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ABSTRACT 

Methods have previously been developed using synchrophasors to aid in the measurement of 
transmission line constants for use in protection settings. This paper seeks to further these elements by 
incorporating three phase line constants calculated with synchrophasor data. These calculated values 
can be used to adjust the directional protection to maintain accurate settings based on the available 
thermal capacity of a given transmission line. This approach can be used to track not only the variation of 
line constants with MVA loading and varying weather conditions, but also the modulation of line capacity 
due to the impact of atmospheric conditions. By directly tracking the line constants the available line 
transfer capacity can be determined while taking account of potential loading imbalance between phases. 
The author's hope for this assessment method is twofold, first, that it can be implemented in existing 
synchrophasor installations to provide a metric for monitoring transmission element stressing. This 
implementation was determined to be particularly useful in areas where wind resource penetration was 
constrained due to static thermal line ratings. Second, to provide adaptive protection of the element as its 
thermal loading varies due to operating in a dynamic environment. Adaptive distance relaying accounts 
for the impact of thermal loading on line impedance and helps to prevent unnecessary tripping events due 
to protection settings based on static line characteristics. To test this implementation two relays with 
Phasor Measurement Unit (PMU) capabilities were driven using forced outputs from an Omicron CMC 
353 relay test set. The Omicron was used to simulate increases and decreases in thermal loading. These 
events represent various loading conditions on a transmission line, which were used to show line 
constant modulation due to changes in system demand and ambient weather conditions. The 
synchrophasors were provided to a Real Time Automation Controller (RTAC) for processing to validate 
the method. RTAC values were used to switch relay protection settings groups to reflect real time 
modulation of transmission line constants. 
 
Index Terms—dynamic line rating, line constants, phasor measurement unit (PMU), synchronized phasor 
measurement, thermal ratings, transmission margin. 
 
 
I. INTRODUCTION 
The Bulk Electric System (BES) has been designed to be operated at near its physical limits to maximize 
the amount of power that can be safely and reliably transferred across the system. As this is the case, 
ensuring the accuracy of protection settings for relays installed on a transmission line, based on exact 
parameters of that transmission line, becomes more and more important as it is desired to improve on the 
efficiency and efficacy of the transmission system. Relay settings, fault distance calculation, and state 
estimation all require accurate transmission line parameters. All of these elements can be improved by 
directly tracking transmission line parameters. 
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Previous system monitoring equipment, such as SCADA, has limited functionality when it comes to 
monitoring portions of the Bulk Electric System (BES) rather than individual points. This is because 
SCADA gathers intermittent and non-synchronized samples, which cannot be used for comparison across 
diverse geospatial locations. This has been a limitation of the technology rather than design intent. The 
introduction of Phasor Measurement Units (PMU) allow for the gathering of synchrophasors, 
synchronized phasor measurements of the system taken at diverse geospatial locations in the BES. 
PMUs are capable of providing valid system measurements relative to various positions to take a look at 
how multiple locations are performing throughout the BES, and these measurements can be gathered 
100 times faster than SCADA.  
 
Synchrophasors have not yet seen mass installation in the BES, but interest has been developing as 
various implementations to make use of their capabilities are being explored. One beneficial 
implementation of synchrophasors is in the tracking of grid stressing and stability. The implementation 
explored in this paper is their use in tracking available transmission margin across specific transmission 
lines. This allows for monitoring element stressing and synchrophasor use in monitoring the proximity of 
the element to steady state stability limits while providing real-time updates for validating distance 
protection settings. 
 
Narrowing the focus from a broad area to exploring potential improvements in operating and protecting a 
single transmission element, a transmission line in this instance, provides a chance to assess the uses of 
PMUs installed at either terminal of a transmission line. Transmission lines are frequently treated as static 
objects in the BES. They are typically rated according to their maximum design current, or ampacity and 
power flow through them are benchmarked against that value. Several methods have been developed for 
determining this rated ampacity which dependent on conductor type and the atmospheric impact along 
the line route. Traditionally, the ampacity rating, and therefore the MVA rating, of a transmission line has 
been defined on a static basis using conservative assumptions in a process provided in IEEE Std 738-
2012 [1]. The assumptions used as guidance in this standard typically approximate near worst case 
weather conditions, which result in under-rated transmission lines. 
 
