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Abstract 

 

Synchrophasor Based Method For Computing The Thevenin 

Equivalent Impedance Seen By A Concentrated Wind Farm Region 

 

 

 

 

Puja Ajay Kowley, MSE 

The University of Texas at Austin, 2010 

 

Supervisor:  W. Mack Grady 

 

Transmission line reactance is an important parameter in carrying out stability 

studies. The model proposed here utilizes available real time synchrophasor data and 

information about the generation in the ERCOT grid to determine the Thevenin 

equivalent reactance of a line. Synchrophasors provide the advantage of synchronized 

measurements of phase angles which are essential in determining the transmission line 

reactance. This thesis provides the results of applying this model to estimate the Thevenin 

equivalent line reactance between McDonald Observatory in West Texas and The 

University of Texas at Austin. 
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1 CHAPTER  

INTRODUCTION 

The power flow across a transmission line is proportional to the phase angle 

difference between two points. The transmission line is assumed to be purely inductive. 

The impedances representing transmission lines, transformers and generators are 

predominantly inductive [1] as the resistance is negligible. The equivalent model of a two 

bus system is represented as shown in Fig.1.  

 

 

 1

 1 2

Figure 1: Equivalent model of a two bus system 

 
The real power transferred from bus 1 to bus 2 is a function of the voltage and 

phase angle at each bus and the line reactance. Eq.1 represents the real power transferred. 

1 2 sin( )tranferred
V V

P
•

δ
X

=

1 2 and V '

                                              (1) 

where V the voltages at Bus 1 and Bus 2 respectively are, 'δ  is the relative phase 

angle between Bus 1 and Bus 2 and ' 'X is the Thevenin equivalent line reactance 

The voltages V  are assumed to be constant and equal to 1 per unit (pu). 

Then the per unit line reactance can be written as,  

1 2 and V

sin( )
th

tranferred

X
P

δ
=                                                        (2) 

To obtain accurate measurements of the relative angle ' 'δ  it necessary that the 

phase angles at the two buses are measured at the same exact instant. Monitoring the 
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wide area network was almost impossible before the application of the GPS clock to time 

stamp data.  

Synchrophasors provide an image of the grid at every instant of time. With the 

information of the power flowing, voltage, current and phase angle, system performance 

studies can be carried out Synchrophasors are power tools that provide a great advantage 

of accurately measuring the magnitude and phase angle of voltage and current. They 

provide for real time control and post event analysis. Further, knowledge of the Thevenin 

equivalent line reactance is essential for performing stability studies and computing 

resonant frequencies.  

In this thesis a method to estimate the Thevenin equivalent line reactance using 

synchrophasor is presented. Data from the phasor measurement unit (PMU) at McDonald 

observatory and the PMU at The University of Texas at Austin (UT) is analyzed. 

Information regarding the wind generation and total generation in the ERCOT grid is 

obtained from the ERCOT website.  

Chapter 2 provides a brief overview of synchrophasors and the Texas 

synchrophasor network and the equipment in use. The methodology for estimating the 

line reactance is explained in Chapter 3. Chapter 4 presents the observations and results 

of applying the proposed method to analyze data over several days.  

  

 
 

 

 

 



2 CHAPTER  

SYNCHROPHASORS 

 

2.1 An overview 

Synchronized phasor commonly referred to as synchrophasor is the phasor 

representation of the voltage and current at any instant of time. Phasor Measurement 

Units (PMU) provide information about the voltage or current phase angle and 

magnitude, which are synchronized in time with a GPS clock. As a result we have 

measurements at various locations that can be compared on the same time reference [2]. 

For illustration figure 1 represents how a phasor is obtained. 

 

 
Figure 2: Phasor (magnitude and angle) obtained with angular comparison 

 

A reference sinusoidal signal generated with the help of the GPS clock is identical 

at every location. The actual voltages and currents at the point of measurement are 

compared to the reference signal to obtain phasors (magnitude and angle). As these 

measurements are time stamped using the same GPS clock they can be compared on a 

system wide basis. 
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As synchrophasor data has become available it provides for accurate real time 

assessment of steady state and transient behavior of the power systems [3]. This will is 

further discussed in the following sections.  

2.2 Synchrophasor network and equipment 

The University of Texas (UT) at Austin forms the center for the Texas 

Synchrophasor network. At UT the wall outlets are utilized to measure the voltage phase 

angle and magnitude. These measurements are accurately time stamped using the GPS 

clock.  

