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ABSTRACT

Phasor Measurement Units (PMUs) are widely ackndgéd as one of the most significant
developments in the field of real-time monitorinf power system. By aligning time stamps of
voltage and current phasor measurements, whicltarsistent with Coordinated Universal Time
(UTC), a coherent picture of the power system stea be achieved through either direct
measurements or simple linear calculations. Wighgtowing number of PMUs installed or planned
to be installed in the near future, both utilitiesd research institutions are looking for novel
applications of synchrophasor measurements frosethadely installed PMUs. In this dissertation,
the author proposes two new PMUs measurementscapphs: three-phase instrument transformer
calibration, and three-phase line parameter cdionlavith instrument transformers.

First application is to calibrate instrument tramsfers. Instrument transformers are the
main sensors used in power systems. They provalatisn between high voltage level of primary
side and metering level of the secondary side.t®dl monitoring and measuring systems obtain
input signals from the secondary side of instrumteansformers. That means when instrument
transformers are not accurate, all the measurenusets in power system are inaccurate. The most
important job of this dissertation is to explorenathod to automatically calibrate all the instrumen

transformers in the power system based on reald€ynehrophasor measurements.



The regular instrument transformer calibration mdthequires the instrument transformer to
be out of service (offline) and calibrated by teckans manually. However, the error of instrument
transformer changes when environment changes, andected burden. Therefore, utilities are
supposed to periodically calibrate instrument tramsers at least once a year. The high labor and
economic costs make traditional instrument tramséor calibration method become one of the
urgent problems in power industry. In this dissgtawe introduce a novel, low cost and easy
method to calibrate three-phase instrument tramsfos. This method only requires one three-phase
voltage transformer at one bus calibrated in advaAdl other instrument transformers can be
calibrated by this method as often as twice a Haged on the synchrophasor measurements under
different load scenarios.

Second application is to calculate line paramedarsig calibrating instrument transformers.
The line parameters, line impedance and line shdntittance, as needed by utilities are generated
by the computer method. The computer method iscbasgarameters, such as the diameter, length,
material characteristics, the distance among treassom line, the distance to ground and so on. The
formulas to calculate line parameters have beemawga and re-modeled from time to time in order
to increase the accuracy. However, in this caselitle parameters are still inaccurate due to vario
reasons. The line parameters errors do affectnigteument transformers calibration results (with 5%
to 10% error). To solve this problem, we presemew method to calculate line parameters and
instrument transformers in the same processing step

This method to calibrate line parameter and insémimransformers at the same time only
needs one pre-calibrated voltage transformer amdpoe-calibrated current transformer in power
system. With the pre-calibrated instrument tramsfrs, the line parameter as well as the ratio

correction factors of all the other instrument sfanmers can be solved automatically. Simulation



results showed the errors between calculated manpeters and the real line parameter, the errors
between calibrated ratio correction factors andréa ratio correction factors are of the order of
per unit. Therefore, high accuracy line parametsrsvell as perfectly calibrated instrument
transformers can be obtained by this new methods method can run automatically every day.
High accuracy and dynamic line parameters will iicently improve power system models. It will
also increase the reliability and speed of theyrslstem, enhance the accuracy of power system
analysis, and benefit all other researches usimg parameters. New methods of calculating line
parameter and the instrument transformer calibmatiwill influence the whole power industry

significantly.
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CHAPTER 1 INTRODUCTION

Reliable electric power supply is essential to filnectioning of modern society, Hurricane
Sandy devastated Northeastern United States argbdadamage of at least $70 billion USD,
including business interruption expenses over $Bidorl Hurricane Sandy suspended traffic,
commutation, and electric power supply leaving pedp NY State in dark, cold and hungry
because of lack of power supply. It is very difftdo build strong electric grid which can survive
a hurricane. But this Sandy story tells us cle@dy important power system is and how closely
power system affects all of us. It is clear thatbt and reliable operation of a power network is
extremely important for normal functioning of modesocieties. The invention of phasor
measurement unit (PMU) is a milestone in poweresystonitoring and control [1]. PMU can
measure and time-stamp three-phase voltages arehtsjrwhich include both magnitude and angle,
at the rate of 30 measurements per second. Itsdaighrate ensures monitoring power grid transient
behavior in real time and continuously. Three-phasasurements provides complete observability

of power system compared to traditional measurémeérich only include positive sequence.

1.1 Phasor measurement units and phasor data conceators

An electric power system is a network includint} generators -- to supply the power; (2)
transmission systems -- to carry and transmit tbevgp; and (3) the users -- households and
industries [2]. Stability is the most important dvakic requirement of the electric power system. At
present, the most common accident in a large payver is still the failure in synchronized
operation of generators, and taking inappropriatgrol decisions during systems disturbances. [3]
(Obviously hurricane is not the “common” accidentgower system). In order to control and

overcome power system transient instability, there lots of methods proposed including



contingency analysis to forecast the stability ofystem. But these methods have the same
disadvantage that the accuracy of prediction iklizigependent on the parameters and models used
for simulation. With rapid devepolements in comput@d internet technology, it is possible to
measure and monitor the three-phase phasors, phgte differences and frequency of the system
in real time [4]. Steady-state current and voltageveforms can be represented by a complex
number with a magnitude equal to the RMS valuéhefdignal and with a phase angle equal to the
angle when t=0. This complex number is called phaso digital measuring system, the
fundamental frequency component of the DiscretaiBoliransform (DFT) is used to calculate the
phasor based on n-samples collected in a periadT®¢ number of samples should meet the
Nyquist Sampling theory: that is the input signab@d be filtered to eliminiate aliasing errors,
which is caused by signals with frequency aboveNiguist rate [6, 7, 1].

In the mid of 1980s, the first Phasor Measuremarit ((PMU) prototype was developed in

the Power System Research Laboratory at VirginizhTehown in Figure 1.1.




Figure 1.1 The first phasor measurement units buildat Virginia Tech

The PMUs can accurately and instantaneously caéslnchronized phasor measurements
of voltages and currents, which has promoted tpeirsistent propagation in power systems
throughout the world. More and more applications laeing developed, researched, studied, and
implemented to meet measurement, protection, antfaaequirements in the increasingly stressed
market-deregulated power system [9].

PMUs are designed to measure the positive, negatintezero sequence phasors of voltages
and currents, in addition to the system frequenay the rate of change of frequency, through
numerical algorithms implemented in the unit. Thigvice enables the performing local
computations in real time and solves the problenmeasurement time skews through sampling
clock synchronization [10].

Today, Synchronized Phasor Measurement Units hega mstalled on power grids around
the world to provide highly accurate time-stampettage and current measurements from network
buses and transmission lines. PMUs use globaliposig system (GPS) timing signals to provide
measurements synchronized within one micro-secdndaoh other from different points in the
network [11]. PMUs can provide three-phase as waegllpositive sequence measurements. These
measurements and data are the foundations of matlielm Area Measurement Systems (WAMS)
[12]. Since Virginia Polytechnic Institute and ®taJniversity (Virginia Tech) research team
developed the rst prototype phasor measuremerit (&MU) in 1988, PMUs have been gradually
deployed throughout the world [13]. PMU potentiad @ise in power system applications has not yet
been fully realized. The following are a few of tgplications of the phasor measurement systems
that are being developed. With limited number of WdVireference [14] deals with the minimal
PMU set through a dual search algorithm which useth a modified bisecting search and a

3



simulated annealing-based method to fix the locadbPMU. A novel wide area backup protection
algorithm to identify fault branch based on theltfateady state component is proposed in reference
[15]. A fault detection/location index in terms Gfarke components of the synchronized voltage
and current phasors is derived in reference [1p,A hiew Discrete Fourier Transform (DFT) based
algorithm (termed as Smart Discrete Fourier TramsfoSDFT) to eliminate system noise and
measurement errors such that extremely accuratdafoental frequency components can be
extracted for calculation of fault detection/locatindex [17].

PMUs installed in power system substations, receolage and current signals converted at
suitable metering level from instrument transforsnas input, and provide time-stamped three-
phase voltages and current phasors, frequencyniattion of all monitored buses and feeders.

Figure 1.2 is the architecture of PMUs, communaratinks and data concentrator.
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As soon as measurement are entered in local datagset they are available for real time
communication with data concentrator. Typical fumes of phasor data concentrator (PDC) are to
collect data from several PMUs, select and reject #ata, align the time-stamps and save them
simultaneously in historian. Real-time applicatidios this propose are available. The highest
hierarchical level of PDC can be viewed as regiamaé system-wide scale. The functions of super
PDC are similar to those of the lower level PDCllemd data from PDCs and provide real time
application with steady stream measurements oweethire system [18]. Calibration applications
can be implemented in any lever of PDC but canlreacre desirable results in a higher level. At
present, the WAMS based on synchronized phasor urezasnts are being used to provide
improved monitoring, protection, and control of theional power system.

The applications of synchronized PMU measurementhis work are part of the PMU
projection applications, which include real-timepatogy update, three-phase instrument
transformer calibration, real-time three-phaseeststimation, islanding detection, and system
imbalances monitoring. Figure 1.3 illustrates tihehaecture of these applications. Based on the
XML configuration file, the PDC receives data pagk from PMUs and sends back the checking
message. All the applications proposed by Virgihgeh Power Lab are implemented at the PDC
level. The applications outputs (topology statustes values by state estimation [19], ratio
correction factors of instrument transformers, aldrms of negative sequence currents and
islanding) are used by real time operation androbsystems in Dominion Virginia Power [20, 21,
22]. This work focuses on the novel applications WAMS: via using the synchronized
measurements to automatically calibrate the ingtnimtransformers, from which these

measurements are obtained, as well as line paresreatieulation.
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Measurements made on power systems are performied cwirent and voltage signals
derived from instrument transformer secondary d@scuAn ideal transformer should provide
secondary signals, which are strictly proportional primary quantities. However, practical
instrument transformers always have Ratio Corrackactors (RCFs) and Phase Angle Correction
Factors (PACFs). These factors are not perfect they differ from 1 and 0° respectively) [23].
These errors will lead to biased measurementsédfitistrument transformers are not properly
calibrated [24].

The errors introduced by transformers are a reeegncomponent of input data errors in the
Supervisory Control and Data Acquisition (SCADA)daRhasor Measurement Units. Correcting
these errors by field calibration is an expensipéon, and is seldom employed except in a few
special cases. Phasor measurements offer a unigpertonity to calibrate the instrument
transformers by using several scans of measurendenitsg daily load variations, requiring a few
accurate voltage transformers available on powstegy. In most power systems, where revenue
metering is carried out, precise instrument tramsérs are usually available [25].

The principle behind this auto-calibration techmqoan be explained with the simple
example of a two-bus system. When the loading otiireline ‘mn’ is light, the accuracy of the
current transformers (CTs) involved is not crititalcalibrating the voltage transformers (VTs) at
bus ‘n’, assuming that the VT at bus ‘m’ is pregcise has a known calibration. Extending this
process to the entire network, when the load irsglsem is light, one could calibrate all the Viis i
the network with the help of all available preciéés [31]. Then, using these VT calibrations, the
CTs in all the branches can be calibrated usingatiteirate voltage measurements and the system

impedance data.



1.2 Organizations of the Dissertation

The dissertation is organized as following:

Chapter 1. General introduction. This chapter hiices the general background of PMU
and its applications in power system, presentsrbgvation and objective of this dissertation and
briefly describes the contents of each chapter.

Chapter 2: Three-phase power flow. This chaptep@es a new method of calculating
three-phase power flow with positive sequence pdieer data, system topology and line models.
The traditional three-phase power flow calculai®also briefly discussed to compare with the new
method.

Chapter 3: Three-phase transducers calibrationnstiiecers calibration is a long-term
problem in a power system. Utilities are struggliogdevelop a less time and labor consuming
approach to periodically calibrate instrument tfarmaer. This chapter focuses on a new three-phase
instrument transformer calibration method with dyonized phasor measurement, which only
requires one pre-calibrated voltage transformeh wMU. This new method is a labor-free and
automatic process, which can run as often as taickly. Based on the simulation, this method
achieves desirable results and can be implememtedildy power systems.

Chapter 4: Conditions of three-phase transducebratibn. This chapter discusses the key
conditions of three-phase instrument transformatibm@tion demonstrated in chapter 3. In chapter
3, two assumptions are made to implement the edidsr method. Firstly, the ratio correction
factors of all the transducers keep the same dwtagt time period; secondly, the unbalanced line
parameters used by utilities are accurate and efHect the real power system perfectly. This

chapter analyzes the influence of the conditionemwfail to meet these assumptions. Load-to-



Result Ratio (LTRR) is used to evaluate the efteatsed by load deviation, when the influence of
inaccurate line parameters will be solved in néwpter.

Chapter 5: Three-phase line parameter calculatibim thansducer calibration. This chapter
solves the question of achieving accurate and dimdime parameters in power system. This
method, instead of applying physical modeling tolgee parameters, uses the synchronized phasor
measurements to calculate the line parameters. 8ithone pre-calibrated voltage transformer and
one pre-calibrated current transformer, highly aatiline parameters as well as ratio correction
factors of transducers can be achieved. The accuwfathe line parameters is dependent on how
accurate the pre-calibrated transducers are. Thiooheés accurate and low-cost, which will have
significant influence on modeling process in posgstem.

