 PMUs can create 15.5 GB of data per day or 5.6 TB per year depending on the sample 
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quantity and rate [9]. If 10 independent system operators’ (ISOs’) synchrophasor data is 

combined for storage, collective data storage in a super data concentrator could reach 509 TB, or 

half a petabyte of data per year [9]. The task to store, query, filter, and analyze the historical data 

over long duration time intervals in a fast, meaningful way becomes daunting. 

 In the modern computer era, network security has become an area of extreme 

vulnerability. This presents additional concern by potential synchrophasor adopters [8]. In 

acknowledgment of this concern, the North American Electric Reliability Corporation (NERC) 

strictly regulates cyber security of critical power system equipment under NERC CIP 002-009 

[9]. Additional regulations may be applicable under various other agencies. Some examples of 

regulating entities are the International Electrotechnical Commission (IEC), Institute of Electrical 

and Electronics Engineers (IEEE), National Institute of Standards and Technology (NIST), and 

the Federal Information Processing Standard (FIPS) [9]. The ability to spoof GPS signals is an 

additional concern of potential users of the synchrophasor technology. GPS spoofing poses an 

area of vulnerability that most traditional computer hardware does not contain. 

  Concern over life expectancy of new power system protective technologies also slows 

synchrophasor adoption. According to [10] the life expectancy of a protective relay has decreased 

from 35 years in 1940 to a mere 7-10 years in 1990. Many utility companies are not eager to 

upgrade traditional electro-mechanical protective devices that have long, perceived reliable 

service lives. Several manufacturers continue to make equipment that serve as direct replacements 

for traditional electromechanical protective equipment. 

 Synchrophasor technology, like any technology, is not a good fit for every application. In 

the case of real time power system protection based strictly on the use of synchrophasors, the 

inherent risks associated with the technology may be too great for implementation. However, in 

applications where high speed, continuous, and detailed assessment of the power system over a 
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wide area is desired, synchrophasor technology presents benefits with which no other technology 

can compare. In [11] Terry Boston, the CEO of the Pennsylvania, Jersey, Maryland Power Pool 

(PJM), when speaking of synchrophasors is quoted as saying: 

“It’s like going from an X-ray to a MRI of the grid.” 
 

Synchrophasors have seen great success in the prediction of component failure, location of 

faults using VAR mapping, power system disturbance analysis, wind farm integration and 

interconnection analysis [12]. The Bonneville Power Administration (BPA) received award 

recognition in 2013 for its work installing 126 synchrophasor units collecting 137,000 

measurements every second [13]. The presence of many distributed low mass generation units 

creates a system prone to dynamic system oscillations. In [14] many agencies reported with great 

success the use of dynamic generator model validation using synchrophasors. In [15] 

synchrophasors are utilized to verify dynamic power plant models of all sizes from wind turbines 

to nuclear and large hydro plants. 

The use of synchrophasors in power system model validation is a low risk area of use 

where the results can be reviewed and analyzed to ensure a model is maintained that adequately 

represents the associated power system. The continuous streaming of synchronized measurement 

to a computer system, allows for the on-line dynamic calculation of transmission line properties at 

regular intervals. These calculated values could be reviewed for patterns or trends that indicate 

abnormal conditions or divergence of the representative model from the power system. Some 

work has previously been conducted in the application of synchrophasors to transmission line 

parameter verification. Both work utilizing simulated data and data obtained from an actual power 

system has been reviewed. 
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2.4 Synchrophasor Measured Line Parameters Simulated Data 

The presence of noise in power system instrumentation circuits is well known and its 

impact on the resulting measurements has been studied in [16] and [17]. While many of the 

measurement devices have sufficient accuracy, the use of unshielded cable continues to be a 

source of error in the instrumentation circuit [16] [17]. The focus of the work in [2] and [18] was 

to simulate synchrophasor measurements and superimpose bias and random noise on the signals 

to determine algorithms that would enhance the accuracy and resilience to measurements 

corrupted with noise and bias. In [2], a baseline of measurements were obtained on a simulated 

line model with a nominal PI model. The parameters were again examined with the 

implementation of A,B,C,D chain parameters, then both linear and non-linear regression 

techniques. While improved results were obtained to instrumentation signals with bias error, the 

synchrophasor calculated series resistance error remained at unsatisfactory levels. 

The off-line application of a Durban Watson test to a simulated 10 bus system using 

simulated CCVT measurements was studied in the work of [3] to detect and remove bad data 

measurements. In [3], the application of the Durban Watson test seemed to confirm the presence 

of bad data when used on the residuals of the calculated line parameters by implementing a 

Matlab least squares and total least squares estimator [19]. The study samples were random 

samples taken from the original data set. In effect, the available data was down sampled to obtain 

data that was representative of different loading conditions. In this study, the assumption was the 

resultant error is always in the measured values. In an actual transmission line, not all error can be 

attributed to measurement error. The transmission model is made up of many simplifying 

assumptions. In real power systems, it can be difficult to discern what the true impedance values 

of a transmission line are and their assignment is subjective. 
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The theoretical determination of transmission line parameters was extended for 

application to differential line protection in [4]. Using EMTP software to model a double circuit 

transmission line and tower construction, simulated synchrophasor measurements were utilized in 

[4] to determine the line parameters and locate the position of a fault on the line. The fault was 

classified as internal to the protected line when 3 consecutive synchrophasor samples determined 

the differential currents to be above normal levels. The details of how the line parameters are 

adjusted for changes of system operating conditions in [4] is unclear. For three consecutive 

samples to be utilized to initiate a trip decision by the overcurrent protection, the parameters 

would certainly need to be calculated quickly and efficiently in real time system operations. 

2.5 Synchrophasor Measured Line Parameters Field Data 

The comparison of synchrophasor calculated transmission line positive and zero sequence 

parameters to Advanced Systems for Power Engineering (ASPEN), Entergy, PSCAD/EMTDC 

line parameters was conducted in [20]. A 31 mile long 230 kV line was selected for analysis. Both 

transposed and untransposed nominal PI and distributed line parameter models were examined. 

The resulting calculations of line impedance magnitude indicated an average of 5.8 percent 

difference in resulting parameter calculations. The calculated zero sequence compensation factor 

and zero sequence magnitude indicated the largest discrepancy of between 18 and 31.5 percent 

error in accuracy between the various transmission line models and the synchrophasor determined 

values. Some possible reasons for error were discussed in assumptions made of earth resistivity, 

CT error and fault duration. 

The comparison of calculated A, B, C, D line parameters for a 525 kV 330 mile long line 

with synchrophasors were examined in [21]. The use of recorded sending and receiving power 

flow calculations were implemented to verify the accuracy of the results. This work 

acknowledges the accuracy of the entire instrumentation circuit is encapsulated within the results 
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of the synchrophasor measurements. In [21] the A,B,C,D parameters were determined over the 

actual line values because laboratory grade instruments were not available. The results indicated 

an order of magnitude improvement in volt-ampere reactive (var) power flows when using the 

synchrophasor parameters. 

Mutual impedance of two 220 kV transmission lines with synchrophasors were examined 

in [22]. The synchrophasor determined impedance values were analyzed with a least squares 

method and the synchrophasor sample rate was increased to 80 points per sampling cycle to 

increase calculated accuracy. Emphasis is placed on the deviations of in service transmission lines 

to their model representation in the areas of variations in earth resistivity and spacing among 

power lines. It is discussed in [22] the importance of determining accurate zero sequence 

parameters for obtaining accurate results in fault calculations. While differences in line 

parameters of 30 percent were observed, the discrepancy was attributed to the increased precision 

of the synchrophasor calculation method. 

2.6 Phasor Measurement Standard 

2.6.1 Initial Phasor Measurement Standard 1995 IEEE 1334 

In 1995, IEEE 1334 was the first established standard for synchronized phasor 

measurement [23] [24]. The purpose of the standard was to define synchronized phasor 

measurement in a way that would allow comparison of calculated phasor measurements generated 

by differing equipment directly [24]. The standard did not specify response time, accuracy, 

hardware, software or the process by which the computation of phasor measurements would be 

generated [24]. This allowed equipment vendors the flexibility to innovate specific calculation 

approaches while maintaining the ability to compare resulting values directly. IEEE 1334 focused 

on the synchronization of data samples, data to phasor conversions, timing input formats and 

phasor data output [24]. 



12 

This early version established Coordinated Universal Time (UTC) as the basis of uniform 

comparison for all measurements. The UTC measurement would have sufficient detail to provide 

second-of-century agreement with UTC. A means of time synchronization was mandated. This 

synchronization could occur locally or globally through either a distributed or direct connection 

means. Synchronization accuracy was established at 1  µμs including sending and receiving error 

[24]. This allowed for a synchronization of 0.022 degrees at 60 Hz [24]. The reliability of the 

signal should exceed 99.87 percent [24]. Additionally, the time signal was required to be 

accessible to all measurement locations without interruption [24]. These requirements of time 

standardization, accuracy and reliability set the framework for accurate signals that could be 

readily compared to each other. 

At the time of the initial standard, satellite time signal broadcast methods included Transit, 

Geostationary Operational Environmental Satellite (GOES) and Global Positioning Systems 

(GPS) [24]. The standard team recognized that of the three satellite systems available, only the 

Department of Defense (DOD) GPS satellite system provided the accuracy, availability and 

redundancy that the standard required. The GPS satellite array in 1995 consisted of a network of 

24 satellites with minimum visibility of 4 satellites worldwide [24]. Other methods of time 

broadcast synchronization included AM radio, microwave, and fiber-optic transmission [24]. The 

satellite alternative synchronization methods each have drawbacks of either high initial 

installation cost or lesser accuracy when compared to GPS based systems. These drawbacks made 

GPS synchronization an efficient accurate solution. 

Sample timing intervals were addressed in the standard. The timing synchronization pulse 

was required to provide one pulse per second (PPS) and be coincident with the sampling pulse of 

the phasor measurement device at that moment [24]. Subsequent samples would be uniformly 

spaced, obtained in integer multiples with the initial sample being obtained upon the rising edge 
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of the PPS signal [24]. This ensures each initial sample at each new second would be coordinated 

with the ability to coordinate intermediate samples based on sample frequency selected. The 

sample frequencies would be chosen from those defined in IEEE Standard C37.111-1991 [24]. 

The cosine function was established as the representative waveform for phasor 

calculations. All measurements follow the form of equation (2.1). 

 𝑥 𝑡 = 𝑋! cos 𝜔!𝑡 + 𝜙  (2.1) 

[24] 

Where 𝑥(𝑡) is the instantaneous value at time equal to 𝑡, 𝑋! is the instantaneous peak value of the 

signal,  is the angular frequency in radians/sec, and  is the phase angle with reference to the 

cosine function. Alternatively, the measured values can be represented in equivalent compact 

form as a root mean squared (RMS) phasor quantity as shown in equation (2.2). 

 𝑋 𝑡 =
𝑋!
2
𝑒!" =

𝑋!
2
cos 𝜔!𝑡 + 𝜙  (2.2) 

[24] 

Where 𝑋 𝑡  is the RMS value of the signal, 𝑋! is the instantaneous peak value of the signal,  

is the angular frequency in radians/sec, and  is the phase angle with reference to the cosine 

function. Using the fundamental form of (2.2), all voltage and current measurements within a 

power system can be compared efficiently. 

2.6.2 Present Synchrophasor Standard C37.118 

 To better address the growth and adaptation of synchrophasors, under current 2011 

versions, synchrophasors are governed by two standards that are evolutions of the original IEEE 

1334. IEEE C37.118.1 and IEEE C37.118.2 now pertain to synchrophasors. In the C37.118.1 

standard, the definition, measurement and synchronization of PMUs is addressed [25]. In 

C37.118.2, the exchange of real time PMU data, its message type, content and format is addressed 



14 

[26]. Both standards work in concert to facilitate an open source format useable by any equipment 

vendor to allow for accurate measurements that are readily comparable. 
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CHAPTER 3 

FUNDAMENTAL THEORY 

 This chapter will assist in establishing a framework by reviewing the basic characteristics 

related to overhead transmission line conductors. By reviewing the fundamental properties 

inherent to overhead conductors, the results obtained in later chapters will become more 

meaningful. Section 3.1 discusses the initial simplifying assumptions required to begin modeling 

a transmission line. These assumptions will be incorporated into more complete models later 

addressed in Chapter 4. 

3.1 Overhead Power Line Properties 

The power system has evolved out of necessity into a very complex machine. The level of 

complexity is so vast, computer programs are now used to calculate parameters for all levels of 

the power system. Often, simplifying assumptions are made to facilitate the calculation of power 

system parameters. The following sections will examine transmission line parameters at a deeper 

level to more fully explain the simplified models to be covered later and how the simplifications 

may impact the actual field measurements. 

3.1.1 Conductor Physical Properties 

Power line conductors are a composition of layers of smaller diameter strands of 

aluminum twisted in alternating directions, surrounding several inner steel strands that form the 

core of the conductor. The inner strands of steel provide strength, while the outer layers of 

aluminum provide improved electrical conductivity over an all steel cable. This spiraling 

construction results in actual conductor lengths approximately 1-2 percent greater than the linear 

length of the conductor [27]. The length of the conductor with spiraling considered is referred to 

as the conductor’s actual length. While the electrical conductive properties of copper are slightly 

superior to aluminum, the two conductor types can be used interchangeably. Due to its reduced 
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weight, aluminum conductors surrounding an inner steel core or ACSR (aluminum cable, steel 

reinforced) are nearly exclusively used in the construction of power lines. The final size and 

material type selection of a transmission line is a balance of electrical conductivity, mechanical 

strength and weight per unit length of the conductor. All of these attributes are considered when 

making the final conductor selection. The parameters necessary to fully characterize a 

transmission line are the line’s positive, negative and zero sequence resistance, inductive 

reactances and shunt capacitive reactance [28]. The determination of a conductor’s sequence 

resistance will be examined in 3.1.2 

3.1.2 Positive and Negative Sequence Series Resistance General Case 

The effective direct current (DC) series resistance of a transmission line is a function of 

the physical resistivity of the conductor, its length and cross sectional area as seen in equation 

(3.1).  

 𝑅!"# =
𝜌!!   𝑙
𝐴  (3.1) 

[29] 

Where 𝑅!"#  is the conductor series resistance at temperature 𝑇!, ρ!! is the conductor resistivity at 

any temperature 𝑇! in degree C, 𝑙 is the actual length of the conductor with spiraling considered, 

and 𝐴 is the conductor cross sectional area For transmission line calculations in the United States, 

typical units used in equation (3.1) are feet for 𝑙, circular mils (cmil) for 𝐴 and Ω-circular mills per 

foot for  [29]. Any units may be used as long as they remain consistent throughout the 

calculation for the line being studied, or unit conversions are appropriately applied. Industry 

accepted values for  are listed in Table 2.  
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TABLE 2 [29] 

MATERIAL RESISTIVITY 

RESISTIVITY MATERIAL 
VALUE  AT 20 °C 

 Copper (Hard Drawn) 10.66 

 Aluminum 17.00 
 

 
The temperature corresponding to the resistivity value used in equation (3.1) determines 

the reference temperature of 𝑅!"# . It is worth noting that of the parameters in equation (3.1), the 

engineer has little room for adjustments. The length of the line is determined by the ability to 

obtain line right-of-way. The material type is normally selected to reduce conductor weight per 

unit length. The conductor weight is the driving factor in tower construction and physical size. 

The cross sectional area of the conductor is a factor of the size selected. The size of the conductor 

is proportional to the load rating required by the line. Larger capacity transmission lines have 

larger conductors or utilize bundling of several smaller conductors per phase to achieve an 

equivalently larger conductor. 

Primarily, three factors determine a transmission line’s sequence resistance: ambient 

temperature, power system operating frequency and the current density of the line [28]. All 

changes in temperature along a conductor’s length will have an affect on a conductor’s final 

resistance. Considering a normal annual variation in ambient temperature of 40 degrees C, the 

variation in conductor resistance can be considered linear as illustrated in equation (3.2). Once a 

conductor’s DC resistance at any temperature is obtained, further application specific temperature 

adjustment can be obtained by using equation (3.2). 

  



18 

 
𝑅!!
𝑅!!

=
𝛽!! + 𝑡!
β!! + 𝑡!

 (3.2) 

[28] 

Where 𝑅!! is the conductor resistance at any temperature 𝑡! in degree C, 𝑅!! is the conductor 

resistance at any temperature 𝑡! in degree C, and  is a material specific temperature constant 

inferred at zero resistance. Typical values of  are listed in Table 3. 

TABLE 3 [28] 

MATERIAL SPECIFIC TEMPERATURE CONSTANTS 

Parameter Value Material 
 234.5 Copper, annealed 100% conductivity 

 241.5 Copper, hard drawn 97.3% conductivity 

 228 Aluminum, hard drawn 61% conductivity 
 

 
The final temperature adjusted DC conductor resistivity at a specific temperature is a 

product of equations (3.1) and (3.2) as seen in equation (3.3). 

 𝑅!"# = 𝑅!"# ∗
𝑅!!
𝑅!!

=
𝜌!!l
𝐴 ∗

𝛽!! + 𝑡!
β!! + 𝑡!

