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Study of Power Transformer Abnormalitiesand I T Applicationsin Power
Systems

Xuzhu Dong
(ABSTRACT)

With deregulation, diagnosis and maintenance of power equipment, especially power
transformers, become increasingly important to keep power systems in reliable operation.
This dissertation systematically studied two kinds of transformer failure and abnormality
cases, and then developed a new Internet based Virtual Hospital (VH) for power equipment

to help power equipment diagnosis and maintenance.

A practical case of generator-step-up (GSU) transformer failures in a pumped storage
plant was extensively studied. Abnormal electrical phenomena associated with GSU
transformers, including switching transients and very fast transients (VFT), and lightning,
were analyzed. Simulation showed that circuit breaker restriking could be a major cause of
transformer successive failures, and current surge arrester configuration did not provide
enough lightning protection to GSU transformers. Mitigation of abnormal electrical
phenomena effects on GSU transformers was proposed and discussed. The study can be a

complete reference of troubleshooting of other similar transformer failures.

Geomagnetically induced current (GIC) is another possible cause of transformer
abnormality. A simplified method based on the equivalent magnetizing curve for
transformers with different core design was developed and validated to estimate harmonic
currents and MVar drawn by power transformers with a given GIC. An effective indicator
was proposed using partial harmonic distortion, PHD, to show when the transformer begins
saturating with the input GIC. The developed method has been applied to a real time GIC
monitoring system last year for alarge power network with thousands of transformers.

A new Internet based Virtual Hospital (VH) for Power Equipment was conceptually
developed to share experience of power equipment diagnosis and maintenance, and update
the existing diagnostic techniques and maintenance strategies, and a comprehensive
information model was developed for data organization, access, and archiving related to



equipment diagnosis and maintenance. An Internet based interactive fault diagnostic tool has

been launched for power transformers based on dissolved gas analysis (DGA).

The above results and findings can help improving power equipment diagnosis and utility
mai ntenance strategies.
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1:1
0:x

Failed Failed
Equipment Component
| FaultL ocation | | ReportReason | ™
- RepairSite

1:x

Fig.6.9. The failure case model

6.4.3.5. Documentation and Keywords

Equipment diagnosis and maintenance are usually conducted by various standards and
historical experience. Modeling of such kinds of information is necessary to promote access
and exchange of existing maintenance experience.

As shown in Fig.6.10, Entity Keywords defines the glossary of terms used in power
equipment diagnosis and maintenance, which can be categorized into severa types, including
equipment, measurement, catalogue of defects and faults, etc. It is used to index other
entities, such as documentation, measurement techniques, person skills, failure case, etc.
Currently CIGRE Working Group 12.18 is working on systematizing a vocabulary, providing

al keywords used to power transformer diagnosis and maintenance [ GuuiO1].

Entity Document models the document features, such as title, author, and abstract. Entity
DocumentCategory represents the document source, such as standards, white papers,
instrument manus, or textbooks, etc. Entity DocumentType represents the document purpose,
such as measurement, diagnosis, maintenance, equipment design, etc. Entity
DocumentFormat describes the document formats, including text, pictures, movies, etc.

Various documents can be clearly modeled using this package.
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Keyowrds 1x_ 11 Keywords
Type
1:1
ox 11 Document
Document Category
Keyvxiprds Document
X Type
1:1
Document Document
Format

Fig.6.10. The documentation and keywords package

6.4.4. Advantages of the Information M odel

The information model enables constructing the VH based on the Internet. It can satisfy
the information storage, access, and exchange in the power equipment maintenance
community. It can be a complement of the CIM and CMMS. When implementing a relational
database using the information model for equipment diagnosis and maintenance in a utility or
the VH, some information can be obtained from the CIM and CMMS through the views,
such as equipment, person, and measurement.

Equipment diagnosis and maintenance information is often exchanged and shared
between different utilities and service providers, even different countries, with the purpose of
enriching the knowledge and experience of equipment diagnosis and maintenance. Similar to
the CIM-XML, the information model can be represented in the XML RDF data model for
convenient data exchange. For example, a type of power transformers produced by a specific
manufacturer may be installed in several countries with different operation conditions and
environments, al users and the manufacturer will benefit from sharing of the maintenance
experience and failure analysis to update the equipment design and maintenance strategy.

6.5 Internet Based Fault Diagnostic Tool for Power Transfor mer
As an example of software tools available for transformer fault diagnosis in the VH, an
Internet based interactive fault diagnostic tool is developed to remotely diagnose transformer

faults. The embedded kernel in the tool is the Combined Artificial Neura Network and
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Expert System tool (ANNEPS), developed at Virginia Tech for transformer fault diagnosis
based on the dissolved gas-in-oil analysis (DGA) [Wang98 and Wang00]. Before the
implementation of the Internet based tool is discussed, ANNEPS software is overviewed
below.

6.5.1. ANNEPS Overview

DGA is a successful practice in transformer incipient fault diagnosis, which uses
dissolved gas-in-oil concentrations and gassing rates to estimate the condition of a
transformer. ANNEPS takes advantage of the self-learning and highly nonlinear mapping
capability of ANN and the explicitly represented EPS rules in interpretation of DGA data
ANN could also acquire new experiences through incremental training from newly obtained
data samples. The knowledge base of the expert system integrates IEEE and IEC guidelines
and additional human expertise to ensure the available knowledge is used when insufficient
data is available for the ANN training. An optimization mechanism is used to combine the
output of the ANN and the expert system. When EPS detects a fault with high confidence and
experience has shown that it usually does better than ANN for this type of fault, the
mechanism ensures that the combined output of the ANNEPS gains more weight from the
EPS; otherwise the combined output reflects the compromise of the two. The final diagnostic
results are accompanied with maintenance action recommendations.