2.2.1 THE NETWORK 

Currently data is being collected at The University of Texas at Austin from PMUs 

(phasor measurement units) remotely located within the ERCOT grid at McDonald 

Observatory in West Texas, Schweitzer Engineering Laboratories (SEL), Inc. office at 

Houston, SEL office at Dallas, SEL office at Boerne near San Antonio, UT Tyler and UT 

Pan Am. The location of these PMUs within the ERCOT grid is as seen in Fig.3. Outside 

the ERCOT grid PMU data from Western Electricity Coordinating Council (WECC) grid 

and the Eastern Interconnection are also available. 

For the method proposed data from McDonald Observatory at Fort Davis in far 

west Texas was utilized. The PMU located at McDonald Observatory was considered to 

represent the wind country concentrated in West Texas. This is because McDonald 

Observatory is located near very many wind farms.  

Fig.4 is a schematic of the PMU locations in ERCOT. Bus 7 represents the 

synchrophasor unit located at McDonald observatory and buses 1, 2, 3 and 4 together 

represent the load at Central Texas. The PMU at McDonald Observatory provides 

information regarding the phase angle and magnitude of voltage and current at Bus 7. 

This data is the representation of the phasor measurements at the remote wind generating 

site. Bus 3 at UT is assumed to represent the load center in central Texas located about 

500km from Wind country. Bus 3 and Bus 7 form a two bus network for which the line 

reactance is estimated.  



 
Figure 3: PMU locations within ERCOT grid 

 

 

Figure 4: Schematic of PMU locations 
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2.2.2 THE EQUIPMENT 

The Schweitzer Engineering Laboratories relay SEL-421 is used as the phasor 

measurement unit (PMU) at every location in the Texas synchrophasor network. The high 

precision SEL-2401 Satellite-Synchronized Clock is used to obtain the satellite clock via 

an antenna. This clock provides the signals to accurately time stamp the phasor data. At 

the remote PMU locations a SEL-2891 Ethernet Transceiver is used to transmit data over 

the internet to the data concentrator at UT. The transceiver is connected to SEL-421. The 

SEL-3378 Synchrophasor Vector Processor (SVP) is used as the data concentrator for 

time aligning the data in accordance with their time stamps. This data is then sent out to a 

computer or another SEL-3378, in accordance with the IEEE standard C37.118-2005[4]. 

The figure below represents the setup explained here.  

 
 

Figure 5: Synchrophasor setup 
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2.3 Application of synchronized phasor measurements 

Synchrophasors provide a great advantage for not only post event analysis and 

power system model validation [5] but also real time system analysis. SCADA provides 

only the voltage magnitudes and in case when power system is changing quickly the 

measurements are found to be inconsistent. Synchrophasors along with a Synchrophasor 

Vector Processor (SVP) can be used for power system state determination, voltage 

stability assessment, and power swing detection etc. Thus, synchrophasors provide for 

more reliable control of the electric grid that ensures better functionality, security and 

longer life.    

 



3 CHAPTER  

METHODOLOGY FOR ESTIMATING THE THEVENIN 

EQUIVALENT LINE REACTANCE 

The data received from the remote PMU locations is archived and analyzed using 

SEL programs such as the SVP Configurator, SEL-5078 SynchroWAVe Console and the 

SEL-5076 SynchroWAVe Archiver. There are several programs written at The 

University of Texas at Austin such as the PMU_Daily_Screener, 

PMU_Waveform_Analyzer and PMU_Modal_Analysis that can be used for further 

analysis of the data. For the purpose of this thesis the PMU_Daily_Screener to obtain the 

voltage phase angle ' 'δ was used.   

The ERCOT website posts minute-by-minute updates on present grid frequency 

(Hz), wind generation (MW) and total ERCOT generation (MW). This, minute-by-

minute data is recorded at UT Austin by two programs- Wind_Dancer program written 

by Dr Grady at UT Austin and a python script written by David Burnham.  

3.1 Programs 

Here is a brief explanation of the programs used to analyze the data. 

