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The complex and versatile EMTP computer program can help utili­
ties analyze electromagnetic transients, which affect the design and 
operation of power systems. A workbook published in 1986 intro­
duced basic EMTP concepts. To guide advanced users, EPRI and 
the EMTP Development Coordination Group cosponsored the prep­
aration of three workbooks on complicated program applications. 

BACKGROUND Studies of electromagnetic transients were traditionally performed with spe­
cial analog computer models known as transient network analyzers (TNAs). 
In the late 1960s, the electromagnetic transient program (EMTP) for digital 
computers, developed at Bonneville Power Administration (SPA), replaced 
TNAs. This versatile program can be very complex. Workbook I, published 
in 1986, presented basic concepts about these transients and the use of 
the EMTP code, but did not address all program applications. EPRI co­
sponsored an effort to enhance the EMTP code and its documentation with 
the EMTP Development Coordination Group (DCG)-composed of SPA, the 
Canadian Electric Association, Hydro Quebec, Ontario Hydro, the U.S. Bureau 
of Reclamation, and the Western Area Power Administration. Key to this 
effort was the development of reference and tutorial material. 

OBJECTIVES To provide utilities with tutorial materials on electromagnetic transients; to 
illustrate analysis of such transients with the EMTP computer code. 

APPROACH To create EMTP workbooks, the project team developed a series of case 
studies that gradually introduce more-sophisticated modeling of the power 
system. They documented steps for obtaining reasonable values for input 
parameters and prepared templates to facilitate data entry. They also formu­
lated problems to increase user proficiency and provided tutorial information 
on transients. Participants and instructors from an annual course on the 
EMTP code at the University of Wisconsin helped develop and test the work­
books, providing suggestions that were incorporated into the final documents. 

RESULTS Building on the information in the first workbook (volume 1 of this series), 
workbooks II-IV will enable EMTP users to increase their competence in 
this complicated program. Workbook II presents data preparation and 
modeling for cables, electromagnetic induction, and frequency-dependent 
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lines. Other covered topics include statistical studies using the EMTP 
code, circuit breaker models, frequency-dependent source representa­
tion, and insulation coordination. Workbook Ill discusses modeling for 
transformers, synchronous machines, and induction motors and de­
scribes subsynchronous resonance. Workbook IV introduces the use 
of a model in the EMTP code that simulates the interaction of power 
system transients and control systems, the transient analysis control 
systems (TACS) model. It outlines basic TACS concepts and discusses 
TACS applications such as variable load problems, static VAR systems, 
thyristor models, and basic and detailed HVDC models. 

EPRI The EMTP workbook series explains the theoretical basis of transient 
PERSPECTIVE analysis, as well as the practical applications of one of the most fre­

quently used and powerful software packages within the utility industry. 
These workbooks fulfill several crucial rotes. First, they provide an im­
portant guideline for preparing and presenting courses about the EMTP 
code. They also help utility technical staff implement the EMTP code. 
Finally, they form an excellent reference on electromagnetic transients. 

These workbooks are part of a larger effort to improve the EMTP code 
and its documentation. EPRI initiated this effort in response to a survey of 
more than 70 utilities, which indicated that EMTP users considered expan­
sion of this documentation a high priority. The program included revision 
of the rulebook (report EL-4541), the source code documentation (report 
EL-4652), and the application guide (report EL-4650). Other contributors 
included EPRI associate members American Electric Power Company 
and Electricite de France and DCG associate members Central Research 
Institute of the Electric Power Industry of Japan and ASEA Brown Boveri. 

PROJECT RP2149-6 
EPRI Project Manager: Mark G. Lauby 
Electrical Systems Division 
Contractor: The University of Wisconsin at Madison 

For further information on EPRI research programs, call 
EPRI Technical Information Specialists (415) 855-2411. 

0



14170605

Electromagnetic Transients Program (EMTP) 
Volume 3: Workbook Ill 

EL-4651, Volume 3 
/={esearch Project 2149-6 

Final Report, June 1989 

Prepared by 

THE UNIVERSITY OF WISCONSIN AT MADISON 
Department of Electrical and Computer Engineering 

Madison, Wisconsin 53706 

Author 
F. L. Alvarado 

With contributions from 

H- Dommel 
THE UNIVERSITY OF BRITISH COLUMBIA 

V. Brandwajn 
SYSTEMS CONTROL 

Prepared tor 

Electric Power Research Institute 
3412 Hillview Avenue 

Palo Alto, California 94304 

EPRI Project Manager 
M. G. Lauby 

Power System Planning and Operations Program 
Electrical Systems Division 

0



14170605

ORDERING INFORMATION 

Requests for copies of this report should be directed to Research Reports Center 
(ARC). Box 50490, Palo Alto, CA 94303, (415) 965-4081. There is no charge for reports 
requested by EPRI member utilities and affiliates, U.S. utility associations. U.S. government 
agencies (federal, state. and local), media, and foreign organizations with which EPRI has 
an information exchange agreement. On request, RAC will send a catalog of EPRI reports. 

Electric Power Research lnslltute and EPRI are reg16tered service marks of Electric Power Researcn lnstlhfle, Inc. 

Copynght © 1989 Electric Power Rese;,rch Institute. Inc. All rights reserved, 

NOTICE 

This repon was prepared by the organizat1on{s) named below as an account o! work sponsored by the Electnc­
PO'Mlr Research Institute, Inc. (EPRI) Neither EPRI, members ol EPRI. lhe organ1za1ion(s) named below, nor arty 
person acting on behalf ot arJ\I ot them. (a) makes any warranty, express or ,mplied, with respeq to the use of any 
inlormatlon, apparatus, method, or process disclosed 10 tl11s report or tna1 such use may not mlringe privately 
owned rights: or (b) assumes any flabililles with respect to the use of, or lor damages resulting from the use of. 
any information, apparatus. method, or process d•sciosed ,n this report 

Prepared by 
The Unrver54ty ol Wisconsin al Mad)sor1 
Madison, W1sconsm 

0



14170605

ABSTRACT 

Thls workbook is the third in a series of books intended to introduce the EMTP 10 users. It assumes that Lhe user is 
familiar with elementary uses of the EMTP and presents more advanced modeling techniques. Tht! workbook uses a 
case-study approach, where gradually more sophisticated models of lhc same system are introduced. This book covers 
mainly transformers, synchronous machines and induction motors. It includes a description of SSR (SubSynchronous 
Resonance). 

iii 
0



141706050



14170605

TABLE OF CONTENTS 

SECTION 1 INTRODUCTION 

SECTION 2 REPRESENTATION OF TRANSFORMERS: BACKGROUND 

2.1 The Ideal Transformer ......................................... .......................................................... 2- l 

2.2 Low Frequency Models ................................................................................................... 2 • 3 

2.2.1 Transformers as Part of the Network Thevenin Equivalent.. ..................... 2-4 

2.2.2 Simple Admittance Representation ................................................................. 2-4 

2.2.3 Equivalent Circuit Models ........................ .......... ................................................ 2-6 

2.2.4 Coupled RL Models and Impedance Models ..................................................... 2-7 

2.3 Transformer Saturation ................................................................................................. 2-9 

2.4 Eddy Currents ......... .......................................................................................................... 2-10 

2.5 High Frequency Equivalents ..... ,. ....................... .......................................................... 2-12 

2.6 References ........................................................................................................................ 2-13 

SECTION 3 PREPARATION OF TRANSFORMER DATA 

3.1 Simple Two Winding Linear Models .. ............................. ............. ................................. 3-2 

3.2 Using XFORMER .......... ...................................................................................................... 3-3 

3.3 Using TRELEG ................................................................................................. .................. 3-5 

3.4 Using BCTRAN .................................................................................................................. 3-9 

3.5 Using CONVERT ............................................................................... .................................. 3-15 

3.6 Using HYSDAT ................................................ ..................................... ............................. 3-17 