 (3.3) 

Where 𝑅!"#  is the DC resistance of a conductor at a specific temperature. Because power system 

conductors span significant distance, the determination of a conductor’s actual specific 

temperature is not practical in traditional power line calculations. The DC resistance of a 

transmission line per foot will vary with temperature as indicated in equation (3.3). Often, 

statistically approximated maximum ambient conductor temperatures are used for the entire 

conductor’s length and in modeling the conductor resistance is assumed constant.  

The value obtained in equation (3.2) represents part of the total sequence conductor 

resistance in AC applications. Under DC conditions, resistance can be considered homogeneous 

across the entire cross section of the conductor. Under AC conditions, a time varying, non-

uniform flux within the conductor causes electrons to flow near the surface of the conductor. This 
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effectively reduces the cross sectional area of the conductor and increases its resistance.  This 

change in line resistance from DC to AC conditions is referred to as “skin effect”. The 

modification of a line’s resistance to allow for AC skin effect is shown in equation (3.4). 

 𝑅𝑠𝐴𝐶 = K ∗ 𝑅𝑠𝐷𝐶 (ohms per mile) (3.4) 

[29] 

Where 𝑅!"#  is the conductor series resistance at specific frequency, 𝑅!"#  is the conductor DC 

resistivity at any temperature 𝑇! in degree C, 𝐾 is a tabular value, 𝐴 is the conductor cross 

sectional area. The value of K used in equation (3.4) is a value that is a function of X. The Bureau 

of standards Bulletin NO. 169 compiled a list of such values from a range of X up to 100 [28]. A 

section of the tabular data can be seen in Appendix A. The value of X in equation (3.4) is obtained 

by equation (3.5). 

 𝑋 = 0.063598
𝜇𝑓

𝑅!"  !"#$
 (3.5) 

[28] 

Where 𝑓 is the conductor operational frequency,  is the conductor permeability (1.0 for non-

magnetic material), 𝑅!"  !"#$ is the conductor DC resistance in ohms per mile, and 𝑋 is the tabular 

value used to find K in Appendix A. Most modern reference books provide standard tabular 

values for a transmission line’s physical properties. However, the illustration of equations (3.1) 

through (3.5) serves to re-enforce that a transmission line is more than a static power system 

component. A transmission line is a dynamic element with properties dependent on both 

temperature and operational frequency. The AC final transmission line series resistance is shown 

in equation (3.6).  
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 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑅𝑠𝐷𝐶 + 𝑅𝑠𝐴𝐶 (3.6) 

[29] 

Where 𝑅!"#$"! is the conductor series resistance in an AC circuit at a specified temperature in 

degree C, 𝑅!"#  is the conductor DC component resistance at a temperature in degree C, and 𝑅!"#  

is the conductor AC component resistance at a temperature in degree C. 

3.1.3 Transmission Line Resistance Effect on System Power 

The transmission line’s resistance presents as a load to the source in direct proportion to 

its resistance as seen in equation.  

 𝑃𝐿 = 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 ∗ 𝐼 2 (3.7) 

[29] 

Where 𝑃! is the power consumed by the conductor, 𝑅!"#$"! is the conductor AC resistance at a 

specific temperature in degree C, and 𝐼 is the circuit current passing through the conductor. 

Under heavy loading conditions and times of significant current flow, the transmission line will 

produce significant heat in proportion to the square of the line current traversing the line. If the 

heating of a conductor continues, the conductors will begin to elongate. This elongation will 

increase conductor length, reduce conductor cross sectional area, and transmission line sag will 

occur. The process is illustrated in equation (3.1). 𝑙 is in the numerator, 𝐴 is in the denominator, 

and as these parameters change during conductor heating, DC resistance of the conductor will 

continue to increase. In cases of extreme loading, excessive conductor sag can occur, resulting in 

the failure of a transmission line and loss of supplied load. Conductors are typically designed to 

withstand temperatures of 75 degrees C (167 °F) [30] without permanent damage to the 

conductor. While under normal operating conditions, conductor temperature change and line sag 

are common. This occurrence is reversible within normal operating limits and corrected with 

periods of decreased line loading and reduced ambient temperatures. 
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This increase in conductor temperature and its necessary dissipation was addressed in the 

Schuring and Frick formula for approximating the current carrying parameters of a transmission 

line when heat dissipation paths and ambient conditions are considered. The heat dissipated due to 

convection is an important consideration for a transmission line. Its value can be determined by 

equation (3.8). 

 𝑊! =
0.0128 𝑝𝑣
𝑇!"#!.!"# 𝑑

Δ! (3.8) 

[28] 

Where 𝑝 is the pressure in atmospheres (𝑝 = 1.0) for atmospheric pressure,  is the wind 

velocity in feet per second, 𝑇!"# is the average absolute temperature of the conductor and air in 

Kelvin, 𝑑  is the outside conductor diameter in inches,  is the temperature rise in degree C The 

heat dissipated due to radiation can be seen in equation (3.9). 

 𝑊! = 36.8ℇ
𝑇

1000

!

−
𝑇!
1000

!

 (3.9) 

[28] 

Where 𝑇 is the absolute temperature of the conductor in Kelvin, 𝑇! is the absolute temperature of 

the surrounding medium, and  is the relative emissivity of the conductors surface: (1.0 for black 

body or 0.5 for typical oxidized copper). Using the law of conservation of energy and applying it 

to a transmission line, the total heat generated is the summation of all the heat transfer paths. The 

heat dissipation for a transmission line is presented in equation (3.10) and is the summation of 

equations (3.8) and (3.9)   
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 𝑃𝐿 = 𝑅 ∗ 𝐼 2 =𝑊𝑐 +𝑊𝑟 (3.10) 

[28] 

Other components of power loss in a transmission line are due to corona and leakage at insulators. 

Corona loss occurs when the ionization of air surrounding a power line is present. This ionization 

provides a reduction in the insulating properties of air and power flow can result. This most often 

occurs during times of adverse weather when the moisture content in the air surrounding the 

conductors is high. An additional source of unwanted power flow is from the buildup of carbon 

on insulators forming a “carbon track”. If left in place, this carbon track can allow current to flow 

and eventually cause power system overcurrent protective devices to operate. Both substantial 

corona loss and carbon tracking are not seen in power lines during normal steady state operation. 

In significant levels, they would be considered undesirable and abnormal system events. While 

worth mentioning as a component of power loss, further derivation is unwarranted for this focus. 

3.1.4 Positive and Negative Sequence Inductance General Case 

In AC systems, a transmission line has a real and complex quantity. For AC transmission 

lines, the reactive component must be considered in addition to the DC component previously 

discussed in section 3.1.2. In any electrical application, current will only flow through a complete 

path with current returning to the source, thus, the minimum number of paths for a complete 

circuit is two. These conductors are often within a finite close proximity to each other.  In AC 

circuits, load current produces an electric field that surrounds the conductor and radiates outward 

eventually surrounding the return path circuit conductor. These lines of flux impart an inductive 

reactance within itself and contribute to the conductor’s overall self-inductance. Examining first a 

single conductor’s inductance of a simplified two-conductor circuit, a single conductor’s 

inductance is modeled by equation (3.11). 
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 𝐿! =
𝜇
2 + 2 ln

𝐷!"
𝑟  (3.11) 

[28] 

Where 𝐿! is the self inductance of a conductor due to both internal flux and flux to some distance 

represented by 𝐷!",  is the permeability of the conductors material, 𝐷!" is the distance between 

the conductor and some adjacent point, and 𝑟 is the radius of the conductor. The inductive effects 

on a conductor vary with distance as illustrated in equation (3.11). The inductive effects within a 

distance of one foot of a transmission line are substantial compared to those effects at distances in 

excess of one foot from the conductor. Equation (3.11) is modified to reflect the weighted sum of 

the inductance within a foot of the conductor as well as those effects of the return path conductor 

in equation (3.12). 

 𝐿 =
𝜇
2 + 2 ln

1
𝑟 + 2 ln

𝐷!"
1  (3.12) 

[28] 

Where 𝐿 is the self inductance of a conductor considering near field and adjacent conductors,  is 

the inductance within the conductor, 2 ln !
!

 is the inductance in the near field (1 foot radius) of 

the conductor, 2 ln !!"
!

 is the inductance of the conductor considering linkage to an adjacent 

conductor greater than 1 foot away and at a distance of 𝐵, 𝐷!" is the distance between the 

conductor being considered and the return path conductor. Equations (3.11) and (3.12) are not 

strictly valid for use on transmission lines. Transmission line conductors are not solely comprised 

of a single uniform conductor with a finite radius 𝑟. Rather, they are composition of many wires, 

approximately round and forming a composite conductor of mostly circular cross-sectional area, 

thus the term geometric mean radius (GMR) has been developed. GMR is a relation that 

approximates the inductive effects of a conductor both internal and external to a distance of 1 foot 
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to that of a single conductor with round cross sectional area. Modern conductor properties tables 

provide the equivalent GMR of each specific conductor type. Equation (3.13) is provided as 

reference to illustrate the dependence of the GMR on the conductor’s internal reactance. 

 𝐺𝑀𝑅 =
𝐴𝑐𝑡𝑢𝑎𝑙  𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟  𝑅𝑎𝑑𝑖𝑢𝑠

10
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟  𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙  𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒  (60  𝑐𝑦𝑐𝑙𝑒𝑠)

0.2794
 (3.13) 

[28] 

Modifying equation (3.12) for the term GMR and performing a unit conversion to reactance the 

form of equation (3.14) is presented for a conductor’s inductive reactance considering both 

internal and a single return conductor’s inductance. 

 𝑥 = 0.2794
𝑓
60 log10

1
𝐺𝑀𝑅 + 0.2974

𝑓
60 log10

𝐷𝐴𝐵
1  (3.14) 

[28] 

Where 𝑥 is the conductor’s inductive reactance, 𝑓 is the system operating frequency, 𝐺𝑀𝑅 is the 

conductor’s tabular equivalent geometric mean radius, 𝐷!" is the distance between the conductor 

being considered and the return path conductor. The reduced general form of a single conductor’s 

inductive reactance in a two-conductor circuit is presented in equation (3.15) 

 𝑥 = 𝑥𝑎 + 𝑥𝑑 (3.15) 

[28] 

Where 𝑥 is the conductor’s inductive reactance, 𝑥! is the inductive reactance due to internal and 

external distance of 1 foot; 𝑥! is the inductive reactance of the conductor from 1 foot to a distance 

of 𝐷!". As mentioned previously, each conductor of the two-conductor circuit would have an 

inductive reactance component. Assuming identical conductors, the total circuit inductive 

reactance can be represented by equation (3.16)  
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 𝑥 = 2 𝑥𝑎 + 𝑥𝑑  (3.16) 

[28] 

Where 𝑥 is the conductor’s inductive reactance, 𝑥! is the inductive reactance due to both internal 

and external distance of 1 foot and 𝑥! is the inductive reactance of the conductor from 1 foot to a 

distance of 𝐷!". 

3.1.5 Transmission Line Series Impedance 

The final series impedance of a single transmission line is the summation of both the 

series resistance and inductive reactance. The series resistance serves as the portion of the total 

line impedance that consumes power and creates heat. The inductive reactance is the portion of 

the transmission line that causes a shift in angle and causes the voltage and current to be out of 

phase. Reactive power serves as a non-productive byproduct from the use of AC power and 

should be kept to a minimum. 

It should be noted that of the equations presented in (3.2) through (3.16) the basis of 

variation is rooted in the dependency on length, conductor radius, cross sectional area, system 

frequency, temperature, and line spacing. Each of these variables are interdependent and under 

extreme conditions this serves to perpetuate a system that leads to catastrophic failure. The 

maintenance of a power line within operational limits is crucial to the reliability of a power 

system. 
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CHAPTER 4 

MODELING METHODOLOGY 

This chapter continues to build the foundation of this work for analyzing the specific line 

within OG&E territory. Section 4.1 discusses the type of model used by OG&E to represent the 

power system. Section 4.2 will review the type of synchrophasor data available, its format and 

availability. Section 4.2.2 will lay the mathematical foundation behind the necessary simplifying 

assumptions the available OG&E data requires. Section 4.4 will discuss the sampling frequency 

of the OG&E synchrophasors. Lastly section 4.5 will serve to refresh the reader with the short and 

medium transmission line models. 

4.1 OG&E Power System Model 

A research partnership with Oklahoma Gas & Electric (OG&E) was arranged to use their 

historical synchrophasor measurement data to determine transmission line parameters. OG&E has 

been an industry leader in the area of synchrophasor measurement adoption. The first step of 

analysis for transmission lines within the OG&E operational territory is to establish a baseline of 

known and verified data. OG&E utilizes Computer-Aided Protection Engineering (CAPE) 

software to create a digital approximation of the power system. The CAPE model values can be 

considered accurate as the present system is presumably operating in an acceptable manner within 

the parameters represented in the CAPE model. Utilizing traditional transmission line model 

equations, known conductor properties, geometric configurations and line lengths determined 

through available aerial photography, the specific line parameters will be determined via 

traditional transmission line equations. Through comparison of the traditionally calculated 

parameters and the parameters listed in the CAPE model, the accuracy of the CAPE model can be 

determined. These verified values can be utilized with synchrophasor data to obtain a picture of 

how accurately the model represents the power system and any issue with the synchrophasor data 
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or CAPE model parameters can be determined. Once verified, these parameters will form a basis 

of comparison for the synchrophasor data obtained values. 

4.2 Historical Data Set 

OG&E provided an expansive data set of 86 synchrophasor terminals on 3 phase lines 

ranging from 69 kV to 345 kV. The data set included only lines that were measured at all terminal 

ends by synchrophasors. Both two and three terminal lines were contained within the data set. 

Utilizing the synchrophasor calculation and communication capabilities of existing digital relays, 

OG&E calculates and stores positive sequence synchrophasor data from each relay on a central 

OG&E server. The time interval of available data ranged from midnight the morning of July 01, 

2011 to midnight the morning of April 01, 2014. Utilizing an OG&E proprietary compression 

algorithm the data set was approximately 4TB of compressed comma separated value files (.csv) 

with each file 1 minute in duration. The OG&E data compression allowed for approximately a 

four-fold compression ratio. The total data set uncompressed exceeds 16TB of data. Upon 

decompression of the data files a standard .csv file was created. 

4.2.1 Data Set Format 

Each .csv file contained a header row consisting of 10 field identification classifications. 

Header row information included timestamp, terminal identification, current magnitude, current 

angle, voltage magnitude, voltage angle, frequency, change in frequency, status and digitals. 

Timestamp data is represented in C37.118 compliant UTC format. Terminal identification is a 

unique discrete integer number given to a corresponding synchrophasor unit. Frequency is the 

calculated operating frequency of the system. Current and voltage magnitude is the RMS vector 

magnitude of the measured quantity represented in the complex plane. Current and voltage angle 

is the angular orientation of the associated magnitude, measured over the interval ±180 degrees. 

All magnitude, angle and frequency values are represented with IEEE 32-bit floating point 
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numbers [31]. The df/dt calculation is an average of the change in frequency between the present 

calculated frequency and the previously calculated frequency [32]. The status value is a system 

setting that indicates if packet acknowledgement is required [31]. The digitals value is used as an 

indication of the time synchronization status for the data [31]. The quantities of interest for this 

work are magnitude and angle of both voltage and current quantities. The 1 minute duration .csv 

file contained a variable number of rows with collected synchrophasor data from each of the 

digital relays. 

4.2.2 Data Availability 

The .csv file synchrophasor data was reported by terminal identification in order of 

ascending order of time stamp. Thus, all reporting synchrophasors for a given time stamp are 

listed successively, then the data for the next time stamp is listed and progresses through the file 

interval. Early in the data set some terminals had issues with availability. If the terminal 

synchrophasor data arrived at the data concentrator late, the data was not added to the data set and 

the measurement was lost. The data concentrator operates without expectation of which terminals 

are to report data. This lack of awareness presents a problem when a terminal goes off line. The 

reported measurements are absent from the historical data and no data placeholders are inserted 

by the data concentrator or data archiving system to indicate the absence of expected measured 

data. Historical data sets of variable length are a result of this process. The variance in length is 

proportional to the amount of missing data over the reported interval. This missing data presents 

issues with analyzing wide ranges of historical data. If either terminal does not report a 

measurement, that value may not be used for calculating line parameters. Matching corresponding 

timestamp data is required for transmission line synchrophasor analysis. 
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4.3 Transmission Line Selection 

Due to the volume and the variable nature of the available synchrophasor data it became 

necessary to reduce the scope and select a single line for analysis. Considering the measured data 

was of only positive sequence, analysis of a transmission line in an unbalanced state with mutual 

coupling was not possible [33]. The general impedance representation of a transmission line with 

earth return and mutual coupling between phases is shown in Figure 1. 

 

Figure 1. General three phase line with earth return. 

Writing a system of equations to represent the circuit illustrated in Figure 1 while assuming 

equal mutual coupling between phase conductors allows the simplifying constraints listed in 

equations (4.1), (4.2) and 4.3).  

 𝑧𝑎𝑏 = 𝑧𝑏𝑎 (4.1) 

Where 𝑧!" is the mutual impedance from phase A to phase B, and 𝑧!" is the mutual impedance 

from phase B to A. 