3.1.1 PMU_DAILY_SCREENER 

To obtain the relative phase angle between McDonald and UT Austin, the ‘Daily 

Screener’ program written at UT was used. ‘Daily screener’ is a user friendly program 

written in Visual Basic. This program allows us to scan the daily data hour-by-hour, for 

any errors in the archived files and any dropouts in the data (Fig.6).  
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Figure 6: Screenshot of PMU_Daily_Screener 

 
The output of the Daily screener is written into three date tagged CSV files. The 

first is a daily report which contains the information about any dropouts or errors in the 

data. The other two are hourly reports. One of these archives the calculated values of the 

per minute average of the relative phase angles between the PMU and UT for the entire 

hour. For the purpose of this thesis the output file containing the voltage phase angle is of 

importance.  

Once the Daily_Screener is run for McDonald Observatory phasor data the 

relative angle at West Texas (i.e. Bus 7) with respect to UT (Bus 3) is obtained. As 

mentioned these are per minute averages.  
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3.1.2 WIND_DANCER 
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P P

The Wind_Dancer program was written at UT Austin by Dr Grady that records 

the wind data from the ERCOT website. The data is stored in a txt file. This is minute - 

by - minute information of the total generation ( ), generated wind power ( ), 

frequency and percentage generated wind power. Knowledge of the total ERCOT 

generation is useful in estimating the conventional load and generation in the Wind 

region. The program displays generated wind power in MW and the percentage of the 

total generated power as seen in Fig.7. This program is a useful aid to visualize the 

variation in wind power over a period of several hours. 

_total gen wind

 

 
 

Figure 7: Snapshot of the wind dancer program 



3.2 Method for analysis 
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P P

In order to estimate the value of the line reactance between West Texas and UT 

Austin, the analysis process started with an assumption that the power transferred 

from West Texas to UT was equal to the wind power generated .  Although 

this method provided fairly consistent values it failed in the case when the power 

generated from wind generation fell below about 1000MW.  

transferred wind

In the second method the net flow of power out of West Texas is represented as a 

function of the wind power generation, local conventional generation and local load. This 

methodology was adopted for the final analysis and is further explained in the following 

sections. 

3.2.1 INITIAL ATTEMPT 

As introduced in chap.1 the per unit power transfer equation, Eq.2 is given by,  

sin( )
transferred

th

P
X
δ

=  

δ  is the relative angle between Bus 1 and Bus 2, where 

        th  is the Thevenin equivalent line reactance in pu  X

Applying the two bus equivalent models to the two bus system formed by Bus 7 

at McDonald Observatory and Bus 3 at UT, separated by a long transmission line, Eq.2 is 

rewritten as,  

sin( )
transferred

th

P
X
δ

=  

where   and transferred windP P=

is the relative angle between Bus 7 (West Texas) and Bus 3 (UT)             δ

For every value of  and δ a value of  windP thX  was calculated. However, there was 

a large variation in the value of thX . In an attempt to vary thX  the above equation was 

modified to,  



0sin( )
transferred

th

P
X
δ δ−

=                                                  (4) 

where 0δ  is the offset in the relative phase angle assumed in order to obtain a constant 

value of Xth 

Error with this method 

With the data available it was not possible to determine why an angle offset was 

required in order to obtain a consistent value of Thevenin equivalent line reactance. 

Further, on days of low wind (<2000MW), this method did not generate results which 

were consistent with the previous days. Thus, another approach was adopted. 

 

 
Figure 8: Proposed method setup 

 
 

Figure 9: Equivalent model for the 2 buses within ERCOT 
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3.2.2 PROPOSED METHOD 

The two bus system is represented as seen in Fig.8. The assumption is that this 

system is adequate for estimating the Thevenin equivalent line reactance.  

3.2.2.1 The methodology 
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PIf the losses are ignored the power flowing out of West Texas ( ) from Fig.8 

and Fig.9 would be the difference between the wind generation and the local 

conventional generation and load, 

exp ort

( )exp _ _ sin( )wind ERCOT
ort wind local load conv gen

th

P P P P
X

V V
δ

•
= − − =                       (5) 

We know from the information available the wind generation ‘ ’ in MW, 

wind generation phase angle ‘δ’ with respect to central ERCOT and the ERCOT total 

generation ‘ ’ in MW. The unknowns are the equivalent Thevenin line reactance 

‘

windP

_total genP

thX ’, the local conventional load minus generation in West Texas wind country and 

‘ ’ (power transferred from West Texas to central Texas). exp orP t

3.2.2.2 The assumption 

With the available data to estimate the line reactance the following assumption 

was made, the local net conventional power in West Texas _local load conv gen_P P− varies with 