SECTION 4 USING T RANSFORMER MODELS 

4.1 Ideal Single Phase Transformer Example ...... ......................... .................................... 4- 1 

4 .2 Short Circuit Tests using BCTRAN and TRELEG ........................................................... 4-4 

4 .3 Ferroresonance Studies ............... ....................................................................... ............ 4-9 

4.4 Inrush Current Calculations .................. ...................................... ................................. 4 -13 

4.5 References ............ ..................... ...................................................... .......... ....................... 4-17 

V 

0



14170605

SECTION 5 SYNCHRONOUS MACHINES: ELECTRICAL REPRESENTATION 

5.1 The Equalions for lhe Synchronous Machinc ........................................................... 5-1 

5.2 Relationship Between Internal Parameters and Test Parameters ......................... 5-3 

5.3 Units and Typical Valucs ........ .......................... ............................. ................................. 5-6 

5.4 Rcferences ...................................... .......................................... ...................................... .. 5-7 

SECTION 6 SYNCHRONOUS MACHINES: MECHANICAL REPRESENTATION 

6.1 Single·mass Representations of the Machioe ........................................................... 6- l 

6.2 Multi-mass Representations of the Machine ........... .................................................. 6-1 

6.3 Uoits .......................................................... ............. ... .................. ....................................... 6-2 

SECTION 7 USING SYNC HRONOUS MACHINE MODELS 

7 .1 Preparing Generator Data for Use in the EMTP ......................................................... 7 - J 

7.2 Shon Circuit Studies ...... ..................................................... ............................................ 7-2 

7.3 Unbalanced Operation Study ......................................................................................... 7-9 

7.4 A Transient Stability Study ..... .............................................. ......................................... 7-17 

7.5 References .......... ....................... ....................................................................................... 7-27 

SECTION 8 SYNCHRONOUS MACHINES: REPRESENTING THE CONTROL SYSTEM 

8.1 Exciter Control Models Using TACS ...................................................................... .. ....... 8-1 

8.2 Governor Control Models ... .. .......................................................................................... 8-2 

8.3 Studies with Voltage and Speed Regulation ................................................................ 8-4 

8.4 References .................. .. ..................... ............................................................................... 8-14 

SECTION 9 SUBSYNCHRONOUS RESONANCE 

9. 1 Describing the Phenomena ...................... .... .................... .................................... ...... ... 9- 1 

9.2 Systems with Possible SSR ............................................................................................. 9-3 

9.3 A Classic SSR Example ..................................................................................................... 9·3 

9.4 SSR Damping Schemes ................................. ............................................................ ....... 9- J 2 

9.5 References .................. .......................................................................................... ............ 9- l 4 

vi 
0



14170605

SECTION 10 INDUCTION MOTORS AND OTHER MACHINES 

10.1 Induction Motor Modelling ...... ........... ............................. ........................ ..................... 10-l 

10.2 A Motor Starting Study Setup ................................................................... ..................... 10-2 

10.4 References ............................................................................... ......................................... 10- l l 

APPENDIX A TEMPLATES 

vu 
0



141706050



14170605

SECTION 1 

INTRODUCTION 

This volume of the workbook series deals with applications of the EMTP to ttie 
si mulation of power system transient involving machines and transformers. The 
reader is assumed to be familiar with the basics of EMTP simulations, including simple 
models for the representation of machines and transformers. For these basics, refer to 
Volume I of the workbooks. 

As in previous workbooks, the emphasis will be on an understanding of the basic 
questions that the EMTP is capable of answering, any inherent limitations of the 
program, where to obtain data and how to perform reasonable simulations with 
incomplete information. Understanding the limitations of digital simulation will be a 
priority. 

Tbis workbook is intended to complement the other materials in the series of EMTP 
documentation and infonnation published by EPRI for use with the EMTP. Other items 
relevant to the EMTP include the Rule Book, the Theory Book, the Applications Guide and 
the Primer. This workbook will not replace any of these publications. It has been 
designed primarily to be part of course material (either self-taught or fonnally taught). 
II is a means for users to gradually gain working familiarity with the EMTP by a 
progression of problems and examples. 

Figure 1-1 rnustrates the one line diagram of the 13 bus system of interest. This system 
and its components will be used for most of the examples in this workbook. 

1- I 
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SECTION 2 

REPRESENTATION OF TRANSFORMERS: BACKGROUND 

Transformers can be represented in several ways. Three fundamentally different types 
of transformer models exist in the EMTP. These are: ideal transformer models, built-in 
"saturable" tranformer models, and models based on mutually coupled coils. Ideal 
transformers ignore all leakage (assume that all flux is confined to the magnetic core) 
and in addition they neglect all magnetization currents (that is, they assume no 
reluctance in lhe magnetic material). The saturable transformer eliminates both these 
restrictions and considers leakage as well as the reluctance of the magnetic material. 
The model assumes that a finite reluctance magnetic path exists, and that around each 
individual coil a separate possible magnetic leakage path exists. The model does not 
consider other possible forms of mutual coupling among the coils. and for this reason it 
is not adequate for complex coil configurations. However, the model is quite easy to use 
and has proven valuable for single phase transformers. Finally, models based on 
matrices of mutual couplings are able to consider quite complex coil arrangements bu1 
are somewhat harder to use. 

In addition to explicit representation of transformers. sometimes a user only needs to 
represent the effect of the presence of transformers on the rest of the system, without 
the need for any details about the transformer itself. In these situations it is sufficient 
to use Thevenin equivalents of transformers. Thevenin equivalent connections of 
transformers in the sequence domain (positive, negative and zero) are quite well 
known. In this section we describe how 10 use these models in actual three phase 
representalions of the system. 

Only Lhe built-in saLurable transformer model has saturation built-in directly into the 
model. In this section we also consider how saluration in transformers is represented 
in the EMTP. In most cases, this can be done externally to the coil model of the 
transform er. Two other effects that are described in this section include the effect of 
eddy currents and the effect of capacitances on h igh freq uency behavior. Eddy 
current models currently do not exist in the EMTP, but we describe the characteristics 
of the eddy current phenomena and give a simple model capable of accounting for the 
theorelical effects of eddy currents. Finally, high frequency effects are described and 
a generic model for inclusion of high frequency effects is described. 

2. J T he Idea l Transformer 

The main purpose for presenting the ideal transformer equations is to give you a ready 
intuitive feeling for what to expect of complex wind ing and core configurations, to 
verify solutions for reasonableness and to perform quick checks of EMTP solutions. 

The simplest transformer model from the mathematical viewpoint is the ideal 
transformer. The equations that control the behavior of ideal transformers are well 
known. Consider first a simple two winding transformer as illustrated if Figure 2-1-1. 

2-1 
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~ 2 

Figure 2-1-1: A lwo winding ideal transformer. 

'fhe equations that describe the behavior of this transformer arc: 

where 

In a general case, when voltages and currents may be phasors, n may be a complex 
number. In this case we need to use n.. in the current equations. 

A single-core multi-winding transformer is illustrated in Figure 2-1-2. 
LhaL describe the behavior of this type of transformer are: 

0 

• • • 

~ n 

Th.e equations 

Figure 2-1-2: A single-core multi-winding transformer. 
of the currents. 

Notice the polarity 

An even more general case is the multi-core multi-winding transformer. 
illustrates this type of transformer. 

2-2 

Figure 2-1-3 
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Figure 2-1-3: 
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A multi-core multi-winding transformer. 

The equations that describe tbe behavior of this multi-core multi-winding ideal 
transformer are: 

Vat 
- = ~ 
Nal Na2 

vbl = ~ 
Nb1 Nb2 

Vcl 
- = 

Vc 2 

Ncl Nc2 

It is only quite recently that the EMTP has been able to represent ideal transformers 
correctly, and tbe work was done in connection with the ideal voltage source between 
arbitrary nodes. The EMTP ideal transformer (a type 18 source) is actually a simple two 
winding ideal transformer with an ideal voltage source in series with its secondary. 
Figure 2-1-4 illustrates this type 1 8 source. For detail input format. refers to the 
template in Appendix A. 