Chapter 6: Conclusion and future work. This chag@mmarizes all the research work

presented in this dissertation and recommends aewerks worthy of further exploration in future.
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CHAPTER 2 THREE-PHASE UNBALANCED POWER

FLOW COMPATIBLE WITH PARTIALLY OBSERVED

DATA

2.1 Introduction

For studies to be carried out in this project oeeds currents and voltages on the power
system of the DVP network. While the project apttes installation of PMUs at all the 500 kV
buses of the system, at present only a few bugescaripped with PMUs. These PMUs provide the
actual unbalanced voltages and currents observieghinime. It then becomes necessary to create a
technique whereby one could use these real tireeatat simulate a load flow condition on the rest
of the network which is consistent with the obsdrdata. This is achieved through several steps
which begin with a positive sequence load flowtfte system, converted to a three phase load flow
with some assumed unbalances in the tie-line flamsl known unbalances of transmission line
parameters. This chapter details how this is &ekien this study. It should be emphasized that
this is a stop-gap method used to provide datalwhltmately will come from actual real-time
measurements of a fully deployed WAMS system.

In AC power systems, all the models and measuresramet asymmetrical and unbalanced,
especially in long-distance and extra-high voltagasmission systems. Over years, lots of aspects
have been traced to power system imbalances, sscincaeased power losses, heating of
synchronous generators, misfiring of power convsrtell-tripping of protection relays, and
unbalanced transmission line [26]. Using only pesisequence analysis to represent and simulate
three-phase power system is not convincing andcgerit. The alternative solution is to use a three-

phase algorithm. However, three-phase calculasomuch more complex than positive sequence,
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needs more space and calculation speed is slow.Chaipter introduces a new algorithm of three-
phase power flow, which considers the line imbatsras the main source of system imbalance.

At present, there are a variety of three-phase pdee calculation methods to study the
three-phase flow, including: the Newton-Raphsonhoet P-Q decoupling method, etc. [27]. P-Q
decoupling method asks the transmission lines tee haegligible resistance. Newton-Raphson
method is widely used. Usually, to calculate thpbese power flow problem via regular Newton-
Raphson method has following five steps:

(1) Get system parameters and power injection:etptease line and transformers
parameters, three-phase generator outputs, thieesepbads and other power injections;

(2) Set the starting three-phase voltages;

(3) calculate the three-phase Jacobian matrix;

(4) Apply Newton-Raphson iteration process unté thfference between last two
iterations is smaller than the threshold;

(5) Get the final three-phase voltages.

The Jacobian matrix in the third step needs reftatimn and inversion each time during the
iterations. The computation labor is heavy and sdet$ of memory space. Time requirement also
limits the fast calculation requirements and ré&akt application of this method. To solve these
problems, a simplified three-phase power flow atbon is discussed in next section. Compared
with Newton-Raphson three-phase power flow algaritibalculation process of the new method is

simple and fast. The three-phase power flow resulised as the input signal of PMUs in this

project.
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2.2 Simplified three-phase power flow

To avoid these disadvantages of the regular NeRi@pson method, a simplified three-
phase power flow calculation method is proposedhis section. This method considers line
parameters and the powers through tie lines asdhece of imbalance in the system. Firstly, the
three-phase power flow considering unbalanced gsm@ameters is introduced here. The simulation
result of this algorithm in Dominion Virginia Powé@dVP) 500kV power system will be presented
later. We will discuss the imbalances from tie $in@hich is caused by the unbalance introduced by
neighboring high voltage system.

The new three-phase power flow is the positive sege power flow after adding system
imbalance. With the positive sequence power floavjgled by simulation or SCADA,; the positive
sequence voltage values at each substation; anthréezphase line parameters provided by utility
the new method is processed by the following steps:

(1) Get the positive sequence bus voltages from uytiityd the corresponding positive
sequence line parameters to form the line admitamatrix;
(2) Transform the positive sequence voltages and lohaittance matrix into balanced

three-phase matrix as shown in equation 2.1

(2.1)

adm

VA
V, Y,
VC

<< <
< < <
o'< 3'< 3-<

(3) Calculate the positive sequence injection curréetch bus using equation 2.2

| balance — Yadm* \ balanc (22)

(4) Generate unbalanced three-phase line admittanagxrbased on the three-phase line

parameters from utility.
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(5) Replace the balanced admittance matrix by unbathadeittance matrix in equation
2.3 to get the three-phase unbalanced currents.

I Y *V

adm unbal

(2.3)

unbalance — balanc

(6) Use equation 2.4 to calculate the average of bathaod unbalanced currents. It will be
used as the final unbalanced three-phase currents.

I +1

| — _ balance
average 2

unbalance (24)

(7) Use equation 2.5 to calculate the unbalanced thinese voltages and three-phase

currents.
Vunbalance= unbal* I average (25)
— -1
here Zlnbal - %]_unbal

After these 7 steps, the three-phaskalanced voltages are calculated. With branch
admittance matrix, the three-phase currents cabtaned by equation 2.6.
I

Ybranch* \ (2 . 6)

branch — unbalance
With positive sequence line parameters and power, fas well as three-phase line parameter
provided, three-phase power flow can be achievdte method successfully adds unbalanced
information into positive sequence flow.
The method proposed here for taking mtoount unbalanced power flows is a stop gap
measure until real-time three phase voltage antecudata is available from PMUs. Taking the
advantage of few existing PMU measurements, theltsesbtained by the new method can be

modified with PMU measurements. In the m-bus n-bhasystem, PMUs are installed to measure

three-phase voltage at p buses and three-phasntthrough g branches. The relationship between

14
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branch currents and bus voltages is indicated uraton 2.7. Here matrix is the branch impedance

matrix , Which is different from the line admittance matin equation 2.3.

In equation 2.7, (m-p)*3 voltages and (n-q)*3 cateeare unknowns with n*3 equations. Clearly
more equation relationships are needed to handie#ise of few real-time measurements.

In order to establish new relationship among thas&nowns, it's assumed that the
proportion of flow distributed among each branchutl keep the same when (2.8) nge happens to
loads and generators. In other words, for theseches without PMU, the proportion of currents of
one branch to the currents of another one shoulthdesame as that value calculated in the new

method. The “one branch” used as a reference bmysatbn 2.8 shows the relationship clearly.

Here, subscript i: the i-th branch.

: the three-phase current flow in i-th branch withBMU
: the three-phase current flow in branch withoutUP&& reference

A: the proportionality matrix, with diagal elements as
In equation 2.8, the proportionality matrix candadculated based on the result of equation
2.6. Therefore, (n-g)*3 unknowns of currents camdzkiced into the number of reference currents.

Put equation 2.8 into equation 2.7 to get equaion

| abc | abc

pmu_ branch pmu branch U abc
|abc - I abc :Y abc pmu (29)
ref _branch ref_ branch branch U abc
| abc AI abc i
i_branch ref _ branch

Putting unknowns on the left side of equation,egptation 2.10
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| abc (2 10)
abc — abc abc abc .
A - Ybranch relfJ_:inch - Ybranch Upmu+ I_i branch
Then unknown quantities, reference three-phasemisrand three-phase voltages at buses without

PMU, can be calculated by equation 2.11 with legsare estimation.

| abc

ref _branch - inV(CT C)CT R (211)

abc
U i

Here, matrix C is

Matrix R isy®© —U?ac°c 4+ |a¢

branch pmu i branch

Then, the three-phase current can be calculatedjbgtion 2.7.

2.3 Three-phase power flow with tie line

It is unusual to find a totally islanded power syst Even by term of country, lots of
countries have their power system connected tesystem of neighboring countries. DVP 500kV
system is the target for the project. Since DVResysis connecting to several others utilities. The
imbalance cannot be treated only by its unbalatr@$mission line, but also contains the influence
of boundary tie lines. The goal of this sectiomoigprovide the algorithm of three-phase power flow
with tie lines. Imbalances are caused by unbalanegttions from boundaries as well as the
unbalanced parameters of transmission lines.

In DVP 500kV system, boundaries are the lines cot@e500KV substation to substations
at different voltage levels and substations owngdother power companies. The model used

multiplies positive sequence tie-line currents walsumed unbalanced multipliers, which is
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generated by 2% random distribution, to get cus@ffphases B and C. Following are the steps to
get unbalanced power flow data:

(1) List the tie lines of each substation. The criteraf tie lines are: one end of the line
connects to substation owned by companies other Breaninion; the line is not fully
observed at both end;

(2) Get the positive sequence voltages at each substgibsitive sequence line parameters
and injection power (real and reactive) in thdities;

(3) Calculate the injection currents through tie lifssconjugating the result of dividing
injection power with voltages. Couple of substasichave tie lines at different voltage
levels. Use the voltages at corresponding voltagel$ of injection power to calculate
currents.

(4) Build three-phase unbalanced admittance matrix tsgthsmission lines models provided
by DVP, as well as three-phase unbalanced brant¢tixmachieve unbalanced voltage
with admittance matrix and injection currents. Tipabvides the imbalances coming
from unbalanced system models and injections.

Get and save unbalanced power flow data with thheese unbalanced voltage gotten and

unbalanced branch matrix. This simulation is fiedhn PSS/E, python and MATLAB. The flow

chart is indicated in Figure 2.1.
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Import 1-ph P
and Q from excel
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Tmport 1-ph Voltages s gp P oand G, get
of 21 buses from injection matrix
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i i
Dmport thres- et Injection Cienerste random
phase TLs infa. Cwvvent Tnfl_1 = numbers (2%~
{eonj{Ing/V) B0y
1 T

Get 3-ph v

admittance 3-ph injection

matrix Ya_3 current Injl_3

) 1
Get 3-ph voltages Get 3-ph branch
V_3 (1,21*3) matrix
- o Yhranch_3 |
) I
It
Gt 3-ph power
flow1_3
!
Pick up the PMU
thanaels
mieasurements and
save into excel

Figure 2.1 Flow Chart of three-phase power flow simlation

To simulate high quality data and make it closa teal case, we need understand where the
errors come from. The Gaussian error of PMUs isghantization error due to analog to digital
converters, which is negligible in well-designedmroercial PMUs. The angle error caused by
synchronization is around 0.00667 degree [28]hia $tudy, we assumed PMU itself is perfect and

its error model mainly depends on the instrumeangformer connected with it, which is in the
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range of [0.988, 1.012] in magnitude and [-2, 2yrées in angle. According to this condition, we
can get measurements from PMUs by Equation 2.5.

M pmu = Rpmu'\/I pf (25)

Here, Mymu is the measurement of two PMUs.

Rmu is the measurement error of PMUs, random in ré@§97, 1.003] and [-1, 1].
My is three-phase power flow data.

PMUs can obtain three-phase measurements andvgogitiasors: both voltage and line
current information. With two PMUs installed in D\&ystem, six 3-phase line currents and two 3-
phase bus voltages are gotten directly from sup€cPAdditionally, the 3-phase voltages at six
buses, the other side of branches, can be caldutgtéine admittance and currents. Therefore, the
unknowns are 27 three-phase voltages and 29 csmetit calculated values of three-phase power
flow data without PMUs and two PMUs’ measurememsults. Using the method described in

section 2.2, the three-phase power flow with paRMUs measurements can be calculated.

2.4 Simulation and results

As one of the nation's largest producers and t@tes of energy, Dominion has ability to
generate approximately 27,400 megawatts, and o@@0&Gniles of electric transmission lines. To
monitor and maintenance such large power netwomxisemely important and very difficult. It
requires a fast and high accuracy method. Now PRtdsnstalling on this power system.

When Dominion’s PMUs and phasor data concentraswes installed in their network
completely, the network power flow data will bees@d from the PMUs measurements. Currently,
only two PMUs have been installed at North Anna 8ady 500 stations since 2010. There are not
enough PMUs to measure the whole system and tleigl@iot enough to analyse and understand

whole power network. In this case, we can calculaése virtual measurements based on the real
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data collected by two existing real PMUs and pofh@wr results. These virtual measurements are
the temporary data sources for calibration propogé all PMUs are installed. Before real PMUs
are fully installed, virtual measurements were w@edo replace PMUs measurements as the power
flow data to simulate a real case. This will hefpta evaluate the calibration results before al th
PMUSs really installed: save time and money.

With the method discussed in above section, threse power flow with imbalance is
calculated by a program in MATLAB. Adding the esdrom instrument transformers and PMUs,
the synchronized phasor measurements are simulEtedesults are presented in figures 2.2 to 2.3.
In figure 2.2, black stars and line indicate the WPheasurements, while red line is power flow
data. Y axis is voltage magnitude in pu unit andxxs is the measurements sequence with A-B-C
phase from bus 1 to 29.

Errors between PMU measurements and power flowhase A are shown in figure 2.3.
Errors are in range of [-0.008, 0.02], and the agererrors of PMU measurements are around 1%,

which is reasonable for commercial PMU's error. rEfiere, the method works well.
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CHAPTER 3 THREE-PHASE TRANSDUCERS

CALIBRATION

3.1 Introduction

Instrument transformers, short for IT, convert thaltages and currents into suitable
metering signals (120kV and 5A), and provide isofatfor lower level system safety. Instrument
transformers are widely used to measure systemtitjgarand manage protection [6]. It decreases
the high level signals (current and voltage) imsraission system side, into suitable low level
signals in monitoring system side and isolatesetht@® sides. According to different input signals,
instrument transformers are classified as voltagesformers and current transformers. A voltage
transformer is installed into transmission systamite primary side, while current transformer is
connected in series with the system element. h&r secondary side, the current transformers are
usually set as 5A rated current and voltage tramsfos are designed for 120 V for rated phase to
phase value.