A relatively new method has garnered attention over the past few years: the implementation of dynamic 
line ratings (DLR). DLR is a method for staggering the rated loading and operation of transmission 
equipment. DLR increases the capacity of existing transmission lines to account for periods of better than 
nominal atmospheric conditions. DLR implementation is conducted in a manner to maintain sag clearance 
requirements and prevent premature aging of transmission lines due to operation at elevated conductor 
temperatures. Initial DLR implementation used weather measurement devices, either installed at or near 
the transmission line. This required the installation of new measurement devices and was based on 
previously established line constants that generally were not directly measured. This opened the 
possibility of an applied DLR scheme based on line constants that may not accurately reflect the installed 
transmission line. 
 
DLR has been investigated and/or implemented in various regions [2]-[7]. The primary benefit of DLR is 
the ability to manage transmission congestion in events where favorable conditions were present at times 
of high demand. One such example is in increasing the penetration levels of wind resources, which can 
become constrained during times of high wind speeds with static rated transmission lines. This paper 
seeks to merge the concept of DLR with the implementation of synchrophasors for use in monitoring 
transmission line constants as they modulate with weather and power flow conditions. It was the author’s 
intent to show that the tracking of transmission line resistance, specifically, can serve as an indicator of 
available transmission capacity. If a baseline line resistance can be established then this can be 
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compared against an upper threshold resistance value that would signify the line’s proximity to a thermal 
loading that would cause an overload. 
 
Implementation of methodology used a simulated system equivalent with inputs driven by an Omicron 
CMC 353 relay test set (Omicron), relays with PMU capabilities, and a Real Time Automation Controller 
(RTAC). The tracking of shifting line constants also gives rise to the concerns of over- and under-reach of 
potential distance protection on a transmission line. The calculated line constants in the RTAC were used 
as a reference set to determine which distance protection settings group should active. Communication 
between the RTAC and the relay was established using a remote bit that can be written to so that the 
RTAC can set or clear the remote bit based on the calculated line impedance. 
 
II. THERMAL LINE RATING 
IEEE Std 738 [1] provides the “heat balance” equation for a bare conductor: 

qc + qr + m·Cp·dTavg/dt = qs + I2·R(Tavg)        (1) 
 
where qc is the convection heat loss (W/m), qr is the radiation heat loss (W/m), m·Cp is the heat capacity 
of the conductor (W/(m·ºC), Tavg is the average temperature of the conductor strands (ºC), t is time 
(seconds), qs is the solar heating component (W/m), I is the RMS current (in amperes), and R is the 
temperature-dependent resistance of the conductor (Ω/m). 
 
This equation represents the various thermal aspects of a transmission line. This equation serves as the 
basis for static transmission line rated ampacity. In (1) the I2·R term represents the joule heating caused 
by current flow through a transmission line. This is the only internal source of transmission line heating. 
The temperature dependence of the resistance serves as the basis for the aspect of transmission 
performance being examined in this paper. All thermal actions can be reflected through their impact on 
the resistance of a transmission line. In this way the resistance of a transmission line at any given time 
can be used to indicate the impact that the current flow and atmospheric conditions have on the line’s 
performance without need for further weather measurement efforts. The approach in [5] follows a similar 
process to remove the necessity for measured meteorological parameters in the implementation of DLR.  
 
With respect to improving wind penetration levels, DLR can be used to increase the rating for 
transmission lines when wind speeds are high. High wind speeds lead to increased output from wind 
generators, but this increased output is frequently subject to curtailment due to static thermal line ratings. 
Noting the convective term of equation (1), when wind speeds are high this term increases, representing 
heat removed from the line. DLR takes this cooling effect into account to implement an increased thermal 
rating, which could remove the need for curtailment.  
 
As noted in (1), the resistance of a transmission line is dependent on the average conductor temperature. 
The resistance of a conductor is assumed to hold a linear relationship to the conductor temperature as 
expressed in [6]: 

R(Tc) = Rref·[1 + α·(Tc – Tref)]         (2) 
 
where R(Tc) is the conductor resistance at the new conductor temperature (Ω), Tc is the conductor 
temperature (ºC), Rref is the resistance at a reference temperature (Ω), namely Tref (ºC), and α is the 
conductor temperature coefficient (per ºC).  
 