Figure 2 -1 -4: 

N 
Vs 

The EMTP ideal transformer model is a type 1 8 source. The 
transformer is linked to the ideal voltage source between nodes. 
To set up an idoal transformer, set the voltage source to zero. 

2. 2 Low Frequency Models 

This section describes increasingly complex and detailed transformer models for use at 
relatively low frequencies (up to a few kHz). lo this subsection we begin with models 
that do not require a magnetization current, then move 10 models that must have a non-
zero magnetization current. Finally we discuss the topics of s aturation and hysteresis. 

2-3 
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2 .. 2 . I Transformers as Part of the Network Thevenin Equivalent 

Transfqrmers, particularly 
sequence impedance of a 
Figure 2-2- 1. 

ll-Y connected transformers, drastically 
network. Consider the network one 

/),. y 

affects the zero 
line diagram ia 

Figure 2-2-l: One line diagram of a ll • Y transformer connected to ideal 
voltage source. 

1he sequence domain equivalent circuits of this network as seen from the secondary of 
the transformer is shown in Figure 2-2-2. 

Positive Negative 

Figure 2-2-'2: Sequence domain equivalent circuit of the fl. Y connected 
transfom1er in Figure 2-2-1. 

Notice that only the positive sequence has a source, and that the primary and secondary 
of the transformer zero sequence are disconnected, while the secondary is connected to 
ground through the transformer impedance (assuming the secondary Y is grounded). 

The magnetization branch is sometimes ignored, particularily in fault type studies. 
Three phase transformers (as opposed to banks of three single phase transformers) 
generally have quite different zero sequence parameters for the zero sequence, with 
zero sequence reactances between 20 and 100 times the magnetization current. The 
magnetization branch is unimportant for delta connected transformers. 

Other transformer connections lead to other types of and zero sequence impedances. 

2. 2. 2 Simple Admittance Representation 

The use of Thevenin equivalents of transformers considers the effect o f the 
transformer on the network, but the transformer itself is no longer explicitly available. 
For example, it is not possible to determine circulating currents in the delta-connected 
winding of the transformer. 

In order to do that, we need slightly more detailed models of the transformer. This 
section describes transformer models based on admittance equi valent ci rcuit 
representations of the transformer. These models remain quite simple as long as the 
zero sequence leakage reaclaoce, Xo, equals to the positive sequence leakage reactance, 
X 1, as is the case for fhree phase transformer banks consisting of three single phase 
units, or in three phase transfonners with 5-legged core or limb design. These models 
can be extended to three phase transformers where Xo is between 0. 7 to l.0 X 1. as is 
often the case for three phase transformers with three leg cores. 

2-4 
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From load flow type studies, we know that the two-port admittance matrix that describes 
a non-ideal transformer as seen from the primary side is given by the fo llowing matrix: 

[ Y] 

In this matrix, 

[ ffiL} - l [ 

y = Sr;ar;lno 
Xpu v,e.2' 

y 

-t y 

-t y y ] 
It 12 

This admittance matrix is nothing more than a linear relationship between the primary 
and the secondary side voltages and currents: 

We also know that any admittance matrix has an equivalent circuit consisting of pure 
admittances that behaves exactly as described by the admittance matrix equation. This 
circuit may bear little resemblance to the original ci rcuit, but its behavior is identical 
to any other circuit described by the same admiuance matrix. In the case of load flow 
studies, this matrix can be interpreted as originacing from the network in Figure 2-2-3. 

Figure 2-2-3: 

tY 

(1-t)Y (t2 -t)Y 

A rt-circuit equivalent of a non-ideal transformer describable 
by the admittance matrix equation in load flow studies. 

For use in transient studies. it is bener to use the concept of a "primitive admittance 
matrix." see l I]. A primitive adminance matrix contains entries for all nodes and makes 
no assumptions about node grounding. The primitive adm ittance matrix for the 
ordinary transformer is given by: 

':f. 

-Y 

- t· y 

t y 

itf 2 Y 

2-5 

-Y 

y 

t " y 

t y ] 
I tJ

2 
Yy 

- t y 

- It 12 
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[t is sti11 possible to come up with a network interpretation of this matrix. 
now looks just a bit more complex. but every node retains its identity. 
illustrates this equivalent network. 

The network 
Figure 2-2-4 

Figure 2-2-4: A circuit equivalent of a non-ideal transformer using primitive 
admittance matrix representation. 

Thus, we can say that the circuit in Figure 2-2-4 is an equivalent representation of the 
transformer in F igure 2-2-5. 

Figure 2-2-5: A simple transformer representation. 

An advantage of using the primitive admittance concept is that we retain full flexibility 
for winding interconnections, whereas the ordinary admittance matrix models assume a 
certain pattern of node grounding. A disadvantage of Lhe primitive admit1ance matrix 
is that it may be s ingular if there are no connections to ground, or ill conditioned if lhe 
only connection to ground is through a very high impedance. 

If we were dealing with admittances the problem would end here. However, it is more 
proper LO speak of "inverse inductances." What we really compute is an inverse 
inductance matrix, and the resistances of the winding are considered externally and fo 
series with tbese inductances . Thus, we must separate resistances from inverse 
inductances. We therefore specify not [ Y J but [ L l - i and [ R J as separate matrices. 
Starting with Version 2 of the EMTP you will be able to specify these two matrices 
directly. ln prior versions of the EMTP the use of this particular model is not 
recommended unless [ R J equals to zero. These models can be obtained using Lhe BC TRAN 

auxiliary program. 

2. 2 . 3 Equivalent Circuit Models 

Up to reasonable frequencies (to about 2 kHz) the transformer is representable as an 
ideal transformer with some series and shunt branches. The traditional low frequency 
model for two winding transformers including the magnetization current branch is 
shown in Figure 2-2-6. 

2-6 
0



14170605

Figure 2-2-6: 

/ 
The traditional low frequency eq uivalent of a two winding 
transformer. 

Single-core multi-winding transformers have also had a traditional equivalent c ircuit. 
This circuit is illustrated in Figure 2-2-7. 

---, 

l<J ~~ 
t-

• • • 

~ 
t-

Figure 2-2~7: The traditional equivalent ci rcair for a single-core multi-
w inding t ransformer. 

All of these models can be reduced lo the admittance matrix models of the previous 
section. 

There is some reason to question the validity of all of these traditional models, 
panicularly for multi-winding transformers. In particular, much debate has centered 
aroUDd the location of the shunt magnetization branch. and how to split the seriei­
transformer impedances among the various windings. Part of the problem is that 
transformer parameters are almost invariably determined from a sequence o f tests, and 
the models above make certain explicit or implicit assumptions about the magnetic 
circuit of the transformer. The main objective of this discussion is merely to point out 
that the traditional model may not be as accurate as once thought, and that there are 
good reasons for much of the recent effort in coming up with better models for the 
transformer in the EMTP. 

There is one EMTP model that is very closely associated with the traditional equivalent 
circuit. This is the built- in TRANS FORMER (saturable transfonner model) within the EMTP 
that was described in Workbook I. Details of construction for this model is included in 
templates . 

2.2 .4 Coupled RL Models and Impedance Models 

There are two alternate detailed coupled-coil matrix representations of the transformer. 
These are the mutually coupled branches and the impedance matrix models. The 
impedance matrix and mutually coupled models arc only feasible when at least some 
portion of the magnetization brancl1 of the transformer is represented, otherwise the 
co rresponding [ Y] matrix on which these models are based is singular and the C z J 
matrix does not ex ist. 

In the mutually coupled branches model, a t ransformer is represenced as a set of 
mutually coupled impedances. Using the EMTP, this corresponds to the use of type 51 . 