 𝑧𝑎𝑐 = 𝑧𝑐𝑎 (4.2) 

Where 𝑧!" is the mutual impedance from phase A to phase C, and 𝑧!" is the mutual impedance 

from phase C to A. 
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 𝑧𝑏𝑐 = 𝑧𝑐𝑏 (4.3) 

Where 𝑧!" is the mutual impedance from phase B to phase C, and 𝑧!" is the mutual impedance 

from phase C to B. Assuming a solidly grounded system on the remote end allows the condition 

represented in equation (4.4).  

 𝐼𝑔 = − 𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐  (4.4) 

Where 𝐼! is the return ground current, 𝐼! is the A phase current, 𝐼! is the B phase current, 𝐼! is the 

C phase current. A set of multiple variable linear equations results as shown in equation (4.5). 

 

𝑉𝑎𝑎′
𝑉𝑏𝑏′
𝑉𝑐𝑐′
𝑉𝑔𝑔′

=

𝑉𝑎 − 𝑉𝑎′
𝑉𝑏 − 𝑉𝑏′
𝑉𝑐
𝑉𝑔

− 𝑉𝑐′
− 𝑉𝑔′

=

𝑧𝑎𝑎 𝑧𝑎𝑏 𝑧𝑎𝑐 𝑧𝑎𝑔
𝑧𝑎𝑏 𝑧𝑏𝑏 𝑧𝑏𝑐 𝑧𝑏𝑔
𝑧𝑎𝑐
𝑧𝑎𝑔

𝑧𝑏𝑐
𝑧𝑏𝑔

𝑧𝑐𝑐 𝑧𝑐𝑔
𝑧𝑐𝑔 𝑧𝑔𝑔

=

𝐼𝑎
𝐼𝑏
𝐼𝑐
𝐼𝑔

 (4.5) 

Where 𝑉!!!, 𝑉!!!, 𝑉!!!, and 𝑉!!! are the voltage drops on phase A, B, C and ground return 

respectively, 𝑉!,  𝑉!, 𝑉!, and 𝑉! are the A, B, C phase and ground sending end voltage respectively, 

and 𝑉!!,𝑉!!, 𝑉!!𝑉!! are the receiving end A, B, C phase and ground voltages. If 𝑚 and 𝑛 are used to 

represent matrix row and column indices, diagonal elements 𝑧!! where 𝑚 is equal to 𝑛, represents 

the series line impedance values of phase A, B, C, and ground G, the off diagonal elements 𝑧!" 

represent the mutual impedance transmission line parameters,  𝐼!, 𝐼!, 𝐼!, and 𝐼! are the A, B, C 

phase and ground currents.  

If the earth connection at the remote end is removed and the system is assumed to operate at 

steady state with no earth return current, the condition listed in equation (4.6) is established. 

 𝐼𝑔 = 0 (4.6) 

Where 𝐼! is the earth return current. This enables equation (4.5) to take the form of equation (4.7). 

 
𝑉𝑎𝑎′
𝑉𝑏𝑏′
𝑉𝑐𝑐′

=
𝑉𝑎 − 𝑉𝑎′
𝑉𝑏 − 𝑉𝑏′
𝑉𝑐 − 𝑉𝑐′

=
𝑧𝑎𝑎 𝑧𝑎𝑏 𝑧𝑎𝑐
𝑧𝑎𝑏 𝑧𝑏𝑏 𝑧𝑏𝑐
𝑧𝑎𝑐 𝑧𝑏𝑐 𝑧𝑐𝑐

=
𝐼𝑎
𝐼𝑏
𝐼𝑐

 (4.7) 
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The equation shown in (4.7) requires the solution of three simultaneous equations with multiple 

unknown quantities. The number of unknown quantities cannot exceed the number of equations 

listed. Recall, the synchrophasor data supplied by OG&E represents only positive sequence data 

with voltage and current quantities calculated from a three-phase system. Therefore, further 

simplifying assumptions must be made. If each conductor is assumed to be the same length, the 

conditions listed in equation (4.8) are valid. 

 𝑧𝑎𝑎 = 𝑧𝑏𝑏 = 𝑧𝑐𝑐 (4.8) 

Where 𝑧!! is the series A phase impedance, 𝑧!! is the series B phase impedance, and 𝑧!! is the 

series C phase impedance. To allow the assumption that voltage and current measurements 

obtained from a single phase fully characterizes a three-phase transmission line, the mutual 

coupling between phases must be equal. One way this can be obtained is when the transmission 

line conductors occupy a spacing that results in equal distance between phases as shown in Figure 

2 or are fully transposed. This equidistance configuration is typically only used on non-bundled 

phase conductor transmission lines or in instances where transmission line right of way is small.  

 

Figure 2. Three phase equal spacing of phase conductors. 

Typically the arrangement for transmission lines is a vertical, flat or semi-flat 

configuration. This allows the bundling of conductors more readily and provides increased 

conductor phase spacing with the ability to more efficiently utilize tower designs. In the case 

where conductors are in a vertical, flat or semi-flat arrangement as is common on many “H 
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frame” and lattice tower structures, full transposition would be obtained by rotating positions of 

the conductors as seen in Figure 3. 

 

Figure 3. Three phase unequal spacing full transposition. 

With a combination of assumptions of equal phase conductor length and full transposition, 

the representative characteristic equation can be seen in equation (4.9). 

 
𝑉𝑎𝑎′
𝑉𝑏𝑏′
𝑉𝑐𝑐′

=
𝑉𝑎 − 𝑉𝑎′
𝑉𝑏 − 𝑉𝑏′
𝑉𝑐 − 𝑉𝑐′

=
𝑧𝑎𝑎 𝑧𝑎𝑏 𝑧𝑎𝑏
𝑧𝑎𝑏 𝑧𝑎𝑎 𝑧𝑎𝑏
𝑧𝑎𝑏 𝑧𝑎𝑏 𝑧𝑎𝑎

=
𝐼𝑎
𝐼𝑎
𝐼𝑎

 (4.9) 

Expanding the simultaneous equations shown in equation (4.9) yields equations (4.10)-(4.12)  

 𝑉𝑎𝑎′ = 𝑉𝑎 − 𝑉𝑎′ = 𝐼𝑎 𝑧𝑎𝑏 + 2𝑧𝑎𝑏  (4.10) 

 𝑉𝑏𝑏′ = 𝑉𝑏 − 𝑉𝑏′ = 𝐼𝑎 𝑧𝑎𝑏 + 2𝑧𝑎𝑏  (4.11) 

 𝑉𝑐𝑐′ = 𝑉𝑐 − 𝑉𝑐′ = 𝐼𝑎 𝑧𝑎𝑏 + 2𝑧𝑎𝑏  (4.12) 

In balanced three phase systems each phase voltage and current quantity is equal in magnitude 

and differs in angular separation by 120 degrees. This allows a three-phase system to be analyzed 

by examining a single-phase quantity. Furthermore, in a balanced system no zero sequence 

quantities are present and positive sequence fully characterizes the system. 

The final limitation for transmission line selection is on mutual coupling with adjacent 

transmission lines. When transmission lines are operated in near proximity to each other, a 

magnetic coupling occurs between the adjacent lines similar to the mutual coupling previously 
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represented between phases of a transmission line. This mutual coupling has an impact on the 

adjacent lines as illustrated previously in equation (3.11). This induced coupling causes an 

imbalance in the current flowing in the phases due to the change in reactive quantities resulting 

from the mutual coupling. Clearly, as sufficient sequence network measured quantities are not 

present in the OG&E data set, the selected transmission line should be free of mutual coupling as 

much as possible. 

4.4 Time Interval of Analysis 

Synchrophasors have the benefit of continuous data sampling at high rates for all loading 

conditions. This allows the collection of very large data sets quickly. Recalling the physical 

properties of the conductor will change with both environmental and line loading conditions as 

represented in equations (3.2)-(3.4) and (3.6)-(3.10). The selected analysis time interval should not 

be so large that changes due to these conditions are obtained within a sample data set.  

However, each sample data set should be large enough such that the samples may be 

summarized and transmission line parameters may be represented using the law of large numbers 

and the central limit theorem. The distribution of sample trials may be summarized and analyzed 

for changes in the conductor parameters and reduce computational complexity when compared to 

more laborious techniques. Synchrophasors inherently provide large volumes of data, which lend 

readily to the application of statistical methods on the resulting measurements. The OG&E 

synchrophasors are sampling at a rate of 30 samples per second. A distribution of at least 30 

samples under identical loading conditions should form a minimum basis of analysis. The sample 

averages can then be arranged into a distribution of sample means for further analysis of patterns 

of change in conductor properties and reduce the impact of random noise on the final value. 
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4.5 Transmission Line Models 

Three standard representations have been used to model the properties of a transmission 

line. Those models are the short, medium, and long transmission line models. Each model has 

been in use for quite some time and is readily accepted as making accurate representations of 

transmission lines under some limiting conditions. The short line model has been shown to 

represent overhead lines less than 50 miles in length. The medium line model represents lines 

between 50 and 150 miles in length. The long line model is accurate for any length line up to 200 

miles. A drawback to the increased accuracy of the long line model is increased calculation 

complexity. With the speed and volume of the collected synchrophasor data, it is anticipated that 

a simplified calculation will result in faster computation of data allowing for the calculation of 

real time synchrophasor data streams. Thus, this work will only consider the short and medium 

line transmission line models. 

4.5.1 Short Transmission Line Model 

The single-phase equivalent representation of a transmission line considers series AC 

impedance. This includes both the DC resistance due to conductor properties and the reactive 

component due to transmission line configuration. When applied to two terminal transmission 

lines between substations, a representation of the short line model can be seen in Figure 4.  
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Figure 4. Short line transmission line model. 

Each sending and receiving substation has one or more protective relays connected to its 

respective end of the transmission line in Figure 4. In the case of OG&E, Capacitance Coupled 

Voltage Transformers (CCVT)s are utilized for voltage measurements. Current transformers 

(CT)s located at the high voltage breaker terminals and connected to the current input of the 

protective relay are utilized to monitor current flow on the transmission line. CCVTs are 

connected to the voltage input of the protective relay and measure transmission line voltage. Each 

breaker in each substation has dedicated CTs for each line. Depending on substation breaker 

configuration, the substation voltage will be monitored at one or many points within the 

substation. The voltage measurement will be shared across many substation protective devices.  

The short line two terminal model is well represented by this measurement configuration. 

The CTs monitoring the line current are located where the high voltage line insulators connect to 

the breaker housing. This allows for the accurate measurement of only the current flowing in the 

specific line of concern. The transmission line CCVTs are usually one of the first pieces of 

equipment connected to the substation bus after the transmission line enters the substation. This 

provides the line terminal voltage measurements required by the model. 

The short line model assumes the line is sufficiently short, such that both the sending and 

receiving end currents are the same as indicated in equation (4.13). When considering 
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applicability of the short line model to in-service transmission lines with synchrophasors, the 

sending and receiving end currents can easily be examined for differences. This allows the 

validity of equation (4.13) to be examined rather than just considering the length of the line. 

 𝐼𝑎 = 𝐼𝑎′ (4.13) 

Where 𝐼! is the sending end current, and 𝐼!! is the receiving end current. For the condition of 

equation (4.13) to be valid, line shunt current flow is assumed to be zero. In transmission lines, 

line charging currents are always present causing the sending end current to be larger than the 

receiving end current. How substantial the charging current is becomes a function of the length 

and arrangement of the line and may be examined with equation (4.14). 

 𝐼𝐷𝑖𝑓𝑓 = 𝐼𝑆ℎ𝑢𝑛𝑡 = 𝐼𝑎 − 𝐼𝑎′  (4.14) 

Where 𝐼!"## is the difference between the sending and receiving end currents, 𝐼!!!"# is the shunt 

current flow resulting from the current difference, 𝐼! is the sending end phase current, and 𝐼!! is 

the receiving end phase current. If 𝐼!"## is significantly large, further analysis with this model is 

unwarranted regardless of the transmission line length. Any results obtained will be variable 

based on which terminal end current is used. 

In the short line model represented by Figure 4, the receiving end voltage can be determined by 

using equation (4.15). 

 𝑉𝑎′ = 𝑉𝑎 − 𝐼𝑎𝑍𝑎𝑎′ (4.15) 

 Where 𝑉!! is the receiving end voltage, 𝑉! is the sending end voltage, 𝐼! is the transmission line 

sending end current, and 𝑍!!! is the series line impedance. The series line impedance parameters 

can be determined by re-arranging equation (4.15) into the form of equation (4.16) 

 
𝑍𝑎𝑎′ =

𝑉𝑎 − 𝑉𝑎′
𝐼𝑎

 (4.16) 
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If the receiving end current 𝐼!! is selected and the receiving end current is less than the sending 

end current 𝐼!, as is common in power lines, the resulting determination of the receiving end 

voltage, equation (4.15), or line impedance, equation (4.16), will cause an incorrect value to be 

realized due to a lower current being used. In the case of equation (4.15), the receiving end voltage 

will be calculated higher than the actual voltage. In the case of equation (4.16), a greater line 

impedance will be obtained than the actual line impedance.  

4.5.2 Medium Transmission Line Model 

The medium line transmission model considers the addition of shunt current flows present 

on transmission lines. This model will increase the accuracy of the resulting calculation because 

the difference in sending and receiving end currents can be addressed. While the actual shunt 

conductance and capacitance of a transmission line is distributed along the entire length of the 

line, a reasonable approximation for shorter lines is to lump the shunt parameters onto each end of 

the transmission line as seen in Figure 5. 

 

Figure 5. Medium transmission line model. 

Further examination of Figure 5 reveals both shunt components conductance and 

capacitance are present. Typically, in overhead lines, shunt conductance is very small therefore, 
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the medium transmission model equations for overhead transmission lines neglect conductance. 

The reduced parameter model of the medium transmission line is shown in Figure 6. 

 

Figure 6. Medium line reduced parameter transmission line model. 

Figure 6 is often described as a nominal PI representation. This model places half of the 

shunt susceptance at each end terminal of the line. Using Figure 6, the sending end shunt current 

flow is found as illustrated in equation (4.17). 

 
𝐼𝐵 = 𝑉𝑎

𝑌
2  (4.17) 

Where 𝐼! is the sending end shunt current flow, 𝑉! is the sending end voltage, and 𝑌 is the shunt 

susceptance. The sending and receiving end shunt current flows are not equal due to the voltage 

drop across the series line impedance. The receiving end shunt current flow may be found as 

shown in equation (4.18). 

 
𝐼𝐵′ = 𝑉𝑎′

𝑌
2  (4.18) 

Where 𝐼!! is the sending end shunt current flow, 𝑉!!is the receiving end voltage, and 𝑌 is the 

shunt susceptance. Using Figure 6 and solving for the sending end voltage equation (4.19) results. 

 
𝑉𝑎 = 𝑉𝑎′ + 𝑍𝑎𝑎′ 𝐼𝑎′ +

𝑉𝑎′𝑌
2  (4.19) 
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Where 𝑉! is the sending end voltage, 𝑉!! is the receiving end voltage, 𝑍!!! is the series 

impedance, 𝐼!! is the receiving end current, and 𝑌 is the shunt susceptance. By writing current 

equations from the sending end, the sending end current is the summation of all current flows as 

shown in equation (4.20). 

 
𝐼𝑎 = 𝐼𝑎′ +

𝑉𝑎𝑌
2 +

𝑉𝑎′𝑌
2  (4.20) 

Where 𝐼! is the sending end current, 𝐼!! is the receiving end current, 𝑉! is the sending end voltage, 

𝑉!! is the receiving end voltage, and 𝑌 is the shunt susceptance. Using the synchrophasor voltage 

and current measurements and using the differential current relationship shown in  (4.14), the shunt 

line parameters can easily be determined as shown in equation (4.21). 

 
𝑌 =

2 ∗ (𝐼𝑎 − 𝐼𝑎′)
𝑉𝑎 − 𝑉𝑎′

 (4.21) 

Equation (4.19) can be re-arranged to determine the series line parameters of the transmission line 

as shown in equation (4.22). 

 
𝑍𝑎𝑎′ =

𝑉𝑎 − 𝑉𝑎′

𝐼𝑎′ +
𝑉𝑎′𝑌
2

 
(4.22) 

Equation (4.22) allows the illustration that every element required to determine line impedance is 

readily available with synchrophasors. Equations (4.21) and (4.22) will form the basis of the work 

in this paper.  
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CHAPTER 5 

LINE SELECTION 

 The selection of the specific OG&E line analyzed is discussed in this chapter. Section 5.1 

discuses the general characteristics of the line as well as compelling reasons to select this 

particular line. Section 5.2 will review the CAPE model parameter values. Section 5.3 will 

calculate line parameters using traditional manual calculations based on conductor type and 

geometry. The specific types of digital relays will be documented in section 5.4. Section 5.5 will 

examine specific time intervals for analysis. Each substation measurement range will be examined 

for a given duration and the suitability of using the specific interval will be determined. 

5.1 Transmission Line Selection 

Considering the assumptions and constraints outlined in section 4.3, the specific line of 

interest selected for study was a two terminal, 3 phase 345 kV transmission line extending 

between Northwest and Arcadia substations in the OG&E service territory. This line was selected 

because aerial photography was clear and complete for the entire line length. This allowed 

verification of the presence of mutual coupling with adjacent transmission lines and confirmation 

of line conductor configuration. This line was modeled and construction was confirmed to be a 

single homogeneous configuration for the entire length of the line. Because the line was 

constructed in a single style, the line could be considered as a single length and not a summation 

of shorter length lines of different configurations. This simplified the calculations of the 

transmission line parameters and reduced the potential for errors. The selected line is a non-

transposed line. As a matter of practice OG&E, does not transpose their lines. The lack of 

transposition in power lines is far more common than the application of line transposition. 
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5.2 CAPE Model Line Configuration 

The CAPE model presently has characteristic length values entered for the Northwest-

Arcadia transmission line. Using available aerial photography data, the transmission line length 

and tower span was verified. The results of the aerial photography measurements were compared 

to the CAPE model line length. The results of the comparison are shown in Table 4. 