ERCOT total generation as, 

 ( )P P A P B_ _ _local load conv gen total gen− = • +

( )P P P P P A P B= + − = + • +

                                  (6) 

where A denotes the ratio of the total ERCOT generation and B is a constant for that 

period being analyzed  

The power exported from West Texas to UT must be the sum of the wind power 

generated and the local net conventional power,  

                  (7) exp _ _ _ort wind local load conv gen wind total gen

Additionally, by the power transfer equation, (Eq.1) we have,  



exp sin( )wind ERCOT
ort

th

V V
P

X
δ

•
=  

Expressing in per unit we get,           

exp
_

1 1 sin( )ort
th pu

P
X

δ•
=                                                  (8) 

            Hence,                                     exp sin( )ortP C δ= •                                                  (9) 

 

where                                                   
_

1

th pu

C
X

=                                                          (10)      

We have two equations, Eq.7 and Eq.9 that can be used to calculate . exp ortP

3.2.2.3 The Solver 

The Excel Solver is applied to minimize the sum of the squared errors between 

the two values of power exported using Eq.7 and Eq.9. 

The sum of the squared errors is given by,  

( )
2

_ _
1

sin( )
N

wind local load conv gen
n

P P P C δ
=

⎡ ⎤+ − − •⎣ ⎦∑                          (11) 

or 

 
2

_
1

sin( )
N

wind total gen
n

P A P B C δ
=

⎡ ⎤+ • + − •⎣ ⎦∑                               (12) 

where n = minutes, for either the entire two-day or one day interval or segments of the 

day 

The Solver is set to minimize the error by varying the coefficients A, B and C. The 

value of C obtained after running the solver is used to determine the Thevenin equivalent 

line reactance given by Eq.10.  
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3.2.2.4   An Example – April 24th -25th  

To understand the application of the proposed method measured data for the 24th 

and 25th, was considered here.  



Step 1: The Daily_Screener was run to obtain the relative phase angle between 

McDonald and UT for the 24th and 25th of April.  

Step 2: The wind generation, in MW, for both these days alongside the relative 

phase angle obtained in Step 1 was plotted. The horizontal axis was selected as minutes. 

By comparing the graphs the strong correlation between the phase angle and wind 

generation was observed. This step also allows determining if there was any deviation in 

the phase angle due to the effect of the local conventional generation and load. As seen in 

Fig.10, for a short period over the span of 24th and 25th the phase angle deviates from the 

wind generation. This region is highlighted in red.  

 

  
Figure 10: Wind generation and relative phase angle at McDonald 

 

Such behavior in phase angle was found to introduce some error in the result.  
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Step 3: Three variables, A, B and C, are selected. The error, given by Eq. 12, is 

calculated for every minute of available data over the two data period. The Excel Solver 

was set up to minimize the error given below by varying the values of A.B and C. 
2

_
1

sin( )
N

wind total gen
n

Error P A P B C δ
=

⎡ ⎤= + • + − •⎣ ⎦∑  

The output of the solver is a value for A.B and C such that the two values of 

exported power, given by Eq.7 and Eq.9, must be the same. Since the losses are 

neglected, Eq.7 is a close representation of the power balance at Bus 7. For the 24th and 

25th April, the curves for the power exported evaluated by applying Eq.7 and Eq.9 are 

displayed in Fig.11 below. It is obvious that the two curves do not have a good fit and as 

a result the error value is high as seen in Table 1.  

 
Figure 11: Plot to compare Pexport 1 and Pexport 2 for the 24th and 25th of April 

Day A B C ( )th puX  Error 

24, 25-April-10 -0.0915 259.5857 1798.243 0.05561 0.480 
Table 1: High error values 

 
To improve the fit and eventually reduce the error, a part of the entire period 

under observation was disregarded. Referring to Fig.10, the interval when the phase angle 

and wind generation do not match could have led to the difference in the exported power. 

By eliminating the period when there was deviation in phase angle the following results 
 16



were obtained. It is obvious from Fig.12 that the error is considerably reduced. This error 

exists because in Eq.9 the voltages at the two buses were assumed to be 1 pu. However, 

in actuality they may not have been maintained at 1 pu at every minute over the two days.  

A smaller error implies a closer approximation to the actual values and the value of C 

thus obtained is also a better estimate of the real value.  