2-7 
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s 2, etc mutually coupled RL branches (or type 1, 2, 3 RLC branches with C equals to 
zero). Figure 2-2-8 illustrates the representation of this model for a two winding 
transformer. Figure 2-2-9 illustrates the equivalent interpretation of the same 
transformers using an equivalent without mutual couplings. 

Figure 2-2-8: 

Lmm 

Representation of a two winding t ransformer by mutually 
coupled impedances. 

Mathematically, tbe representation of these coupled impedances as a set of time domain 
matrix equations is: 

.£. [ ~It ] 
dt .l..rn 

A problem with these equivalents is that if there is no magnetization branch in the 
transformer (that is, if the magnetization current is negligib le) this model results in 
singular matrices. lf the magnetization current is small (as i t usually is) the 
inductance matrix is ill-conditioned, requiring great precision in its representation. 
They are, nevertheless, of value and recommended by some. 

To obtain the actual inductance matrix, we fin;t obtain a per unit impedance matrix 
using the expression: 

[ 
½ Xshort pu + Xmag pu 

Xmag pu 

Xmag pu 

1 
2 X short pu + Xmag 

This matrix can then be converted to an actual ohms impedance mat rix., and 
subsequently 10 an inductance matrix. All calculations must be done in high precision. . 

.In reality, these models can be obtained for arbitrary transformers with the help of the 
TRELEG auxiliary program. 

The mµLually coupled branches model is intimately related to the mutual inductance 
matrix of the element. The inductance matrix can be obtained as the inverse of the 
r L J - 1 matrix described earlier. Once this matrix is obtained, it is possible to interpret it 
in terms of a T- or star-circuit provided we do not have more than three windings. For 
si tuations with more windings . it is no longer possible to expect a star-circuit 
e quivalent. 

Obtaining T-circuit equivalents from test is quite simple. Put half of the per unit short­
circuit reactance on each side of the T, and calculate the inductance of the T-branch 
from: 

1 1 
Xmag pu = lexc pu - 2 X shon pu 

Once again, calculations must be done in high precision. 
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Figure 2-2-9: A T-circuil equivalent of a two winding transformer. 

2. 3 Transformer Saturation 

This subsection and the next two discuss the general ities of some model extensions 
useful in representing transformers more accurately. ln all three subsections, the 
methodology is not actually built into the EMTP. Nevertheless, we hope to give those 
attempting to obtain more accurate models an understanding of the natu re of the 
physical phenomena as well as a repertoire of tools that can be used within the existing 
framework of the EMTP. l o all these cases, good engineering j udgement will be 
required about the validity of the models and results. 

Conventional wisdom represents transformers as equivalent circuits. As we say in 
section 2.2, these equivalent circuits often have as many branches as there are 
windings in the transformer. In a transformer with more than three windings it ls, 
however, not possible to come up with a correct equivalent circuit based on leakage 
impedances and ideal transformers. fn fact, the leakage impedances that one calculates 
for two- and three-winding transformers are simply numeric values capable of 
reproducing the short circuit test results. The so-called internal node in this 
equivalent is an entirely fi ctitious or equivalent node. Nevertheless, it has been 
customary to place the magnetization branch of the transformer across this node. In a 
.simple two-winding configuration there is some basis for thi s: the magnetization 
branch is associated with the reluctance of the magnetic material. Placing the 
magnetization branch between the two leakage reactances is equivalent to assuming 
that all the reluctance of the magnetic circuit (including any losses and .saturation) 
occurs outside the path linked by the leakage reactances. However, for three or more 
branches there is no basis for this location. In fact, it has been established that a better 
location for the magnetization branch is at the terminaJ.s of the innermost winding. 

Representation of the magnetization branch can be quite important. In the equivalent 
circuit representations using the TRAN s F o RM ER (saturable transformer model) the 
saturable magnetization current branch is an integral part of the model, aod is placed 
internally within the transformer model. In the impedance and admittance matrix. 
models, the salurable branch mu,st be placed at the transformer terminals. The exact 
location of the saturablc branch does affect the behavior. It is recommended that the 
branch be placed at the terminals of the winding that physically corresponds to the 
innermost winding in the transformer, usually one of the lower voltage windings. 

What location of the magnetization branch is the correct one? This is a question that is 
not welt posed, as there is no actual "magnetization branch" in a transformer. The only 
correct way to model the magnetization current in a transformer would be to represent 
the magnetic circuit i11 detail. In the limit this would require laborious finite element 
methods. Thus, we, like others before us, accept the need for a "magnetization branch" 
in the representation of transformers, and include saturation effects entirely within 
this magnetization branch. 

The EMTP offers some assistance in the calculation of Lhe magnetization branch 
saturation parameters. This is done using the "Saturation" auxiliary program. All that 
is needed to use this program is a few RMS values of voltage and current from open 
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circuit tests at various voltages. The reader is referred to Workbook 1 and to the Users 
Manual for further details. We do not replicate these example here. Here we simply 
suggest that judgement should be used in locating the branch so obtained withln the 
equivalent circuit, keeping in mind that any choice is ao approximation because there 
is no exact location for this branch. 

A second concern of saturation is its 
penetration. As described in the next 
penetration of magnetic flux into magnetic 
be affected by the frequency of interest. 
efficient and accurate ways of accounting 

2 .4 Eddy Currents 

interaction with eddy currents and flux 
section, eddy currents generally delay the 
material. Thus, the nature of saturation will 
To date there are no reliable computationally 
for saturation effects at higher frequencies. 

Modelling of transients effects in transformer shares many features with modelling of 
transients in lines and cables. The problem of eddy currents for lines is usually 
referred to as the "frequency dependence of parameters'' problem. In transformers. 
frequency dependence effects caused by eddy currents also play an important role. 
Saturation, hysteresis and eddy currents effects must also be included in an accurate 
transformer model. In the following section, we will discuss a model capable of 
simulating eddy currents effects in the transformer [tJ 

Eddy currents in the core of a transformer have two major effects: they introduce core 
losses. and they oppose (delay) flux penetration into the core. Figure 2-4-1 shows the 
classical plot of the magnetic field intensity within a lamination under a step magnetic 
field excilation versos the distance from the center of the lamination, with time as a 
parameter. 

Figure 2-4-1: 

1.0 

H 

0.5 

0.0 
-0.5 

t=3 

0.0 y/d 0.5 

Magnetic field intensity in a limination under a step magnetic 
field excitation. y/d is the normalize distance form the center 
of lhe limination to the surface. 

To model eddy currents effects, we can consider a transfom1er core with ideal dielectric 
between laminations. Under this hypothesis, each of the laminations can be studied 
seperately. We may furthur assume that the conductivity and penneablility of the 
lamination is constant and the width of the lamination is much larger that the 
thickness so that end effect may be neglected. From these assumptions, we can derive 
either impedance or admittance equations. 

The admittance equation derived for a simple two-pon network is: 
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where 

i Length of the magnetic path 
W Width of the lamination 
N Number of turns of the coil 
cr Conductivity of the limination 
µ Permeability of the limination 
d Lamination thickness 

The partial fraction of this equation is: 

00 
_L 

Y{s) 
1 z: Lctc -- + 

n 2 sLdc 
n=l s + 

't 

where 

(Low-frequency inductance) 

(Diffusion time constant) 

This equation has a Foster network representation as shown in Figure 2-4-2. 

Lo 

Figure 2-4-2: Equivalent network for the frequency dependence admittance 
of a transformer. 

The values of each of the n parallel Foster branches can be calculated as follow: 

The model 
penetration. 
inductances 
laminations 

k=l,, .. ,n 

discussed above takes into account both the effects of core losses and flux 
The resistance of the RL branches account for the losses, while the 

represent the effect of a limited penetration of nux variations into the 
of the core. 

At low frequencies, the value of the resistors is significantly higher than the value of 
the inductive reactances. Therefore inductances can be neglected, resu lting in an 
equivalent resistance. This resis tance represents the eddy current losses in the core 
when a uniform distribution of electromagnetic field is assumed within the lamination. 