ANNEPS flowchart is shown in Fig.6.11. It consists of the following function modules:

- ANN-based normal/abnormal classifier, used to screen out abnormal cases for further
diagnosis.

- Knowledge-based normal/abnormal classifier, used to screen out abnormal cases.

- ANN-based individual fault detector, used to detect each fault individually.

- Knowledge-based individual fault detector, used to detect each fault type individually.

- Combined fault diagnosis, used to integrate outputs of ANN- and EPS-based individual

fault detectors.
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- Maintenance action recommendation, used to estimate oil resample intervals and

mai ntenance actions.

Data
Input

v v

ANN Based Knowledge Based
Normal/Abnormal Normal/Abnormal
Classifier Classifier

Y Both indicate “normal”
N
ANN Based Knowledge Based
Individual Fault Individual Fault
Detectors Detectors

v

Combined Fault Diagnosis

|

Maintenance Action Recommendation

Results
output

Fig. 6.11. ANNEPS flowchart

Input data includes all information related to transformer oil samples. Diagnosis outputs
include diagnosed fault type, diagnosis confidence, oil resample interval, and maintenance

action recommendations. The fault types are classified into the following categories:
- Norma (NR)

- Overheating of ail or cellulose (OH)
- Overheating of oil (OHO)
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- Low energy discharge (LED)
- High energy discharge or arcing (HEDA)
- Cellulose degradation (CD)

Temperature range t of OH and OHO are further divided into four regions. t <T1, T1<t
<T2,T2<t<T3,t>T3. Diagnosis confidence is represented by areal value in the range of
[0,1]. Qil resample interval estimation is determined from both IEEE C57.104 and the key
gas DGA method. The result is modified according to transformer size, voltage level, how
critically the transformer is located, and other factors. Final recommendations are closely

reflected in the oil resample interval output.

6.5.2. Implementation of Internet Based Diagnosis Tool

6.5.2.1. Diagnosis Procedure

As shown in Fig.6.12, the diagnostic tool uses Client/Server architecture. Client/Server
describes the relationship between two computer programs in which one program, the client,
makes a service request from another program, the server, which fulfills the request. The
client/Server model provides a convenient way to interconnect programs that are distributed
efficiently across different locations. Relative to the Internet, the Web browser is a client
program that requests services (sending of Web pages or files) from a Web server or submits
a HTML form to the server in another computer connected somewhere on the Internet.

Transformer diagnosisis fulfilled according to the following procedures below:

1). The user anywhere in the world submits the transformer information and test data to
the server at VirginiaTech viaan HTML form.

2). The server parses the HTML form and returns a table including all input information
to the user for confirmation.

3). The user checks and corrects the input information of the transformer, then sends the

table back to the server.
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4). The server prepares the input data file required by the diagnostic module, ANNEPS,
according to the input information, then invokes ANNEPS execution module.

5). ANNEPS reads the input data file and diagnoses the transformer, then writes
diagnostic results into an output file.

6). The server stores all transformer information into an ACCESS database, and sends the

user a Web page to show the diagnostic results. The user can also download the result for

further analysis.

2. InvokeANNEPS>

3. Get the results ANNEPS

4, Store the transformer information

©

Database

1. Input transformer
information

4 5. Display the results

Web Browser
Fig.6.12. Flowchart of the Internet based fault diagnosis tool

Microsoft Active Server Pages (ASP) is used to redlize the functions on Internet. ASPis a
server-side scripting environment that can be used to create and run dynamic, interactive,
high-performance Web server applications. An Active Server Page itself is simply atext file
script with the extension .asp containing HTML, client and server side script in JavaScript,
JScript or VBscript. The implementation behind the ASP page was intended as an open
technology server-side framework, giving web developers the freedom to develop dynamic
web sites using information accessed from the many COM-compliant data sources available

to them [ASPHelp]. Details of this Internet based tool are introduced bel ow.

6.5.2.2. Client Side
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Users from anywhere in the world can access the transformer diagnostic tool via
JavaScript enabled Web browser, either Internet Explorer or Netscape. What users will do is
just inputting the transformer information in an HTML form and obtaining the results from
the browser. The following transformer information is needed for diagnosis.

. Transformer general specifications

“Manufacturer”, “Serial number”, “Capacity”, “Rated voltage’, “Average load level”,
“Oil volume”, “Qil preservation system”, “Age’, “Load tap changer (LTC) location”, etc.,
used for results validation.

. Oil sampleinformation

“Date sampled”, used to set up gassing trend for historical comparison; “Oil sample

identification number”, used for index and documentation.

. Gas-in-oil concentrations and other test data
The gases in oil include CO,, CO, H,, CH4, C;Hg, CoH4, and CoH,. They are the key input

parameters for diagnosis. Other parameters, such top oil temperature, power factor of ail, 2-
furfural, acid number, interfacia tension, dissolved water, O,, N2, polarization degree, and
partial discharge, are important to evaluate the transformer condition by ANNEPS. Users can
input at most two sets of data sampled for trend analysis.

A JavaScript coded subroutine is executed by the user’s browser to check and validate the
input data before the data is submitted to the server. Gas-in-oil concentration data are limited
to 0~100000 ppm.

6.5.2.3. Server Side
The Web server at Virginia Tech is Windows NT Server 4.0 with Microsoft Internet
Information Server (11S 4.0). A JScript subroutine will parse the HTML form from the client

and generate the input data file for ANNEPS at the Web sever, and then another VBscript
programmatic code is used to invoke the ANNEPS module to diagnose the transformer. Here
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a special component, AspExec, is used to invoke the EXE module in ASP environment.
AspExec component is developed by ServerObjects which allows ASP to execute DOS and
Windows apps. The detailed code is shown below.