Equation (2) was used to establish a threshold that represents the resistance of a transmission line 
approaching its thermal limit. Conductor temperature was of concern due to thermal expansion of metal 
and how it relates to maintaining sag clearances. Another consideration for conductor temperature was to 
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ensure that the thermal limit for a conductor was not exceeded. For aluminum conductors a typical 
thermal limit of 95 ºC, the temperature at which aluminum begins to anneal, was used as operation above 
this temperature can decrease operational life span. 
 
For this approach a thermal limit was selected as the resistance for a line that corresponds to a 
temperature of 90 ºC. The intention behind this methodology was to provide an alarm to a system 
operator if the line resistance calculation indicates that the line has reached this thermal limit. This aspect 
was not meant to implement a tripping operation; rather it was to indicate that an operating scheme 
should be enacted to remedy the approaching thermal violation.  
 
III. DYNAMIC LINE RATING 
The Maximum Current Capacity (MCC) of a transmission line is a variable value that is a function of 
atmospheric conditions (frequently tracked using weather predictions). The tracking of this variable 
represents the implementation of a DLR, which was deemed beneficial for the operation of a system as it 
better tracks the available transmission capacity of the transmission system, as opposed to relying on a 
static transmission line rating. The use of a DLR can enable a system operator to permit larger power 
transfers across a system without thermal loading violations under certain conditions. The innate hazard 
with DLR implementation has been that the model used to establish the DLR was not accurate enough, 
which could result in sag clearance violations when lines are highly loaded and faster aging of the 
transmission line. This hazard can be bypassed with the use of synchrophasors. Synchrophasors allow 
for direct measurement of the installed line properties to monitor and inform an implemented DLR, as 
previously discussed.  
 
DLR implementation was found to be particularly useful for transmission lines that are 60 miles (100 
kilometers) or shorter in length. Transmission lines of these lengths can be broken up into two groups, 
representing their modeled equivalents using lumped impedances:  

• Short transmission lines are those that are less than 50 miles (80 kilometers) in length. Equivalent 
model is simplified to the lumped resistance and impedance of the transmission line. 

• Medium length transmission lines are those between 50 and 150 miles (80 and 250 kilometers), 
in length. Equivalent model is simplified to the pi-equivalent which represents the line constants 
as lumped resistance and impedance in series with half of the susceptance connected in parallel 
on either side of the lumped equivalent.  

Transmission lines in this range of lengths are typically thermally limited by the MCC of the conductor, 
which is generally taken as the static ampacity rating, and would benefit the most from the 
implementation of DLR. Longer transmission lines are typically limited by voltage constraints under the 
concept of surge impedance loading (SIL). This division is shown in Fig. 1, which demonstrates the 
practical and theoretical loading capacity of transmission lines:  
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Fig. 1. Limitations to applicability of DLR implementation 

For this DLR approach the following assumptions were incorporated: 

• No series compensation present on transmission line as this skews line impedance, specifically 
the line reactance. 

• Single circuit, unbundled transmission line. 
• Assessment method limited to use with overhead transmission lines. 

o Note that conductance for overhead transmission lines is typically considered negligible as it 
is significantly smaller than the other line properties, i.e. resistance, inductance, susceptance 
(capacitance). This is not the case for underground cables. Proposed algorithms can be 
modified to apply to underground cable cases, but this was considered out of scope for this 
effort 

IV. SYNCOPHASOR IMPLEMENTATION METHODOLOGY 
PMUs coupled to either end of a simulated transmission line provided the data stream for this 
implementation. The PMU data streams used for this analysis consist of the following parameters: 

• Time Stamp – GPS time stamp that identifies data to one millisecond or better. 
• Terminal ID – PMU terminal identification number. 
• Current Magnitude – RMS current magnitude. 
• Current Angle – Phasor angle for the line current. 
• Voltage Magnitude – RMS voltage magnitude. 
• Voltage Angle – Phasor angle for the voltage. 
• Other circuit switching statuses and digital relay information. 