At high frequencies, the value of the inductances may become higher than the value of 
the resistances. At extreme frequencies, the resistances can be neglected. The effect of 
neglecting resistances means that a very low value of the inductance appears al the 

2- II 

0



14170605

port of the circuit. This very low value of inductance means that not much flux 
penetrates the core. This is due to eddy currents in the core. 

2. 5 High Frequency Equivalents 

At frequencies above 2 kHz lhe traditional transformer models begin to break down. 
Capacitances and capacitive coupling among windings become important. In fact, at 
sufficiently high frequencies the behavior of the transformer becomes dominated by 
its capacitances. 

For frequencies up to about 30 kHz or so, the simple addition of total capacitances of 
windings and between windings is sufficient for most purposes. Figure 2-5-1 illustrates 
a model based on this extension. For even higher frequencies. a more detailed 
representation of the internal winding arrangement is required and capacitances 
between and among winding segments must be obtained or estimated. Figure 2-5-2 
illustrates a possible single phase tap changing transformer, including the 
arrangement of windings around the core and its equivalent circuit. 

.T.. 

.I:. 

Pigure 2-5-1: 

Secondary 

i Primary • 

t 
Core 

(a) Coil configuration . 

(b) High frequency equivalent circuit. 

A high frequency equivalent for a simple transformer 
arrangement. 
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Secondary 

i Primary 

t 

........., 
f Top Changer (Primary) 

Core 

(a) Coil arrangement. 

(b) The equivalent circuit including capacilances. 

Figure 2-5 -2: Hi gh frequency model of a single phase tap changing 
transformer. 
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SECTION 3 

PREPARATION OF TRANSFORMER DATA 

The EMTP has a built-in saturable transformer component and three auxiliary 
programs for transformer parameters calculat ion. The built-in saturable transformer 
model, TRANSFORMER, is introduced in Workbook I. In this section we discuss this 
saturable transformer model in more detail. The three auxiliary programs, XF Q RM ER. 
TR E LEG ancl B c TRAN, derive matrix parameters for modelling transformer windings as 
mutually coupled branches (type 51, 52 etc). When these matrix models are used, 
the core of the transformer is usually represented as a non-linear reactance (type 9 B) 
or a hysteretic reactance (type 9 6) branch connected externally to the terminals of one 
of the windings. 

The XF0RMER program is capable of calculating the [RJ and [L) matrices for single-phase 
transformer banks. Therefore, x F o RM ER can represent only three-phase transformers 
consist of three single-phase banks. The TRELEG program also calculates the ( R 1 and [ L J 
matrices but it has the capability of representing single-phase as well as three-phase 
core-type transformers. Unlike the previous two, BCT RAN produces the [ R J and r L] as 
well as [ L J -t matrices. Thus, the ( L] - 1 matrix can be used to avoid the ill-condition 
problems associated with the [ L J matrix. BC TRAN is capable of representing both single­
phase and three-phase core-type transformers. 

When core saturation is represented in the EMTP. a piecewise linear nux-current 
magnetization curve must be s'Uppl ied. This curve is inputted point by point, starting 
from the point nearest to the origin (origin is assumed an implicit point) and increase 
monotonically moving away from the origin . Both the saturable transformer and the 
pseudo-nonlinear rcactance (type 98) branch uses a flux-current magnetization curve. 
Since most manufacturers do not supply this data, an auxiliary program CONVERT is 
designed to preform the conversions from RMS voltage-current or curren t versus 
incremental inductance data to fl ux-current data. 

The EMTP is capable of representing the transformer core as a hysteretic reactance. A 
pseudo-nonlinear hysteretic reactance ( type 96) branch can be used to replace the 
pseudo-nonlinear reactance {type 98) branch when the matrix models are being used. 
However, the Lype 96 braoch is harder to initialize than the type 98 branch. As a result, 
it is not usually used. The piecewise linear clement in t.he type 96 branch is a hysteresis 
curve which captures the characteristic of the major hysteresis loop. Since the shape 
of the hysteresis loop depends primarily on the material of the core. the EMTP provides 
un auxiliary program HY s DAT to help obtaining the flux -current curve for designated 
core materials. In Version 1.0 of the EMTP, only 1 ARMCO M4 oriented silicon steel is 
suppor ted. 

The saturable transformer component is s impler to use than the other matrix models. 
However, if zero sequence behavior of three-phase core-type trans fo rmer must be 
represented, TRELEG orBCTRAN should be used. When a three-winding core-type 
transfo rmer has a closed delta Lenfary, it is usually oot necessary to model the zero 
sequence effects because tbe de1la terminal connections will predominate. 

As discussed in earlier section, the transformer models described in this section is valid 
only at moderate frequencies. In general, these models are accurate enough in 
swiLching surge studies but they are not adequate for lightning surge s tudies. 
Transformer model thal is accurate at higher frequencies is being developed and it will 
be available in future versions the EMTP. 
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3 .1 Simple Two Winding Linear Models 

Simple transformer models can be constructed directly from the knowledge of 
transformer rating, size and perhaps its short circuit tests. 

The EMTP has a build in saturable transformer model which can represent single-phase 
as well as three-phase transformers of some core formation. To use this model, a 
keyword TRANSFORMER must be specified along with a unique transformer name. All 
other data fields are optional. These option fields can be used to specify the steady-state 
RMS magnetization flux (in volt-seconds) and current (in amperes) as seen from 
winding 4t l , and the magnetization core loss resistance. Core losses are confined to 
constant 1 ioear resistance in parallel with the magnetization branch. Figure 3 -1-1 
shows the circuit representation of the saturable transformer. 

Winding 1 Rm 

• • • 

Winding 2 

Winding N 

Figure 3-1-1: Star-circuit representation of N-winding t ransformer. 

Bus22 

BuslN 

Following the first data line naming of a transformer are the data lines describing the 
s aturation curve of the transformer as points in a flux-current curve. The 
magneLizatJon curve data is terminated with a data line containing 9 9 9 9 in the current 
field . In case no flux-current data point is specified, the EMTP assumes that the 
magnetization branch does not exist. ln case only one flux-current is specified, the 
EMTP uses a linear inductance representation of the magnetization branch which 
results in a linear transformer. ln other cases, the saturation and magnetization effects 
are modelled as a pseudo-nonlinear reactor {type 98) branch in winding #1. Normally, 
the first point in the piecewise linear magnetization curve is set to equal to the steady­
state curren t and flux so that continuity between steady-state and transient solutions at 
t.ime zero is attained. Nevertheless, this continuity between steady-state and transient 
solutions is not mandatory. The final point in the magnetization curve defines the slope 
of the final segment. This final segment is assumed lo extended to infinity. 

The flux-current magnetization curve is generally not available, however, it can be 
calculated from most manufactuier's data. The EMTP has an auxiliary program CONVERT 
which performs conversion from a RMS voltage-current c urve or current versus 
incremental inductance curve to a flux-current curve. Refers 10 section 3 .6 for more 
details in using CONVERT. 

Following the magnetization data is the winding data. Each winding must be numbered 
in natural order (i.e. 1, 2, ... ). Each winding is connected to two nodes. l o each winding 
rlata line, specify the winding resistance. leakage reactance and voltage. Zero winding 
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resistances is allowed in all winding but leakage inductances must be non-zero with the 
exception of winding #1. The inductance Lt in winding # 1 can be zero only if the 
resistance R 1 is non-zero. Rated winding voltage can be used for each winding. 
Templates that describe the precise formats and connections of single-phase and three­
phase trnnsformers are available in Appendix A. 

The saturable transformer has some limitations. It cannot represent more than three 
windings because the transformer is represented as a star-circuit internally with the 
~aturation branch con nected to the in ternal point of the star circui t. Besides, the 
saturable transformer can only model single-phase or three-phase bank of siogle­
phase units. For three-phase shell -type transformer, as shown in Figure 3-1-2, we must 
assume that the magnetic induction of the three-phases is independent for the 
saturable transformer model to be valid. 