  
Figure 12: Results after eliminating region of poor fit 

Day A B C ( )th puX  Error 

24, 25-April-10 0.043352 4312.727 3053.642 0.032748 0.083 
Table 2: Lower error value 

 The Thevenin equivalent reactance is given by Eq.12 and repeated here for 

convenience. 

_

1

th pu

C
X

=
 

As C is assumed to be a close approximation of the actual value necessary to 

attain the power balance, the Thevenin line reactance   is also a close estimate of 

the actual value. 

_th puX

This procedure for analysis was applied to several days. Contrary to the 

expectation that the line reactance would be constant, it is found to vary in a small range. 

The observations and results for Pexport and Xth are presented in the following chapter.   

 17



 18

4  CHAPTER 

ANALYSIS, OBSERVATIONS AND RESULTS 

The PMU phasor data is tagged according to Greenwich Mean Time (GMT), 

whereas the wind data is time aligned with Universal Time (UTC = GMT - 6). Thus, the 

PMU data required correction in time before the following results were obtained.  

The method proposed for line reactance estimation can be applied to a few hours 

up to several days. Here the analysis was performed for 24 hours (per day). A few days 

had data missing for short intervals during the day. This discontinuity produced larger 

values of error. In these cases the day was split into intervals of few hours having 

continuous data. This reduced the error and resulted in a better estimate of line reactance.  

Further, during analysis it was observed that for most parts of the day the voltage 

phase angle and wind generation followed the same trend displaying a strong correlation. 

However, during periods when the phase angle did not follow the wind generation, a 

larger value of error was obtained. Once again to deal with this situation the day was 

divided into different intervals and the intervals with non uniform variation in phase 

angle were dropped.       

The observations and results for several days are presented in the following 

sections.  

4.1 February 23rd 2010 

The first step of the analysis was to plot the wind generation (MW) and the 

voltage phase angle at McDonald Observatory obtained from the output files of the 

Daily_Screener program. For the 23rd the graphs are seen in Fig.9. The general trend of 

the phase angle plot follows that of the wind generation. The correlation is obvious. 

However, the region highlighted by the red arrow shows a region of unexpected variation 

in phase angle. This could be due to the change in local conventional generation or load. 

 



 
Figure 13: Feb 23rd - Plot for the wind generated and voltage phase angle relative to UT Austin  

 

The Excel Solver is setup to solve for the data for the entire day (24 hours). The 

solver is set to minimize the error given by Eq.12 by allowing it to vary the values of A, B 

and C. Further for every minute a value of and by Eq.7 and Eq.9 exp 1ortP exp 2ortP
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respectively. These values of  are desired to be the same. Fig.10 shows the curves 

for both the calculated values of power exported for the 23rd. From the figure it is 

observed that the two values do not match. The deviation in phase angle (Fig.9) could 

have led to this error. Table 1 displays the values for A, B, C,  and error for the 

entire day. 

exp ortP

( )th puX

4.1.1 RESULTS 

 
Figure 14:  23rd Feb - plot of Pexport1 and Pexport2 during the day 
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Day A B C ( )th puX  Error 

23-Feb-10 0.193832 11045.39 389.7062 0.256604 0.157 

Table 3: 23rd Feb - Results for the entire day 

In an attempt to reduce the error and get a better estimate of the line 

reactance , part of the day when the phase angle and wind generation deviate was 

discarded. The interval up to the 810th minute (i.e. 13:30 hrs) on the 23rd was selected. 

( )th puX



The Excel Solver was once again applied to obtain new values of A, B and C. The results 

are shown below. 

 

 
Figure 11: 23rd Feb - plot of Pexport1 and Pexport2 during an interval of the day 

 

Day A B C ( )th puX  Error 

23-Feb-10 0.0892859 7186.998 2617.946 0.038198 0.095 

Table 4: 23rd Feb - Results for an interval of the day 

 
From the Fig.11 it was obvious that the two values of exported power match better 

with a smaller error compared to the previous case. The Thevenin equivalent line 

reactance if calculated by applying Eq.10 and the results are presented in the table. The 

same steps for analysis were followed for the remaining days and the following sections 

contain the observations and results.  
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4.2 February 24th 2010 

Following the same steps for analysis as in the case of 23rd Feb, plot of the wind 

generation (MW) and the voltage phase angle at McDonald Observatory are presented in 

Fig.12. Small deviations in phase angle in the region of low wind (< 1000 MW) are 

observed.   