<%

‘Create the executor object.
Set Executor = Server. Creat eObject (" ASPExec. Execut e")

‘1 nvoke ANNEPS nodul e.
Execut or. Application = " XXX\ XXX. exe"

‘Set execution tineout.
Execut or. Ti mreQut = 9000

‘Check if execution conpl eted.
i nt Result = Executor.Execut eW nAppAnd\Wai t
if intResult = 0 then

0/;'

Here Object Executor is created to execute the ANNEPS module, and then check if the
diagnosis completed. The diagnostic results are written into an output file by the ANNEPS
module. All transformer information, data samples, and user information are saved into an

Access database for retrieval and further analysis.
6.5.2.4. Result Display

The diagnostic results are returned and displayed in the client web browser. Diagnostic
results include diagnosed fault type, diagnosis confidence, retest interval and maintenance
action recommendations.

6.5.3. Discussion

This Internet based tool is the first DGA based diagnostic tool viathe Internet for power
equipment, and can be accessed at http://www.powerit.vt.edu/. The tool has been successfully

used over 450 times over 12 months of international availability, and many users adopted this

site for their routine diagnostic work. This clearly shows the feasibility of such diagnostic
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tools, now what is needed in development of the VH, is to collect such tools to form a

comprehensive diagnosis and maintenance tool for major power equipment.

6.6. Summary

Maximizing the share and exchange of diagnosis and maintenance information as well as
techniques is critical for efficient and cost effective development of new techniques,
modifying and updating the existing diagnostic techniques and maintenance strategies. The
Virtual Hospital (VH) for Power Equipment discussed here meets such a need. The structure,

contents, and operation of the VH are introduced in this chapter.

As akey part of the VH, a uniform information model is developed for data organization,
access, sharing, and archiving related to equipment diagnosis and maintenance. The modeled
information includes equipment and its components, measurement data, failure cases, and
documentation. The sub-models are discussed in detailed. The developed information model
can be a complement to the CIM and CMMS, and satisfy the information storage and

exchange in the power equipment maintenance community.

As an example of diagnostic toolsin the VH, an Internet based interactive fault diagnostic
tool is developed for power transformers. The embedded kernel of the tool is the artificial
neural network and expert system diagnosis tool based on the dissolved gas analysis
information. From anywhere in the world one can access the diagnosis tool via Internet for

their transformer diagnosis.

The VH caters to the deregulation of the power industry, and is instrumental in
reconstruction of utility maintenance management and improving maintenance quality with a
globa approach. In fact, the VH is more than a digital library of existing diagnostic
techniques; it is an Internet based dynamic information center. Many new ideas about
diagnostic and maintenance techniques could be inspired while developing the VH.
Continuous updating and expanding of the VH is necessary and could be later taken over by

anumber of organizations and private sectors.
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CHAPTER 7
CONCLUSIONS

7.1. Conclusions

Two kinds of specific transformer failure or abnormality cases were systematically
studied in the work of this dissertation, including extensive analysis of GSU (Generator-step-
up) transformer failures in a pumped storage plant, and study of GIC (Geomagnetically
induced current) effects on power transformers. Then, a new Internet based Virtual Hospital
(VH) for power equipment is conceptually developed to help power equipment diagnosis and

maintenance. The following conclusions highlight the results.

7.1.1. Analysis of GSU Transformer Failuresin a Pumped Stor age Plant

- The historica GSU transformer failures were extensively analyzed, and effects of
abnormal electrical phenomena on the transformers were discussed. Some suggestions were
given for the troubleshooting of the GSU transformer failuresin the pumped storage plant.

- Special operation features in the pumped storage plant under study were analyzed, and
three kinds of abnormal electrica phenomena associated with GSU transformers were
studied, including switching transients and VFT (Very fast transients) in the GIS, lightning
overvoltage, and harmonics and commutation spikes due to SFC (Static frequency converter)

operation.
- Study of VFT in the GIS showed, frequent VFT is expected to occur when the back-to-
back starting method is used to start units, since disconnecting the floating starting bus is

often done by the DS. The conclusions included:

1). The longer the floating bus is, the more charges remain on the bus, and the

maximum overvoltage and maximum voltage change seen at GSU transformer
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terminals are larger. The maximum VFT peak value can be up to 1.42 pu, which usually

is not large and may not be the direct cause of transformer main insulation.

2). Due to high maximum rate of rise of the VFT and the maximum voltage
change of up to 204 kV, some VFTs may overstress the insulation between transformer

HV winding turns.

3). The following cases will generate higher VFT and requires more attention,
Unit 4 and Unit 5 started by U1, and Unit 3 started by Unit 6. The VFT generated due
to DS restrikes may contribute to the Tr.#4 failure.

- Though CB restrikes occur only occasionally, they do overstress the transformer
insulation due to frequent CB switching in this plant. Particularly, the exposure of the driving
units, Unit 1 or Unit 6, to CB restrikes is more than twice or three times the other units. This

could be amajor cause of Tr.#1 successive failures.

- Frequency scan of the detailed transformer HV winding model showed that several
natural frequencies of the winding are near 80 kHz, which is very close to the cable natural
frequency. It was possible that switching transients and VFT can excite the partial winding

resonance in the transformer HV winding.

- Simulation showed that current chopping due to SF6 CB opening results in very small

overovoltgesin the studied cases, and should have little effects on the transformer operation.

- Simulation of the direct lightning stroke showed that the current arrester configuration
does not provide enough protection to the GSU transformers, making transformer insulation
vulnerable to lightning surges. This can be a possible cause of Tr.#1 HV winding insulation

failure.