TABLE 4 

COMPARISON OF AERIAL PHOTOGRAPHY DETERMINED 
LENGTH TO CAPE DATABASE LENGTH 

 

 

Start 
(Feet) 

Stop 
(Feet) 

Length 
(Feet) 

Length 
(Miles) 

Average Span 
(Feet) 

 
Cape Model 446558 552963 106405 20.1525 909.462 

Aerial 
Photography 

 
20.1 919.10 

 

 
As seen in Table 4, the aerial photography measured line length agrees closely with the 

line length in the CAPE database. The average tower span length is also confirmed to be very 

close to the database values. The aerial photography average span measurement is a two trial 

average of the measurement between each of the lines 115 tower spans. Neither length 

measurement represents total conductor length considering sag and spiraling of the line 

conductors. The aerial photography obtained length would represent the shortest possible length. 

By comparing modeled line length and tower span values to aerial photography verified length 

and tower span, the length of the modeled line is considered reasonably accurate. Accurate 

determination of transmission line length is crucial to accurate line parameter calculation, 

regardless of whether the parameters are determined by a software program or traditional 

geometric formula calculation. 

The CAPE model data phase and static conductor types and sizes are listed in Table 5. 
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TABLE 5 

CAPE MODEL PHASE AND STATIC CONDUCTOR SIZE 

Conductor Type Code Size Qty/Bundle 

Phase Conductor A,B,C ACSR Kiwi 2167000 1 
Static Conductor N(1) Alumoweld -- 7 #8 1 
Static Conductor N(2) Alumoweld -- 7 #8 1 

 

 
Due to the steady state operation assumption, no current will flow in the static conductors 

and no significant magnetic coupling will occur between the static and phase conductors. In 

analysis of the line, the static conductors will not be considered. The transmission line conductors 

are supported by an 85’ tall lattice structure metal frame tower with tower geometry as seen in 

Figure 7. The tower allows for flat vertical phase conductor spacing where shunt capacitive 

effects will be identical between all phase conductors and earth. 
 

Figure 7. Transmission Line Tower Geometry 

By inspection of the tower geometry shown in Figure 7, typical conductor spacing can be 

determined. The distance between phase conductors and conductor mounting height obtained 

from the CAPE model is listed in Table 6. 
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TABLE 6 

CAPE MODEL CONDUCTOR SPACING 

Spacing A - B B - C A - C 
Horizontal 28' 28' 56' 

Vertical 59' 59' 59' 
 

 
CAPE model line sequence parameters for the Northwest-Arcadia line are listed in Table 7. 

TABLE 7 

NORTHWEST – ARCADIA CAPE MODEL SEQUENCE IMPEDANCE VALUES 

 
Series (Ω) Shunt(µS) 

Sequence R X G B 
Positive 1.0687 15.71404 0.00113 112.51697 
Negative 1.0687 15.71404 0.00113 112.51697 

Zero 10.23593 38.29625 0.00574 82.03058 
 

 
Due to the steady state assumptions listed in Chapter 4, the zero sequence impedance 

values will not be further considered. The zero sequence values are listed in Table 7 only to fully 

represent the line being analyzed. 

5.3 Conductor Geometry Calculated Transmission Line Parameters. 

Having verified the length of the line with aerial photography data, and obtaining the 

CAPE modeled transmission line conductor types and conductor spacing, it is possible to 

calculate and verify the modeled parameters of the line using traditional geometric calculations. 

Utilizing the conductor information given in Table 5, and table values from [27] the tabular 

conductor information for Kiwi phase conductors was obtained as listed in Table 8. 
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TABLE 8 [27] 

KIWI CONDUCTOR TABULAR DATA 

 
Value Units 

Outside Diameter 1.735 in. 
Geometric Mean Radius (GMR) 0.057 ft. 

Series Resistance 0.0511 Ω/mile 
Inductive Reactance at 1 Foot 0.348 Ω/mile 

Shunt Capacitive Reactance at 1 Foot 0.0778 MΩ/mile 
 

 
As seen in the tower geometry of Figure 7, conductor phase spacing is not symmetrical 

using the equation (5.1) equivalent phase spacing for the flat configuration can be determined. 

 𝐷𝑒𝑞 = 𝐷𝐴𝐵𝐷𝐵𝐶𝐷𝐴𝐶3  (5.1)  

[27] 

Where 𝐷!" is a normalized equivalent spacing of the line phases, 𝐷!" is the spacing between two 

adjacent phases “A” and “B” in close proximity, 𝐷!"  is the spacing between two adjacent phases 

“B” and “C” in close proximity, and where 𝐷!"  is the spacing between two outer most phases “A” 

and “C” of the flat conductor configuration.  

Using the tabular value of geometric mean radius from Table 8 and a normalized equivalent phase 

spacing 𝐷!" determined in equation (5.1) the single phase average inductance per unit length is 

calculated in (5.2). 

 
𝐿𝑎 = 2 ∗ 10−7 ln

𝐷𝑒𝑞
𝐺𝑀𝑅  (5.2)  

[27] 

Where 𝐿! is the per phase equivalent inductance, 𝐷!" is a normalized equivalent phase spacing, 

and GMR is the geometric mean radius of the conductor bundle. Converting per phase equivalent 

inductance to inductive reactance, the results of (5.2) are placed into (5.3).  
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 𝑋! = 2 ∗ 𝜋 ∗ 60*𝐿! ∗ 𝜉 (5.3)  

[27] 

Where 𝑋! is the total inductive reactance of a single phase, 𝐿! is the per phase, per unit length 

equivalent inductance, and  is the length of the line. The length of the line used in (5.3) is the 

straight line length. Conductor spiraling does not impact the calculation of inductive reactance, 

therefore the additional conductor length due to spiraling is ignored for this parameter. 

The total series equivalent DC resistance is obtained by using the tabular series resistance value 

listed in Table 8 and applying equation (5.4) 

 𝑅! = 𝑟! ∗ 𝜉 ∗ 𝜏 (5.4)  

[27] 

Where 𝑅! is the total single phase equivalent series DC resistance of the transmission line, 𝑟! is 

the per unit length series resistance obtained from the conductor properties table,  is the 

conductor length including conductor sag between towers and  is the increase in length due to 

conductor spiraling. A typical value of conductor length increase due to spiraling is 

approximately 2 percent of the total line length including conductor sag between towers. 

Total transmission line phase to ground capacitance is calculated by equation (5.5). 

 
𝐶! =

2 ∗ 𝜋 ∗ 𝜀!

ln
𝐷!"
𝑂.𝐷.
2

∗ 0.0833

∗   𝜉 
(5.5)  

[27] 

Where 𝐶! is the total single phase equivalent phase to ground capacitance,  is the permeability 

of free space, 𝐷!" is a normalized equivalent phase spacing, 𝑂.𝐷. is the conductor diameter given 

in inches, and  conductor length including conductor sag between towers. Transmission line 
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phase to ground capacitance for a system operating at 60 Hz is converted to shunt admittance 

through the application of equation (5.6). 

 𝛽 = 2 ∗ 𝜋 ∗ 60 ∗ 𝐶! (5.6)  

[27] 

Where 𝛽 is the shunt admittance and 𝐶! is the total single phase equivalent phase to ground 

capacitance obtained from equation (5.5). 

Having obtained the shunt admittance, the per phase equivalent charging current is obtained 

through application of equation (5.7). 

 
𝐼!!! = 𝛽 ∗

𝑉!!
3

 (5.7)  

[27] 

Where 𝐼!!! is the equivalent per phase charging current, is the shunt admittance obtained from 

equation (5.6), and 𝑉!!is the transmission line to line voltage. The charging current obtained in 

equation (5.7) can serve as an indicator of how applicable certain transmission line models may 

be. If the charging current is significant when compared to the line current, this may cause the 

short line transmission model to not yield appropriate results.  

Application of appropriate unit conversions and equations (5.1)-(5.7) to the OG&E 345 kV 

transmission line of interest yields the results shown in Table 9. 

TABLE 9 

CAPE AND CALCULATED LINE PARAMETER COMPARISON SUMMARY 

  
R 

(Ω) 
X 

(Ω) 
|Z| 
(Ω) 

Angle Z 
(Deg.) B (µS) 

I Charge 
(Amps) 

Geometry Equations 1.05 15.718 15.754 86.177 109.882 21.887 
CAPE 1.0687 15.71404 15.75033 86.10942 112.51697 -NA- 

Percent Difference -1.750 0.025 0.023 0.078 -2.342 -NA- 
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The traditional hand calculated line parameters of the OG&E transmission line agree very 

closely with the CAPE modeled line parameters. This would indicate the line is modeled properly 

in the CAPE system and the modeled line parameters would adequately represent the line under 

load flow analysis. Having verified the CAPE model parameters, these values can serve as a basis 

of comparison for values obtained by synchrophasor measurement.  

5.4 Synchrophasor Measurement Equipment 

Synchrophasors placed at each end of a line measure every quantity necessary to 

determine the line’s modeled parameters. Digital relays at each end of the Arcadia-Northwest line 

receive inputs from instrumentation circuits and make mathematical calculations from those 

inputs. The resulting measurements will yield measurements as accurate and precise as the 

components used to obtain the system quantities. No mathematical technique can be used that will 

increase the precision of measurements taken with inaccurate devices. Consideration must be 

given to the accuracy and precision of the installed equipment. The following sections will 

examine the specific components used in the Arcadia-Northwest transmission line.  

5.4.1 Voltage Measurements 

Transmission line voltage is monitored with either a potential transformer (PT) or a 

coupling capacitor voltage transformer (CCVT) [34]. The PT is a low power two winding 

transformer designed to deliver high accuracy and low load currents [34]. CCVTs are a series 

stack of capacitors with voltage measurements taken from the last capacitor in series with the 

transmission line, effectively creating a capacitive voltage divider [34]. Voltage potential 

measurements for the Arcadia - Northwest transmission line are made using CCVTs at each end 

of the studied line. Three standard metering accuracy classes of voltage potential instrumentation 

equipment is specified in [35]. The accuracy classes are shown in Table 10 for reference. 
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TABLE 10 [35] 

CCVT STANDARD METER CLASSIFICATION 

Metering Class Min. Max 
0.3 0.997 1.003 
0.6 0.994 1.006 
1.2 0.988 1.012 

 

 
Each class listed in Table 10 corresponds to the accuracy range of the voltage transformer 

operating between 90 and 110 percent of the rated voltage [35]. 

Specific CCVT information for the transmission line can be seen in Table 11. Both line terminal 

ends utilize the same model and manufacturer CCVT. The specific accuracy class of the PCA-5 is 

not presently known. The only difference between the two terminal ends is the length of the 

instrumentation cable from the protective relay to the CCVT. 

TABLE 11 

ARCADIA – NORTHWEST CCVT INFORMATION 

 CCVT Instrumentation Cable 
Substation Manufacturer Type Type Length 
Northwest Westinghouse PCA-5 Unshielded 19/25 ~700' 

Arcadia Westinghouse PCA-5 Unshielded 19/25 ~450' 
 

 
Several digital relays are connected to the output of the CCVTs. At the Northwest 

substation, one SEL-421, and two SEL-351S relays are connected to the same CCVT as the 

studied line. At the Arcadia end of the transmission line, one SEL-421, two SEL-351S and one 

SEL-487B relays are connected to the output of the CCVT providing the potential measurements 

for the studied line. 
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5.4.2 Current measurements 

Specific CT information for each end of the transmission line can be seen in Table 12. All 

CTs for the transmission lines are ANSI accuracy class C800, mounted on the high voltage 

breaker bushings protecting the studied transmission line. The Arcadia and Northwest substations 

use CTs that are the same manufacturer and part number. The CT specific curves can be seen in 

Appendix B. 

TABLE 12 

ARCADIA – NORTHWEST CT INFORMATION 

 CT Instrumentation Cable 

Substation Manufacturer Part Number Ratio Connected 
Ratio Type Length 

Northwest Mitsubishi D101400H08M 3000:5 2000:5 Unshielded #10 ~700' 
Arcadia Mitsubishi D101400H08M 3000:5 3000:5 Unshielded #10 ~450' 

 

 
The Arcadia – Northwest CTs are designed for relaying applications and have an accuracy 

of 3 percent at rated current and accuracy will not exceed 10 percent at 20 times the rated current 

[35]. The accuracy at 20 times the rated current is often a concern in abnormal, faulted system 

conditions. However, under normal operating conditions during the period of this analysis it 

would be reasonable to expect an accuracy not to exceed 3 percent for the measured line current 

quantities.  

5.4.3 Digital Relays 

Each of the line terminal end’s synchrophasor data is generated using the same model 

digital relay as shown in Table 13. By selecting a line with the same synchrophasor equipment at 

both terminals of the line, similar synchrophasor algorithms will be utilized. This will reduce the 

possibility of errors due to conflicting measurement protocols utilized by different equipment 

manufacturers. 
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TABLE 13 

ARCADIA – NORTHWEST DIGITAL RELAY 

Substation Relay Manufacturer Model Relay Part Number 
Northwest SEL 421 04213415B4B4H224XXXX 

Arcadia SEL 421 04213415B4B4H224XXXX 
 

 
The SEL 421 has a synchrophasor voltage accuracy of ±1 percent Total Vector Error (TVE) 

between 30 and 150V at  ±5 Hz of nominal frequency [36]. The SEL 421 synchrophasor current 

accuracy is  ±1 percent TVE in a range of 0.1 and 20 times the nominal current at ±5 Hz of 

nominal frequency [36]. 

5.5 Determination of Analysis Duration 

Transmission lines are classified based on their nominal line to line voltages. When 

traditional line parametric calculations based on conductor geometry are made, a nominal voltage 

is assumed. This line-to-line voltage is converted to a nominal phase to ground voltage for single-

phase equivalent analysis. However, under normal operating conditions, transmission line voltage 

fluctuates with line loading. Through the use of transformer auto tap changers, or capacitors 

connected to the line, voltage is often maintained within approximately 5 percent of nominal 

operating levels. The line voltages are monitored and adjusted by the system operators through 

the use of supervisory control and data acquisition (SCADA) systems. The measured line current 

values are a product of power system loading and will change as transmission line loading varies 

throughout the day. The system operators will make necessary corrections to maintain the line 

voltages within acceptable levels. The rate of current change for a specific transmission line is 

difficult to predict with a high degree of certainty. Histogram plots of synchrophasor voltage and 

current measurements will provide insight into the operating condition of the transmission line. 

The window of analysis should be large enough to allow for an accurate mean value to be 

obtained. If the window of analysis is selected such that the line’s operating conditions have 
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changed substantially during the analysis window, the resulting calculations could be artificially 

skewed and result in false conclusions. In previous research of [3] [18] mathematical techniques 

have been applied to the measured data in an attempt to reduce the impact of noise and error on 

synchrophasor measurements. To understand the behavior of the synchrophasor measurements 

and the extent of the impact a change in loading conditions or noise may create, Minitab software 

was utilized to generate histogram plots of the recorded synchrophasor voltage and current 

measurements. By examining the histogram plots compared to a normal distribution, the presence 

of random noise, loading condition changes, measurement accuracy and precision will be 

quantifiable. The Anderson-Darling test of normality will be used as the screening criteria of 

normality for an interval of analysis. The Anderson-Darling test places more emphasis on the 

measurements at the tails of a distribution where the areas of extreme voltage and current 

measurements will be observed [37]. Section 5.5.1 will examine the measured voltage quantities 

for each line terminal end. Synchrophasor current measurements from each substation will be 

evaluated in section 5.5.2. Intervals of analysis will be conducted at durations of 5 minutes, 1 

minute, 30 seconds, 10 seconds, and 1 second. OG&E synchrophasors sample at a rate of 30 

samples per second. Analysis intervals below 1 second will not provide sufficient data points to 

draw conclusions about the presence of random noise or DC offset. Thus, 1 second was selected 

as the minimum period of analysis. The interval of analysis for each time comparison will begin 

at 12:00 A.M. the morning of March 03, 2014 UTC and continue for the duration of analysis. By 

comparing the data within the interval of analysis in this manner, patterns will become more 

readily apparent. While the presence of normality is not requisite for data analysis, it can indicate 

the repeatability of the measured quantity. 
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5.5.1 Examination of Measured Voltage Quantities 

Histogram plots of the synchrophasor recorded voltage magnitudes for each terminal end 

are presented in sections 5.5.1.1 through section 5.5.1.5. The Arcadia substation will be analyzed 

first, with analysis of the Northwest substation to follow. 