Voltage transformers are also classified into inidhectype and capacitor type. Inductive
voltage transformer is generally used for voltageels up to 100 kV. When the voltage is above
100kV, capacitor voltage transformer (CVT) is itisth However, (in some cases) inductive
voltage transformer is also installed for more aata metering purposes even at voltage levels
above 100 kV [29].

According to its functions, instrument transformare classified as relaying and metering
instrument transformers. Metering instrument tramsers, which can get measurements for

revenue billing purposes, have high accuracy beiteapensive. Relaying instrument transformer is
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the one widely used to send its measurement for §Melays and SCADA. However, relaying IT
have errors in their ratio magnitude and ratio engthich need to be calibrated by utilities. With
uncelebrated IT, the primary measurement haveshwoth in magnitude and angle. IEEE standard
defines the ratio correction factor as the ratitwieen real IT ratio and the name plate rating, Wwhic
is the ratio between real measurement value anératktvalue. Same as phase angle correction
factor, the correction factor is in range of 394086 (in magnitude), and 2.6 to 10 degree (in angle)
This correction factor can be obtained with on-séBbration test periodically. But this test isry
expensive and time-consuming, so rarely performgditilities. To solve this problem, we will
introduce an automatic calibration method basedPblJs measurements, which can run twice a
day. This technique only requires one voltage sfiamer calibrated in advance. Automatic
transducer calibration improves the reliability pfotection, accuracy of state estimation and
monitoring systems.

An ideal instrument transformer usually has a pnmside value equal to the ratio of
instrument transformer times the secondary sideevas shown in equation 3.1.

I (3.1)

Here, is the primary value, complex number.

« is the secondary value, complex number, meteraddtgument transformer.
R is the ratio of instrument transformennplex number.

All the monitoring and control systems obtaiansmission system measurements from
secondary sides of IT. Accurate metering of imegnt transformer is important for power system
reliability. However, due to lots of factors (suah cost, usage, environment, and so on) real gbtio
relaying instrument transformer is different frote nominal setting. This difference is called ratio

error (RE). In order to achieve correct and adeungeasurements, utilities need to calibrate all th
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instrument transformers periodically to decrease 8&me infrastructures in North America and
Europe are getting old; more than 40% of the stibstéransformers are more than 40 years old in
some utilities [45, 44]. Ideal, instrument transfers can be calibrated by conducting on-site
calibration tests. But in fact, these calibratiests are very expensive and time-consuming [30].
They are rarely performed on a whole system-widdbredion. A remote calibration of transducers
within a substation was introduced in referencd.[Bhis method uses telemetered (unsynchronized)
transducer measurements from system substationsstimate the calibration parameters of
instrument transformers. The method basically daters ratio correction factors of substation
instrument transformers by requiring that Kirchfef€urrent and voltage laws be satisfied. The
method also assumes that precise measurementsdeaiers supplying the substation are available.
Reference [32] focuses on electronic transducersr® in real power, reactive power, and state
variable measurements. It also mentions a lineaasmrement model where the vector of
measurements depends upon the true value of theuneehquantity. Reference [33] which is
closest in concept to the present work, introduaedethod to calibrate instrument transformers
with different load scans based on PMUs measureambni33], the author compared two methods:
the first method uses light load scans to calib¥&ls and heavy load scans to calibrate CTs using
previously calibrated VT results; the second methses the different load scans to calibrate VTs
and CTs at the same time. However, none of thefeeences discussed the concept of three-phase
transducer calibration. We will describe a novalhteque of automatic three-phase instrument

transformers calibration and analyzes its operaiwhresults in this chapter.

3.2 Error models

According to the usage, instrument transformers beapf metering type and relaying type.

Usually, the relaying instrument transformers aedufor measurement functions such as PMUs or
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SCADA. Voltage transformers used on high voltagm:gmission networks are generally of the
capacitive coupled type (CVT). It is known thae t&€VT transformation ratio differs from the
nominal (hame-plate) ratio due to variations inremted burden, equipment age, as well as the
environmental conditions such as the ambient teatpes in the substation. Current transformers
(CTs) in use are generally magnetic core deviceth vmultiple secondary circuits. The
transformation ratio of a CT depends upon the eatoir the connected burden and current
magnitude. Requirements for CVTs and CTs are d@#findEEE and International standards [34].
Deviations from nominal transformation ratios o thstrument transformers are expressed in terms
of a Correction Factor (CF) which is a complex nemblt may be expressed as a Ratio Correction
Factor (RCF) and a Phase Angle Correction FactaC@.

Based on the requirement that the correction factovoltage transformer or of current
transformer should be within the limits [35], IEEBEandard specifies the accuracy class of voltage
and current transformers. Accuracy class is defwwbdn the power factor of metering signal is
lagging with value from 0.6 to 1.0 [34]. Table 3i&ts the correction factor requirements of

instrument transformers under different accuraeg<l
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Table 3.1 The correction factor requirements of ingument transformers under different
accuracy class

Voltage transformers

Current transformers (ratedecih)

Transfor Ratio Ratio
Phase Angle Error Phase Angle Error
mer class| class | Error ( class Error (
+ degree) + degree)
%) %)
X and
3P 3 2 3~10 2~6.7
Relaying T
6P 6 4 C 1 1.04
Metering 1.2 1.2 1.04 1.2 1.2 1.04
Metering 0.6 0.6 0.52 0.6 0.6 0.52
Metering 0.3 0.3 0.26 0.3 0.3 0.26
High-
0.15 0.15 0.104 0.15 0.15 0.104
accuracy
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From table 3.1, relaying instrument transformesgeh3% to 10% Ratio Magnitude Error
and 2 to 6.7 degrees Phase angle Error. Considetimgerror, the relationship of measurement and
true value can be written in equation 3.2:

# 01 g (3.2)

Here, X is the true value of the input signal of instrutgeansformer in per unit.

s IS the measurement of instrument transformer frupé.

# is the correction factor of instrument transfornmeper unit.

IEEE standard C57.13.6 [37] specifies the methathtibrate instrument transformers in the
field to get the value of,. The standard also states that instrument tramsfer should be
calibrated periodically to ensure accurate meterdg-site calibration is the most direct way to
eliminate the biased measurements introduced bgrni@gt instrument transformers. Unfortunately
this method requires the transducers to be takeof@ervice for calibration. The on-site caliboati
Is an expensive and labor intensive process.

Errors made by a PMU consist of three parts: (rsrintroduced by ratio correction factors
of the instrument transformers, (ii) errors caulgdhe quantization of the Analog-to-Digital (A/D)
converter, and (iii) errors caused by GPS synchadiin uncertainties. Modern PMUs commonly
use 16-bit Analog-to-Digital converters, althoughadlder instruments a 12-bit converter may be
used. For a 12-bit A/D converter the standardaten of the measured phasor magnitude’s errors
in per unit is around 0.825xP(36]. For a 16-bit A/D converter the phasor estiion error is
negligible. Phase angle errors in PMU measuremerdy be caused by inaccuracy of time
synchronization. When GPS synchronization is ltds, PMU provides an indication of this fact,
and the corresponding phasor is considered invatid is rejected at the source. When GPS

synchronization is present, its accuracy is.1PMU phase angle errors due to uncertaintids ®f
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are assumed to be less than 0.021 degrees foHa 6@stem. In practice the GPS system delivers a
more accurate synchronization, and one may assbomelhiase angle error to have a standard
deviation of 0.0067 [37]. Equation 3.3 represehésdrror caused by PMU.
& #a!l sea (3.3)
Here, , is the true value of the input signal of PMU peitun
s¢ IS the measurement of PMU per unit.

# is the correction factor of PMU per unit.

The input signal of PMU is the output signal of trngnent transformer. That is the
measurement of instrument transformegr equals the true value of PMU’s input signalg .
From equations 3.1 to 3.3 we can get the error tnafdée final measurement and the true value in
following equations:

#1 ge #o# gl #

As discussed, relaying instrument transformers ha&#é( 10% ratio error antd 2°( 6.7°
phase angle error and PMUs have errors which madgstdistribute with 0.825xF0deviation and
angle distribute in range of * ° . From these values, it is clear that the tranederrors are the
major source of PMU measurements error. In nexspealibration results are calculated under two
conditions: (1) consider error of instrument tramsfer as the overall error in measurement; (2)
consider PMU'’s error besides that of instrumemigfarmer.

In power systems, every substation has at leastlwae-phase potential transformers (PTs)
or three-phase capacitor voltage transformers (GVWiietering voltages at each levels, and every
transmission line has one three-phase currentftnamers (CT) installed at its two ends to meter the

current in two directions as shown in the two Isusgstem in Fig. 3.1.
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Figure 3.1 A two-bus system

In the two buses system, transmission line is nemtlak common three-phasenodel with
three-phase inductance ( ), three-phase susceptance ( .. ). Its three-phase unbalanced
transmission line model with phase and mutual iraped, susceptance. Calibrated high-accuracy
Potential transformers are installed at bus p amghator voltage transformer at bus q. Current
transformers CTs meter the current in two diredi¢from bus P to Q, and Q to P). If all the IT is
perfect, the difference between voltages at bust ppas g can calculated.

The parameters of atype transmission line model are given in equati(®4) - (3.7).
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Ba + Bab + Bac Bab Bac

po po po PO po

abc __ ab b ab bc bc
B = B B’ + BY+ B B (3.6)
ac bc c ac be
BpO BpO BpO + BpO + Bpl)
a ab ac ab ac
Bql) + BqO + BqO BqO BqO
abc __ ab b ab bc bc
qu - qu qu+ qu + qu BqO (37)
ac bc c ac be
BqO qu BqO + BqO + qu

In equations (3.4) - (3.7), the variables are d=fias:

Z—Line series impedance matrix

Y—Line series admittance matrix

B—Line shunt susceptance matrix

p, g subscripts—Bus index

a, b, c superscripts—A, B, C phase index

Three-phase voltage transformers (PT @ud) are connected at each of the two buses in
figure 3.1. Three-phase current transformers (GFg)connected in series at each terminal of the
transmission line. Three-phase PT is installethust P providing three-phase voltagg , and
three-phase CVT is at bus Q getting three-phasagm®|. . PT, inductive transducer, is more
stable and accurate than CVT. Three-phase cumaméformers are installed at both sides to obtain

current from P to Q ( ) and current from Q to P_( ) respectively.

According to Ohm’s law, the voltage differencewbtbuses equals the voltage drop caused
by current flowing through the line resistance. yasg all of the measurements are accurate, the

relationship between the network currents and gekds given by equations (3.8) and (3.9):

a a a ab ac a
qu EPO qu ZPQ ZPq I PQ
b b ab b be | b
 ~  Spo pq pa pa PO
c c ac be c | c

q0 po pq Pa pa po [ [ 0 [

B;b B E;
(3.8)
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a a ab ac a a ab ac a
po qu pq pq Pq l qe 9 B B E
b _ b ab b bc b ab b be b
Epﬂ - EqO qu qu qu lqﬂ B@ Bﬁ) B@ E@ (39)
E c Ec ac Zbc c I c Bac Bbc ; c

0 40 o Lo L a8
However, error exists in relaying instrument transfer ratio. The currents and voltages
used by PMUs, whose errors basically come fronrunseént transformer, is not the true value of
currents and voltages in the system. To make dutheameasurements reflect accurate state of
power system, instrument transformers need to bleraeed periodically. In next section, a novel

three-phase calibration method will be presentéis method is labor-free, automatic and accurate.

3.3 Three-phase transducers calibration

In last sections, the functions and relationshipnstrument transformers and PMUs are
discussed. Since the errors in instrument transforsnd PMUs affect the measurements in power
system and need to be removed by transducer dadibrat present, utilities calibrate instrument
transformers by in field tests. Almost entire inlysalibrates instrument transformers based on a
differential measurement which compares the unkntvamsformer with a reference transformer of
the same ratio. The most common method of comparssto connect the two transformers together
to meter the difference between the two secondarsents or voltage [38]. Another calibration
technique is proposed as self-calibration of imegnt transformer [39]. In that paper, zero-point
test, artificial offset test and ratio meter test aequired to calibrate transducers by themselves.
However, both of these two calibration method needet the calibrating instrument transformer
out of service and need lots of time and labor. Rilgh cost of calibration frustrates all utiliti€go
solve the problem, a novel three-phase instrumranstormer calibration is discussed in this section
This calibration technique is labor-free, can ofeeras often as twice a day without requiring
transducer to be taken out of service.
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First, the method will be explained based on the Ihws system. Equation (3.10) and (3.11)
are the reformulated version of three-phase voltagp equation (3.8) and (3.9).