- In order to lower the lightning overvoltages at the GSU transformer terminals, an

approach without installation of new arresters was proposed. Simulation showed that, if more
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transformers were connected to the GIS, much smaller overvoltages would appear at each
transformer terminals for a given magnitude of the injected lightning current due to the lower
equivalent surge impedance of the cable. The study indicated that when the stormy weather is
coming, in order to reduce lightning overvoltages at transformer terminals, an effective

aternativeisto run more units.

. Thanks to Sebastian Rosado’s work [Rosa01], ssimulation showed that SFC operation
has little effects on the GSU transformer operation, either harmonics or commutation spikes.

7.1.2. Analysisof GIC Effectson Power Transformers

. To estimate harmonic currents and MVar with only the given GIC and the nameplate
information of the transformer for large-scale network models of sun storm impacts, a
simplified method based on the equivalent magnetizing curve for transformers with different
core design was developed and validated using test results.

- The effect of GIC on transformers with different core design was analyzed based on the
simplified method. The relationship between the harmonics, the MVar consumption and GIC
were illustrated. Simulation showed that the fundamental component of the exciting current
and the reactive power are linear with GIC, making the evaluation of the MVar consumption

directly with the given GIC possible.

- Study showed, partial harmonic distortion, PHD can be applied as a good indicator to
show when the transformer begins saturating with the input GIC. The effect of the
transformer parameters, such as the voltage, frequency, the exciting current, and MVA, on
the GIC induced saturation was a so discussed.

7.1.3. Study of the Virtual Hospital for Power Equipment

- In order to maximize the share and exchange of diagnosis and maintenance information,

modify and update the existing diagnostic techniques and maintenance strategies, a new
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Internet based Virtual Hospital (VH) for Power Equipment was conceptually developed. The

structure, contents, and operation of the VH were discussed in details.

- As a key part of the VH, a comprehensive information model was developed for data
organization, access, sharing, and archiving related to equipment diagnosis and maintenance.
The developed information model can be a complement to the CIM and CMMS, and satisfy

the information storage and exchange in the power equipment maintenance community.

- As an example of diagnostic tools in the VH, an Internet based interactive fault
diagnostic tool was developed for power transformers. The embedded kernel of the tool isthe
artificial neural network and expert system diagnosis tool based on dissolved gas analysis
(DGA).

7.2. Contributions

The major contributions are summarized below:

- A practical case of GSU transformer failures in the pumped storage plant was
extensively studied. Abnormal electrical phenomena associated with GSU transformers,
including switching transients and VFT, and lightning were modeled and simulated.
Suggestions were given for troubleshooting of the GSU transformer failures. Mitigation of
abnormal electrical phenomena effects on GSU transformers was proposed and studied. This

can be a complete reference of troubleshooting of other similar transformer failures.

- A simplified method based on the equivalent magnetizing curve for transformers with
different core design was developed and validated to estimate harmonic currents and MVar
drawn by power transformers with a given GIC. A simple equation is derived to evaluate the
MVar consumption with the fundamental component of the exciting current.

- An effective indicator was proposed using partial harmonic distortion, PHD, to show

when the transformer begins saturating with the input GIC.
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. The developed simplified method has been applied to a rea time GIC monitoring
system in the United Kingdom last year for a large power network with thousands of
transformers [Erin0Ola and Erin01b].

- A new Internet based Virtual Hospital (VH) for Power Equipment was conceptually
developed to share experience of power equipment diagnosis and maintenance, and update
the existing diagnostic techniques and maintenance strategies.

- A comprehensive information model was developed for data organization, access,

sharing, and archiving related to equipment diagnosis and maintenance.

- An Internet based interactive fault diagnostic tool was developed for power transformers
based on dissolved gas analysis. From anywhere in the world one can access the diagnosis
tool viaInternet for their transformer diagnosis.

7.3. Futurework

Some suggestions are given below for the future VH development.

Develop the VH operation strategies for information collection, integration,
consolidation, and dissemination.

. Establish the global maintenance expert pool in the VH as a bridge for members

worldwide to share knowledge and experiences.

- Develop severa information centers of the VH, including education center, standard

center, and typical case center.
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APPENDIX A
TYPICAL SYSTEM DATA OF THE PUMPED STORAGE PLANT

A.1. 345 kV Network
Maximum short-circuit capacity under 345 kV:
- Three phase fault 37645 MVA (*)

- Single phase fault 34223 MVA (*)

Minimum short-circuit capacity under 345 kV:

- Three phase fault 13265 MVA (*)
- Single phase fault 8127 MVA (*)

- Aperiodic time constant 0.07s

- Voltage range in normal operation 327 kV — 362 kV
- Maximum protection fault clearance time 500 ms

(*) These value take into account the short-circuit contribution of the six power units in
Mingtan plant.