5.5.1.1 Analysis Duration 5 Minutes 

The histogram plot of the Arcadia substation in Figure 8 compares a plot of the measured 

synchrophasor voltage quantities to a normal distribution. The red line in the middle of Figure 8 

corresponds to the expected shape observed data would follow if it were normally distributed over 

the interval. A total of 9000 synchrophasor samples were obtained during the 5 minute analysis 

duration. The measured synchrophasor voltage quantities exhibit a bi-modal pattern. The largest 

and most dominant mode occurs between 200,838 V and 200,843 V. The lesser yet significant 

mode occurs between 200,713 V and 200,718 V. The mean of the sample data occurs at 

200,801 V, where the histogram reveals very few voltage observations are made. 

 

Figure 8. Arcadia substation histogram 5 minute duration. 
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In Figure 9, a probability plot of the Arcadia substation synchrophasor voltage compared to 

a normal distribution is presented. The red line indicates the line observed data would follow if 

the measurements were normally distributed over the interval. The vertical axis indicates the 

percent of a normal distribution. With 50 percent occurring coincident with the mean of a normal 

distribution at 200801 V. Substantial deviation is observed in the upper and lower extreme of the 

measured data compared to a normal distribution. The two bi-modal areas shown in Figure 8 are 

again present in Figure 9. Examination of the p-value resulting from the Anderson-Darling test 

concludes within a 95 percent confidence interval the data does not follow a normal distribution 

[38]. 

 

Figure 9. Probability plot of Voltage, Arcadia substation 5 minute duration. 

The histogram plot of the Northwest substation in Figure 10 compares a plot of the 

measured synchrophasor voltages at the Northwest substation to a normal distribution. The red 

line in the middle of Figure 10 corresponds to the expected shape of measured data if it were 

normally distributed over the interval. The measured synchrophasor voltages of the Northwest 
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substation exhibit a bi-modal pattern as previously seen in Figure 8 at the Arcadia substation. The 

largest and most dominant mode occurs between 199,285 V and 199,295 V. The second 

prominent mode occurs between 199,095 V and 199,105 V. The mean of the sample data set 

occurs at 199,211 V, where relatively few observations are made. 

 

Figure 10. Northwest substation histogram 5 minute druation. 

A probability plot comparing the observed Northwest substation voltage data to a normal 

distribution is shown in Figure 11. The vertical axis indicates the percent of a normal distribution 

with 50 percent occurring at 199,211V, the mean of the sample data. The probability plot 

confirms substantial deviation in the upper and lower extreme of the measured data. The bi-modal 

areas observed in Figure 10 are again present in Figure 11. Examination of the p-value resulting 

from an Anderson-Darling test concludes within a 95 percent confidence interval the data does 

not follow a normal distribution [38]. 
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Figure 11. Probability plot of Voltage, Northwest substation 5 minute duration. 

As illustrated in Figure 8 through Figure 11, a calculated mean value of the data set would 

not properly characterize the measured data. The bi-modal distribution indicates the selected time 

interval is too large for analysis and a change has occurred within the measured parameters 

causing the data to cluster in separate regions. A summary of the statistical values for the Arcadia 

and Northwest substation 5 minute duration voltages are listed in Table 14. More than 5 mode 

values were measured in the data from the Arcadia substation. The lowest 4 observed modes are 

listed in Table 14. 

TABLE 14 

STATISTICAL SUMMARY OF VOLTAGE DURING 5 MINUTE PERIOD 
 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 

Arcadia 200,801 200,824 

200,837 
200,846 
200,851 
200,855 

78.89 200,579 200,973 394 9000 

Northwest 199,211 199,239 199,286 93.11 198,955 199,404 450 9,000 
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5.5.1.2 Analysis Duration 1 Minute 

The histogram plot of the Arcadia substation in Figure 12 compares a plot of the measured 

synchrophasor voltage quantities over a 1 minute duration to a normal distribution. The line in the 

middle of Figure 12 corresponds to the expected shape of observed data following a normal 

distribution. A total of 1800 synchrophasor samples were obtained during the 1 minute analysis 

interval. The maximum number of measurements occurs between 200,673 V and 200,678 V with 

a total of 138 measurements. This is slightly less than where a normal distribution would predict 

the maximum number of observations at the sample mean value of 200,686 V. A significant 

number of observations are made in the upper and lower extremes of the observed interval set. 

This may be an indication of excessive induced noise in the measurements or, that the interval 

duration of observation remains excessive. 

 

Figure 12. Voltage magnitude Arcadia substation 1 minute duration. 

The probability plot of the Arcadia substation in Figure 13 compares the 1 minute sample 

interval observations to a normal distribution. The red line indicates the line observed data would 
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follow if the measurements were normally distributed over the interval of observation. The 

vertical axis indicates percent of a normal distribution, with 50 percent occurring at the sample 

mean value of 200,686 V. Significant deviation is confirmed in the extreme ends of the observed 

distribution. Examination of the p-value resulting from an Anderson-Darling test of normality 

concludes within a 95 percent confidence interval the data does not follow a normal distribution 

[38]. 

 

Figure 13. Probability plot of Voltage, Arcadia substation 1 minute duration. 

A histogram plot of the voltage measurements from the Northwest substation during the 1 

minute interval is shown in Figure 14. Of the 1800 measured samples, 339 observations occur 

between 199,053 V and 199,068 V. These observations are centered around the area of 199,058 V 

to 199,063 V. This is slightly lower than the sample mean of 199,073 V. It can be further 

observed, a tendency towards a larger quantity of higher than expected voltage observations exist 

in this interval of analysis. 



58 

 

Figure 14. Voltage magnitude Northwest substation 1 minute duration. 

Figure 15 is a probability plot of the Northwest substation synchrophasor voltage compared 

to a normal distribution. The red line indicates the line observed data would follow if the observed 

measurements conformed to a normal distribution. The vertical axis is the percent of a normal 

distribution with 50 percent occurring coincident with the calculated sample interval mean value 

of 199,073 V. Deviation in the observations at the upper and lower extremes is again noted. 

Examination of the p-value resulting from an Anderson-Darling test concludes within a 95 

percent confidence interval the data does not follow a normal distribution [38]. 



59 

 

Figure 15. Probability plot of Voltage, Northwest susbtation 1 minute duration. 

The histogram and probability plots of voltage magnitude measurements in Figure 12 

through Figure 15 exhibit improvements when compared to the 5 minute duration data. As 

previously indicated for the 5 minute interval analysis, a standard mean calculation would not 

fully characterize the data obtained for the 1 minute interval. A summary of statistical values for 

the Arcadia and Northwest substation measured voltages during the 1 minute interval is listed in 

Table 15. Two statistical modes were observed for both the Arcadia and Northwest voltage 

measurements during the 1 minute interval. 

TABLE 15 

SUMMARY OF VOLTAGE MEASUREMENTS DURING 1 MINUTE DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 

Arcadia 200,686 200,685 
200,674 
200,687 29.73 200,579 200,768 189 1,800 

Northwest 199,073 199,071 
199,061 
199082 35.10 198,955 199,182 228 1,800 
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5.5.1.3 Analysis Duration 30 Seconds 

A histogram plot of voltage data obtained from the Arcadia substation over a 30 second 

duration is shown in Figure 16. The red line in Figure 16 indicates the shape data fitting a normal 

distribution would take if present in the analysis interval. A total of 900 observations were made 

during the 30 second period. When compared to an expected normal distribution, greater 

quantities of observations at the upper and lower extremes are again noted in Figure 16.   

 

Figure 16. Voltage magnitude Arcadia subsation, 30 second duration. 

A probability plot of the Arcadia substation synchrophasor voltage compared to a normal 

distribution for a 30 second duration is shown in Figure 17. The red line indicates the line 

observed data would follow if the data observations were normally distributed over the interval. 

The vertical axis indicates the percent of a normal distribution with 50 percent occurring at the 

sample mean value of 200,689 V. Deviations of the observations at the upper and lower extreme 

previously seen in Figure 16 are present in Figure 17. Examination of the p-value resulting from an 



61 

Anderson-Darling test concludes within a 95 percent confidence interval the data does not follow 

a normal distribution [38]. 

 

Figure 17. Probability plot of Voltage, Arcadia substation, 30 second duration. 

A histogram plot of voltage data obtained at the Northwest substation over a 30 second 

duration is shown in Figure 18. The red line in Figure 18 indicates the shape data fitting a normal 

distribution would take if present in the analysis interval. A total of 900 observations were made 

during the 30 second period. Similar to the Arcadia substation histogram in Figure 16, the data 

observation in Figure 18 has good observation density around the sample mean of 199,082 V. An 

abnormally large amount of voltage measurements were made between 199,095 V and 199,105 V 

with 118 observations in that region. These measurements are centered at 199,100 V and are 18 V 

above the sample mean.  
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Figure 18. Voltage magnitude at Northwest substation, 30 second duration. 

In Figure 19, a probability plot of the Northwest substation synchrophasor voltage 

compared to a normal distribution is presented. The red line indicates the line observed data 

would follow if the measurements were normally distributed over the interval. The vertical axis 

indicates the percent of a normal distribution with 50 percent occurring at the sample mean of 

199,082 V. Deviations of the measured values at the upper and lower extremes of a normal 

distribution are presented. Examination of the p-value resulting from an Anderson-Darling test 

concludes within a 95 percent confidence interval the data does not follow a normal distribution 

[38]. 
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Figure 19. Probability plot of Voltage, Northwest substation, 30 second duration. 

Histogram plots over a 30 second duration in Figure 16 and Figure 18 show slight 

improvement over the 1 minute duration plots. These plots still do not follow the ideal normal 

distribution. A summary of the statistical values for the Arcadia and Northwest substation 30 

second duration measured voltages are listed in Table 16. 

TABLE 16 

STATISTICAL SUMMARY OF VOLTAGE MAGNITUDE MEASUREMENTS 
DURING 30 SECOND DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 
Arcadia 200,689 200,690 200,660 29.99 200,579 200,768 189 900 

Northwest 199,082 199,083 199,082 35.08 198,955 199,182 228 900 
 

 
5.5.1.4 Analysis Duration 10 Seconds 

A histogram plot of the recorded Arcadia substation phase voltage magnitude during a 10 

second duration is shown in Figure 20. The red line in Figure 20 indicates the line observed data 

would follow if the measured data were normally distributed over the interval. A total of 300 

measurements were recorded during the 10 second duration. A cluster of observations above the 
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sample mean of 200,691 V are observed between 200,698 V and 200,718 V. The quantity of 

observations around the sample mean is less than expected. Additionally, significant presence of 

voltage measurements below the sample mean between 200,653 V and 200,668 V are noted. 

 

Figure 20. Histogram of voltage magnitude at Arcadia substation, 10 second duration. 

A probability distribution plot of phase voltage measurements at the Arcadia substation 

compared to a normal distribution curve is shown in Figure 21. The red line indicates the path 

observed data would follow if the measurements were normally distributed over the interval. The 

vertical axis indicates the percent of a normal distribution with 50 percent occurring at the sample 

mean of 200,691 V. The abnormal distribution of observations slightly above and below the mean 

shown in Figure 19 are present in Figure 20. Additional deviation from the ideal normal 

distribution is present at the extreme values of the observation duration. 
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Figure 21. Probability plot of Voltage, Arcadia substation, 10 second duration. 

Figure 22 is a histogram of phase voltage measurements recorded during a 10 second 

duration at the Northwest substation. The pattern of measurements exhibited in Figure 22 is 

similar to the pattern of voltage observations during the same interval at the Arcadia substation in 

Figure 20. Areas of local maximum occur above and below the sample mean of 199,088 V. 

Because both voltage histograms exhibit similar patterns of deviation from an expected normal 

distribution it is probable a variation in system conditions occurred during this interval and the 

pattern is less likely to be a product of random noise in the measurements. A noticeable absence 

of measurements around the sample mean is again present in Figure 22. 
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Figure 22. Voltage magnitude Northwest substation, 10 second duration. 

A probability plot of phase voltage measurements recorded at the Northwest substation is 

presented in Figure 23. The vertical axis corresponds to the percent of a normal distribution with 

50 percent coincident with the mean of the sample distribution of 199,088 V. Deviations from a 

normal distribution are present above and below the sample mean in Figure 23. Examination of the 

p-value resulting from an Anderson-Darling test concludes within a 95 percent confidence 

interval the data does not follow a normal distribution [38].  
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Figure 23. Probability plot of Voltage, Northwest substation, 10 second duration. 

A summary of the statistical values of measured phase voltage magnitude for the Arcadia 

and Northwest substation 10 second duration is listed in Table 17. Both Arcadia and Northwest 

substations voltage measurements had more than 5 modes in the data set. The 4 smallest modes 

for each substation are listed in Table 17. 

TABLE 17 

STATISTICAL SUMMARY OF VOLTAGE MAGNITUDE MEASURED 
DURING 10 SECOND DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 

Arcadia 200,691 200,694 

200,659 
200,674 
200,685 
200,702 

23.38 200,639 200,747 108 300 

Northwest 199,088 199,093 

199,061 
199,098 
199,102 
199,105 

25.6 199,024 199,145 121 300 
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5.5.1.5 Analysis Duration 1 Second 

A histogram of the voltage measurements obtained at the Arcadia substation during a 1 

second interval is shown in Figure 24. The red line in Figure 24 follows the shape data fitting a 

normal distribution would take if present in the measurement interval. A total of 30 observations 

were made during the 1 second period. The sample mean occurs at 200,172V with significant 

amounts of left skew evident in the voltage measurements shown in Figure 24. Frequent voltage 

observations are indicated, with 11 measurements occurring between 200,695 V and 200,705 V. 

 

Figure 24. Histogram of Voltage magnitude at Arcadia substation, 1 second duration. 

A probability plot of the Arcadia substation voltage measurements is shown in Figure 25. 

The red trend line follows the shape data would take if the measured voltages were distributed 

normally over the window of analysis. The vertical axis corresponds to percent of a normal 

distribution with 50 percent representing the sample mean of 200,712V. An examination of the p-

value as a result of comparing the voltage observations with a normal distribution indicates a 
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value that does not exclude the possibility that the data follow a normal distribution. However, 

review of Figure 24 and Figure 25 confirms the data does not follow a normal distribution. 

 

Figure 25. Probability plot of Voltage, Arcadia substation, 1 second duration. 

Figure 26 is a histogram plot of the voltage measurements recorded at the Northwest 

substation in a 1 second interval. The red line in Figure 26 indicates a normal distribution with a 

mean value of 199,112V. As previously seen in Figure 24 significant amounts of left skew is 

visible in the data set. An abnormally large quantity of 9 voltage measurements was made 

between 199,103V and 199,108V below the expected mean value. Large amounts of left skew are 

again present in Figure 26. 
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Figure 26. Histogram of voltage magnitude at Northwest substation, 1 second duration. 

A probability plot of the recorded voltage measurements at the Northwest substation 

versus a normal distribution is plotted in Figure 27. The red line indicates the path observed data 

of a normal distribution is expected to follow. The vertical axis indicates percent of a normal 

distribution with 50 percent coinciding with the mean value of 199,112 V. Large amounts of 

variation in the upper and lower observed extremes is shown in Figure 27. Using the Anderson-

Darling statistic, a comparison is made between the observed voltages and a normal distribution. 

With a 95 percent confidence, the p-value indicates this data does not follow a normal distribution 

[38]. 
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Figure 27. Probability plot of Voltage, Northwest substation, 1 second duration. 

A summary of statistical values for the voltage observations during the 1 second interval is 

given in Table 18. The Arcadia substation recorded 3 modes as shown in Table 18, while the 

Northwest substation recorded no modes over the sample interval.  

TABLE 18 

STATISTICAL SUMMARY OF VOLTAGE MAGNITUDE MEASURED 
DURING 1 SECOND DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 

Arcadia 200,712 200,711 

200,697 
200,720 
200,746 16.7 200,688 200,747 59.4 30 

Northwest 199,112 199,110 -NA- 11.57 199,098 199,145 47.5 30 
 

 
5.5.2 Examination of Measured Current Quantities 

Histogram plots of the synchrophasor measured current magnitudes for each terminal end 

are presented in sections 5.5.2.1 through 5.5.2.5. In each case, the Arcadia substation will be 

examined first, with analysis of the Northwest current measurements to follow for the same time 

duration. 
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5.5.2.1 Analysis Duration 5 Minutes 

The histogram plot of Arcadia substation measured line current magnitude during a 5 

minute interval of analysis is shown in Figure 28. The red trend line is the shape data following a 

normal distribution would follow if normally distributed over the analysis interval. A total of 

9000 synchrophasor current samples were obtained during the analysis interval. When the 

measured current data of Figure 28 is compared to the measured voltages of the same interval in 

Figure 8 an inverse pattern is apparent. By comparison of the measured current values with the 

measured voltage values, it can be confirmed a change of operating state has occurred during the 

interval of interest. The histogram plot of Figure 28 confirms the use of the sample mean for this 

interval would not adequately represent the measured data. The lowest amount of observed 

measurements occurs in the area of the sample mean at 278.2A. 

 

Figure 28. Histogram of current magnitude Arcadia substation, 5 mintute duration. 

The probability plot of Arcadia substation measured current compared to a normal 

distribution is presented in Figure 29. The red line indicates expected path observed data points 
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would follow if the measured data was normally distributed. The vertical axis indicates the 

percent of a normal distribution with 50 percent corresponding to a mean value of 278.2A. The 

two modes observed in Figure 28 are again visible in Figure 29. Significant deviation of the 

measured data is observed at the upper and lower extremes of the distribution. Examination of the 

p-value resulting from an Anderson-Darling test concludes within a 95 percent confidence 

interval the measured data does not follow a normal distribution [38]. 