/. I +_.0. . /1 (3.10)

I /. +_0. .. [ 1 (3.11)

T

Here, “abc” superscripts —Three-phase vector ofsmeament X: x* X" X°

“p”, “q” subscripts — Bus index

|~ —three-phase voltage atbus p: / [/

/. —three-phase voltage atbus f: /. /.
— three-phase current flowing from bus p to bus q:
— three-phase current flowing from bus q to bus b:

In section 3.2, the measurements obtained from PMbtgain errors from instrument
transformers and itself. The measurement of ingnintransformer is the device dominant error
23 plus random measuring err@r in equation 3.12 and 3.13. Combine the dominanar end
random error together to get the ratio errorg;of, 2  as in equation 3.12 and 3.13. The ratio
errors of current and voltage transformers are dexnpumbers, which consist of magnitude ratio
error as real part and phase angle ratio erranaginary part.

v = diag(ef)") "+ e (3.12)

= diag(€™) ™

abc

3.13
:diag(qalbc)loabc_'_eabc ( )
— diag(aabc) Ioabc

Here

33



X* 0 0
D: diag(X*)— 0o X" o0
0o 0 X°

According to equation 3.12 and 3.13, the true valusignal equals ratio correction factors
times the measurements.
/ 50# 5 1/ (3.14)
504 1 (3.15)
Here
subscript “0”: the true value of input measurensgnal
# . three phase ratio correction factors vectorusfent transformer
#5; :three phase ratio correction factors vectoralfage transformer
: the true value of three-phase currents vector
| :the true value of three-phase voltages vector
: three-phase current measurements vector
| :three-phase current measurements vector
Put equations 3.14 and 3.15 into equations 3.10 Zadd to get the relationship of
measurements in equations 3.16 and 3.17.
50#5. 1/. 50# 3 1/, + . 050#_ 1. . 50#; 1/ 1 (3.16)
504 1/ 50# 5 1. + _ 050#. 1. . _ 50#; 1. 1 (3.17)
Instrument transformer calibration is to calculdie values of RCFs#( #5; ) in above
equations. PMUs provide voltage and current phassasurements at the rate of 30 measurements

per second. That means the set of measurementer(tand voltage phasors with the same
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timestamp) in equation 3.16 and 3.17 are all kndwrihis chapter, the parameters of transmission
lines are assumed to be accurate and represetinéhenodel perfectly. Actually, these values
provided by utilities may contain lots of error, isth would be considered in the next chapter. Only
unknowns are ratio correction factors in these goos with measurements and line parameter
provided. To calculate these unknowns, we needdooviat least one bus three-phase voltage, which
requires one voltage transformer be calibratedcamdobtain accurate voltage. This calibrated three-
phase voltage transformer is called reference fomamgr. However six equations are not enough to
solve nine unknowns. In order to get enough equosatiose PMU measurements under different
load scenarios during short time period. The widad diversity is the more accurate results are.
PMU measurements under n different load scenarmage 6*n equations in Equation (3.18).

D(KGWVqr = DKV~ Z B D(Kof 1 28 B "BD(K JV ¥

DKV, = DKV ZGUD(Kf 1 % B (K IV, 3.18)

D( KabC)V abc — D( K ()V ZabC( D( Klpqr,) I abc _ B pabD( K V;ty\/ p_atg:

pa_n

D(KabC)V abc _ D(K 3V abc_ qu [X K iqyl ngcn B qaim K V(j)v g 1‘)1

Here,12°,, 122°, V%, V21 PMU measurement sets under the first load sienar

1208 e 120% 0, V22, V22 PMU measurement sets under the n-th load scenario

Let the three-phase voltage transformers at buse ghbk pre-calibrated one. The ratio
correction factors are assumed constant during time period. With the calibrated voltage
transformers and PMUs measurements during difféoawt conditions, there is enough redundancy
to estimate the value of ratio correction factdrthe other transducers.

The idea can be clearly explained with the 3-Driggin Fig. 3.2, which indicating the 6*n
sets of equation 3.16 and 3.17. In this 3-D figtine, three dimensions are ratio correction factor o
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voltage transformers at bus p, voltage transforraeisis q, and current transformers from bus p to
g, respectively. Each surface represents one equatider certain load condition. For instance,
grey surface indicates power flowing from p to gtloé first load scan and khaki surface indicates
power flowing from p to q under the n-th load sc@hese n surfaces pass through the same axis
line (black line in the figure). That means thesgiaion can determine the location of the line,
which passes from the point of ratio correctiontdex ¢#; ,#3. ,# _ ) and point (0,0,0). In
another word, only with the redundancy by measurgreets under different load condition cannot
solve the equation and only provide one limitatdithe unknowns that is passing through the black
line in the figure. With the value of one of thekabwns, correction factor of voltage transformers
at bus p#3 ), the location of unknowns can be calculated. Tt explains the conditions to
calibrate three-phase instrument transformersA{lgast one of the voltage transformers need to be
pre-calibrated and can provide trustable measurerf@nNeed to get n (more than the number of

the unknowns) sets of PMU measurements under ereliff load scenarios.
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Figure 3.2 lllustration of equation groups under diferent load conditions

37



Two methods will be introduced to calculate theorabrrection factors: Newton-Raphson
iteration and linear resolution. Linear resolutimneasy to compute and is fast. The Newton-
Raphson iteration resolution is based on the neatinrelationship equations and generally
developed for further application: power system ponents calibration. However, in this part, both
methods obtain the same results.

Linear resolution is to calculate the unknowns hg linear equation. Transform equation
(3.18) into equation (3.19):

D(K\?bC)Ypabc\/paitic: u szbj( Ypabc+ Bqatf Vgibg Q Kiq;ajc | abc

p q q apl

DK™+ BV, DOKFTY, 30, 5% 0 K1,
(3.19)

D(KIV V= DUKEIY BV, DK,

D(KEIY ™+ BV, = DKV, KT

It is assumed that the three-phase voltage tramsfoat bus ‘P’ is pre-calibrated and that its

ratio correction factor is (1.0 + jO) for all thdgses. Using this fact, equation (3.19) can be re-

written as
Vi (Yo' B)D(V,Y)  Zero - I
abc abi abc abc al ab abc
(Yo + BV Y qvlfy o1 Zero K
- Koo (3.20)
ab abc abc abi al abc abc
Yo Voo (Y3+ B jD(Vq_"ri Zero - D(129) K@
(Yoo + BPYV,™: Yoo D(V,) D(15°)  Zero

Here, Zero is the 3x3 zero matrix, zero (3, 3).
Equation 3.20 is the matrix format with existingues in left side and unknowns in right
side. In the equation, the unknowns are 9x1 veictaight side, ratio correction factors: 3 for

voltages at bus ‘Q%, , and 3 each for current transformers at busesrf ‘Q:# . andt_
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Left side matrix is 6nx3, called B here. All thellwas in matrix B can be directly obtained by line
parameter and PMUs measurement. In the right gidegoefficient matrix A, is 6nx9 consisting of
line parameters and PMU measurements. Simply thatien can be written as:
6 7
When more measurements obtained than states aeseefed in the over-defined equation,
least squares is used to get the accurate estimagsults [40]. For linear equation, assuming the
estimated value i, and8 is its corresponding result. The error betweem® &is:
9:<; 6. 8 7 8 . 8
Least square solution is to find the estimate smiuivhich can minimize the error.
=>0. 810 817 . . * 8 8 8
And the optimum solution is:
80 1
Other method is using Newton-Raphson iteration letiem with nonlinear equations.

Equations 3.21 are the nonlinear relationship é&homwns.

l e = -D(N ab%D(KvibaYprV;fﬁ_ D( Niqalftx ch?ﬁszab-ﬁ Bqajm\/glat

ap_1 iqp p q

l o = D(N abaD(Kve;)ba(Y abC+ Bqabivp_albe [x Nipzscq quay(lypqahvglal

pg_1 ipq pa

(3.21)
|3 =D (N ab3 D(K Vz;b()Yabz\/ abe . D( N<ab3 D( szbj(ypgb%— Bqalqu_art])

gp_n igp pg Vp_n igp

15 = D(N)D(K I 7 BV S5 DUN o DK Y 2N, ©
In equation 3.12, the variables are defined as:
#3; ,#3 —three-phase ratio correction factors of voltag&sformers at bus P and bus Q,
complex numbers

@. ,@. —three-phase ratio errors of current transformiensifig in two directions: from

bus P to bus Q and from bus Q to bus P, complexbetsn
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Similar as the linear resolution, reference voltagasformers, which have been calibrated

perfectly, provide a known value of parametgr as 1.0+j0 and get matrix equation (3.22).

g DING) YRV DING) DKF) (%" BV,
abc ab abc ab abc abc ab abg 7 abc
I pg_1 D(N iptD (qu + Bq jVp_l D(Nipq ) D( qu B qu (Vq_l
= + (3.22)
3% DING) YRV DINGY) D(KP) (Yi+ BV
abc ab abc ab abc abc ab abg 7 abc
I pg_n D(N ipq3 (qu + Bq jVlo_ n D(Nipq ) D( qu B qu qu_n

Since the correction factors of transducers rens@ichanged over the time period of the
PMU measurements, the number of equations incress&MUs measure several sets of currents
and voltages. As a result, several scans of phmasasurements provide the essential redundancy to
estimate the calibration parameters accurately. ths number of load conditions scanned
(measured) increases, the accuracy of the cabratsults increases. However, increasing the
number of load conditions increases the time reguio perform this method. A balance between
accuracy and time period is needed. In this sttwiglve load conditions are used for estimation of
the calibration parameters. To solve the non-lireepration, the Jacobian matkk is constructed
by the derivatives of the three-phase current nreasents with respect to the unknown calibration

parameters as shown in equation 3.23

d d d .
d(KZ) ™ d(NZH) T d(Ng)
d | a d | o d | o
d(KZ) ™ d(NZH T d(Ngy P
H = (3.23)
d o d o d
d(KZ) ™" d(NZ) T dNE) T
d o d d .

d(Kvaqu) pg_n d(N_ah:) pa_n d(N,abc) pg_n

P iap

The equation can be rewritten with Jacobian matrbollowing equation:
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Z = HX
For nonlinear equation, assuming the estimatedevislé, and-Ais its corresponding result.
The error between Z anfiis:
9:<: B+ Ac7C 8+ Cc 8
With a reasonable starting value for correctiortdies; usually setting as (1.0+j0) the non-
linear iterative estimation is carried out by theighted least squares technique until the mismatch

becomes smaller than a certain threshold, as sheomv in equations 3.24 through 3.26.

kK _ K
Dz" =2 - 2 (3.24)
DX = (HYW*(H) “(H" w'DZ" (3.25)
DX = (IK™)" (™" (mx)" ' (3.26)

In equations 3.24-3.26, the variables are defirsed a

“k” subscript—Thek-th iteration of the weighted least squares process

Z:Sl —The estimated current measurements that chande thé estimated values of

correction
X — The factors for each iteration
Dz —The mismatch vector of the transducer corraedactors

W —The covariance matrix of the PMU measurement vezto

When the mismatch between the correction factoth@flast two consecutive iterations is
negligible, the final calibration factors are act@d.
This section introduces three-phase instrumentstoamers calibration methods and

conditions in a two-bus system. In this two-busteys (fully observed by PMUs), all the
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transducers can be calibrated automatically by omlg pre-calibrated voltage transformer. Both

linear resolution and Newton-Raphson iteration iobthe same results. PMU measurement set
under different load scenarios need to be providedrder to achieve enough redundancy. Least
Square solves the equation group constructed by Ridbasurement set under different load scans.
During the period of all the load scenarios, th#orarrors of instrument transformers are assumed
to be the same. As a result, the time period nedaketshort to ensure that condition. Besides this
assumption, the power system transmission linenpetiexr provided by utility is assumed to be

accurate. However, it's unrealizable to meet tisisuanption and needs to further study in the next

chapter.

3.4 Simulation and results

Three-phase instrument transformers calibratiora itwo-bus system is presented in the
section 3.3. This technique is based on only oeecplibrated three-phase voltage transformer and
PMUs phasor measurements under different load scahis simulation of the three-phase
calibration technique has been applied to Dominaginia Power’s 500kV transmission network.
Firstly, the three-phase calibration will be dey&d from a two-bus system to n-bus system. Then,
apply the method to DVP 500kV network and analyeeresults.

It is known that the measurements in power systemnaccurate and cannot reflect the real
operation states, even measurements obtained blyaoosrate measuring device such as a PMU.
It's because the input signals for PMUs or RTUs edrom instrument transformers and instrument
transformers contain errors in the ratio. In ordeget the true states of power system, instrument
transformers need to be calibrated periodicallye Tethod discussed in last section can calculate

accurate three-phase voltages and currents witprérealibrated voltage transformers at one bus.
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Put this calibrated two-bus system into a commastesy. Figure 3.3 is the diagram of general
power system, with n-buses and m-branches. Thd Boés indicate one set of transmission lines

and the dotted lines mean multiple lines exist here

Figure 3.3 Diagram of general power system
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Three kinds of substations exist in the diagrara:réd bus (bus p) with pre-calibrated three-
phase voltage transformers; the purple buses (baadgbus r) directly connecting to the pre-
calibrated bus; and the black buses connectingpaadtalibrated by more than one branches. In
order to calibrate instrument transformer at certaibstation, this substation should connect to the
pre-calibrated bus through one or multiple branchdsch is called “connection tree” here. These
branches forming the branch tree connect the eaiity bus to the pre-calibrated one need to be
observed by PMU.

In the system, the branches connected to the reddus p) and purple bus (bus q) are the

same as the two bus system in section 3.3. Equatiihis made for these branches.