Figure 3-1-2: A three-phase shell-type t ransformer. 

Using the saturable transformer in other core formations is not recommended. In core­
type transformers where the zero sequence flux is forced to return through the air, the 
transients behavior is radically different when the zero sequence is excited. Figure 3-
1-3 illustrates a th ree-phase three-legs core-type t ransformer. The saturable 
transformer has been extended from single-phase to three-phase units through the 
addition of zero sequence reluctance parameter. However, its usefulness for core-type 
units is limited. Three-phase units are heller modelled with [ R J and [ L J or [ L J - 1 

matrices obtained from T RE LEG or s c TRAN. Furthermore, numerically instability has 
occasionally been observed for three winding s.aturable transformer. 

a b C - --- ... .,__ ,... -- ,... - ,.. - ... - "' - ... - -- i,, - '.:> - '.:> - - -

Figure 3-1-3: A three-phase three-legs core-type transformer. 

3 .2 Using XFORMER 

The auxiliary program XFO RME R derives the ( R J and ( L 1 matrices for representing 
transformer windings as mutually couple branches (type 51, 52, 53) in the EMTP. The 
x F o RME R program is capable of representing up to three windings for single-phase 
transformers. Thus, the XFORMER is useful only fo r three-phase units consist of single­
phase banks. 
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To use the XFORMER program, a XFORMER special request card must be entered at the 
beginning of a new data case. Then followed by an optional branch card. The branch 
card is used for naming the terminal nodes of the t ransfonner windings in the output. 
Since the XFORMER cannot represent more than three windings, there should be no more 
than six node names appear on this card. 

In the data line follows, enter the number of 
phase base power of the transformer ( in 
consistent with the base power (in percent). 
existence the finite magnetization impedance. 
is too small, it can cause admittance matrix to 
the admittance matrix to the desired [Rl and [LJ 

windings (either 1, 2 or 3), the single­
MV A) and the magnetization current 
The XFORMER program assumes the 
Therefore. if the magnetization current 
become singuJar. As a result, inverting 
matrices becomes impossible. 

The electrical parameters of each winding must be specified. One data line is used for 
each winding. Each. data line contains the voltage rating, the power loss, the single­
phase power base and the short-circuit impedance. The voltage rating for delta­
connected transformer is the RMS line-to-line voltage (in kilovolts) of a winding. For 
wye-connected transformer, specify 1/✓3 of the line-to-line voltage instead of the line­
to-line voltage. The power loss is the load loss (in kilowatts) for a single-phase 
transformer transmitting rated power between two windings. The short-circuit 
impedance (in percent of Lhe base power) is measured between two winding. Figure 3-
2-1 (a) illustrates the x F o RM ER input for a single-phase three-winding transformer and 
the output is shown in Figure 3-2- l(b). Templates for one, two and three windings 
XFORMER input is available in Appendix A. 

Ba,IN NEW DATA CA5E 
C .)CFORMER card---------X-N 
~ 

C 
C Branch card 
C High (51) Medium (52) Low (53) 
C --->Busl->Bus2->Busl->Bus2->Busl->Bus2-> 
BJ'UIN:ll HIGHl HIGi2 MEDl MED2 IOOl Ia-a 
C 
C Elect.deal pararreters 
C --o1agn<--POCur <-!Punch 
3 0 .3 83.3 0 
C col: (1) NW 
C Winding data 
C -Voltl<-Pl.ossl2<--ZSC12<--PBZU 

132.8 250.0 6.7 83.3 
C --Volt2<--Pl.ossl3<---ZSC13<---PBZ13 

66.4 56.8 5.1 18.96 
C --Volt3<--Pl.oss23<--ZSC23<---PBZ23 

13.2 56.8 3.2 18.96 
BI.ANK card t.enninates XFORMER data 
BLANK card temti.nates EMIP solution-m:ide 

(a) XFORMER input data. 
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SI!GE-PHASE 3-wINOIN;; ~. '.IW\GN' - 0.30000 PER CPNl' BASED 00 83.300 l'tlA 
WL'Il\GE ~ WINDIN:. LOSSES IWml\N:E B.1\SID CN 

(KV) (f<W) (PER CF.Nf) (MJA) 

1!IG!:i 132 . 80 
MEDru-1 66.40 
lOI 13.20 

HIGH ID MEDID-1 250.00 
HIGH ID 10/I 56. BO 
M:Dn.tl TO !./JI/ 56. BO 

6.7000 83.300 
5. 1000 18. 960 
3 . 2000 18.960 

IMPrnm::E Ml'.TRIX 115 REWIRED Fm £MlP SIIDIES (WI'D'! 'X' IN aMi J\l' 1'IIE EOlffi ~ 
R X R X R X 

HIGH O. 4507133£+00 0 . 7058197E+o5 
Ml>Il.M 0 . 6653209E-Ol 0.352B596E.+-OS 0 .112692BE+OO 0 .1'764402E..OS 
U:,.~ -0.5802607E-Ol 0.7013580E.+-04 -0.2901590£-01 0.3507084E<-04 0,ll53S87E-Ol 0,6973924E..03 

80-0:lUMl CAAO-Dl'\GE LISTING OF~ COl'PUI' FOw::MS ('M'E-Sl-53 £Ml'P BIWOl CAAOO). 

1 2 3 4 5 6 7 8 
0 0 0 0 0 0 0 0 

51, HIGHl , HIGH2 , 0, 4507132828990E+OO , o. 7058196752200E+o5 , 
52,1-a>l ,H:X>2 ' 0 .66532090S6682E-Ol , 0 ,3528596466889E+a5 S 

0.1126927531064£+00 , 0 . 1764401527106E+OS , ,. , , 
53,I.Qoll. 'I.C1l{2 . - 0 ,S8026068136SS9E-01 , 0 . 7013580357106E:i-04 $ 

-0.2901590352071E-Ol , 0,.3507083721J94E-<-04 $ 
0 . ll53587364,l54E-Ol , 0.6973923571738Et03 , ., , , 

SHORr-cI!OJCT INPUr IMt'Wll,>a:5 WHICH. ARE am\.INED Fm-! 'IllE JOS'l'--1'RINl'ED lMPEDHCE Ml\1'RIX, Rt ~ 
CXWUI'ATIOO, TlllS ts &RI' OF A OIEO< OI THE a:MVT/\TIOI. 
HIGH 'IO M:Dfil~ 0. 63532 14.16969 
HIGH 'IO 1°" 2.78458 47.34108 

~Ill-! 'IO lDil 0 .69626 7 .40642 
REPE'AT Cf' PREX:Ell.IN:. CAIL'Ul.ATIOO, CNL'l THIS TIME THE STARl'Il'G POINT WII.I, BE 'lllE IM!>EOJ\OCE MATIUX WIT!l ALL 
EliM'Nl'S POJNW> TO FTvE OOCIWIL DIGITS. 
!UGH 'IO MWIU1 0 . 63531 13. 99977 
HIGH '.IO I.Oi 
MDIU-1 'fO LOW 

Figure 3-2-1: 

2.18459 
0 .69626 

41.33904 
7 .41B15 

(b) XFORMER output. 

Calculating the [ R J and ( L J matri ces fo r single-phase three­
winding transformer using XFORMER. This data is obtained from 
EMTP test case DC-15. 

The reader musl be warned that the XFORMER program is not reliable at extremely low 
frequencies. The reason for this erroneous behavior is related to the formation of the 
admittance matrix. XFORMER obtains lhe admittance wilhout first separating ( R J and [ L J 
from the equation. As a result, the off-diagonal resistances in the branch impedance 
matrix becomes non-zero. At extremely low frequencies, when the magnitude of [ R J 
l)ecomes comparable with the magnitude of I O>L J, the XFORMER will produce wrong 
res ulls. 