 

Figure 29. Histogram of current magnitude at Arcadia substation, 5 minute duration. 

The histogram plot of Northwest substation measured current values in Figure 30 compares 

the measured data to a normal distribution. The red trend line indicates the pattern observations 

would follow if the measured results were normally distributed over the interval. A total of 9000 

current measurements were obtained over the 5 minute duration. The measured values of Figure 

30 exhibit a bi-modal pattern that has an inverse relationship to the measured voltage over the 

same interval in Figure 10. This inverse trend confirms a change of operating condition has 

occurred for the transmission line as induced random noise or bias would not provide this 
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correlation to the measured voltage. In the bi-modal pattern of Figure 30, the sample mean of 

281.5 A does not correspond to an area of high observed sample quantity. As a result, the use of 

the mean for this interval would not provide accurate information about the load of the 

transmission line. 

 

Figure 30. Histogram of current magnitude at Northwest substation, 5 minute duration. 

A probability plot comparing the observed Northwest substation current data to a normal 

distribution is shown in Figure 31. The vertical axis indicates the percent of a normal distribution 

with 50 percent corresponding to the sample mean of 281.5 A. The probability plot confirms the 

bi-modal pattern previously seen in Figure 30. Significant deviation in the upper and lower 

extremes of the measured interval is also noted. Examination of the p-value resulting from an 

Anderson-Darling test concludes within a 95 percent confidence interval the data does not follow 

a normal distribution [38]. 
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Figure 31. Probability plot of current magnitude at Northwest substation, 5 minute duration. 

As illustrated in Figure 28 through Figure 31, the sample set of measured currents during 

the 5-minute interval exhibits an inverse relationship to the measured voltages over the same 

interval. The measured data exhibits significant amounts of non-normality and both substation 

measured currents in Figure 28 and Figure 30 indicate similar patterns. It is unlikely the observed 

trends are a result of noise or bias in measured quantities and more probable a variation of 

operation state has occurred. A summary of the statistical current values for the Arcadia and 

Northwest substations over the 5 minute interval is listed in Table 19. More than 5 modes are 

observed in the current measurements for both the Arcadia and Northwest substations. The lowest 

four modes for each substation are listed in Table 19. 
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TABLE 19 

STATISTICAL SUMMARY OF CURRENT MAGNITUDES 
DURING 5 MINUTE DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 

Arcadia 278.2 276.40 

273.754 
274.089 
274.262 
274.519 

4.08 270.45 286.71 16.25 9,000 

Northwest 281.5 279.70 

277.527 
277.784 
277.864 
277.916 

4.155 273.81 290.05 16.24 9,000 

 

 
5.5.2.2 Analysis Duration 1 Minute 

The histogram plot of the current measurements obtained from the Arcadia substation is 

shown in Figure 32. A total of 1800 current measurements were obtained over the analysis 

duration of 1 minute. The red trend line in Figure 32 corresponds to the expected path normally 

distributed data would follow for the chosen interval of analysis. A low number of observations 

occur at both the upper and lower extremes of the measured interval. The dispersion of 

observations in the central region of the histogram indicates the possibility the level of precision 

the instrumentation circuit is capable of is very close to the resolution depicted in the graph [39]. 
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Figure 32. Histogram of current magnitude at Arcadia substation, 1 minute duration. 

A probability plot of the Arcadia substation current measurements versus a normal 

distribution is shown in Figure 33. The red trend line indicates the path measured data would 

follow if it conformed to a normal distribution. The vertical axis indicates the percent of a normal 

distribution with 50 percent corresponding to the sample mean of 282.4 A. The p-value resulting 

from an Anderson-Darling test of normality indicates within a 95 percent confidence interval the 

data does not follow a normal distribution [38]. 
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Figure 33. Probability plot of current magnitude at Arcadia substation, 1 minute duration. 

A histogram plot of the current measurements from the Northwest substation during the 1 

minute analysis interval is shown in Figure 34. The red trend line represents the path data 

observations would follow if the data were normal distributed over the interval. A total of 1800 

observations were made of the line current during the analysis. The calculated sample mean line 

current is 285.9 A. The dispersion of current measurements over the interval may indicate the 

level of precision the instrumentation circuit is capable of has been reached [39]. 
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Figure 34. Histogram plot of current magnitude at Northwest substation, 1 minute duration. 

A probability plot of the comparison of current measurements obtained from the 

Northwest substation during the 1 minute interval and a normal distribution is shown in Figure 35. 

The vertical axis corresponds to the percentage of a normal distribution with 50 percent indicating 

the sample mean of 285.9 A. A variation in the amount of observations between the 10th and 45th 

percent of a normal distribution is noted. Variation from a normal distribution is noted at the 

upper and lower extremes of the sampled data. An Anderson-Darling test yields a p-value that 

confirms the data is not normally distributed [38]. 
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Figure 35. Probability plot of current magnitude at Northwest substation, 1 minute duration. 

The histogram plots of Figure 32 and Figure 34 may indicate the capability of the current 

instrumentation circuit may be vey close to the resolution in the histograms. If the histogram plots 

get sufficiently wide, the instrumentation circuit is unable to discern precisely the level of change 

in the circuit over the interval and a uniform distribution results. If this results, no further analysis 

is warranted. A summary of statistical values for the Arcadia and Northwest substations measured 

currents during the 1 minute interval is listed in Table 20. 

TABLE 20 

STATISTICAL SUMMARY OF CURRENT MAGNITUDES 
DURING 1 MINUTE DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 

Arcadia 282.4 282.48 
280.415 
280.440 
280.498 

1.579 278.61 286.71 8.10 1,800 

Northwest 285.9 285.98 285.050 1.606 282.17 290.05 7.88 1,800 
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5.5.2.3 Analysis Duration 30 Seconds 

A histogram plot of the measured current values obtained at the Arcadia substation during 

a 30 second duration is shown in Figure 36. The red trend line in Figure 36 represents the shape 

measured data would follow if it corresponds to a normal distribution. A total of 900 observations 

were made during the sample period. A clear pattern between the observed current values in 

Figure 36 and the voltage measurements of Figure 16 is not visible. 

 

Figure 36. Histogram of current magnitude at Arcadia substation, 30 second duration. 

A probability plot of the current measured at the Arcadia substation versus a normal 

distribution is shown in Figure 37. The red trend line indicates the path measured data would 

follow if it corresponds to a normal distribution over the analyzed interval. The vertical axis 

indicates the percent of a normal distribution with 50 percent indicating the sample mean of 281.2 

A. A deviation of observations between 20 percent and 45 percent of a normal distribution is 

indicated. Further deviation at the expected extreme value measurements in the population is 



82 

noted. Examination of the p-value resulting from an Anderson-Darling test concludes within a 95 

percent confidence interval the data does not follow a normal distribution [38]. 

 

Figure 37. Probability plot of current magnitude at Arcadia substation, 30 second duration. 

A histogram plot of measured current values over a 30 second duration at the Northwest 

substation is shown in Figure 38. The red trend line indicates the path observations are expected to 

follow if they conform to a normal distribution with the sample mean of 284.7 A. Over the 

duration of analysis 900 data points were measured. 
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Figure 38. Histogram of current magnitude at Northwest substation, 30 second duration. 

A probability plot of the current measurements at the Northwest substation versus a 

normal distribution is presented in Figure 39. The red trend line indicates the path data would 

follow if the data were normally distributed over the interval. The vertical axis corresponds to the 

percent of a normal distribution with 50 percent indicating the sample mean of 284.7 A. 

Examination of the p-value corresponding to an Anderson-Darling test of normality confirms 

within a 95 percent confidence level the data is not normally distributed over the interval [38]. 
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Figure 39. Probability plot of current magitude at Northwest substation, 30 second duration. 

A summary of the statistical values for the Arcadia and Northwest current measurements 

over the 30 second analysis interval is shown in Table 21. More than 5 modes were recorded for 

the Arcadia substation, Table 21 lists the lowest 4 observed modes. 

TABLE 21 

STATISTICAL SUMMARY OF CURRENT MAGNITUDES 
DURING 30 SECOND DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 

Arcadia 281.2 281.17 

280.415 
280.440 
280.498 
280.978 

1.005 278.61 283.93 5.32 900 

Northwest 284.7 284.59 285.050 1.036 282.17 287.34 5.18 900 
 

 
5.5.2.4 Analysis Duration 10 Seconds 

Figure 40 is a histogram plot of the current measurements obtained from the Arcadia 

substation during a 10 second period of analysis. A total of 300 measurements were obtained with 
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a sample mean of 280.6 A. The measured sample data appears to have decent accuracy and good 

dispersion about the mean. 

 

Figure 40. Histogram of current magnitude at Arcadia substation, 10 second duration. 

A probability plot comparing the line current measurements obtained at the Arcadia 

substation to a normal distribution is shown in Figure 41. The red trend line is the expected path of 

data following a normal distribution over the interval of analysis. The vertical axis is the percent 

of a normal distribution with 50 percent corresponding to the sample mean of 280.6 A. Variations 

in the quantity of observations along a normal distribution are visible between 50 percent and 70 

percent as well as the upper and lower extremes of the analysis interval of a normal distribution. 

Examination of the p-value resulting from an Anderson-Darling test concludes within a 95 

percent confidence interval the data does not follow a normal distribution [38]. 
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Figure 41. Probability plot of current magnitude at Arcadia substation, 10 second duration. 

A histogram of the current measurements made at the Northwest substation during a 10 

second period is shown in Figure 42. The red trend line in Figure 42 represents the line normally 

distributed measured data would follow for the analyzed duration. During the period of analysis, 

300 samples were obtained with a mean of 284.1 A. 
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Figure 42. Histogram of current magnitude at Northwest substation, 10 second duration. 

A probability plot of the measured current at the Northwest substation versus a normal 

distribution is plotted in Figure 43. The red trend line indicates the path observed data fitting a 

normal distribution would follow. The vertical axis is the percentage of a normal distribution with 

50 percent corresponding to the sample mean of 284.1 A. Figure 43 shows a relative good data fit 

in the observed data with the exception of the extreme measured values. Examination of the p-

value from an Anderson-Darling test of normality does not strongly disprove the presence of a 

normal data set [38]. 
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Figure 43. Probability plot of current magnitude Northwest substation, 10 second duration. 

A statistical summary of measured current values for both the Arcadia and Northwest 

substation values over the 10 second interval is shown in Table 22. No modes were observed in 

the Northwest measured current data set over the 10 second duration. 

TABLE 22 

STATISTICAL SUMMARY OF CURRENT MAGNITUDES 
DURING 10 SECOND DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 
Arcadia 280.6 280.68 280.978 0.7008 278.61 282.24 3.63 300 

Northwest 284.1 284.09 -NA- 0.7019 282.17 285.54 3.37 300 
 

 
5.5.2.5 Analysis Duration 1 Second 

A histogram plot of the measured current values at the Arcadia substation during a 1 

second interval is shown in Figure 44. The red trend line in Figure 44 is the line observed normally 

distributed data would follow over the interval. A total of 30 line current observations with a 

sample mean of 279.9 A were made over the 1 second period. Figure 44 provides an excellent 

representation of the precision of the Arcadia measured current values. A large area with an equal 
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amount of observations is mostly centered over the sample mean. However, due to the overall 

precision of the measured current, it is difficult to clearly discern the specific region where most 

of the current measurements occur. Variations in the observed voltage levels in Figure 24 are not 

confirmed with the observed current values over the same interval of Figure 44. 

 

Figure 44. Histogram of current magnitude at Arcadia substation, 1 second duration. 

A probability plot of the Arcadia substation current measurements versus a normal 

distribution is shown in Figure 45. The red trend line follows the shape normally distributed 

observed data would follow over the sample interval. The vertical axis is the percent of a normal 

distribution with 50 percent corresponding to the sample mean of 279.9 A. The p-value resulting 

from an Anderson-Darling test does not strongly disprove the data does not follow a normal 

distribution [38]. 
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Figure 45. Probability plot of current magnitude at Arcadia substation, 1 second duration. 

A histogram of the measured current values at the Northwest substation over a 1 second 

interval is shown in Figure 46. The red trend line indicates the path data would take if it followed a 

normal distribution. A total of 30 current measurements with a sample mean of 283.4 A were 

made. 
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Figure 46. Histogram of current magnitude at Northwest substation, 1 second duration. 

A probability plot of the measured current at the Northwest substation over a 1 second 

duration versus a normal distribution is shown in Figure 47. The red trend line indicates the path 

observed normally distributed data would follow if present over the interval of analysis. The 

vertical axis corresponds to the percentage of a normal distribution with 50 percent corresponding 

to the mean of 283.4 A. Observations at the upper and lower extremes of the interval show 

significant improvement compared to previous intervals. The p-value resulting from an Anderson-

Darling test does not disprove normality of the measured data [38]. 
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Figure 47. Probability plot of current magnitude at Northwest substation, 1 second duration. 

A summary of the statistical values for the Arcadia and Northwest substation 1 second 

duration measured current is shown in Table 23. No mode was observed for either substation 

during a 1 second period of analysis. 

TABLE 23 

STATISTICAL SUMMARY OF CURRENT MAGNITUDES 
DURING 1 SECOND DURATION 

Substation Mean Median Mode Std. Dev. Min. Max. Range N 
Arcadia 279.9 279.95 -NA- 0.5556 279.08 280.94 1.86 30 

Northwest 283.4 283.35 -NA- 0.6164 282.17 284.57 2.40 30 
 

 
5.5.3 Selection of Analysis Interval 

The measured synchrophasor voltage data in section 5.5.1 and current data in section 5.5.2 

indicates the transmission line measured quantities are continuously changing. Measured voltage 

data in Figure 8 through Figure 11 and current data in Figure 28 through Figure 31 show a change in 

line loading has occurred during the 5 minute sample interval. A time series plot of the measured 

line current of the Arcadia – Northwest line is shown in Figure 48. 
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Figure 48. Synchrophasor measured current magnitude over 5 minute interval. 

For determination of an ideal interval of analysis, obtaining the largest quantity of data 

sampling identical information is desirable for repeatability in obtained results. Therefore, the 5 

minute interval data will not be further used in analysis of line parameters. 

Consideration must be given to the accuracy and precision of the measuring devices used 

to obtain data samples when determining the analysis interval. Section 5.4.2 indicates the 

accuracy of a C800 CT is 3 percent under normal operation. Using the range of observed current 

measurements in Table 20 through Table 23 and assuming the calculated sample mean adequately 

represents the true mean of the data, the full accuracy of the CT is not realized until the analysis 

interval is at or below a sample interval of 1 minute.  A comparison of the measured current range 

in each sample interval to the expected range is listed in Table 24. The expected range is 

calculated by multiplying the calculated mean value by the accuracy of the CT. Table 24 indicates 

the range of observed current values improves significantly as the duration of analysis is reduced. 

The smallest observed range of measured current data will indicate the range where the line 

loading is the most stable and the area when current measurements agree the most. 
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TABLE 24 

COMPARISON OF SYNCHROPHASOR 
CURRENT MEASUREMENTS TO CT ACCURACY 

Interval Substation Mean Range CT Accuracy 
(%) Expected Range 

1 Min. 
Arcadia 282.4 8.10 3 8.47 

Northwest 285.9 7.88 3 8.58 

30 Sec. 
Arcadia 281.24 5.32 3 8.44 

Northwest 284.70 5.18 3 8.54 

10 Sec. 
Arcadia 280.64 3.63 3 8.42 

Northwest 284.06 3.37 3 8.52 

1 Sec. 
Arcadia 279.92 1.86 3 8.40 

Northwest 283.42 2.40 3 8.50 
 

 
Examination of the measured voltage summary data in Table 14 through Table 18 provides 

an indication of the repeatability of the measured data. Using the sample measured range as a 

guide, a significant improvement in repeatability of the voltage measurements does not occur 

until the sample interval is reduced to 1 second. A summary of the mean and standard deviation 

of the measured voltages for each interval is listed in Table 25. 

TABLE 25 

SUMMARY OF SYNCHROPHASOR MEASURED VOLTAGES 

Interval Substation Mean Std. Dev. Range 

1 Min. 
Arcadia 200,686 29.73 189 

Northwest 199,073 35.1 228 

30 Sec. 
Arcadia 200,689 29.99 189 

Northwest 199,082 35.08 228 

10 Sec. 
Arcadia 200,691 23.4 108 

Northwest 199,088 25.6 121 

1 Sec. 
Arcadia 200,712 16.7 59.4 

Northwest 199,112 11.6 47.5 
 

 

The only interval of analysis when both substations had measured data sets where a test 

did not disprove normality was the 1 second duration. When tested for normality, all measured 
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durations of voltage magnitude failed an Anderson-Darling test [38]. However, the duration that 

indicated the most improvement in observed range of data was during the 1 second period. 

Due to the high repeatability of both the measured voltage and current quantities, a sample 

interval of 1 second will be used to determine the parameters of the Arcadia – Northwest 

transmission line. 
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CHAPTER 6 

SYNCHROPHASOR LINE PARAMETER DETERMINATION 

This chapter will apply historic OG&E synchrophasor measurements from the selected 

line to the short and medium transmission line model and review the results. Using the 1 second 

time interval previously selected, the medium line model will be examined for suitability in 

section 6.1. Using synchrophasor data, the transmission line parameters will be calculated in 

section 6.2 using the medium line model. Comparison of the medium line synchrophasor 

calculated parameters to the CAPE line values will be made throughout section 6.2. 