\paVis (Y+ B™D(VY)  Zero - O 13
abc ab abc abc a ab abc
(Y, *+ B, °)Vp_1 Yoq E(Vq_f) 0 Ipq_j) Zero Ky
= Kif;zc (327)
abi abc abc abi a abc abc
qu°\/p_n (Y + B jD(Vq_br) Zero - D(1,.7) Kgp
(Y2e+ BV Y2 D(V,™) D(1%)  Zero

For branches connected to black bus (bus s) amdepbus (bus q), the equation are written

in equation (3.28).

Zero(3,1) - Y& DV (Yo% BMD(VYY Zeo R Ig) K e

Zero31) (YF*+BIMID(VD - YLTHVA)  WG)  Zero |

—_ va

- K'abc

Zera(3,1) YDV (Y BIID(V,)  Zero D(1i”°) i abe

Zeao(3D (Y + BP)D(V - YOV 0139  Zero s
(3.28)

Only with the equation 3.28 the ratio correctiootéas cannot be solved. But the equation
for branch with pre-calibrated bus, equation 3.28ghe ratio correction factor for bus q. That

means put these equations together; all the unkseiawilh be solved. Equation is for the branches
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with only black buses.

Zerq(3,1) - YDV (Yo% BIID(VY)  Zero 1 8 sy I

Zero3,1) (Yo' + BYID(V, - YV, o2 Zero Kg;c

= K\;rtl)c

Zerq(3,1) - YDV (Yo BYID(V,™)  Zero  D(I2) ™

Zero(31) (Yo + BYID(VE™ - YDV 2% D(I 2),  Zero inm
(3.29)

These branches are connected to the pre-calibbatgavith the connection tree. As long as
getting all the equations for the branches of threnection tree, all the unknowns of ratio corrattio
factors can be solved by the combined equations.

After getting the equations for these three kinfdsranches together, both Newton-Raphson
iteration and linear resolution can be applieddioieve the final results. The three-phase instrumen
transformer calibration is implementing in DVP 500kystem. One line diagram of the DVP
system is shown in Figure 3.4. Dominion VA PowesB0kV network, a regional EHV power
highway, is one of the most important component®aminion’s transmission system. Accurate
measurements on this 500kV network allow for adeuraonitoring, protection, and reliability of
Dominion’s entire system. Phasor measurement angdevices that can measure very accurate,
time-synchronized power system phasors, calledrsppbasors. Dominion’s installation of PMUs
on its 500kV network will allow for greater relidity and stability of its EHV backbone. Much of
this reliability and stability will come from theavious synchrophasor applications that will analyze
and report on Dominion’s 500kV synchrophasor datse focus of this study is the transducer
calibration application, which uses PMUs measurdmand a very accurate potential transformer

(PT) to calibrate all of the other instrument tfansiers in the network.
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In DVP’s 500kV system, PMUs will be installed owbe whole network within next a few
years to allow for complete system observabilitiirée-phase current and voltage phasors at the
buses and branches shown by solid lines in Fig@a® measured directly by PMUs. Other buses
and branches shown by dotted lines can be indyretiterved with DVP’s PMU installations. The
three-phase high accuracy voltage transformershwiniwe been calibrated on-site and have known
correction factors are installed at bus 14. Différeneasurement sets corresponding to different
loading conditions are created by simulations foe tvinter season by varying the loads and
generation in the system. Average 24-hour loadhtian in the winter season for the DVP system is
shown in Figure 3.5. The heaviest load is 98% &aedightest load is 32% of the maximum load.

In simulations, three-phase load flow data for elaeld scan are assumed to be true values
of system measurements. PMU measurements are ethtaynapplying the error models to the true
values. The magnitude and phase angle of the waassl correction factors were randomly chosen

from a uniform distribution with limits shown in Dk 3.2.
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Figure 3.5 Average 24-hour load curve in the winteseason

Table 3.2 Complex CT and VT ranges for RCF and PACF

Voltage transformers

Current transformers

(rated current)

Phase Phase
Ratio Angle Ratio Angle
Error Error Error Error
(degree) (degree)
[0.94,1.06] [-4,4] [0.97,1.03]| - [2,2]
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Twenty-four hour winter load (light and heavy) sagas between 00:00 am to 12:00 noon
are used to obtain the CT and CVT RCFs. The A/Bveder and GPS synchronization errors in
PMU measurements have been assumed to be negiigitile first set of simulations. In a second
simulation run, the errors made in the PMU measargmwith error discussed in section 3.2 are
added to the measurement set used in the firsiationo. The errors are also made up of two parts:
errors in magnitude and errors in angle. The magdeiterrors are simulated in standard distribution

with deviation as 0.825 10° for a 16 bit A/D converter, and angle errors amestandard

distribution with mean as 0.0216 and deviation &®@0&7 for 1us GPS error. All magnitude

correction factors are in per unit and angle caivadactors in degrees.

3.4.1 Simulation case 1: Errors due to RCF only

In this simulation error source in PMU measuremeéstthe ratio correction factors of the
transducers. Figures 3.6 and 3.7 show the differdretween assumed magnitude & phase angle
correction factors and estimated correction factofsCVTs. Calculation were performed in
MATLAB using double precision arithmetic. As notkdfore three-phase voltage transformers with
RCF of 1.0 and PACF of 0 degrees are assumed lmchted at bus 14. It should be noted that the
errors in estimation of RCFs of CVTs are of theeordf 10" per unit as PACFs are of the order of
10* degree. Similar results are obtained for RCFs ak@M3 of current transformers. The next set
of simulations includes PMU errors as well, andRIF and PACF errors are shown there for those

simulations.
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Figure 3.8 Three-phase CTs RCF estimation errors
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Figure 3.9 Three-phase CTs PACF estimation errors
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3.4.2 Simulation case 2: Errors when PMUs inctied
In this simulation PMU measurement errors have ksited to the errors caused by the
RCFs of current and voltage transformers. Figurd® &nd 3.11 show the different errors in
estimated MCFs and assumed PACFs of CVTs. Figufes éhd 3.13 show the different errors in
assumed MCFs and assumed PACFs of CTs.
It can be seen that errors in CVTs’ and CTs’ cdivecfactors are in the order of $@Gnd
10° respectively. When PMU errors are considered aotided in the measurement process, the

resulting estimates have errors of the same orfdled®MU measurement errors.
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Figure 3.11 Three-phase CVTs estimated PACF errorwhen PMUs errors are included
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CHAPTER 4 CONDITIONS OF THREE-PHASE

INSTRUMENT TRANSFORMER CALIBRATION

4.1 Introduction

Phase instrument transformer calibration methodudised in last chapter is based on two
important assumptions:

1. The ratio correction factors of all the instrurh&ransformers in system are assumed to
remain constant during the time period, in whidtedent load scenarios are taken;

2. The -model parameters of transmission lines are ace@mdugh and perfect to represent
the real work status of lines.

The first assumption ensures that the equationaddrby different loads share the same
unknowns. However, the ratio correction factors r@lative to lots of factors: temperature, load,
time of usage, and humidity. It's hard to identifshether the ratio correction factors fluctuate
during the time period. The influence of differdoad scenarios, temperature and length of time
period will be discussed in this chapter. A propasalso designed to minimize the variation of
ratio correction factors based on real-time syncizex phasor measurements. The second
assumption assumes that the unknowns in the equat® ratio correction factors. Actually, the
parameters of transmission lines are provided lkijtied. The values are calculated based on
commercial software packages such as Advanced r8ysi@ Power Engineering (ASPEN) with
inputs as diameters of conductors, materials, migtaand so on. There is no doubt that the input
parameters might be inaccurate, even if we didcoasider the manual data entry mistakes. After a
software package receives these inputs informatiaons the parameter calculation based on the
equivalent equation, which cause errors to thel foadculation results. These indicate the line

parameters provided by utility are not perfect ejiotio run three-phase instrument transformer
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calibration. Moreover, the parameters themselveg owentain larger errors than ratio correction

factors.

- J

Figure 4.1 Average 24-hour temperature changes imé winter season

4.2 Load scenarios division influences on three-pise instrument

transformer calibration
It's clear that solving k unknowns needs k non-teipe equations. To estimate k unknowns,
more than k non-repetitive equations are neededthfee-phase instrument transformer calibration,
synchrophasor measurements under k different loaditton can give k set of three-phase network
equations. In a system with n-buses and m-brancmesset of equations contalDE (three phases
Ohm’s law equations for two directions) equationthWDE F GH Glunknowns. When there are
k sets measurements with different load sizesntimbers of equations increaseDdE !l  still

with DE F GH G unknowns.
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The system implementing the calibration method B8sbus 36-branch. With k load
scenarios, there would be 216k equations with 30owns. This conclusion is based on the
assumption that during the time period of k loadsnarios, the ratio correction factors of all the
instrument transformers keep constant. Howeves, dssumption may not be true. Ratio correction
factor is influenced by load, temperature, timeiqeerand so on. To ensure the ratio correction
factors are constant, these factors cannot vagy lerge range. On the other hand the calibration
results will be more accurate when the load scamy largely. This section will discuss the
dilemma and determine the optimal method to chémese scenarios. The system used to research is

the DVP 500kV system. As a part of the project, derview applications are as shown in figure

4.2.
Dominion System Calibration System Based PMU Measurements
Generate
500 kV system | Correct factors | Evaluate the
topology for IT 1 results
(RCF&PACF) -
h
: Three-phase “PMU” Calibrated RCF
» Paramete > )
Line Parameter Bower flow measurements &PACF

! | 1

Load active Power Three-phase U Iy OpenPDC

and Reactive | &l

_| Three-phase IT
Calibration

Figure 4.2 Dominion system and its calibration sysim
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Firstly, the influence caused by the number of Isadnarios is presented here. The same
load record as shown in figure 3.5 is used in #tigly. Loads vary from 28% to 98% of the
maximum load during 24-hour. Least squares teclnigan be estimated when the equations
number larger than the number of unknowns. Theeefvren only two sets of load conditions could
get the results. To identify the relationship beswéhe number of load scans and the result, tie rat
named load-to-result ratio (LTRR) is defined asnhenber of equations provided by different load

scenarios divided by the number of unknowns, retivection factors needed to calibrate.

KILIM
KLNOP O 4-1)

J%
Here, LTRR is the load-to-result ratio;

m is the number of branches in the system;
n is the number of buses in the system;

k is the number of load scenarios.

4.3 Three simulations with different load-to-result ratio

In this part, three simulations are compared wiffeent load-to-result ratio (LTRR): two
load scans with load sizes as 28% and 62%, four $oans with load sizes as 28%, 48%, 62%, and
78%; and five load scans with load sizes as 28%%,48%, 78%, and 92%. The load-to-result
ratios of these three cases are 1.425 for two $cads, 2.851 for four load scans and 3.564 for five
load scans.

Figure 4.3 to 4.6 show the simulation results wiitffierent LTRRs respectively. The results

show the errors between the calibrated ratio cboredactors and the real ratio correction factors
obtained in the simulation. The figure 4.3 is aalted magnitude correction factors of three-phase

voltage transformers under three load cases: tagslgcenario, four loads scenario, and five loads
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scenario, respectively. In these three cases,rtbeseof magnitude correction factors distributed i
a range of [-1.5x18, 1.5x10%], which is the range of random errors caused byJBMhe number
of cases do not have signicant influence on thaltes

Figure 4.4 is the second group, comparing phasée argyrection factors of three-phase
voltage transformers under three cases: two loadsasio, four loads scenario, and five loads
scenario, respectively. In these three cases, rioesein angle distributed in a range of [-1%10
2x10°% degree when we have two loads, in a range oflp2, 2x10°] degree when we have four
and five loads.

Figure 4.5 is the third group, comparing mangnitadeection factors of three-phase current
transformers under three cases, two load scendhie® load scenarios, and five load scenarios,
respectively. In these three cases, the errorsaginitude correction factors distributed in range of
[-6x10* 2x10%, which is the range of random errors caused byJBMrhe number of cases do
not have signicant influence on the results.

Figure 4.6 is the fourth group, comparing phaseleargrrection factors of three-phase
current transformers under three cases. In these ttases, the errors of magnitude correction

factors distributed in range of [-0.04, 0.03], whis larger than voltage transformers.
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Figure 4.3 RCF errors of voltage transformers whemwe have two loads (a), four loads (b), and

five loads (c)
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Figure 4.4 PACF errors of voltage transformers wherwe have two loads (a), four loads (b),

and five loads (c)
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Figure 4.5 RCF errors of current transformers whenwe have two loads (a), four loads (b), and
five loads (c)
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Figure 4.6 PACF errors of current transformers whenwe have two loads (a), four loads (b),
and five loads (c)
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Based on the simulation results above, cleatlye LTRR affects the accuracy of calibration

results. The main difference between regular smudif equations and least square estimation is that
estimation has more equations than unknowns, ieratlords, the LTRR for estimation should be
larger than one while LTRR of regular equals onee Simulation above compares the results with
LTRR equals 1.425, 2.851 and 3.564. The first gae LTRR as 1.425 contains one outlier, which
is ten times larger comparing with the others. Tbeiation for the second case is much less than
the first one. The errors of the second case &ie tie term of Q. That's because LTRR larger
than two means there are at least two redundafaiesch unknown. When LTRR is smaller than
two, some of the unknowns only have one equatitwe. drror of the one equation will account on
the result of the unknowns. Therefore, the LTRRRudth be larger than two. The last case with
3.564 gets similar result as the second case WitRR.as 2.851, more accurate result although.
However, the difference between the second casé¢hantthird case is negligible. When the number
of load scenarios increases starting from four,difference between the latest two cases becomes
less observable. Therefore, four load scenariosuggested to get desirable result.