A.2. Main Transfor mer

Rated power 300 MVA
Primary rated voltage 16.5kV
Secondary rated voltage 345 kV
Impedance voltage 14.5 % (£7.5%)
(300 MVA basis)
Load loss 1200 kW
Connection Yndl

A.3. Generator/Motor
Generator operation Motor operation
Rated apparent power 300 MVA 300 MVA
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Rated active power 270 MW 288 MW

Rated power factor 0.9 0.96

Rated speed 400 rev/min

Reactances (basis 300 MVA) Tolerance

- Direct-axis synchronous reactance Xd 112.7% +10%

- Direct-axis transient reactance X'y 28% +15%

- Direct-axis subtransient reactance X4 21% +20%/-15%
- Quadrature-axis subtransient reactance X" 23% +20%

- Negative phase-sequence reactance X3 22% +10%

- Zero phase-sequence reactance Xo 12% +15%

Time Constant

- Direct-axis transient time constant in short-circuit T4 24s
- Direct-axis subtransient time constant in short-circuit T" 4 0.052s
- Aperiodic time constant T, 0.31ls

A.4.345kV GIS

Rated voltage (kV) 345
Rated frequency (Hz) 60
Starting bus 2000
Rated normal current (A) Main bus 4000
Feeder 4000/2000
Rated short-time withstand current (kA) 63 (39)
. . Low frequency (60 Hz) 555
Rated insulation level (kV) Impulse 1300
Rated Sk gas pressure Circuit breaker 55
(kg/cm?.G at 20 °C) Others 5.0
Rated control voltage (V) DC125
Standard ANS|

A5, 345 kV 1 x 1250 MCM Paper-insulated, Aluminum-sheathed PVC Jacketed oil-
filled Cable
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Voltage KV 345
Number of core 1
Sectional area of conductor MCM 1250
Oil channel Thickness of helix (nom.) mm 0.8
Inner diameter of helix (nom.) mm 14.0
Shape Stranded circular with hollow
Conductor Material Annealed pain copper
Outer diameter (Approx.) mm 37.2
Thickness of insulation (Including three mm 26.29
layers of carbon black paper) (ave) '
Thickness of insulation shielding mm 0.25
Aluminum Thickness of aluminum (ave) mm 24
sheath sheath '
Thickness of PV C jacket (min.) mm 3.6
Overall diameter of cable (approx.) mm 114
Weight of cable (approx.) kg/m 18
Volume of insulating oil (approx.) I/km 4000
Length m 630

A.6. Station Service Transfor mer

- Rated power 36.66 MVA
(FOA rating)

- Ratio 345kV/13.8 kV

- Impedance voltage 14.75 % (+10%)

- Connection Yndl

A.7. Surge Arrester

- Rated voltage 312 kV
- Nominal discharge current 10 kA
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APPENDIX B

SWITCHING SEQUENCESIN THE PLANT

B.1. Switching Sequence Using Back-to-back

Several switching strategies are used for starting the units at pump mode as shown below.
Here U means Unit and BTB means Back-to-back. The synchronizing requirements of CBs
when switching to the system are that the speed is 400 rpm, the frequency is 60 Hz, and the
output voltage of the unitis 16.5 kV.

B.1.1. Before DS 3635 Failure

1). U2 or U3 started by U1 using BTB, the switching sequenceis:

36*1
36*3 3614 36*5 3615 3610 36*0 3610 3615 36*5
Close Close Close > Close Close Close Open Open Open

* for only U2 and U3.

2). U4 or U5 started by U1 using BTB, the switching sequenceis:

36*1
36*3| (3614 3901 36*5 3615| |3610 360 3610 3615 36*5| [3901
Close| "|Close| " |Close| = [Close| = [Close| " [Close| = [Close| = [Open| = [Open| = |Open| = |Open

* for only U4 and U5.

B.1.2. After DS 3635 Failure

1). U2 or U3 started by U1 using BTB, the switching sequenceis:
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36*1
36*3 3614 36*5 3615 3610 36*0 3610 3615 36*5
Close Close Close Close Close Close Open Open > Open
* for only U2 and U3.
2). U4 or U5 started by U1 using BTB, the switching sequenceis:
36*1
36*3| |3614| [36*5| |3901| (3615 |3610| _[36*0| [3610| |[3615| [3901| [36*5
Closel "|Close| = [Close| ~ [Close| ~ |Close| ~|Close| ~ |Close| =~ |Open Open Open| = |Open

* for only U4 and U5.

B.1.3. After DS 3655 Failure, Only U3 Was Sarted by Ul or U5 Was Sarted by U6

Using BTB.

1). U2 or U3 started by U1 using BTB, the switching sequenceis:

36*1
36*3 3614 36*5 3615 3610 36*0 3610 3615 36*5
Close Close Close Close Close Close Open Open Open

* for only U2 and U3.

2). U4 or U5 started by U1 using BTB, the switching sequenceis:

36*1

36*3| [3614| [36*5| [3901| _[3615| |3610| _|36*0| [3610|  [3615| [3901| [36*5
Close| "|Close| " |Close| ~|Close| " |Close| ~|Close| ~ [Close| = [Open Open Open| " |Close

* for only U4 and U5.
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B.1.4. After DS 3635 and DS 3655 Failure, Only U5 or U3 Were Started by U6 Using
BTB Can Be Used.

1). U4 or U5 started by U6 using BTB, the switching sequenceis:

36*1

36*3 3664 3665 36*5 3660 36*0 3660 36*5 3665

Close Close Close Close Close Close Open Open Open

* for only U4 and U5.

2). U2 or U3 started by U6 using BTB, the switching sequenceis:
36*1
36*3] [3664| [|3901| |3665| ||36*5 3660 36*0 3660 36*5 3665 3901
Close| " |Close Close Close Close| ~|Close Close Open Open Open Close

* for only U2 and U3.

B.2. Switching Sequence Using SFC

Usually SFC1 works for U1-3, and SFC for U4-6. As shown in Fig.1, when using SFC to

start the units, the sequence used in field is:

1). SFC1 starting U4, U5, or U6 (* only for U4, U5, or U6)

270A

36*3

89S*

89S

36*0

Close

Close

Close

Close

Close

2). SFC1 starting U1, U2, or U3 (* only for U1, U2, or U3)

270A

36*3

89S*

36*0

Close

Close

Close

Close
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B.3. Switching Sequence When Disconnecting from the System

When the unit is at generation mode, the unit output is reduced first from 150 MW to 2
MW and 0 MVar, then CB 36*0 (* is1—6) isopened. DS 36* 1 and DS 36*4 are opened
when the speed reaches O rpm.