6.1 Short Line Model 

As discussed in 4.5.1, the application of the short line model requires the assumption that 

measured current at both ends of a two terminal transmission line is equal. To test the 

fundamental assumption represented by equation (4.13), the synchrophasor measured currents of 

the Arcadia and Northwest substation synchrophasor measurements are graphed in Figure 49. 

 

Figure 49. Synchrophasor current magnitude during 1 second duration. 
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Figure 49 indicates a difference exists in the measured current at each end of the Arcadia – 

Northwest transmission line. The short line model identifies one end of the studied transmission 

line as “sending” and the other as “receiving”. The Northwest substation reports higher line 

current than the Arcadia substation, therefore the Northwest substation will be referred to as 

“sending” and the Arcadia substation will be referred to as “receiving”. Subtracting the sending 

and receiving end currents vectorially, a summary of the results is listed in Table 26. 

TABLE 26 

SUMMARY OF SHUNT CURRENT FLOW  
DURING 1 SECOND ANALYSIS ARCADIA - NORTHWEST 

 
Mean Median Mode Std. Dev. Min. Max. Range N 

I Shunt 25.33 25.368 -NA- 0.3075 24.554 25.861 1.308 30 
 

 
The calculated differential current shows good central tendency around the mean and 

median values. No mode is observed in this calculation. A probability plot comparing the 

measured shunt current to a normal distribution shows all measured values fall within a 95 

percent confidence interval of the mean as shown in Figure 50.  
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Figure 50. Probability plot of shunt current magnitude, 1 second duration. 

The probability plot of Figure 50 shows two measurements at the lower extreme of the 

observed range. These observations will cause the mean to shift lower and not adequately 

represent the central tendency of the data set. In this instance the median value of 25.368 A 

appears to better represent the central tendency of the calculated shunt current. Even considering 

the use of the median shunt current value, little improvement in accuracy is obtained.  

As discussed in section 4.5.1, the proportion of line current flowing through the shunt 

paths is a better indicator of short line model representation than line length. Measured shunt 

current flow comprises approximately 8.9 percent of the total line current. By using the short line 

model, the resulting line impedance parameters obtained would be heavily biased as a result of 

the selection of the measured current used to determine line impedance. The resulting calculation 

would also not contain the shunt parameters listed in the OG&E CAPE model. Therefore, a more 

accurate model should be used to model the Arcadia – Northwest line. 
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6.2 Medium Line Model 1 Second Interval 

The medium line model described in section 4.5.2 is used in conjunction with the 

synchrophasor measurements to determine the Arcadia – Northwest line parameters.  

6.2.1 Synchrophasor Shunt Susceptance 

Using equation (4.21) and the sending/receiving convention determined in section 6.1, the 

shunt susceptance was calculated using the difference of the sending and receiving end 

synchrophasor measurements obtained during the 1 second interval of study. The resultant 

synchrophasor measured differential current will include both the conductance (real part) and 

susceptance (complex part) of the shunt admittance quantity. Using the assumption outlined in 

section 4.5.2 and illustrated in Figure 6 that overhead transmission line models neglect the 

conductance component of the shunt admittance, the resulting calculated conductance values or 

their accuracy of the conductance component will not be considered. A time series plot of the 

shunt susceptance calculated by the synchrophasor measurements can be seen in Figure 51. 

 

Figure 51. Synchrophasor calculated shunt susceptance during 1 second duration. 
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The time series plot in Figure 51 indicates no significant trend of change occurring in the 

measured shunt susceptance over a 1 second interval of analysis. A summary of the statistical 

values for the synchrophasor calculated shunt susceptance is listed in Table 27. 

TABLE 27	  

STATISTICAL SUMMARY OF SHUNT SUSCEPTANCE DURING 1 SECOND DURATION 

 
Mean Median Mode Std. Dev. Min. Max. Range N 

Susceptance 126.5E-6 126.789E-6 -NA- 1.544E-6 122.786E-6 129.1E-6 6.298E-6 30 
 

 
No modes were observed in the interval of analysis. Some separation in the calculated 

mean and median values are observed for the interval. This indicates the presence of outlying data 

is probable. A histogram plot of the calculated shunt susceptance compared to a normal 

distribution is shown in Figure 52. The red trend line is centered over the distribution mean value 

of 126.5 µS and represents the line measured susceptance would follow if it was normally 

distributed over the interval. The vertical axis indicates the quantity of observations made in the 

range of susceptance values shown on the horizontal axis.  
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Figure 52. Histogram of synchrophasor calculated shunt susceptance during 1 second duration. 

A probability plot of the shunt susceptance values over a 1 second duration is shown in 

Figure 53. The center red trend line is the expected path observed data following a normal 

distribution should follow if present in the interval of analysis. The upper and lower red trend 

lines indicate 95 percent confidence interval boundaries. The vertical axis is related to the percent 

of a normal distribution with the mean value coincident with the observed mean of 126.5 µS. The 

p-value resulting from an Anderson-Darling test does not indicate a substantial departure from 

normality in the data during the observation interval [38]. 
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Figure 53. Probability plot of synchrophasor calculated  
shunt susceptance during 1 second duration. 

A time series plot of the shunt susceptance percent error is shown in Figure 54. The percent 

error is calculated by comparing each synchrophasor measured shunt susceptance value over a 1 

second duration to the CAPE model value.  
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Figure 54. Plot of percent error of synchrophasor measurement versus CAPE model susceptance. 

A summary of the shunt susceptance percent error values over a 1 second duration is 

presented in Table 28. The range of synchrophasor calculated shunt susceptance percent error 

shows a mean error of 12.45 percent. The observation of measurement at 9.128 percent error is 

causing a shift of the mean below the median value of 12.69 percent. 

TABLE 28	  

STATISTICAL SUMMARY OF SHUNT SUSCEPTANCE 
PERCENT ERROR DURING 1 SECOND DURATION 

 
Mean Median Mode Std. Dev. Min. Max. Range N 

Error Percent 12.453 12.685 -NA- 1.372 9.128 14.725 5.597 30 
 

 
6.2.2 Synchrophasor Series Impedance 

Using synchrophasor voltage and current measurements and the shunt susceptance values 

for each data point calculated in section 6.2.1 the line series impedance magnitude is calculated. 

A time series plot of the determined line impedance magnitude is shown in Figure 55. 
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Figure 55. Synchrophasor calculated series impedance magnitude during 1 second duration. 

A histogram plot of the calculated series line impedance magnitude versus a normal 

distribution is shown in Figure 56. The red trend line centered over the sample mean of 15.85 Ω 

indicates the path normally distributed data measurements would follow, if present in the analysis 

interval. 
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Figure 56. Histogram plot of synchrophasor calculated series impedance  
magnitude during 1 second duration. 

A probability plot of the synchrophasor measured line impedance magnitude compared to 

a normal distribution is shown in Figure 57. The center red trend line indicates the path normally 

distributed measured data would follow if present in the analysis interval. The upper and lower 

red trend lines indicate the boundaries of a 95 percent confidence interval. The vertical axis 

corresponds to the percent of a normal distribution with 50 percent corresponding to a sample 

mean of 15.85 Ω. The p-value resulting from an Anderson-Darling test of normality does not 

disprove the presence of normally distributed data [38]. 
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Figure 57. Probability plot of synchrophasor calculated series impedance magnitude 
during 1 second duration. 

A statistical summary of the synchrophasor calculated series line impedance magnitude is 

shown in Table 29. The calculated series impedance values listed in Table 29 indicate a very low 

standard deviation and range.  

TABLE 29	  

STATISTICAL SUMMARY OF SERIES IMPEDANCE MAGNITUDE 
DURING 1 SECOND DURATION 

 Mean Median Mode Std. Dev. Min. Max. Range N 
|Z| (Ω) 15.85 15.851 -NA- 0.02292 15.787 15.888 0.101 30 

 

 
The percent error of each synchrophasor calculated series impedance value compared to 

the CAPE model series impedance magnitude was determined over the 1 second interval. A time 

series plot of the percent error of each calculation is shown in Figure 58.  
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Figure 58. Percent error of synchrophasor measured series impedance magnitude versus CAPE model 

series impedance magnitude. 
A statistical summary of the percent error of the synchrophasor calculated series 

impedance magnitude is listed in Table 30. The listed standard deviation and range indicate the 

data is a good representation of the calculated series impedance magnitude over the interval. The 

range of the percent error indicates all of the observations are within a range of less than three-

quarters of a percent. 

TABLE 30	  

STATISTICAL SUMMARY OF SYNCHROPHASOR CALCULATED SERIES 
IMPEDANCE MAGNITUDE PERCENT ERROR VERSUS CAPE MODEL VALUE 

 Mean Median Mode Std. Dev. Min. Max. Range N 
|Z| Percent Error 0.604 0.6391 -NA- 0.1455 0.2325 0.8745 0.642 30 

 

 
6.2.3 Synchrophasor Series Resistance 

A time series plot of the synchrophasor calculated series resistance is shown in Figure 59. 

The time series plot of calculated series resistance shows all measurements have a negative value 

over the analysis interval. Due to the work in section 3.1.1, it is acknowledged the line series 

resistance can most certainly not be negative. The time series plot in Figure 59, likely indicates an 
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issue with the modeling or measurement of the line parameters when determining the line series 

resistance. 

 
Figure 59. Synchrophasor calculated series resistance during 1 second duration. 

 
A statistical summary of the synchrophasor calculated series resistance over a 1 second 

interval is shown in Table 31. The results indicate a very low standard deviation and range. This is 

representative of good precision in the tabulated results. However, the mean and median percent 

error is in excess of 350 percent. The large mean percent error represents a significant issue in the 

accuracy of the calculated series resistance. Due to the substantial error in accuracy, no further 

analysis of the calculated series resistance distribution is warranted. 

TABLE 31	  

STATISTICAL SUMMARY OF SYNCHROPHASOR CALCULATED SERIES RESISTANCE 
PERCENT ERROR VERSUS CAPE MODEL VALUE	  

  Mean Median Mode Std. Dev. Min. Max. Range N 
R Percent Error -362.58 -362.62 -NA- 1.23 -360.03 -364.55 4.51 30 
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6.2.4 Synchrophasor Series Reactance 

Using the synchrophasor calculated shunt susceptance calculated at each observation 

interval as shown in section 6.2.1, the line series reactance is calculated for each measurement 

observation over a 1 second interval. A time series plot of the resulting series reactance is shown 

in Figure 60. 

 
Figure 60. Synchrophasor calculated series reactance during 1 second duration. 

 
A histogram of the series reactance observations over a 1 second interval compared to a 

normal distribution is shown in Figure 61. The red trend line with a mean centered on 15.6 Ω 

indicates the expected path of normally distributed data over the duration of analysis. The 

presence of an observation at the lower extreme values outside the expected range is causing a 

slight shift downward in the population mean from the median value. 
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Figure 61. Histogram of synchrophasor calculated series reactance 

during 1 second duration 
 

A probability plot of the calculated series reactance versus a normal distribution is shown 

in Figure 62. The middle red trend line represents the path normally distributed data would follow 

if present in the interval of analysis. The upper and lower trend lines correspond to 95 percent 

confidence intervals. The vertical axis indicates the percent of a normal distribution with the mean 

value at 15.6 Ω. A p-value resulting from and Anderson-Darling test does not disprove the 

presence of normally distributed data [38]. 



111 

 
Figure 62. Probability plot of synchrophasor calculated series reactance during 1 second duration 

with 95 percent confidence interval. 

A statistical summary of the synchrophasor calculated series reactance over a 1 second 

interval is shown in Table 32. The range and standard deviation indicate a good representation of 

the measurements near a mean value of 15.595 Ω. 

TABLE 32	  

STATISTICAL SUMMARY OF SYNCHROPHASOR CALCULATED SERIES REACTANCE 
DURING 1 SECOND DURATION	  

 Mean Median Mode Std. Dev. Min. Max. Range N 
X (Ω) 15.60 15.599 -NA- 0.02350 15.534 15.64 0.106 30 

 

 
A time series plot of percent error is obtained by comparing each calculated series 

reactance to the CAPE model series reactance over a 1 second interval. The resulting percent 

error time series plot of percent error is shown in Figure 63. The time series plot shows all percent 

error values are negative. This is because all synchrophasor calculated values are slightly lower 

than the CAPE model value for series reactance. 
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Figure 63. Percent error of synchrophasor measured series reactance 

to CAPE model series reactance. 

A summary of statistical values determined from the percent error calculations are shown 

in Table 33. The range and standard deviation indicate the mean of the distribution has been 

affected by the presence of a large percent error calculation within the distribution.  

TABLE 33	  

STATISTICAL SUMMARY OF SYNCHROPHASOR CALCULATED SERIES REACTANCE 
PERCENT ERROR VERSUS CAPE MODEL VALUE	  

 Mean Median Mode Std. Dev. Min. Max. Range N 
X Percent Error -0.7575 -0.7293 -NA- 0.1496 -0.4734 -1.1469 0.6735 30 
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CHAPTER 7 

DISCUSSION 

This chapter concludes the thesis work with an interpretation of the research results in 

section 7.1. The impact of variations in measured quantities is examined in section 7.2 and 

comparisons to CAPE model values are made.  

7.1 Interpretation of Results 

The work in section 5.5 focused on finding an interval of analysis whereby the measured 

voltage and current terminal end quantities of a transmission line could be sampled and the line’s 

characteristic parameters could be calculated under steady state loading. By sampling at high 

rates, dynamic changes in a transmission line’s defining characteristics could be observed. 

However, when sample rates increase a higher quantity of outlying data may also be obtained. 

The difficult task quickly emerges of how to determine what data adds value in the determination 

of a line’s characteristic quantities and what data does not. 

An instrument operating within an acceptable level of accuracy and precision while 

sampling a monitored system at steady state should report data that is accurate and precise enough 

to be modeled by a normal distribution. When measureable parameters of a system at steady state 

are examined at high sample rates, much of the data will measure the same, or nearly the same 

value. By applying the central limit theorem and the law of large numbers to the measured voltage 

and current quantities, a clear trend can be determined. Data should only be summarized by 

standard statistical methods if the data being summarized are all representative of the same 

measured quantity. Through random sampling, it is difficult to tell if the randomly sampled 

quantity is a measurement impacted by noise or unsteady system conditions. 

The use of a synchrophasor data stream beginning at 7 PM the evening of March 31, 2014 

and extending for 5 continuous minutes, allowed the measurement of a line’s distinctive 
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parameters during a period when line loading is reduced. Using a statistical normal distribution as 

a guide to determine system stability, a set of synchrophasor voltage and current intervals at each 

end of a two terminal line were analyzed for a trend best represented by a normal distribution. 

Initially an interval of 5 minutes was analyzed. Clearly, both the voltage and current 

histograms confirmed a bi-modal pattern, resulting from a change in line loading within the 5 

minute monitored interval. If this data were summarized by the standard mathematical mean, the 

data would not truly be representative of the same system conditions and an inaccurate conclusion 

may result due to the presence of biased data. The mean value is heavily influenced by the 

presence of outliers in the data set. Both an increase in magnitude of the outlier, or the presence of 

several outliers in the interval can cause a significant shift in the mean of a data set. This makes 

the determination of a representative sample interval very important. 

The measured quantities were further reviewed at intervals of 1 minute, 30 seconds and 10 

seconds. Each of the three intervals produced measured quantities that, upon review of a 

histogram plot and the application of an Anderson-Darling test, concluded the data did not fit the 

expected shape of a normal distribution [38]. Both the measured current and voltage data 

exhibited patterns of a higher degree of variability in the extreme measured ranges over the 

interval. The increased presence of values above and below the level expected in a normal 

distribution were believed to be due to changes in the system operating state over the interval of 

analysis. 

The measured quantities were again analyzed over a 30 second time interval. When 

comparing measured current data over the 30 second interval to a normal distribution and 

applying an Anderson-Darling test, the test did not conclude the data was non-normal [38]. While 

the Anderson-Darling test is not a test of normality, it provides an indication of data that is not 

normal [38]. When comparing the measured voltage quantities to a normal distribution and using 
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an Anderson-Darling test, the test was conclusive the data was not from a normal distribution 

[38]. By examining the Anderson-Darling conclusions from both the voltage and current test of 

normality over the 30 second interval, it can be determined the voltage measurements are 

indicating a higher degree of variability in system quantities when compared to the current 

measurements [38]. 

  Because OG&E synchrophasors sample at a rate of 30 samples per second, a one second 

interval was the smallest time interval that would yield measured results at a quantity significant 

enough to be summarized by standard statistical methods. The 1 second interval current 

measurements met the screening criteria of normality therefore, analysis of the system was 

continued based on a 1 second interval. A summary of the comparison between the OG&E CAPE 

model line parameters, line geometry based calculations from section 5.3, and the synchrophasor 

determined parameters calculated in section 6.2 is listed in Table 34. 