Load varies from 28% to 98% during 24-hour as showiigure 4.1. After determining the
proper number of load scenarios, how to chooséailneload scenarios is the question which needs
to be answered. Three cases are compared in #uasdion: four light loads as 28%, 33%, 37%,
and 40%; four gradually increasing loads as 28%,48% and 92%; and four high loads as 90%,
92%, 96%, 98%.

As shown in Fig. 4.7, the errors of magnitude adrom factor (from voltage transformers)
fluctuate between [-0.5x10) 0.5x10°] with light loads and gradually increasing loadhile the
value is from [-2.5x18, 1.5x10°] with high loads. That means the load scenaria i&ctor of

influence on the errors of magnitude correctiondaof voltage transformers.
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As shown in Fig. 4.8, the errors of angle corrattiactor of voltage transformers fluctuate
between [-8x17, 4x10% with light loads, while the value is from [-1.584, 2x10% with gradually
increasing loads. However, in the case of highdp#tke errors of angle correction factor of voltage
transformers is between [-10x105x10%. That means the errors of angle correction factor
voltage transformers is bigger with high than th&ie with light loads.

Fig. 4.9 shows the errors of magnitude correctiactdr (from current transformers) is
between [-5x10, 4x10 with light loads, while the value is between [14X, 2x10% with
gradually increasing loads, and between [-4%#X10% with high loads.

From Fig. 4.10 we can see, the errors of angleecban factor of current transformers
fluctuate between [-4x1%) 3x10% with light loads, while the value is [-3xT0 1x10% with
gradually increasing loads. However, in the caskigh loads, the errors of angle correction factor

of voltage transformers is between [-2%10.5x107).
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Figure 4.7 The errors of magnitude correction factofrom voltage transformers: (a) with four
light loads; (b) with four gradually increasing loads; (c) with four heavy loads
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Figure 4.8 The errors of angle correction factor fom voltage transformers: (a) with four light
loads; (b) with four gradually increasing loads; (¢ with four heavy loads
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Figure 4.9 The errors of magnitude correction factofrom current transformers: (a) with four
light loads (b) with four gradually increasing loads (c) with four heavy loads

68



(@)

(b)

(©)

Figure 4.10 The errors of angle correction factor bcurrent transformers: (a) with four light
loads; (b) with four gradually increasing loads (c) with four heavy loads
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4.4 Line parameter influences on three-phase instiment transformer
calibration

After the influence by the number of load scenarths deviation of load scenarios and the
temperature in last section, the assumption thatdkio correction factors remain constant during
the time periods of different load scans is analyaed solved. In this section, another assumption
for the line parameters will be analyzed. Calilmatresult is desirable in DVP 500KV system and
already has been reviewed in previous reports. keweén previous reports, calibration is operated
with accurate transmission line parameters, whschot the case in the real world. The goal of this
task is to figure out how errors in transmissiore Imodels influence transducer calibration result.

First of all, use accurate transmission line modeld get calibration result. Then, apply
errors to line models by timing resistance, impegamand susceptance with different error
multipliers, which are 5% and 10% independently.T&€Vmagnitude correction factors calibration
results are shown in Fig. 4.11. And the compariaamong CTs’ magnitude correction factors

calibration results are illustrated in Fig. 4.12.

(@)
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(b)

Figure 4.11 The errors in magnitude of voltage trasformers: (a) with 5% line error; (b) with
10% line error
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Figure 4.12 The errors in magnitude of current trarsformers: (a) with 5% line error; (b) with
10% line error
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Fig. 4.11 to Fig. 4.12 indicates that CVTs calilmatresults do not change as errors of line
models increase. The errors between estimated ®YHs and true CVT RCFs keeps in the term of
10"2 which is small enough to ignore. However, th®mrr of line model have dominant influence
on CTs’ calibration result. It's obvious that tleers of calibration result are corresponding whid t
errors of line parameters. When line models areirate, errors between estimated CTs RCF and
true CTs RCF are negligible in terms of t0ANnd calibration results are almost the same as th
errors of line models, as the errors are 1%, 5%2189d corresponding to the errors of line models
listed. The reason is that linear method is usedalibration with voltages at one substation
accurate, which ensures the voltages calibratieult® should have the same accuracy as the

reference voltages. That means current measuremuerd take over the total line model errors.
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CHAPTER 5 THREE-PHASE LINE PARAMETER
CALCULATION WITH INSTRUMENT TRANSFORMERS

CALIBRATION

5.1 Introduction

Transmission lines which connect generators andsloare one of the basic and important
components in power system. There are two typesaosmission lines, the overhead lines and
buried cables [43]. Overhead lines are mainly usddansmission most power systems wherein up
to 99% lines are made of the overhead lines. Buaydies are popular in distribution system and are
found mostly in large cities or under waterways][Zlfansmission lines consist of conductors,
insulators and shield wires. Almost all power sgsteodeling, analysis and control applications
require line parameters, which directly affect dinait the accuracy and reliability of the results.
Most power engineers do not need to model and ledécline parameters by themselves. Line
parameters are provided by line designer and canitulation programs based on the physical
modeling, tower dimensions and electrical and magfield equivalence.

Nowadays, overhead line parameters are usuallyngatavith computer programs. Some of
these programs may still be based on handbook fasnbut most of then use more general
computer-oriented methods which are valid for amynber of phases and ground wires at any
frequency [40]. Transmission line parameters coraigesistance, conductance, capacitance and
inductive reactance. The values depend on lotsaofofs: spiraling, temperature, frequency,
magnetic and electrical factors, environmental dies;t mechanical factors etc. Resistance and
reactance are called series impedance and are edodglphysical parameters (length, distance to

ground, distance among each phase, cross-sectem amaterial resistivity and etc.). Shunt
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admittance consists of conductance and capacita@@®aeductance is due to leakage currents at
insulators and to corona, and is usually neglec&uint admittance is also determined by lots of
factors: electric field, voltage level, distance cang each phase, material characteristic, and
environmental factors. As discussed, line parareedepend on lots of factors. It's too difficult to

figure out a highly accurate equivalent calculatoynphysical modeling and measurements. Lots of
researches are ongoing to improve the accuracynefgarameters calculation, and the method
becomes more and more complex with full considenatof electric-magnetic field analysis

especially under complex situations. Reference f#&HEcribes a versatile digital computer program
for calculating electromagnetic and electrostatarameters for an un-transposed section of
overhead line. Applications to current distributicglectromagnetic and electrostatic unbalance,
voltage gradients on conductor surfaces, and gihalblems are discussed. The analysis of high
frequency wave propagation in overhead lines ov&erai-infinite homogeneous earth is discussed
in reference [42]. Nowadays, the common programg stil be based on handbook formulas in

computer-oriented methods which are valid for amynber of phases and ground wires at any
frequency. Obviously, the line parameters thusiobthmay not be accurate. It's generally agreed
that 2% to 15% errors exist in line parameters usgditilities and the errors highly affect the

accuracy of applications, such as state estimapiaiection relay settings, and modeling. To solve
this problem, a novel method of line parametersutation method is introduced in this chapter.
Instead of calculating from physical and electriagnetic modeling, the new method uses the
measurements of synchronized PMU with requiremeht two pre-calibrated instrument

transformers in the system. The new method wiltlearly discussed in following sections.
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5.2 Line parameter calculation with instrument transformer calibration

In three-phase instrument transformer calibratiing parameters: series impedence
(BRST U FV7 ), and shunt admittance ( W FV6 ) are assumed to be accurate, at
least the errors should be minor enough to ignbemt comparing with errors of instrument
transformers. However, these values provided Hitiesi could be much more inaccurate than the
ratio errors of instrument transformers, and defigi need to be calibrated first. Section 4.3
discusses the serious errors caused by line paaneetors on the instrument transformer
calibration result. In order to get correct instemh transformer ratio correction factors, line
parameters need to also be calibrated. The metbodalculate accurate line parameters and
instrument transformer ratio correction factorslwe presented in this chapter. Like three-phase
instrument transformer calibration, line parametslculation with instrument transformer
calibration is introduced with a two-bus system.eTdifferences about the two-bus system, as
Figure 5.1, used in chapter 3 and here are: (1skumt conductance, which is ignored in most
research as well as in chapter 3, is considerethis research in order to get accurate line
parameters; (2) the line parameters in thmodel are all unknowns and need to be calculated.

parameters provided by utility are ignored.
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Figure 5.1 Two-bus system modeling of three-phaseahsmission line

Unlike traditional line parameter modeling procesfswhich the choice of model process is
determined by the line length (medium, short amdyliine), the line model can be set asodel. In
other words, the only information of the line pasders in the two-bus system is the model-is
model line models. Three-phase voltage transfornagids current transformers are installed to
monitor the currents and voltages in the systemed4phase voltage transformers are installed at
bus P and Q, and three-phase current transformera@nitoring currents flowing in both directions.
PMUs receive the signal from the secondary sidesrasfsducers and calculate them as phasor
measurements with time-stamps. The phasor measntesnsent to PDC at a rate of 30 data per
second. In order to explain the method clearly tt@bus system is simulated as

) F)Y YZF)Y ) ZF) zZY

+ X )ZF)Y )YZF)ZY )ZF)*Y [,
YZF)YZY )ZF)* ) *F)*Y

) F)zY ) ZY )Y
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)Y ) ZY ) F)zzY
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The voltage drop equation can be written in equabid

Joo0, o+ _0. 11 (5.1)
/| 1. +_.0. I 1

T

Here, “abc” superscripts —Three-phase vector ofsmeament X: x* X° X°
“p”, “q” subscripts — Bus index
|~ —three-phase voltage atbus p: / [/
/. —three-phase voltage atbus f: /. /.
— three-phase current flowing from bus p to bus q: |
— three-phase current flowing from bus q to bus b: _
+_ — three-phase impedance of line pq , - FVv._
— three-phase shunt admittance of linep,gq. W FV6
The voltage and current measurements from PMU dasxaxtly reflect the real values. Real

values equal measurements times error correctaiaria Equation (5.1) is written as equation (5.2)

/\#3- /_ # 3’ /’ + - O#’_ - , #3’ /’ 1 (5.2)
#s | # 3 /. + . 0# B U B §
Here#3; ,#3 — three-phase error correction factors of voltagasformers at bus p and bus q;
#3
diagonal matasx_  # 5 5,
# 3
#  ,#_ — three-phase error correction factors of curreansformers monitoring
#
direction from p to g, and from g to p; diagonaltmaas_  # X

#

In equation 5.2, all the parameters except voltge current measurements received from

PMUs are all unknowns. To solve the equation, astléwo ratio correction factors: the voltage
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transformers at bus p and the current transforméfrsdirection from p to g, need to be known in
advance. That means one of the voltage transforamet<urrent transformers need to be calibrated
by utility to make sure the accuracy of their meaments. Actually, the accuracy level of these two
pre-calibrated instrument transformers should be alecuracy level of the final results: line

parameters and ratio correction factors. Using faist in the equation 5.2 that i,

X [, and#; X [.

Put the value into equation 5.2

#, /. 1+ _0. [ 1 (5.3)
I #a 1.+ _ O# . . #; 1 1

N

Reform the equation 5.3 as 5.4

OF+ . 1 # 3 +
/ OF+ . . 1 | + _ #

(5.4)

This equation differs from the equation in chaf@erthe equation above in equation 5.4
contains unknowns in each part of the polynomidlatTis, F+ _  ,#3 , and +_ are all
unknown variables. Therefore, no matter how marditexhal equation groups can be provided by
different load scenarios as in chapter 3, the unkisoare still unsolvable. When the least square
method is applied as in chapter 3, the rank ofHheatrix in equation 3.23, Jacobian matrix, is
always less than the number of columns.

To solve the equation group, the basic idea g the hidden condition which can provide

extra relationship among unknowns. Firstly, make tlwvo equations containing the same items.

Multiply 0 F+_ _  1in the first equation in equation 5.4, to get émum5.5
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OF+ . . 10F+. 1 OF+ _ . 1# /.
a 0F+ . . 1+ (5.5)
/. OF+ . . Ik /. + _ #_

In the -model of transmission line, the shunt admittanaesthe both ends are the same.

That is

To simplify the problem, the tap trasrsfiers are not considered, for the case b
Replace, by . and get equation 5.6

OF+ _ . 1/ OF+ _ . 1 /. OF+ _ _ 1+ (5.6)
/ OF+ . . 1 | + _ #

AN

Using replacement principle as equation 5.7:

P 0OF+ . . 1#
g g (5.7)
gF+_ . h
:I e} 0 F+ - - 1+'_
C it #
Put the replacement into equation 5.8,
A ol /. o -
/. /. P - (5.8)

In equation 5.8, there are four unknown matriced each unknown matrix contains nine
unknown elements. Therefore, 36 unknowns need tsobeed with 6 equations. As discussed in
previous chapters, load scenarios provide additieqaations based on PMU measurements under
different load cases. When n load scenarios arsechto geD !j equations, n needs to be at least
equal or larger than 6. The recommendation value lolad scenarios is 18. With n sets of PMU

measurements, the number of equations in equatiis fncreased to 6*n in equation 5.9.
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' /. |
k k k

> /.

c |/ /. i

Here, 170°,,12°°, Vo, VP PMU measurement sets under the first load saenar

| abc | abc Vabc

2 lave VAP VA PMU measurement sets under the n-th load scenario

In the simulation of two-bus system, Table 5.1slidte load scenarios used with instrument

transformer errors considered.