When the unit is at pump mode, first the unit input is reduced to -100 MW + 10% and O

MVar, then CB 36*0 (* is1—6) isopened. DS 36* 1 and DS 36* 3 are opened when the speed

reaches O rpm.
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APPENDIX C
TYPICAL SIMULATION CIRCUIT
(The example of CB 3610 re-strike when Unit 2 isstarted by Unit 1 using
the back-to-back starting method)

C.1. The Complete Simulation Configuration

The ssimulation circuit includes Fig.C1 ~ C10.

Liao 1

Fig.C1. Modeling of the GIS bus bay to Chung-Liao #1

Fig.C2. Modeling of the GIS bus bay to Chung-Liao #2
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Zca I%
Liao 3

Fig.C3. Modeling of the GIS bus bay to Chung-Liao #3

BU CB1 Ds

SSTR
LIME LIME LIME -
hd = 4 =z
SSTR_]. T Za %N a T
- @ =
Ra

Fig.C4. Modeling of the GIS bus bay to SSTR #1

BU cB2 Ds SSTR

LIME LIME LIME
L Z £ g
SSTR_Z T Za %N a T
= ca =
Ra

Fig.C5. Modeling of the GIS bus bay to SSTR #2
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BUS 2
T HT e
Liao 1 %N Liao_3 N%
LILE LILE _Llfzqe Tyal_?_ LIHE T3 LIEIW*LI_EIEW
= 5 1— A unit2 5
TIHE
= o
Nz
Fig.C6. Modeling of the GISBus 1 and Bus 3
- Zn rZ
SSTR 2 [&4  fBv Liao_2 2n L B - .
W e THE [§ u:r_;m—l_,_ UIEE LiEE UL LI LIE [ TIHE [§{ TIHE -

-

LIME
=z

my
i

4

Fig.C7. Modeling of the GISBus 2 and Bus 4

LIME LIME
=z =

Iin|
U

Unit 1

ni2_4

Fig.C8. Modeling of the starting bus
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TIMEOO TIMEX

Unil 1 TII\IITI..hl: ? TIME
BOUTP TINITI TINIT] = “-t®
UNIZ_O_Xt TIMEO@-=-£2

Fig.C9. Modeling of the bus bay to Tr. #1 and CB 3610

Uni2_4

Fig.C10. Modeling of the bus bay to Tr. #2

C.2. ATP-EMTP Data Filefor Fig. C1~C10

BEG N NEW DATA CASE

C Generated by ATPDRAW MNarch, Friday 2, 2001
C A Bonneville Power Administration program
C Programmed by H K. Hgidal en at SEfAS - NORWAY 1994-98

C M scel | aneous Data Card ....
C dT >< Tmax >< Xopt >< Copt >

2.5E-9 . 0001

500 1 1 1 1 0 0 1 0

TACS HYBRI D
/| TACS
99TI MEOO =TI MEX- 1. OE-5
98RBOUTP =1. 0E10*EXP(-TI ME11/ TCRI Tl)+0. 01
99TI MEL160+TINITI +TIN TI +TI MEOO 1.E-5 Tl MEX
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99TCRITI =1.0E-9
99TINITI =1.0E-9

33RBOUTP

77RBOUTP 1. E10

C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
/ BRANCH

C<n 1> n 2><refl><ref2>< R ><L ><C >
C < n 1><n 2><refl><ref2>< R > A >< B ><Leng><><>0

VAL 1 L1 A 1 8.4 0
L1 A 1L1 A2 350. 0
-1L1_A 2L1 A 3 258. 3.E8 8. 10 0
L1_A 3 . 0001 0
-1L1_A 4L1 A 3 350. 3.E8 6. 10 0
L1 A 4 . 0001 0
-1L1_A5L1 A 4 80. 2.7ES8 1. 10 0
-1L1_A5L1 A 7 80. 2.7E8 1. 10 0
L1_ A 7L1 A8 1.5E-5 0
L1_A 8 1 0
-1L1_A 6L1 A5 80. 2.7E8 6.6 1 0 0
L1_A 6 . 0001 0
-1Liao_1L1 A 6 80. 2.7E8 5.86 1 0 0
-1Bus3_0Bus3_1 80. 2.7ES8 1. 10 0
-1STR2_BBus3_1 80. 2.7E8 4.2 10 0
-1Bus3_1Liao_1 80. 2.7E8 3.75 1 0 0
-1Li ao_1Bus3_2 80. 2.7E8 8. 10 0
-1Bus3_3Bus3_2 80. 2.7ES8 1. 10 0
-1Bus3_2Bus3_4 80. 2.7E8 6. 1 0 0
- 1B3PT_2B3PT_1 80. 2.7ES8 1. 10 0
B3PT 2 . 00015 0
-1Bus3_4Bus3_5 80. 2.7E8 6. 1 0 0
-1Bus3 5Lia2_C 80. 2.7E8 1. 10 0
- 1Bus3_5CB3700 80. 2.7E8 10.5 1 0 0
CB3700 . 0003 0
- 1CB3700Bus1_0 80. 2.7E8 5. 10 0
-1Bus1_OLiao_3 80. 2.7E8 9.1 10 0
VAL 3 L3 A 1 8.4 0
L3 A 1L3 A2 350. 0
-1L3_A 2L3_A 3 258. 3.E8 8. 10 0
L3_A 3 . 0001 0
-1L3_A 4L3_A 3 350. 3.E8 6. 10 0
L3 A4 . 0001 0
-1L3_A 5L3 A 4 80. 2.7ES8 1. 10 0
-1L3_A 5L3 A 8 80. 2.7ES8 1. 10 0
L3_ A 8L3 A9 1.5E-5 0
L3 A9 1 0
-1L3_ A 6L3_A 5 80. 2.7E8 6.6 1 0 0
L3_A 6 . 0001 0
-1L3_A 7L3_A 6 80. 2.7E8 4.86 1 0 0
-1Li ao_3Busl_1 80. 2.7E8 6. 1 0 0
-1Bus1_1B1PT 1 80. 2.7ES8 1. 10 0
BLPT 2 . 00015 0
-1Bus1_1Busl 2 80. 2.7E8 6. 1 0 0
-1Bus1_2Busl_3 80. 2.7E8 11. 1 0 0
-1STR1_BBus1 3 80. 2.7E8 4.2 10 0
- 1DS3501Bus1_2 80. 2.7E8 1. 10 0
-1BUS_2 CB3500 80. 2.7E8 4.8 1 0 0
CB3500 . 0003 0
- 1Bus4_0SSTR 2 80. 2.7ES8 1. 10 0
-1Bus4_1Lial B 80. 2.7E8 2. 10 0
VAL 2 L2_A 1 8.4 0
- 1SSTR 2Bus4_1 80. 2.7E8 3.75 1 0 0
-1Bus4_1Bus4_2 80. 2.7E8 8. 10 0
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L2 A 1L2_ A 2 350. 0
-1Bus4_2Bus4_4 80. 2.7E8 6. 10 0
- 1B4PT_1B4PT 2 80. 2.7ES8 1. 10 0