TABLE 34 

SUMMARY OF CALCULATED LINE PARAMETERS 
COMPARED TO CAPE MODEL VALUES 

Parameter 
CAPE 
Model 

PMU 
Mean Geometry 

PMU 
Percent 
Error 

Geometric 
 Percent Error 

|Z|, Series 15.750 15.845 15.754 -0.6 0.025 

R, Series 1.0687 -2.8062 1.05 -362.58 -.017 

X, Series 15.71404 15.595 15.718 -0.7575 0.0252 
B, Shunt 112.51697 126.5 109.882 12.420 -0.023 

 

                     Notes: Units for parameters R, X and |Z| are Ω. Units for B, are µS	  
 

As seen in the summary of calculated line parameters listed in Table 34, the calculations 

based on conductor configuration and geometry yield results very close to the CAPE model 

values. The synchrophasor calculated parameters for |Z| and X report values within 1 percent of 

the model values. However, calculations of shunt susceptance are higher for the synchrophasor 

method when compared with traditional calculations. The series resistance value is calculated 
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with a higher magnitude than expected and an opposite polarity. Table 31 shows a relatively low 

standard deviation and range in the percent error calculation of the series resistance. This implies 

an underlying degree of precision in a data set that may be inaccurate. 

7.2 Sensitivity Analysis 

The presence of a negative magnitude series resistance indicates an issue may be present 

with the measured quantities. To examine the impact of variance in measured system quantities, a 

total variation range of 2 percent, divided into 201 discrete steps of 0.01 percent each was studied. 

The variance range was extended above and below the measured value by 1 percent. Using the set 

of 201 scaled values, the mean line impedance and shunt susceptance was calculated using a 

medium line model representation of the Arcadia – Northwest line over a 1 second interval, 

previously analyzed in sections 5.5.1.5 and 5.5.2.5. In sections 7.2.1, 7.2.2, 7.2.3, and 7.2.4 the 

impact of variation on each measured system quantity is reviewed. 

7.2.1 Sensitivity Analysis Sending Voltage 

The synchrophasor sending end voltage measurements obtained during a 1 second interval 

were scaled by the same amount ranging from 99 to 101 percent of the measured quantity. All 

other measured quantities remain unchanged from the synchrophasor reported value. Using the 

scaled sending end voltage, a new set of characteristic line values was determined for each scaled 

sending end voltage value. A table listing the minimum, maximum, range and the percent of 

adjustment corresponding to each extreme value is shown in Table 35.  
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TABLE 35 

SENSITIVITY OF LINE PARAMETERS TO ADJUSTMENTS IN SENDING VOLTAGE  
OF SYNCHROPHASOR MEASURED VALUE 

Parameter Minimum Minimum 
(%) Max Max 

(%) Range N Increment 
(%) 

R, Series -9.748 99 4.137 101 13.855 201 0.01 
X, Series 14.35 101 16.843 99 2.492 201 0.01 
|Z|, Series 14.855 100.79 19.46 99 4.605 201 0.01 
B, Shunt 125.9 101 127.16 99 1.26 201 0.01 

 

Notes: Units for parameters R, X and |Z| are Ω. Units for B are µS. Minimum (%) and Maximum (%) columns are percent of measured 
sending voltage. 

 
The parameter in Table 35 indicating the greatest susceptibility to variations in sending end 

voltage is the series resistance value. With a 2 percent variation in measured sending end voltage, 

the series resistance varied over a linear range of 13.855 Ω. The lowest resistance of -9.748 Ω was 

reported when the sending end voltage was 99 percent of the observed value. By increasing 

sending end voltage above the measured level by 101 percent, the series resistance reached a 

maximum value of 4.137 Ω. This variation range corresponds to a 1,296.4 percent variation when 

compared to the CAPE system model parameter. A plot of the impact a change in sending end 

voltage has on series resistance can be seen in Figure 64. 
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Figure 64. Plot of series resistance response to changes in sending end voltage. 

Series impedance magnitude is also impacted by variations in sending end voltage and 

exhibits a non-linear pattern of variation. The minimum occurred at 100.79 percent of the 

measured sending end voltage. The maximum occurred at 99 percent of the measured sending end 

voltage. This yields a variation range of 4.605 Ω, or a 29.2 percent change when compared to the 

CAPE model parameter. A plot of the impact a change in sending end voltage has on series 

impedance magnitude can be seen in Figure 65. 
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Figure 65. Plot of series impedance magnitude response to changes in sending end voltage. 

The series inductance was impacted in a linear pattern when sending end voltage was 

changed. The series inductance reached a minimum level of 14.35 Ω when the sending end 

voltage was at 101 percent of the measured value. The series inductance reached a maximum of 

16.843 Ω when sending voltage was decreased to 99 percent of the measured quantity. The 2.492 

Ω range of variation is a 15.8 percent variation when compared to CAPE model parameters. A 

plot of the impact a change in sending end voltage has on series impedance magnitude can be 

seen in Figure 66. 
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Figure 66. Plot of series reactance response to changes in sending end voltage. 

The change in sending end voltage had negligible impact on the shunt susceptance of the 

transmission line. The range of variation obtained a 1.1 percent change when compared to CAPE 

model parameters. A plot of the impact a change in sending end voltage has on shunt susceptance 

can be seen in Figure 67. 
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Figure 67. Plot of shunt susceptance response to changes in sending end voltage. 

7.2.2 Sensitivity Analysis Receiving Voltage 

The synchrophasor receiving end voltage measurements obtained during a 1 second 

interval were scaled by the same amount ranging from 99 to 101 percent of the measured 

quantity. All other measured quantities remain unchanged from the synchrophasor reported value. 

Using the scaled receiving end voltage, a new set of characteristic line values was determined for 

each scaled receiving end voltage value. A table listing the minimum, maximum, range and the 

percent of adjustment corresponding to each extreme value is shown in Table 36. 

TABLE 36 

SENSITIVITY OF LINE PARAMETERS TO ADJUSTMENTS IN RECEIVING VOLTAGE  
OF SYNCHROPHASOR MEASURED VALUE 

Parameter Minimum Minimum 
(%) Max Max 

(%) Range N Increment 
(%) 

R, Series -9.776 101 4.165 99 13.941 201 0.01 
X, Series 14.194 99 16.999 101 2.804 201 0.01 
|Z|, Series 14.736 99.19 19.609 101 4.873 201 0.01 
B, Shunt 125.9 101 127.17 99 1.27 201 0.01 

 

Notes: Units for parameters R, X and |Z| are Ω. Units for B are µS. Minimum (%) and Maximum (%) columns are percent of measured 
receiving voltage. 
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The parameter in Table 36 indicating the greatest susceptibility to variations in receiving 

end voltage is the series resistance value. With a 2 percent variation in measured receiving end 

voltage, the series resistance varied over a linear range of 13.94 Ω. The lowest resistance 

of -9.776 Ω was reported when the receiving end voltage was 101 percent of the observed value. 

Decreasing receiving end voltage below the measured magnitude to 99 percent caused the series 

resistance to reach a maximum value of 4.165 Ω. This variation range corresponds to a 1,304.4 

percent variation when compared to the CAPE system model parameter. A plot of the impact a 

change in receiving end voltage has on series resistance can be seen in Figure 68. 

 

Figure 68. Plot of series resistance response to changes in receiving end voltage. 

Series impedance magnitude is also impacted by variations in receiving end voltage. 

Series impedance magnitude exhibits a non-linear pattern of variation. The minimum occurred at 

99.19 percent of the measured sending end voltage. The maximum occurred at 101 percent of the 

measured sending end voltage. This yields a variation range of 4.873 Ω, or a 30.9 percent change 

when compared to the CAPE model parameter. A plot of the impact a change in receiving end 

voltage has on series impedance magnitude can be seen in Figure 69. 
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Figure 69. Plot of series impedance magnitude response to changes in receiving end voltage. 

The series inductance was impacted in a linear pattern when receiving end voltage was 

changed. The series inductance reached a minimum level of 14.194 Ω when the receiving end 

voltage was at 99 percent of the measured value. The series inductance reached a maximum of 

16.999 Ω when receiving voltage was increased to 101 percent of the measured quantity. The 

2.804 Ω range of variation is a 17.84 percent variation when compared to CAPE model 

parameters. A plot of the impact a change in receiving end voltage has on series inductance can 

be seen in Figure 70. 
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Figure 70. Plot of series inductance response to changes in receiving end voltage. 

The change in receiving end voltage had negligible impact on the shunt susceptance of the 

transmission line. The range of variation obtained a 1.1 percent change when compared to CAPE 

model parameters. A plot of the impact a change in receiving end voltage has on series inductance 

can be seen in Figure 71. 
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Figure 71. Plot of shunt susceptance response to changes in receiving end voltage. 

7.2.3 Sensitivity Analysis Sending Current 

The synchrophasor sending end current measurements obtained during a 1 second interval 

were scaled by the same amount ranging from 99 to 101 percent of the measured quantity. All 

other measured quantities remain unchanged from the synchrophasor reported value. Using the 

scaled sending end current, a new set of characteristic line values was determined for each scaled 

sending end current value. A table listing the minimum, maximum, range and the percent of 

adjustment corresponding to each extreme value is shown in Table 37. 

TABLE 37 

SENSITIVITY OF LINE PARAMETERS TO ADJUSTMENTS IN SENDING CURRENT  
OF SYNCHROPHASOR MEASURED VALUE 

Parameter Minimum Minimum 
(%) Max Max 

(%) Range N Increment 
(%) 

R, Series -2.8246 99 -2.7878 101 0.0368 201 0.01 
X, Series 15.595 99 15.595 101 0.000751 201 0.01 
|Z|, Series 15.842 101 15.849 99 0.00726 201 0.01 
B, Shunt 123.26 99 129.8 101 6.54 201 0.01 

 

Notes: Units for parameters R, X and |Z| are Ω. Units for B are µS. Minimum (%) and Maximum (%) columns are percent of measured 
sending current. 
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The impact to the series transmission line parameters is negligible when changes to the 

sending end current measurements are made as seen in Table 37. The parameter most impacted by 

variations in sending end current is the shunt susceptance. The shunt susceptance reached a 

minimum level of 123.26 µS when the sending end current was reduced to 99 percent of the 

measured value. The shunt susceptance reached a maximum of 129.8 µS when the sending end 

current was increased to 101 percent of the measured value. The 6.54 µS range causes a 5.81 

percent change in shunt susceptance. No plot is included of the impacts on line parameters for the 

change in sending current. The results of the parameters in Table 37 indicate the parameter most 

impacted by the change is the shunt admittance. 

7.2.4 Sensitivity Analysis Receiving Current 

The synchrophasor receiving end current measurements obtained during a 1 second 

interval were scaled by the same amount ranging from 99 to 101 percent of the measured 

quantity. All other measured quantities remain unchanged from the synchrophasor reported value. 

Using the scaled receiving end current, a new set of characteristic line values was determined for 

each scaled receiving end current value. A table listing the minimum, maximum, range and the 

percent of adjustment corresponding to each extreme value is shown in Table 38. 

TABLE 38 

SENSITIVITY OF LINE PARAMETERS TO ADJUSTMENTS IN RECEIVING CURRENT  
OF SYNCHROPHASOR MEASURED VALUE 

Parameter Minimum Minimum 
(%) Max Max 

(%) Range N Increment 
(%) 

R, Series -2.8158 99 -2.7965 101 0.0193 201 0.01 

X, Series 15.441 101 15.752 99 0.311 201 0.01 

|Z|, Series 15.692 101 16.002 99 0.31 201 0.01 

B, Shunt 124.52 101 128.53 99 4.01 201 0.01 
 

Notes: Units for parameters R, X and |Z| are Ω. Units for B, are µS. Minimum (%) and Maximum (%) columns are percent of measured 
receiving current. 
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The impact to the series transmission line parameters is negligible when changes to the 

receiving end current measurements are made as seen in Table 38. The parameter most impacted 

by variations in sending end current is the shunt susceptance. The shunt susceptance reached a 

maximum level of 128.53 µS when the sending end current was reduced to 99 percent of the 

measured value. The shunt susceptance reached a minimum of 124.52 µS when the sending end 

current was increased to 101 percent of the measured value. The 4.01 µS range causes a 3.56 

percent change in shunt susceptance. No plot is included of the impacts on line parameters for the 

change in sending current. The results of the parameters in Table 38 indicate the parameter most 

impacted by the change is the shunt admittance.  
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CHAPTER 8 

CONCLUSIONS 

The major accomplishment of this research is the verification that it is possible to 

determine transmission line series inductance, impedance magnitude and shunt susceptance with 

reasonable accuracy using raw synchrophasor data. Additionally, benefit has been shown in the 

calculation of transmission line series resistance as this can give insight into the accuracy and 

precision of synchrophasor voltage measurements. Many techniques have been studied that 

require the employment of regression and smoothing techniques to synchrophasor samples. With 

the volume and speed with which synchrophasor data is being taken, an operation that can be 

employed on a system with real time measurements provides significant advantages. 

Working with large stores of synchrophasor data to obtain matching time stamps and 

cross-correlate synchrophasor data outside of a database requires significant time and computing 

resources. Even a relatively limited amount of synchrophasors, reporting a minimum number of 

measurements, can quickly create data sets that require distributed computing techniques to 

handle. Short periods of unavailability in synchrophasor data can create a significant disparity in 

the numbers of samples in synchrophasor databases, causing extended time intervals of data to be 

difficult to analyze. For synchrophasor historic data to be truly useful, it must be stored in a 

database where missing values are flagged. 

Accurate transmission line impedance values are only precisely determined through the 

accurate and precise measurement of system quantities that are intimately connected to each 

other. If synchrophasors continue to be deployed and used for exact system state study, additional 

care should be taken to obtain data in a manner that creates high precision, accurate 

measurements. This will require reconsidering the minimum accuracy of instrumentation 

equipment used to obtain data and the quality of the conductors in the instrumentation circuit. 
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Synchrophasor measurements provide a good window into the world of digital protective relays. 

If the synchrophasor output of a digital relay reports measured quantities that differ from expected 

values, inaccurate line parameters will be determined. By monitoring the accuracy of measured 

quantities, protective relay misoperation may be prevented. The key observations and conclusions 

are summarized as follows: 

• The most important measured quantity in the accurate determination of transmission line 

parameters under steady state operation is system voltage. 

• Synchrophasor calculated transmission line series resistance provides an excellent 

indication of the accuracy and precision of system voltage measurements. 

• Transmission line series inductance and impedance magnitude are not impacted to the 

extent series resistance is with variations in accuracy and precision of voltage 

measurements. 

• Transmission line shunt susceptance is resilient to inaccuracies in voltage measurements. 

• Transmission line shunt susceptance calculations provide an indication of the accuracy 

and precision of synchrophasor current measurements. 

• Transmission line model validation using synchrophasor calculated positive sequence line 

parameters is possible with basic, efficient mathematical techniques. 

• Widely available aerial photography provide good verification of transmission line length. 

• If historical data stores are to be truly beneficial, care should be taken to identify and flag 

missing data. The benefits of historic data stores become significantly degraded for 

extended interval use when areas of missing data are not identified within the database. 
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CHAPTER 9 

FUTURE WORK 

According to the observations and results throughout this thesis, the following future work is 
recommended: 

• Compare substation synchrophasor voltage measurements taken at the same voltage levels 

within a substation to gauge accuracy and precision of synchrophasor voltage 

measurements. 

• Replicate this study with a transmission line using voltage measurements taken from a PT 

instead of CCVTs. 

• Replicate this study with high precision voltage and current metering equipment. 

• Increase the studied time duration to examine daily and seasonal trends in line parameters. 

• Dynamically calculate line impedances in real time at a data concentrator using stream 

sampling techniques and save the resultant values to a database for examination. 

• Dynamically calculate line impedances in real time at a data concentrator using random 

sampling techniques of 1 second average intervals and save the resultant values to a 

database for examination. 

• Study the impact of shielded instrumentation cable on the quality of synchrophasor data. 

• Study the calculated zero sequence line impedance results obtained from synchrophasor 

measurements on all three phases of a faulted three-phase transmission line. 

• Repeat the study of representative steady state time determination using synchrophasors 

sampling at 60 times per second to determine if the time durations of 1 second averages 

remains adequate to determine system steady state. 

• Compare the line impedance calculations determined with synchrophasors to those made 

by a digital protective relay. 
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APPENDIX A 

AC SKIN EFFECT K FACTOR TABLE

 

X	   K	  
0.0	   1.00000	  
0.1	   1.00000	  
0.2	   1.00001	  
0.3	   1.00004	  
0.4	   1.00013	  
0.5	   1.00032	  
0.6	   1.00067	  
0.7	   1.00124	  
0.8	   1.00212	  
0.9	   1.00340	  
1.0	   1.00519	  
1.1	   1.00758	  
1.2	   1.01071	  
1.3	   1.01470	  
1.4	   1.01969	  
1.5	   1.02582	  
1.6	   1.03323	  
1.7	   1.04205	  
1.8	   1.05240	  
1.9	   1.06440	  

 

 

X	   K	  
2.0	   1.07816	  
2.1	   1.09375	  
2.2	   1.11126	  
2.3	   1.13069	  
2.4	   1.15207	  
2.5	   1.17538	  
2.6	   1.20056	  
2.7	   1.22753	  
2.8	   1.25620	  
2.9	   1.28644	  
3.0	   1.31809	  
3.1	   1.35102	  
3.2	   1.38504	  
3.3	   1.41999	  
3.4	   1.45570	  
3.5	   1.49202	  
3.6	   1.52879	  
3.7	   1.56587	  
3.8	   1.60314	  
3.9	   1.64051	  

 

 

Tables Reprinted from [28] 
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