A. Calculation of Line Resistance 
PMU data contains time synchronized magnitude and angle phasor values for the line current and 
voltage. In this implementation PMU capable relays were used to gather phasor values for each phase at 
either terminal of a simulated transmission line. Using these inputs the line resistance across the 
transmission line can be determined using the voltage drop across the transmission line: 

∆Vs = V1,s – V2,s           (3) 
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∆Vmag,s = √(Re(∆Vs)
2 + Im(∆Vs)

2)         (4) 
θ∆Vs = tan-1 (Im(∆Vs)/ Re(∆Vs))         (5) 
Zs = (∆Vmag,s / Imag,s)∠(θ∆Vs – θIs)         (6) 
Rs = Re(Zs)           (7) 

 
where V1,s and V2,s are the voltage phasors reported by the relays for the sth sample, θ∆Vs is the difference 
in the voltage phasor angle for the sth sample, Imag,s and θIs are the current phasor magnitude and angle, 
respectively, for the sth sample. Zs is the instantaneous line impedance for the sth sample. 
  
This approach is intended to function with unbalanced or uneven loading of transmission lines; the above 
equations are implemented to calculate the elements of the transmission line impedance matrix. For 
reference, the elements of the impedance matrix can be computed using the Modified Carson’s Equations 
[8]: 

zii = ri + 0.0953 + j·0.12134 [ln (1 / GMRi) + 7.93402] Ω/mile      (8) 
zij = 0.0953 + j·0.12134 [ln (1 / Dij) + 7.93402] Ω/mile       (9) 

 
where ri is the resistance of the ith conductor, GMRi is the geometric mean radius of the ith conductor 
(available in conductor tables), and Dij is distance between conductors i and j. These equations assumed 
a system operating frequency of 60 Hz and a ground impedance of 100 ohm-meters.  
 
Equation (9) shows the variation in the off-diagonal terms that result from an untransposed transmission 
line. In a transposed transmission line the off-diagonal terms are all equal to one another as all phase 
conductors are equal distances from one another. The size of the resultant impedance matrix is 
dependent on the number of phase conductors and shield wires on the transmission line. In this 
implementation, as no information is available to indicate the presence or sizing of shield wires on the line 
of interest, it was assumed that the transmission line solely consisted of single circuit, unbundled phase 
conductors. These assumptions reduce the size of the impedance matrix to 3 x 3: 
 

Z
z z z
z z z
z z z

          (10) 

 
The expansion of the matrix to accommodate the presence of a shield wire(s) is a simple procedure 
which results in the increased size of the impedance matrix. 
 
Note that the resistance in the self-impedance term is temperature dependent, as indicated in (2). These 
are the terms that are monitored on every phase to note loading, and can be used to indicate the impact 
of line loading imbalances as seen in the measured phase current. 
 
The set up implemented in this analysis feeds synchrophasors from the relays to an RTAC which 
processed the above calculations. The RTAC handles complex inputs and calculates the instantaneous 
line resistance (7) from the impedance matrix, the metric representing available thermal capacity.  
 
B. Simulation Configuration 
For this analysis two Omicrons were used to provide independent voltage and current inputs to PMU 
capable relays, which then provided synchrophasors to the RTAC. This initial configuration was 
implemented to ensure that the concept was constructible. Phasors were received in the RTAC with 
millisecond accuracy in their time stamp. The synchrophasors self-calibrate to the zero point for each 
phasor at either end of the line to ensure synchronization of measurements. Preliminary calculations were 
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performed to verify implementation using the MathComplex and the MathMatrix libraries [9]-[10] to allow 
the storage and basic manipulations of complex numbers in the RTAC. Following the proof of 
constructability, forced inputs were provided directly to the RTAC to validate the computation process. 
 
Error that could be introduced in a real world implementation was considered with regard to the impact 
that this could have on the calculated resistance. Sources of error for this implementation were the PMU 
capable relays and the CT and PT that provide its inputs. The impact of relay error has previously been 
assessed in [11]. The typical tolerances for CTs and PTs vary depending on the metering accuracy class 
of the instruments. The determination of the maximum metering accuracy class was left to future work as 
it is dependent on transmission line length and conductor type. These transmission line characteristics 
have direct impacts on the observable resistance of a transmission line. 
 