Table 5.1 PMU measurements simulation with 18 loasican

Load
Phase I, gim I &im - &lm -, &m
Scan
Magr | Angle | Magr | Angle Magr Angle Magr Angle
p.u. | Degree| p.u. | Degree| p.u. Degree p.u. Degree
A O LT I T O $ !
1 B #os#" : $$ " " $#
¢ L o#g ! $# |1 $ %
A $# #l1# IS # # I$ $
2 5 s | s | o# |# $ $49
|l s st sH st | @ :
Al ms |ss s sl $ |#$ 4t
3 Bl ok oss 1 # s |1 431"
¢ $ ! " # #1|"M$' S #Hi#
4 A $ 1 | I $$ # I#
B #H# ## "1$$ M ol
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¢ LS S# | #sH| M| e | #
A $ # $|$! # # "I $# HH#
5 B "l "l # $#! $ I "# $i#
¢ ST TR # $ #
A "l | $" I ¢t H# BH#S | "#$
6 B # Hit 53 "#S$ #H#'# $ " #
¢ 51 5| #s $
A $$ " ! $! #$ $ 3 "H#" # 3"
! B # $! #1$ I $! ! "l # " Ul
C ! #" I# I ! "#$ HHS #
Al vl e g8 8 | #s $ 14
8 B ls & 8 sw| ss |14 | s
c $ ! ! ! % H#t
A "l # # #3$" #H#l
9 Bl wu las  |ss #$%|  $$ | $#$
C st s e sl o 5 '3 " g
A ! #1$$| $# " s | 3
10 S T e S BRI #$ I #
s s T S I #HS
A $ 41 s s [ $ $#
11 B $1 14 #" B $ #
= B 1mis| # $ | $"$
" A 1 # $1$ ! ! $
Bl s |# 458 s# | # $$!
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ol veoou ss o ss |tsm | s $ " #
A LBt S$# #S W | ### $$ |
13 B 4 #HE S I8S 1 $$ !
Sl s | #) % |1 # |ss
A "l #Ht # $#1$ # I
14 B g $$ | 3! 413
C #" "l # # 1% "$ I# "$!
A #o#r #0189 | $35| 8 | #
15 B $ #" Hit I#|$ $! "H#" # H#
C # 1! $"B $ " #" # ! $#"
A #$ # i I # "l $ $
16 B 4 |#" B $# | 9! ") #$$
¢ s Sl s# s$| s | & 4
A $ # ! "t $ #!
17 B # 0 |ws s w1 @ $! "
S O g s e '$
A ! " #' S A" ! # # s #
BBl ks $U$3 N #
= L H # S# | v# | $$ "

The four unknown matrices can be calculated bwisgl equation 5.9. With the

measurements listed above, the four matrices degnelal in equation 5.10.

n*1G )IF) Y )GF)Y
X)GDF) *Y n*F)]Y )DG ) Y [
YZF) Y )*F) GY )n GF) GY
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JNDGF ) \GY ) IDF ) *Y ) D*F) *Y
X )oF)*Y )NDZoF) \Y )GDF) *Y [

)NoF ) *Y )¥GF) \Y )o\F) GY 5.10)

)nF)nZGY )IDF)Y )IDF) JoY
o X )IDF)Y )YGF)GnY )]\F) GGY [
)IDF)JoY )NF)GGY ) oF)HY

) F)n\zY )ZF)nnY ) ZF)]Y
i X)InF)nY )ZF)\Y ) ZF) nY [
YZF)NY )ZF) nY )*F)\WY
Next step is to calculate the line parameters atw rcorrection factors by the four

calculated matrices in equation 5.7.

- Fag . - Fg . - Fq . +. +.
+_ p.-Faq. - Fa . - Fg .r pt. tor (5.11)
- Fa . - Fa . - Fa . +. +.

Here, R is the resistance of transmission line
X is the reactance of transmission line
Superscript a, b, ¢ indicate self-valfieach phase
superscript ab, ac, bc mean mutualevdietween every two phases
+_ , composed by resistance and reactance, is thessenpedance of transmission line. The
impedance matrix is symmetric with six elements.

s Fq., s Fq s FqQ.. , , ,
ps Fq s Fq | s Fg.. r p. - o
s Fqg.. s Fq., s, Fg.

(5.12)

Here, G is the shunt conductance of transmissian li
B is the shunt suspectance of transmidsien
Superscript a, b, c indicate self-valtieach phase

superscript ab, ac, bc mean mutualevdtetween every two phases
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composed by shunt conductance and suspectanceheisshunt admittance of
transmission line. In the-model, the shunt admittance at the two sidesasfsimission line equals
each other, which is the half of the shunt admétaof the line. The admittance matrix is symmetric
with six complex elements. Unlike in most documeantsl research shunt conductance is assumed
ignorable, this method considers the value of cotahce in order to get the most accurate line
parameters.

In equation 5.7, there are another two unknowmiriat . and#;. .#_ is the diagonal

matrix of three-phase current transformer ratiaextion factor with direction from bus q to bus p,
and#;. is the ratio correction factor diagonal matrixtimfee-phase voltage transformer installed at
bus g. Three-phase voltage transformer at bus greicalibrated as well as current transformer

monitoring direction from bus p to bus g.

#',
# p # r
#
#a
#y # 3 :
# 3
Using the identity for invertible matrices A and B61 : . According to the

replacement equation 5.7, the inverse matrix of fieplacement can be written as:

0 F+. . 1 ? #3 OF+_ _ 1 (5.13)
Multiply the equation 5.13 above into the seconaaeement in equation 5.7:

#3 OF+. . 1 gF+_ . h" (5.14)

And get ~ #3 OF+. _ 1
The replacement equations become:
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. 0F+ . . 1#

o#a OF+. _ 1 (5.15)
o O F+ - - 1+’_

C it #
In the simulation,
JWZF)\ny )*ZF) * )YGGF) Y

o X)G\F) GY )nnF) ]JY )o*F) Y [
) ZGF) Y ) GZF) ]t )no)\F ) nnY

Becauset;. Y diagonal matrix. The inverse matrix of diagonakm is the reciprocal of

each element.

— {
\1#3- 7
\/ 7
#3_ \/ " 7
v #3- 7
7
#3_&
Replacingd F+_ . 1las W, the equation becomes
£ |# 3-
o #a3 |
- o I+,
ci t. #

Extend the matrix into elements with W andshown in Equation (5.16),
I N
Xt
R B
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T

£ #

A # 3|

d

A .O # ol .O

d ' #a|!
Q # 3 | Q

fa)

a < H#al K

MR

A -

d # 3-|

c = #al S

(5.16)

f o | EHs

d Q | "€#3_

A

A Q.O | _O€#3'

d QI | |€#3_

. Q‘s | Qe#s.

qd o | Ke#a

: g | eH#s

4 Q | TE#s

C Q. | .€#3-

According to these two relationshipgs. , the ratio correction factor of voltage

transformer can be solved. Usually, the magnitudeoarection factor is around 1 and the angle is
around 5 to 10 degree. Therefore, the real paratod correction factor should be larger than zero.
And only the positive result of equation is consadke This is the hidden condition providing extra

relationship among the unknowns and making the eapial to the number of column.

f

A #3. ° ' Q

A

d Q

#a o , Q (5.17)

e Q

A

A

d #3- o y .

c Q
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and

ynon ) JIY
#y X ] )zy [
)nDZ ) J*Y

The value calculated is exactly the simulated rediwection fact of voltage transformer at bus g.

| # 3 o (5.18)
o o q #3 o (5.19)
#+ (5.20)

Put the value into the equations, and calculate

NZ*F)IGY ) *ZF) *Y )GGF) Y
| X )GoF) GY )nGGF ) DGY ) Dn [
YZF) Y )GF) Y )nGoGF) zzY

) F)Y YZF)Y ) ZF) zZY
+. X )YZF)Y )ZF)ZY ) ZF)*Y [
YZF ) ZY ) ZF)*Y ) *F)*Y
)n\Z* ) oY
#.0 X n\y o) Y [
nn ) *Y

With the values of . and W calculated, the shunt admittance can bergbtte

+ _ 0of 1 (5.21)
) F)zY ) ZY )Y
X )zy ) \F)OI\Y ) ZY [
)Y ) ZY ) )ZzZY

Equation 5.18 to 5.21 show the results of ratioexdion factor of voltage transformer at bus
g, the ratio correction factor of current transfernwith direction from bus q to bus p, the line
impedance, and the line shunt admittance. The salakulated are correct, with the same value as

the real values. The accuracy is very high becafisbe zero errors of the pre-calibrated voltage
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transformer and current transformer. For the appba in real word, the errors of results depend on
the accuracy level of the pre-calibrated instrumerisformers. In a two-bus system, when the ratio
correction factors of one of the three-phase veltagnsformers and one of the three-phase current
transformers are pre-calibrated, the line parareetan be calculated as well as the ratio correction
factors of the other voltage transformer and curteansformer. The results gotten by the method
are exactly the same as the true values. It priheesorrection and reliability of the method.

After understanding the calculation method in twtsystem, in the next section, the

calculation in n-bus m-branch power system wilbdizussed.

5.3 Line parameter calculation and instrument transformer calibration
In power system

Last section shows the process of calculating lp@@ameters, impedance and shunt
admittance, during the calibration of instrumer@nsformers in a two-bus system. The method
requires knowing the ratio correction factors ofitage transformers at one bus and the ratio
correction factors of current transformers in omedion. Two-bus system is the simplest system.
The method used in two-bus system will be exteridetle whole system in this section.

Actually, power system consists of numerous two-$ystems connected together. In figure
5.2, the red bus (bus p) is where pre-calibratdthge transformer is installed and the red arrow is

the direction (from bus p to bus q) with pre-califed current transformers.
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Figure 5.2 lllustration of equation groups under dfferent conditions

The impedance and shunt admittance of line pq aleulated with equation 5.21 in last
section. During the process, the ratio correctaetdrs of voltage transformer at bus q and current
transformer monitoring direction from bus g to Ipuare also solved. With the ratio correction factor
of voltage transformer at bus q, the voltage measants at bus g can be calibrated. Therefore, the
ratio correction factor of current transformer fréwnms g to bus s is the missing value to calculse t
line parameter of line gs. Kirchoff's law says ay @aode of the electric circuit, the sum of cursent
flowing into that node is equal to the sum of catseflowing out of that node [15]. Considering the

ratio correction factor of current transformerse #quation of Kirchoff's law is shown in equation

5.22.
#. . F#__ . F#_ . (5.22)
Here:# . , is the ratio correction factor of current tramsfier monitoring direction from
bus g to bus p;
# __,is the ratio correction factor of current trasrsfier monitoring direction from bus q to

bus s;
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#_ , is the ratio correction factor of current trawsgfier monitoring direction from bus q to

bus r;

, Is the phasor measurements of three-phase RMig&toring currents from bus g to
bus p;

, Is the phasor measurements of three-phase RMig&toring currents from bus q to
bus s;

, Is the phasor measurements of three-phase RMiv&toring currents from bus q to
bus r;

1R57is calculated with method in section 5.3. With-paibrated voltage transformer at bus p and
current transformer from bus p to bus g, ratio @dion factor of voltage transformer at bus q
(18%1), ratio correction factor of current transformeorh bus q to bus pT@S}I) and the line

parameters can be achieved. Load scenarios providigply sets of equation 5.22 and form the

equation group 5.23.

RST RST RST RST RST RST
T i’\%d”\%o F T :::ACE”ACE F T 1" n"e

< k k k Kk (5.23)

RST RST RST RST RST RST
T 1 %ar %o P F T 1I"E& EP F T 1he we P

Here, subscript 1, ..., n means the measurementsettaith the n-th load scenario

with 185 pre-calculated and n set of equations, the ratiwection factors of current

R3Tcan be solved based on the equations. Therefoeecurrent ratio

transformerst 8 and t
correction factors can be calculated throughousttstem with Kirchoff's law.

Combining Kirchoff's law and the method in lasttgst for the whole system, the equation
is too complex to be solved. The equations areineat and need to be solved with Newton
Raphson iteration method. However, the equatioméago inverse computation with matrix which
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is too complex to get derivative. The method exmdiin section 5.2 needs to be improved to get
rid of matrix inverse calculation.