In general, the x F o RM ER can results in more stable model for multi-winding 
transformers. For two-winding transformers. the saturable transformer is believed 10 

be equivalent to lhc [RJ and (Ll representation of the XFORMER. Similar to the salurable 
transformer. the XFORMER is limited to single-phase banks. The XFORMER program for 
single-phase transformer is somewhat obsolete, and has been superceded by BC TRAN. 

3.3 Using TRELEG 

To use the TRELEG program, a XFORMER special request card must be present at the 
beginning of a new data case. In addition, a value 3 3 . must be entered in column 38 to 
40 to request TR EL E G input. A branch card may follow lhe special request card, however, 
this card is obsolete because the naming of winding terminals also appears in the 
winding data. The branch card will be removed from the future versions of the EMTP. 

3-5 
0



14170605

The data cards that follow specify the electrical parameters of the transformer. The 
firsr card contains the number of windings, the number of delta-connected windings, 
Lhe power frequency (i.e. 60 Hz) and the rated three-phase power base (in MV A). The 
TR EL E G program can suppon up to five windings. It assumes that the windings are 
concentrically located on the core, and winding data is inputted in the order from outer 
to inner winding. ln addition, it also expects the data to be inputted in an order that the 
delta-connected windings appear last. This is occasionally a conflicting assumption. 
Since the windings can be non-concentric and the deha-connected wind ings may 
locate other than the center on the core. The TRELEG program resolves this conflict by 
res tricting the delta-connected windings as the last windings and allowing the 
magnetizing impedance of each winding to be provided. 

Standard manufacturer data may include test data from short-circuit tests performed 
with up to two windings connected in delta. In order to use these data, the TR EL E G 

program requires three additional cards to specify the test data for two delta-connected 
windings. These data lines contain positive sequence short-circuit impedance between 
two delta-connected windings, the number of wye-connected winding for which zero 
sequence test with the two delta-connected windings closed is performed and the zero 
sequence short-circuit impedances between the wye-connected windings and the two 
delta-connected windings. In either cases, the positive and zero sequence short-circuit 
impedances are entered immedjately follows. For N-winding transformer, there should 
be (N-1) N/2 + 1 test data lines. Since two data lines are already specified for two delta­
connected windings, only (N-1) (N-2)/2 + I data lines arc required. 

The TR EL E G program allows the output matrices to be either in per unit or in ohms. The 
output unit can be specified in the data line that appears right after the short-circuit 
data. Following this data line is the winding data. There will be one data line for each 
winding (rule book says N+l , why?). The winding data includes the winding number, 
the type of winding connection (wye or delta), the rated voltage, resistance and 
connections of the winding. The naming convention of the winding terminals are 
established from these winding connections. 

Eventually, the magnetizing impedances must be entered. The TRELEG allows u 
magnetization branch in either the first winding or all the windings. If the implicit 
ordering assumption of the TR EL E G program is in conflict with transformer physical 
windings order. magnetizing impedances for all windings must be included. In the 
absence of any test data, the positive sequence magnetizing impedance of windings in 
per unit can be assumed to increase with increasing diameter, while the zero sequence 
magnetizing impedance decreases. The variat ion from one winding to another will be 
approximately equal to the positive sequence short-circuit reactance between them. It 
is not believed that this approximation of magnetizing impedances has any significant 
effect on the resulting model. For single-phase transformer, the positive and zero 
sequence magnetization impedances are equal. An example of using TRELEG for a three­
phase three-winding core-type t ransformer is shown in Figure 3~3-L 
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C 3--PHASE, 3-IEG, cnm:-TYPE TRANS~ 
C 
BEGIN NEW DATA CASE 
C XFO~ cam:----·------X-N 
XE'ORMER 33. 
C 
C Electrical pai:-aireters (Class i1) 
C N<-<---Freq<------SBVA 

3 1 60. 750. 
c col: (2-3) N, (4-5) NDelta 
C 
C ~surerrent data (class #3) 
C I<J<- TPR< TPX< 

1 2 .0017 .13 
1 3 .0042 .35 
2 3 .0044 .20 

C col: (2-3) I 

TZR< 
.0057 
.0096 
.0143 

BLI\NK card te.i::minates rreasurerrent data 
C 
C OJ.tput units (Clas.s #4) 
c-

l 
C col: (2-3) KZOut 

c Winding data (class #5) 

---TZX 
.115 
.268 
.136 

CJ< <.---VRj<----·jNAi.- >NBi->NAil->NBil->NAi.2->NBi2-> 
1 0 288.6751346 0.473000HIGHA HIGHB HIGHC 
2 0 138.5640646 0.029875IDWA LOWB IJ:1M:. 
3 1 28.0000000 0.011280TERI'A TERTlATER'l.'B 'l'ERTlBTERTlCI'ERTA 

C col: (2-3) J, (5) INOO 
BLl'Jill< cam terminates winding data 
C 
C Magnetizing inprlmoe input specifier (Class 16) 
C -

1 
C col: (2- 3) NT 
C 
C Magnetizing inpedanoe data (Class #7) 
C ------XPos<--XZero 

100.00 1.00 
99.87 1 .13 
99.67 1.33 

BLANK card t.e.i::minates rragnetizing inpedance data 
BLANK card terminates TRELm data 
BLANK card terminates EM1'P solution--m:xie 

(a) TRELEG input data. 
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*******lrl<1< 80-<Xll.ilfl CARD-IM1\GE LISTING OF UNIT-7 PUN:HED CARDS •-*"'*** 

1 
0 

51,HIGHA , 
52,I.CMA , 

,,, 
,,, 

5 3, 'I'ERTA , TER'.I'lA, , , 

54,HIGHB , t • I 

55,:r.cmB , I It 

.56, TBRTB , TERTIB,,, 

57,HIGHC, I If 

58, :ra-c. , , ' ' 

5 9, '.l'ElfcrlC, TERTA , , , 

2 
0 

3 
0 

4 
0 

5 
0 

6 
0 

7 
0 

0.473000000000E+OO, 0.223333333341E+OS ,,,,, 
-0.646793103332E-Ol, 0.107059927425E+05 $ 
0.298750000000E- Ol, 0.514227199959£+04 ,,,,, 

-0.362556943699E-Ol, 0.215874652794£+04 $ 
- 0.357184214476E-01, 0.103714560936E+04 $ 

0.112800000000E- Ol, 0.209767040000E+03 ,,,,, 
O.OOOOOOOOOOOOE+OO, -0.110000000004E+OS $ 

-0.733191019968E-Ol, - 0.527320725720E+04 $ 
-0.494356580077E- 01, -0 .106342221589E+04 ,,,,, 

0.473000000000E+OO, 0.223333333341E+OS ,,,,, 
-0.733191019968E-01, -0 .5273207257200+04 $ 

O.OOOOOOOOOOOOE+oO, -0.252774399980E+04 $ 
- 0.325054568924E-01, - 0.509650587464£+03 ,,, ,, 
-0 . 646793103332E-01, 0.107059927425E+05 $ 

0.298750000000E-01, 0.514227199959E+04 ,,,,, 
- 0.494356580077E- 01, -0.106342221589E+04 $ 
-0.325054568924£- 0l, - 0.509650587464E+03 $ 

O.OOOOOOOOOOOOE+oO, -0.102798080000E+03 ,,, , , 
-0.362556943699E-01, 0 .215874652794£+04 $ 
- 0.3571842J.4476E-Ol, 0 .103714560936E+04 $ 

0.112800000000E- Ol, 0.209767040000E+03 ,,,, , 
O.OOOOOOOOOOOOE+OO, -0 .110000000004£+05 $ 

-0.733191019968E-Ol, - 0 .527320725720E+04 $ 
-0.494356580077E-Ol, - 0.106342221589E+04 ,,,, , 

O.OOOOOOOOOOOOE+OO, -0.110000000004E+05 S 
-0.733191019968E-01, -0.527320725720E+04 $ 
-0.494356580077E-Ol, -0.106342221589E+o4 ,,,,, 