 
Figure 12: Feb 24th - Plot for the wind generated and voltage phase angle relative to UT Austin 
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The curves for and  are seen in Fig.13 and are found to have a better 

fit. Unlike the case on the 23rd the error (Table 3) is small. This result is acceptable. The 

negative values of implies power is flowing in to West Texas.  

exp 1ortP

ort

exp 2ortP

expP

4.2.1 RESULTS 

 

 
Figure 15: 24th Feb - plot of Pexport1 and Pexport2 during the day 

 

Day A B C ( )th puX  Error 

24-Feb-10 0.002068 2535.415 3094.148 0.032319 0.040 

Table 5: 24th Feb - Results for the whole day 
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4.3 February 25th 2010 

Due to a poor curve fit on the 25th the data was divided into intervals as shown in 

Fig.12.  

 
Figure 16: Feb 25th - Plot for the wind generated and voltage phase angle relative to UT Austin 

 

There were intervals during the day when data was missing. That made the data 

set discontinuous and lead to less accurate estimation of the line reactance.  
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4.3.1 RESULTS 

 

The Excel Solver when run for the whole day (24hrs) generated the following 

results. The error in Table 4 is seen to be large. To reduce it the solver was again run for 

two separate intervals on the 25th.   

 

 
Figure 17: 25th Feb - plot of Pexport1 and Pexport2 during the day 

 

Day A B C ( )th puX  Error 

25-Feb-10 -0.03691 1316.838 4036.946 0.024771 0.128 

Table 6: 25th Feb - Results for the whole day 

 

The day was split into two intervals as seen in Fig.12. The Solver is applied to 

both the intervals and the following results were obtained. 

 

 

 25



4.3.1.1 INTERVAL I  

 

 
Figure 18: 25th Feb - plot of Pexport1 and Pexport2 during interval I of the day 

 

Day A B C ( )th puX  Error 

25-Feb-10 -0.02495 2360.213 3178.022 0.031466 0.019 

Table 7: 25th Feb - Results for the interval I of the day 

 

The results for interval I are seen to have a lower value of error. This provides for 

a better estimate of . ( )th puX

 

4.3.1.2 Interval II 

Again in this case the error is reduced and the plots of the power exported have a 

better fit.  
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Figure 19: 25th Feb - plot of Pexport1 and Pexport2 during interval II of the day 

Day A B C ( )th puX  Error 

25-Feb-10 0.098674 5964.848 2116.235 0.047254 0.039 

Table 8: 25th Feb - Results for interval II of the day 

 
By dividing the day over two intervals the error was reduced. 

4.4 February 26th 2010 

For most part of the day a strong correlation between the wind generation and 

phase angle is present. 
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Figure 20: Feb 26th - Plot for the wind generated and voltage phase angle relative to UT Austin 

The highlighted region shows a sudden change in the phase angle. However, this 

deviation lasts for a very short duration and is expected to not have a very significant 

effect on the estimation of the line reactance. The results are shown below and verify that 

a small error is obtained in spite of the deviation in phase angle. 
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4.4.1 RESULTS 

 
Figure 21: 26th Feb - plot of Pexport1 and Pexport2 during the day 

Day A B C ( )th puX  Error 

26-Feb-10 -0.07006 939.8297 3210.919 0.031144 0.046 

Table 9: 26th Feb - Results for the whole day 

 

4.5 February 27th 2010 

From the plots for the wind generation and voltage phase angle shown in the 

figure have a small highlighted interval where the phase angle deviates. And as predicted 

the results show the poor fit of the two curves in this region.    
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Figure 22: Feb 27th - Plot for the wind generated and voltage phase angle relative to UT Austin 

 

The results for running the Excel solver are presented below. From the result 

Table 7, the error is large although for most part of the day the curves fit well. In order to 

reduce the error further analysis of the data is required.   
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4.5.1 RESULTS 

 

 
Figure 23: 27th Feb - plot of Pexport1 and Pexport2 during the day 

Day A B C ( )th puX  Error 

27-Feb-10 -0.12103 -1392.59 3222.85 0.031028 0.193 

Table 10: 27th Feb - Results for the whole day 

 