C. Real-Time Implementation Criteria 
In real-time implementation the following steps were taken to reduce the processing requirements by the 
RTAC and to focus the computation of results on points of particular concern to ensure drastic changes in 
line status were captured: 

• Data for the period was received from PMU capable relays. 
o Note that the reporting rates of the relays can be changed, which can have an impact on the 

accuracy of the data. A low reporting rate saves on communication bandwidth, but may 
impact the accurate estimation of parameters [11]. 

• Voltage angles were compared to identify the sending and receiving ends of the transmission 
line. 

• Voltage angle difference compared against minimum value of 0.1º, twice the relay accuracy. 
• Voltage angle difference was calculated and compared to a maximum threshold value of 25º. 

o Voltage is typically regulated across a transmission line to maintain a voltage drop limit of ≤ 
0.95 per unit voltage and a maximum angular displacement of 30 to 35º [12]. 

• If the voltage angle difference was less than the threshold value then the line resistance was only 
calculated once per every sixty samples. 

• If the voltage angle difference was greater than or equal to the maximum threshold value then the 
line resistance was calculated each sample, and the last calculated value of the resistance prior 
to the voltage angle threshold limit violation was stored for comparison against the new calculated 
resistance for determining the event that caused the limit violation. 

To prevent potential bandwidth issues the processing of results was performed locally using the RTAC 
unit. This removed the necessity of transferring synchrophasor data to a centralized location. Instead only 
scalar results and alarms were intended for transfer.  
 
D. Test Set 
Initial analysis was performed using the single phase equivalent implementation of the IEEE 30 Bus Test 
Case [13]. A mockup of this system was constructed in Manitoba HVDC Research Centre’s PSCAD 
software [14]. A two bus system was constructed to represent varied power flows across the transmission 
line between buses 8 and 28 in the IEEE 30 Bus Test Case. This three phase system was modeled in the 
PSCAD software.  
 
The modeled transmission line was based off of a typical wooden H-frame 138 kV tower arrangement as 
shown in Fig. 2: 
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Fig. 2.  Typical H-frame 138 kV tower arrangement 
 
The conductor used in this implementation was assumed to be unbundled 336.4 kcmil Linnet ACSR. This 
is a typically sized conductor for use on a line rated for 32 MVA, as specified in the IEEE 30 Bus Test 
Case [13]. A threshold resistance of 15.9 Ω was established using (2), the conductor resistance at an 
operating temperature of 90 ºC. For reference, the conductor resistance, as modeled in the IEEE 30 Bus 
Test Case was given as 11.1 Ω. 
 
The two bus system was constructed as shown in Fig. 3. The sending end was modeled as a swing 
generator and the receiving end was modeled as a scalable load. The initial load size was based on the 
power flowing across the transmission line between buses 8 and 28 from the IEEE 30 Bus Test Case as 
simulated in PSCAD. The voltage and current at either bus were tabulated for use as forced phasor 
inputs to the RTAC. 
 

 
Fig. 3. Two bus reference system 
 
The inputs provided to the RTAC represented the following:  

• Multiples of bus 8 load (i.e. x4, x8, etc.) holding everything else constant. 
• Quarter multiples of line resistance (i.e. x1.25[R], x1.5[R], x1.75[R], etc.) holding everything else 

constant. 
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The event where the voltage difference across a transmission line is zero, i.e. voltage and angle 
difference was negligible was also addressed. In this event the real power flow across the system is 
negligible. Any current flow on the line, under these conditions, is a result of the reactive power generated 
across the length of the energized line. This condition would not generate a divide by zero condition in the 
RTAC, but does not necessitate the computation of the line resistance for the purposes being examined 
here. The relays used in this implementation had a phase and phase-to-phase angle tolerance is 0.05º in 
the voltage range of 33.5 – 200 VL-N. For this method a minimum voltage angle difference of 0.1º, twice 
the relay accuracy, such that angle differences below this threshold did not necessitate RTAC processing. 
 
E. Results 
This configuration, with synchrophasors provided as forced inputs to the RTAC, provided a calculated line 
impedance matrix. The line resistance was taken as the real portion of the series elements of the 
impedance matrix for the various inputs. This configuration was independently validated to ensure the 
process was being accurately executed. Inputs showed anticipated variation in the reference transmission 
line resistance. These variations were used to compare against the threshold limit to provide notification 
of approach toward thermal overload for the line. 
 