In a general system, change equation 5.3 to mebtlee:

# o3 | #ag | o+ O#. . #a3 / 1
n (5.24)
# 5 | F#a [+ _ O# _ o #a 1.1
Change equation 5.24 into 5.25
OF+ _ . IT#; I gF+_ . hity /.
a gF+_ . hm_ # (5.25)
# 3 |/ FQF+_ . h#s [ + .
Let
gF+_. . h#s
£ N (5.26)
gF+_. _ h#;
: o ¢ F+’_ _ h+’_ #’_
c it #
Then equation 5.25 can be rewritten as 5.27
A /. o- (5.27)
# 3 [ F [ i
Replace the matrix @ F+_ . 1las .
£ K#S-
- K #3,
“ o kb #. (5.28)
c i *t. #

With the first two equation in 5.28

k3 k#s. 3.
P k#s. & 3. KHa 1
ks K Ha  iHa
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\Y} 1 }é K1
\Y) K K7
#3 # 3 K T
“#3 #3_ #3 &
I |}< _|2 _ Ky
Vs #3 #ay
" 0
Q K ~ o ~ K 0 Q W Ty
K } i . o} O i K~ iy #Hy  H#3 -
i~ Q } "} ~ Q to Yol Q K
_ _ I \_____ - 7
0Q- Kr-1p "o K1} T oc1F 9F ~ Q1 u#y #y #3 -
\ r} 'T ". 7
v 7
Vs  Hy  H#ay
let@ 09 K-1f 0K} 1 1 9f - Qg

Becauset;. s the ratio correction factor of certain voltagensformer in the system. The value of
correction factor usually has positive real parheiefore only the positive square roots are

considered in equation 5.29.

f . @#,

e - 09 K-1F [00-  °1F 1o K ©°Q
d 0 #y 1 : !

d Z a% =

Ha e - . ' _

N 0 Hy 1R L0 K} b1 20 OMF 001 K1
A

fa| n @% n

d#ts . —

c .0 P %7 - QI1F Ko} 1IF 0 @ 1

(5.29)

k can be calculated by equation 5.30:
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o (5.30)

\i ‘ =
™ é >
~ u_e . =
K Lt — T T
\i =
Ve &2 o0 7
Vo - y

The impedance matrix of line is relative tgand g and# . as shown in the third equation of
5.28, conside# . Y2 2, which is assumed to be uniform matrix in two-Bystem.

+.  + 49

+. K ot pro + 42 (5.31)
+0 +Q 4K

W 0

R K KK KK KK KK KR 9 o Oy

K % i . 0 k 0 i K o # . B

— K K K K K K K K K K K K “'i 'Q o

K K S % K % K_K K S _K K w_O o o 5

Ko S K & k1F KO é % k k1F Eb K K S %1M#r # #
b5 o o,

\#r #; # y

LetT= 0 R kK kIF KOK &k Kk «IF 0k Rl

94



(. PRk KQF OPr (iAF Wik 2@
d - #_ %

o PRk KKWF PRk kklF Ok RRA
4" # %

1o PRk KklF ORk kklF Ok R&A
o # %

do PRk KiAF Wi QUF 08k
o #_ %

d . i . . -

N O K& kiklF i REF 0Rk ki1
e #’_%

o OKk kidF 80k RKF 0Rk «i
4 #_ %

do Oki QMF Ok «/IF 0, R il
e #_ %

d,0 Ok RKIF Ok «klF 0k R
d-- #_ %

d . _ .
d+K 80I|< K I?l}<1F SOKI}< K KlF OOK I? K II<1
c #’_%

And ratio correction factor of current transfornfirerm bus q to bus p is in 5.32.

£H —
’ i

g L (5.32)
a ’ i¢
d# _]n_
c e

For each line pg in the system, the following et can be generated:
1. Voltage and current relationship through the limeguation 5.27
The equations above are representeilly . ¢ | #4h (5.33)
2. Ratio correction factor of voltage transformer imguation 5.29, which is
£.9 . # #4&h (5.34)
3. Equations for g as in 5.30

(5.35)
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£g #& oh
4. Impedance matrix in equation 5.31,
£dc pH#ix Hh (5.36)

5. Ratio correction factor of current transformer quation 5.32,

. 5.37
£ +F #¥%h (®-37)

6. And the Kickoff's law equation to extend the cotremurrent transformers ratio
correction factors in every bus with at least ongent transformer with pre-calibrated

or calculated ratio correction factor in equatio23%b

Exg vy #yy ©h (5.38)

Combining the six equation groups, the final equagroup is present in equation 5.39
a7 (5.39)
The equation group indicates nonlinear relationsimng the unknowns (X), which are the
elements of replacements of ., o ; and g, and the ratio correction factors of voltage and
current transformers need to be calibrated in ys&es, and the line impedance.

Get the derivative matrix H with unknowns,

cC —
«-
Here,
o o1 10 0 g
voo0 o. 1 o 7
«E :: 10 10 0/ . 1 :
« v 0. 1 10 10 3
y o 0. 1 10 ;
\Y 10 10 0/. 1 y
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: ! 10 5
i Y0 o. 1 To I
«oL 10 o 1,
v Ol )]
O -1 10 0 g
«E g 0.1 0
<o v 1o 10 0 . 1,
v Ol Y
v Ot s
«£ w0 1 10 o -
<l e 0.1 w;
vV o0 10 0 1y
. 010 .
«E ol | |-
«#3, “ I / ’ | :
Vo o 1y

In the second equation group in equation 5.29pé#rgal derivatives are listed as bellow:
@y

*®Zn D\—F l®G\ *n—F 90*D GZl

#n¥ ®Do ] n—

1
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*0

prra—
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o}

— 23 27 —_— —_—
«E ° «E. 2 ] 27 «E °,

— ° + . — o __ °
« ]lo *xo ]O « |} * « *]0 ko (e}
«En @
[ )

«#s *

In the second equation group, the partial deriestiof the second equation are listed as bellow:

5 s@P° 1nmnmp Zg n Gop \gG] D1

:IJQ @#ﬁ¥F#L¥ Q@ " G o—
:UK 4y Q7O ‘1
0°H} 4, 0@° D G Z
O°H~ i, O © ] D—

99



° * *
°5
P
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[e]
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o * *
°5
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o
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o
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°5
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o
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o
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[e]
o
S n G o
° Q
[e]
3) G ] D
5 =
_ 2q 2 —_
«E °u «En 77O ;T 5
— L J— _ _ o __
« Z\ * o Z\ u5 « ) * 5 M
«E. °5 . H
« :Z\ * o :Z\ 50

100



«E @*
«Hs3 * MS

In the second equation group, the partial derieatiof the third equation are listed as bellow:
. @iy -

£ Sl '\ Zofp Dgro \“F 1o ? I1

5 . Z D \_
. #y, @% "

o " o¥

1

5 8 . G\
o | #n¥ 0

5 #§¥ .O (o] \1

5 #§¥ ‘® D G Z—

[e]

£ Z n \ D
o * *
[e]

£ o D ] n
o * *
°E
o O
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°E
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°£ * *D O 9
o }
o
£ ] G D
° — * *
°£
o .
o
£ 1V Zo
°© 0
°E 5 o \
o K
°£ Z * ]
o .
_— 21
«E0° ° «£0 2 i£
—— +— - -
« GDn %o GDn ’£ « | * £
«E° °£ s
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«E° @"
[ )
«Hs o * £

After getting all the partial derivatives fr g

£00 #a

kh will be discussed:

. #; #a h
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Next is to calculate the partial derivatives ofdtion £,g ; +. #_ h

%
Gox 9 i
« i *3/4 ’:
€0+ 1
“Go w T 9049 1
«+ i.€0+..- 1

Finally, the last equations of Kirckoff's lafikgtt .= #  ©h

«Ex

«H# $

»Y Y0 ¢ 1

Apply Newton-Raphson lIteration to get the results.
9 8crc 8 c 8 (5.40)
With a reasonable starting value for correctiortdes; usually setting as (1.0+j0) the non-
linear iterative estimation is carried out by theighted least squares technique until the mismatch

becomes smaller than a certain threshold, as sbelonw in (5.41) through (5.42).

DY =Y - ¥ (5.41)

Dx* = (H'wi(HY) " (H % w'DY* (5.42)

In equations (5.41-5.42), the variables are defased
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“K’ subscript—Thek-th iteration of the weighted least squares process

Y! —The estimated current measurements that change thé estimated values of

est
correction factors for each iteration

DY —The mismatch vector of the transducer corredéators

w —The covariance matrix of the PMU measurement veeto

When the mismatch between the correction factoth@flast two consecutive iterations is

negligible, the final calibration factors are act@d.

5.4 Simulation and Conclusion

Three-phase transmission line parameter calculamnuhinstrument transformers calibration
in a two-bus system is presented in section 5.2smution 5.3 showed the method applying in a
normal power system. This technique is based oy onk pre-calibrated three-phase voltage
transformer and one pre-calibrated current transtorin the system. PMUs phasor measurements
under different load scans provide redundant measemt to form enough equations. This
simulation of the three-phase calibration technifag been applied to Dominion Virginia Power’s

500kV transmission network. DVP’s system contaid$8s and 36-branch as shown in figure 5.3.
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Figure 5.3 Dominion Virginia Power’s 500kV transmision network
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The same load curve during 24-hour as in sectiéns3used in this part as well as the error
simulated for instrument transformers. The diffeeeis that in this method all the line parameters
are unknowns which need to be calculated. Thetseatg shown in figure 5.4 and figure 5.5.

In this simulation, error source in PMU measuremasithe ratio correction factors of the
transducers. Results show the difference betwesnnesd magnitude correction factors and
estimated correction factors of instrument transfns and the errors between line parameter
calculated and the line parameter values. FigutesBows the difference between calculated line
impedance and the real line impedance used to gieniree-phase power flow data. Figure 5.4 (a)
is for the real part of line impedance, resistanekile figure 5.4 (b) is for the imaginary part,
reactance, of line impedance. Figure 5.5 shows difference between calculated line shunt
admittance and the real shunt admittance usedrerge three-phase power flow data. Figure 5.5
(a) is for the real part of line shunt admittanaenductance, while figure 5.5 (b) is for the imagin
part, susceptance, of line shunt admittance. THératon results of voltage and current
transformers are shown in Figure 5.6. Calculatioas vperformed in MATLAB using double
precision arithmetic. It should be noted that th®rs in estimation of RCFs of CVTs are of the
order of 10" per unit and the errors in calculated line paranseare of the order of 0 per unit.
The results prove the method is correct to impldraed to apply in power system.

This new method overcomes these disadvantagesrigolar method, which requires lots
of materials properties information. Instead ofca#dting from physical and electro-magnetic
modeling, the new method uses the measuremenigofimnized PMU with requirement of only
two pre-calibrated instrument transformers in tygtem. It is a fast, convenient, and highly efiitie

method. We believe this method will benefit powgstem industry.
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(@)

(b)

Figure 5.4 The error in resistance and reactance fdine impedance R (a) and X (b)
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(@)

(b)

Figure 5.5 The error in conductance and susceptander line admittance G (a) and B (b)
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(@)

(b)

Figure 5.6 The error in magnitude for both voltagetransformers (a) and current transformers
(b) with line calibration
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CHAPTER 6 CONCLUSION

6.1 Conclusion

All measurements in power system, such as RTU meamnts, synchronized phasor
measurements, Frequency Disturbance Recorder (Rzasurements, are achieved from reduced
level signals provided by current and voltage tiamsers [8]. In order to get accurate
measurements, instrument transformers should lierai@d at least once a year. The errors caused
by instrument transformer vary from 0.2% to 10% efepng on its accuracy class. Beyond the
errors existing since the beginning, errors ofrimsent transformer are affected by lots of factors:
environmental factors, time of usage, load varraaad etc.

This work introduces a novel method of three-phasmnsducers -calibration with
synchronized phasor measurements. The method aetdyires one pre-calibrated voltage
transformer, from which PMU calculates high-accyrigee-phase voltages based on the algorithm
installed. This new method is labor-free and lowtcavhich can run as often as twice a day. Based
on the simulation, this method achieves desirabseilts and can be implemented in most power
systems.

The most important part of the dissertation is @fpbase transmission line parameter
calculation with three-phase transducers calibnafidhis creative method proposes a novel way to
calculate line parameters and get much more aecarat reliable results than the traditional method,
which uses electro-magnetic modeling and matehafacteristics. This method, instead of applying
physical modeling to get line parameters, usessyimehronized phasor measurements to calculate
the line parameters. Requiring only one pre-caldatasoltage transformer and one pre-calibrated

current transformer, highly accurate line paransetsrwell as ratio correction factors of transdsicer
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can be achieved. The accuracy of the line parasesedependant on how accurate the pre-
calibrated transducers are. The method is creatieeurate and low-cost, which will have
significant influence on modeling process in pogxgstems.

Simulations of the methods proposed in this thasesimplemented in DVP 500kV system.
Based on the three-phase power flow generatedapteh2, PMU measurements are simulated by
applying timing errors to the power flow resultfir@e-phase instrument transformer calibration has
convincing results with negligible errors. Threeapé line parameter calculation with transducer
calibration is also proven to be accurate. The piammeters calculated are almost the same values

as the real parameters used to generate three-ptrase flow.

6.2 Future work

Further research should be implemented to learndti@ correction factors variations during
one day and one month after all the PMUs instaheldVP 500 kV system. Applying the new line
parameters calculation method, the line parame&@nsbe calculated as often as once every day.
Since the method can calculate line parametergahtime, the line parameters become dynamic
values instead of the static values provided by tiasigner. The factors influencing line parameters
can be further investigated based on the methath as under normal power system operation,
under contingency or events like load shedding,ardér different environmental factors.

However, the method used for calculation three-ptiag parameters has its disadvantages.
Firstly, it requires full observability of PMUs ithe system; secondly, the calculation speed is
limited by the number of unknowns, which is 54 &ach branch. The future work will focus on
how to increase the speed with reasonably reduthegnumber of unknowns. Instead of the
traditional -model of transmission line, it's possible for theethod to calculate self-phase line

parameters with the mutual value converted to éifephase value.
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