To further reduce the error the data points where the two curves do not fit were 

eliminated. Points from 1260 minutes onwards (i.e. 2100 hrs) were disregarded for 

further analysis. The results below verify a better curve fit and reduced error.  
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Figure 24: 27th Feb - plot of Pexport1 and Pexport2 during an interval of the day 

Day A B C ( )th puX  Error 

27-Feb-10 -0.10771 -1444.81 2370.502 0.042185 0.052 

Table 11: 27th Feb - Results for an interval of the day 
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4.6 February 28th 2010 

Figure 25: Feb 28th - Plot for the wind generated and voltage phase angle relative to UT Austin 

The deviation in phase angle in the region highlighted above is expected to lead to 

a significant error value. This can be verified from the results section below.   
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4.6.1 RESULTS 

 

 
Figure 26: 28th Feb - plot of Pexport1 and Pexport2 during the day 

Day A B C ( )th puX  Error 

28-Feb-10 -0.05975 1674.695 3459.207 0.028908 0.132 

Table 12: 28th Feb - Results for the whole day 

 

To further reduce the error the data points where the two curves fit poorly were 

eliminated. These include points from 0 to 360 minutes and beyond 1035 minutes. As 

seen in the results posted below the curves fit better. However, there is very little change 

in the value of the Thevenin equivalent line reactance.    

 34



 
Figure 27: 28th Feb - plot of Pexport1 and Pexport2 during an interval of the day 

Day A B C ( )th puX  Error 

28-Feb-10 0.033982 4664.756 3557.736 0.028108 0.046 

Table 13: 28th Feb - Results for an interval of the day 

 

4.7 March 7th 2010 

The plots for the wind generation and voltage phase angle, shown in the Fig.27 

below. Due to considerable variation in the phase angle despite the wind generation 

increasing or decreasing fairly steadily the error could be large. 
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Figure 28: 07th March - Plot for the wind generated and voltage phase angle relative to UT Austin 
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4.7.1 RESULTS 

 

 
Figure 29: 07th March - plot of Pexport1 and Pexport2 during the day 

Day A B C ( )th puX  Error 

7-Mar-10 -0.00331 2826.632 2828.987 0.035348 0.089 

Table 14: 07th March- Results for the whole day 

 
 
To further reduce the error points from 0 to 420 minutes (i.e. up to 0600hrs) were 

disregarded. As seen in the results posted below the curves fit better.    
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Figure 30: 07th March - plot of Pexport1 and Pexport2 during an interval of the day 

Day A B C ( )th puX  Error 

7-Mar-10 0.065401 4712.612 3243.906 0.030827 0.030 

Table 15: 07th March - Results for an interval of the day 
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4.8 March 8th 2010 

 
Figure 31: 08th March - Plot for the wind generated and voltage phase angle relative to UT Austin 
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4.8.1 RESULTS 

 

 
Figure 32: 08th March - plot of Pexport1 and Pexport2 during the day 

Day A B C ( )th puX  Error 

8-Mar-10 -0.01181 3361.436 2047.806 0.048833 0.044 

Table 16: 08th March - Results for the whole day 

 

 

The curves fit rather well with a small error value. However, to obtain a better 

curve and a better estimate of the Thevenin equivalent value of the line reactance the data 

points where the two curves fit poorly i.e. points from 990 minutes (i.e. 16:30hrs) 

onwards were dropped. As seen in the results posted below the curves fit better 
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Figure 33: 08th March - plot of Pexport1 and Pexport2 during an interval of the day 

Day A B C ( )th puX  Error 

8-Mar-10 -0.02411 2821.157 2580.997 0.038745 0.017 

Table 17: 08th March - Results for an interval of the day 

 

4.9 April 20th 2010 

Due to the daylight saving in effect from Sunday, March 14, 2010 at 2 am the 

time at UTC was advanced by 1 hour. This means that ‘GMT = UTC + 5’. The clocks 

were adjusted and the data was analyzed with the correction in time.  
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Figure 34: 20th April - Plot for the wind generated and voltage phase angle relative to UT Austin 

 

4.9.1 RESULTS 
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Figure 35: 20th April - plot of Pexport1 and Pexport2 during the day 



Day A B C ( )th puX  Error 

20-Apr-10 0.046288 3493.311 3060.185 0.032678 0.080 

Table 18: 20th April - Results for the whole day 

 

The curves in Fig.31 fit rather well with a small error value. However, to obtain a 

better curve and a better estimate of the Thevenin equivalent value of the line reactance, 

points from 990 minutes (i.e. 16:30hrs) onwards were discarded. As seen in the results 

posted below the curves fit better.    