The calculations scripted into the RTAC were implemented on an individual basis so as to allow the 
storage of the computed line impedance. For a limited set these values can be stored as an array, to 
store a limited set, in the archiver. Depending on the number of, or complexity of, computed values the 
RTAC database could be used for more intensive storage. These values can be passed from the RTAC 
to the relay providing distance protection of the transmission line as discussed in the next section. The 
RTAC allows for the use of Continuous Flow Diagrams to program logic. This allows for the development 
of a visual representation of the scheme to provide immediate reference for the protection scheme being 
implemented. 
 
F. Adaptive Distance Protection Implementation 
Distance protection schemes use the three-phase voltages and currents from a transmission element to 
calculate the apparent impedance of the element for comparison against a programmed reach setting. 
The reach of a distance relay determines the line length or impedance that is protection covered by the 
relay. From this concept two issues can arise due to distance protection settings that do not directly 
correlate with the total line impedance of a line, a variable value as previously established: 

• Over reach 
• Under reach 

It is common practice for the reach of a relay to be based on impedances taken from software databases 
used to develop protection schemes and coordination. These values are frequently based on line 
constant estimates rather than direct measurements. Under reaching Zone 1 distance elements are 
typically selected to reach 80-85% of the calculated line impedance to account for this model inaccuracy. 
As previously addressed, these database values can become outdated or inaccurate following line 
upgrades or modifications and the aging of equipment which can occur without the database values being 
updated. This can result in reach issues for a distance protection scheme.  
 
Another issue with the proper implementation of distance relaying is seen during heavy loading periods. 
The distance relay will see an increase in load current, which presents as the apparent impedance 
moving toward the origin along the load angle. To give reference for this event, as previously mentioned, 
the conductor resistance noted in the database case, was given as 11.1 Ω. The reactance of the modeled 
line, a relatively stable value, as modeled in the database case was given as 34.8 Ω. With the threshold 
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resistance of the conductor at 90 ºC the conductor impedance magnitude would increase from 36.5 Ω to 
38.3 Ω, an increase of roughly 5%, with an impedance angle shift of roughly 8º due to heavy line loading.  
 
The implementation proposed in this section would use the RTAC to function as a supervisor for the 
distance protection. This manner of supervision can be implemented in the distance relay using various 
methods. The method selected for this implementation was via remote bit that the RTAC could write to. 
This RTAC set or cleared the remote bit based on the calculated line impedance.  
 
Note that the effectiveness of this method would be dependent on the transmission line being protected 
as the loading impact on the line constants is dependent on the resistive range of the conductor where 
the DLR is being implemented. The resistive range is directly proportional to elements such as the 
conductor size, bundling, and overall line length.  
 
V. FUTURE WORK 
The impact of sparse PMU locations and the level of observation that can be achieved for a given 
transmission element is of interest. To do this access to a Real Time Digital System (RTDS) will be 
needed to incorporate a model of the IEEE 30-Bus System for use as a reference system. Using this 
configuration simulated PMUs can be modeled in the RTDS and used to assess the level of information 
about a specific transmission line in the system that can be gleaned as the PMUs are shifted to more 
remote positions with respect to the transmission line terminals. Similar research has been performed 
with respect to identifying the location of remote faults through such schemes such as triangulation of 
fault location based on the subsequent wave time of arrival as a system response to the fault [15]-[17]. 
The hope is to implement similar methodology to develop a scheme that can reduce the number of PMUs 
needed in the system while still performing similar observations. 
 
An additional aspect for future research is to account for noisy PMU measurements. In this analysis only 
two PMU samples were used to calculate the line resistance and the assumption was made that the PMU 
measurement noise was negligible. The first option for countering noisy measurements is to increase the 
number of PMU devices installed in order to compensate using redundancy. This would allow linear 
estimation theory and bad data detection and elimination to be implemented. Methods for this manner of 
bad data detection were previously examined in [18]-[20].  
 
This manner of validation is needed to compensate for elements of error, either sourced from the 
instrumentation or other locations. The structure of this validation would be the elimination of outlier 
calculations, performing further assessment of the impact of modulating the sample rate for the PMU 
capable relays to determine the impact on the measurements and the impact on the RTAC processing, as 
well as providing an assessment of the loss in system awareness due to decreasing the sample rate.  
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