BAPT 2 . 00015 0
-1Bus4_4Li ao_2 80. 2.7E8 6. 10 0
-1Bus2_1Li a3_C 80. 2.7ES8 1. 10 0
-1Li ao_2CB3800 80. 2.7E8 10.5 1 0 0

CB3800 . 0003 0
- 1CB3800Bus2_0 80. 2.7E8 5. 10 0
-1Bus2_OBus2_1 80. 2.7E8 9.11 0 0
- 1Bus2_1Bus2_2 80. 2.7E8 6. 10 0
- 1B2PT_1Bus2_2 80. 2.7ES8 1. 10 0

B2PT 2 . 00015 0
- 1Bus2_2Bus2_3 80. 2.7E8 6. 10 0
-1Bus2_3SSTR 1 80. 2.7E8 11. 1 0 0

STR2_0 . 0005 0
-1STR2_0STR2_1 80. 2.7E8 5. 10 0

STR2_2 . 0003 0
-1STR2_1STR2_2 80. 2.7E8 2.34 10 0
- 1STR2_2SSTR 2 80. 2.7E8 8.03 10 0
-1STR2_3STR2_1 80. 2.7ES8 1. 10 0

STR2_3STR2_4 1.5E-5 0

STR2_4 1 0
-1L2_A 2L2 A 3 258. 3.E8 8. 10 0

L2_A 3 . 0001 0
-1L2_A 4L2_A 3 350. 3.E8 6. 10 0

L2_A 4 . 0001 0
-1L2_A 5L2 A 4 80. 2.7ES8 1. 10 0
-1L2_A 5L2_A 8 80. 2.7ES8 1. 10 0

L2_A 8L2_ A9 1.5E-5 0

L2 A9 1 0
-1L2_A 6L2_A 5 80. 2.7E8 6.6 10 0

L2_ A6 . 0001 0
-1liao 2L2 A 7 80. 2.7E8 1. 10 0
- 1Bus4_2Bus4_3 80. 2.7ES8 1. 10 0

STRL_O . 0005 0
-1STR1_OSTRL_1 80. 2.7E8 5. 10 0

STRL_2 . 0003 0
-1STR1_1STRL_2 80. 2.7E8 2.34 10 0
-1STR1_2SSTR 1 80. 2.7E8 8.03 10 0
-1STR1_3STRL_1 80. 2.7ES8 1. 1 0

STR1_3STRI1_4 1.5E-5 0

STR1_4 1 0
- 1BC34_3Bus3_3 80. 2.7ES8 1. 10 0
-1Un6B_3Bus3_3 80. 2.7E8 3. 10 0
- 1B3PT_1Bus3_4 80. 2.7E8 1. 10 0
- 1B3PT_1Un5B_3 80. 2.7E8 3. 10 0
-1Li a2_ClLi a2_B 80. 2.7E8 1. 10 0
-1Li a2_CUn4B_3 80. 2.7E8 3. 10 0
-1lLiao 3L3_A 7 80. 2.7ES8 1. 10 0
-1L3_A_7Un3B_1 80. 2.7E8 3. 10 0
- 1B1PT_1B1PT 2 80. 2.7E8 1. 10 0
-1B1PT 1Unit_2 80. 2.7E8 7. 10 0
-1Bus4_3BC34_4 80. 2.7ES8 1. 10 0
-1Un6B_4Bus4_3 80. 2.7E8 3. 10 0
- 1B4PT_1Bus4_4 80. 2.7ES8 1. 10 0
- 1Un5B_4B4PT_1 80. 2.7E8 3. 10 0
~1L2_A 7L2_A 6 80. 2.7E8 4.86 1 0 0
-1L2_A_7Un4B_4 80. 2.7E8 3. 10 0
-1Li a3_CLi a3_B 80. 2.7E8 1. 10 0
-1Un3B_2Li a3_C 80. 2.7E8 3. 10 0
- 1B2PT_2B2PT_1 80. 2.7E8 1. 10 0
-1Un2B_2B2PT_1 80. 2.7E8 3. 10 0
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- 1CB3500DS3501
-1DS3501Un1B_1
-1BUS_2 Bus2_3
-1BUS 2 UnlB 2
-1STAR _OSTAR 1
-1STAR 1U3ST_B
-1STAR_1STAR 2
-1STAR 2Unit_1
-1Uni 2_4STAR 2
-1Uni 2_3Uni 2_4
$VI NTAGE, 1
-1Uni 2_1Uni 2_2
$VI NTAGE, 0
-1Uni 2_4Unit 2
Uni2_4
-1Uni 2_2Uni 2_3
-1Un2LA1Uni 2_3
Un2LATUN2LA2
UN2LA2
UNI1 OUnil 1
Uni2_ 1
Unit_2
-1Uni 1 3Uni1 4
$VI NTAGE, 1
-1Uni 1 1Uni1 2
$VI NTAGE, 0
Unil 4
-1Uni 1_2Uni 1_3
-1UnlLA1Uni 1_3
Unl1LAL1Un1LA2
UnlLA2
Unil 1
Unit 1
XX0297STR2_0
XX0299XX0297
XX0299
XX0303STR1_0
XX0305XX0303
XX0305
TRRR Uni2_1
TR2R
Unil 4Unit_1