 

Figure 36: 20th April - plot of Pexport1 and Pexport2 during an interval of the day 

Day A B C ( )th puX  Error 

20-Apr-10 0.0194 2464.126 2515.158 0.039759 0.052 
Table 19: 20th April - Results for an interval of the day 
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4.10 April 22nd 2010 
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'  and 'P P

The plots for the wind generation and voltage phase angle, shown below, display 

a strong correlation between the phase angle and wind generation. It would be expected 

that there would be a small error between ' ' , as the phase angle almost 

follows the wind generation over the 24 hours, except in the region highlighted in the 

figure below.  

exp 1 exp 2ort ort

 
Figure 37: 22nd April - Plot for the wind generated and voltage phase angle relative to UT Austin 



4.10.1 RESULTS 

 

 
Figure 38: 22nd April - plot of Pexport1 and Pexport2 during the day 

Day A B C ( )th puX  Error 

22-Apr-10 -0.07215 1406.982 3622.919 0.027602 0.086 

Table 20: 22nd April - Results for the whole day 

 

As seen above the curves fit rather well with a small error value except in the 

region of the red arrow as predicted. In order to obtain a better curve and a better estimate 

of the Thevenin equivalent value of the line reactance  The data points where the two 

curves fit poorly from 810 (i.e. 13:30hrs) onwards were dropped. As seen in the results 

posted below the curves fit better.    
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Figure 39: 22nd April - plot of Pexport1 and Pexport2 during an interval of the day 

Day A B C ( )th puX  Error 

22-Apr-10 -0.03868 2548.677 3034.956 0.032949 0.013 

Table 21: 22nd April - Results for an interval of the day 

 

 

4.11 April 24th -25th 2010 

So far each day i.e. 24hours of data was examined. For this case data over a two 

day period i.e. 48hours is analyzed. The plots for the wind generation and voltage phase 

angle over the two day are shown in the Fig.36. As seen previously there is an obvious 

strong correlation between the phase angle and wind generation.  
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Figure 40: 24th, 25th April - Plot for the wind generated and voltage phase angle relative to UT 

Austin 

 

From the figure above it is observed that there is a deviation from the expected 

trend of the voltage phase angle for reason that cannot be exactly determined from the 

available data. It was expected that this behavior of phase angle would result in an error 

in estimating the line reactance.  
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4.11.1 RESULTS 

 
Figure 41: 24th, 25th April - plot of Pexport1 and Pexport2 during the two-day period 

Day A B C ( )th puX  Error 

24, 25-April-10 -0.0915 259.5857 1798.243 0.05561 0.480 

Table 22: 24th, 25th April - Results for 48 hours 

 
As seen above the curves fit rather poorly. To improve the fit of the curves the 

region where the behavior of the voltage phase angle curve deviates from that of wind 

generation was eliminated. As seen in the results posted below by dropping the data 

points for a few hours window a better result is obtained with a smaller error value.    
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Figure 42: 24th, 25th April - plot of Pexport1 and Pexport2 during an interval of the two-day period 

Day A B C ( )th puX  Error 

24, 25-April-10 0.043352 4312.727 3053.642 0.032748 0.083 

Table 23: 24th, 25th April - Results for an interval over 48 hrs 

 

The change in phase angle could be due to local generation or load. However, on 

eliminating that interval of the two-day period a better estimate of the Thevenin 

equivalent line reactance was obtained.  
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5 CHAPTER 

CONCLUSION 

Knowing the Thevenin equivalent impedance at a generator is important when it 

comes to making basic stability calculations and computing resonant frequencies. The 

model proposed utilizes the available synchrophasor data and wind generation 

information to estimate the Thevenin equivalent line reactance between McDonald and 

UT. The nature of the wind generation and voltage phase angle curves provides an insight 

about intervals over which the estimation may get skewed. It was interesting to note 

however, that deviations in phase angle during periods when the wind generation was low 

(<1500 MW) did not significantly impact the result.  

The model presented was applied to several days and the estimated value of 

Thevenin equivalent reactance was found to lie in the range of 0.028pu to 0.038pu. With 

the availability of more data such as the local conventional generation and load, this 

model can be modified to predict more accurately the Thevenin equivalent line reactance.  
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