. 00106788

80.

80.

80.

158.

80.

. 00106788

80.

80.

1292.
57420.

38109.

1292.
57420.

3819.

158.

99200.
1. E6

91Uni 1_4Uni t _1TACS RBOUTP

/ SWTCH

C < n 1>< n 2>< Tcl ose ><Top/ Tde ><

/ SOURCE

C < n 1><>< Anpl

14VAL_1 0
14VAL_3 0
14VAL_2 0
14UNIT_0 0
BLANK TACS
BLANK BRANCH
BLANK SW TCH
BLANK SOURCE

Uni 1_4Unit _

BLANK OUTPUT
BLANK PLOT

1

BEG N NEW DATA CASE

BLANK

>< Freq.
281690.
281690.
281690.
281690.

><Phase/ TO>< Al ><
60.
60.
60.
60. 180.

7E8
7E8
7E8
7E8
7E8
7E8
7E8
7E8 13.8
7E8 6.
7E8 5.1

11.6

NN
ORUWREW

37.7692

2. 7E8 2.5
. 00015
2. 7E8 1.
2. 7E8 1.5
1.5E-5

. 005
. 00015
2. 7E8 7.

37.7692

. 00015
2. 7E8 1.
2. 7E8 1.5
1.5E-5

. 005
. 00015

le ><Vf/ CLOP ><
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APPENDIX D

INFORMATION MODEL FOR POWER EQUIPMENT DIAGNOSIS AND
MAINTENANCE

D.1. The Class Diagram of the Information M odel

The information model is maintained using UML class diagram, asshown in Fig.D1in
the following page. The class diagram describes the types of information objects related to
power equipment diagnosis and maintenance, and the various kinds of static relationships

that exist among them. There are three principal kinds of static relationships: Association,
Generalization, and Aggregation. Details are discussed in [Dors99].

D.2. Attribute Description of Entities

There are over 115 entities. For each entity, the attributes are shown below the entity title.
All entities are shown in Fig.D2 following Fig.D1.
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Fig.D1. The class diagram of the information model
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«type»
Equipment

+EquipmentID
+EquipmentTypelD
+ManufacturerID
+OwnerlD
+SerialNo
+PlantLocation
+StationName
+ManufactureDate
+InServiceDate

+RemovedFromServiceDate

+UserOwnNo

Transformer

Application
+TransApplD
+TransAppName
+TransAppDesc

ConnectionType

+ConnectionTypelD

Transformer «type»
Type Component
+TransTypelD +ComponentID
+TransTypeNameg -ComponentTypel[
+TransTypeDesc +Equipment|D

+ComponentDesc

WindingConfiguration|

+WindingconID

+HighVoltageLevel

+Frequency : <unspecified> = 6(

Transformer

+EquipmentID
+TransTypelD
+TransApplD
+NoLoadLoss
+TotalLoss
+PhaseNo
+TempRise
+OilWeight
+TotalWeight
-TranscoollD

Transformer

CoolingType
+TranscoollD
+TranscoolName
+TranscoolDesc

Bushing

+ComponentID
+WindingID
+BushingLoc
+RatedKV
+RatedkVA
+BushingTypelD
+BushingMainCapacitance
+MateriallD

+ConnectionTypeDesq +WindgingconDesc
Winding LTCType LTCLocation
+ComponentiD :Sg?p::\?ame +LTCLocID
+RatedVoltage yp +LTCLocName
+RatedBIL
+ConnectionTypelD
+WindingconID
+MateriallD
TapChanger
+GroundingID P 9 CoreType
-RatedKVA +ComponentiQ +CoreTypelD
-Leakagelmpedance +LTCTypelD +CoreTypeNamsg
+WindingTerminallD +LTCL_°CID
+WindingID
Material Core Coreconfiguration
- +CoreConID
+ComponentlD
+MateriallD p +CoreConName

+MaterialNam¢g

AttributeUnit

+UnitID
+UnitName
+UnitDesc

+CoreTypelD
+CoreConlID

Grounding

+GroundingID
+GroundingName

WindingTerminal

PreservationType

+TerminalDesc

+WindingTerminallD

+PreservationTypellQ
+PreservationName

Fig.D2. Entities and their attributes

DiagnosisTool

+DiagnosisToollD
+CompanyProviderlQ
+UserProviderlD
+ToolName
+ToolDesc
+ToolVersion
+ToolVisitCount
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