0.473000000000E+o0, 0.223333333341E+o5 ,,, , , 
- 0.733191019968E-Ol, -0.527320725720E+o4 $ 

O.OOOOOOOOOOOOE+OO, - 0.252774399980E+04 $ 
-0.325054568924E- Ol, - 0.509650587464E+o3 r ,, ,, 
-0 . 7331-91019968.E-01, -0.527320725720E+04 $ 

O.OOOOOOOOOOOOE+OO, ~o.252774399980E+04 $ 
-0.325054568924E-01, -0.509650587464£+03 ,,,,, 
-0.646793103332E-01, 0.107059927425E+05 $ 
0 .298750000000E-01, 0.514227199959E+04 ,,,,, 

-0.494356580077E-01, -0.106342221589E+04 $ 
-0.325054568924E-01, -0.509650587464E+03 $ 

O.OOOOOOOOOOOOE+OO, -0 .1027980BOOOOE+03 , ,, ,, 
-0 .494356580077E-01, -0.10634222l589E+04 $ 
-0.325054568924£-01, -0.509650587464E+03 $ 
O. OOOOOOOOOOOOE+OO, - 0.102798080000E+03 ,,, ,, 

-0.362556943699E-01, 0.215874652794E+04 $ 
- 0.357184214476E- 01, 0.103714560936E+04 $ 

0.112800000000E-Ol, 0.209767040000E+03 ,,,,, 

(b) TRELEG output. 

8 
0 

Figure 3-3-1: Using TRELEG 10 derive [RJ and [LJ matrices for a three-phase 
three-leg core-type transformer. This data is obtained from the 
EMTP test case DC-36. 

Three-leg co re transformers have different short-circuit impedances for positive and 
zero sequence impedances. lL is also possible 10 use T REL E G to calculate the matrices for 
single-leg core, shell-type or five- leg core transformers. In this case, the values for 
shon-circuit impedance and the 111agnelizing impedance are equal. 

3-8 
0
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The TR EL E G requires zero sequence Lest data to properly represents three-phase core­
type transformers. It builds the impedance matrices of N-winding single-phase and 
three-phase transformers directly from the short-circuit and excitation data. It 
assumes that the excitation current is always be non-zero. Even with a very small 
excitation current, the impedance matrices can become s ingular. Modem transformers 
having less than one percent excitation currents are common. In order to avoid the ill­
condition problem, the value for excitation current are usually increased for analysis. 
It is believed that the increase in excitation current does not have much influence in 
the result. Since these ill-conctitioning problems do not exists in CL) - 1 , the awciJiary 
program B c T RAN discussed in the next section should make these adjustments 
unnecessary. 

3.4 Using BCTRAN 

The auxiliary program BCTRAN is designed for Lhree-phase core-type transformers and 
three-phase transformers consist of single-phase banks. The B c TRAN program can 
produce t R J and CL J - 1 matrices as well as t R J and [ L J matrices. Because the later 
formulation may encounter ill-conditioning problems, the use of r L ) - l is preferred. 
The impedance matrices produced by BCTRAN and XFORMER differ mainly in Lhe existence 
of non-zero off-diagonal resistance values which should make BCTRAN more accurate 
than XFORMER at very low frequencies. 

Access to the BCTRAN program is similar to that for the TRELEG program. In the special 
request line, enter the keyword x F o RM ER and a value 4 4 . in column 3 8 to 40. Then enter 
the transformer's excitation data in the line follows. The excitation data line expects 
both miscellaneous data as well as the posi tivc and zero sequence excitation tests data. 
The miscellaneous data are the number of windings per core leg, the rated frequency 
for converting reactances into inductances, the core formation of three-phase 
transformer (single unit or three single-phase units), number of windings from which 
the excitation tests are made, number of windi ng across which the magnetization 
branch is to place and the output matrices ( [ R J and [ L J or ( L J - 1 ). For positive sequence 
test data, three-phase power ratings (in MVA) on which the positive sequence 
excitation test are based, the excitation current (in percent) based on the three-phase 
power rating and rated voltages and the excitation loss (in kilowatts) are needed. 
Similar data for zero sequence excitation test is required. Notice that Lhe zero sequence 
excitation test really becomes short-circuit test for closed delta-connected windings. 
Therefore, open delta connections are expected in zero sequence excitation test. On 
tran sformers with closed deltas, any reasonable value can be used because the 
influence of this value will be overridden by short-circuit test data to closed-deltas. 

For a N-winding Lransforrner, there will be N winding data lines. Each data line consists 
of a wincting number, voltage rating (in kilovolt), winding resistance of one phase and 
six terminal node names. The number of winding must not exceed 10. Line-to-line 
vo ltage can be used for delta-connected windings and line-to-ground for wye 
conneclions. The winding resistance is used only when the I LO s s field in the sbort­
ci rcuit data is zero. 

There will be exactly N(N-1)/2 short-circuit data lines. A number pair is used lO 

ideoti fy the two windings where the short-circuit test is made. Jo each data line, enter 
the load loss (in kilowall) in positive sequence test. A flag IL o s s is used to determine 
whether the wincti.ng resistance in the winding data will be used. If IL o s s equals to 
zero, then the winding resistances specified in the winding data will be used. 
Otherwise. the winding resistance will be calculated from the load loss. On automatic 
calculation of winding resistance, the number of windings must be less Lhan or equal to 
three and the load loss must be non-zero. For positive sequence tests, enter also the 
three-phase power rating and the input impedance (in percent) based on the three­
phase power rating and the rated voltages of both windings involved. Same parameters 
are required for zero sequence tests. If any of the windings besides the two windings 

0
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involved in the short-circuit test is short-circuited (e.g. closed deltas), a non-zero value 
indicating the number of additional short-circuited windings must be specified in the 
IDELTA field. Note however that the BCTRAN program cannot handle three delta 
t:onncctions. For three-phase transformer banks consist of single-phase units, the 
single-phase data should be entered as positive sequence data and leave the zero 
sequence parameters and IDEL'l'A blank. For detail input format, refers to the templates 
in Appendix A. 

The following example compares the (R] and (LI matrices dervied by the TRELEG and the 
BCTRAN programs. The data case in Figure 3-3-l(a) is modified in such a way that the the 
positive sequence load loss is equal to zero (i.e. the short-circuit impendances are pure 
imaginery). The same data has been converted to BCTRAN format and the (RJ and [L] 
matrices output are requested. Figure 3-4-l(a) illustrates the s c TRAN input. The result 
of the modified TRELEG and BCTRAN data cases are shown in Figure 3-4- 1 (b) and (c) 
respectively. Notice that the [ L J matrix produced by both TRELEG and BC TRAN arc the 
same while the ( R J matrix produced by TR EL E G has some non-zero diagonal elements. 
This is the result of using complex number in the TR EL E G program. A second example 
which produces a [ L J - 1 matrix is shown in Figure 3-4-2. 

BE't3!N NEW DATA CASE 
C XFORMER ca.rd--------­ ><-N 
~ 

C Excitation data 
C 
C po.s 
C Freq I 
C excit 

pos 
s 
rating 

44. 

pos 
Loss 

excit 

N I 
p I p 

zero zero zero h T I r 
I s Loss a e Pi 
excit rating excit s s u n 

C<----~---~---<----~---~-------- <e<t<t<t 
3 60. 

C ool: (1-2) N 
C 

1. 750. 0. 

C Winding data Winding k 

100. 750. 

C Phase 1 Phase 2 Phase 3 
C k<-Vkrating<----Rk Busl->Bus2->Busl->Bus2->Busl->Bu..«2-> 

1288.675135 .473000 HIGHA HIGHB HIGl:IC 
2138.564065 .029875 I.CMA LCmB LaC 
3 28. 000000 .011280 TER1'A TERT1ATERTB TERI'lBTERTlCiERTJ.A 

C col : (1-3) k 
C 
C Shott circuit test data 
C 
C pos p:is zero 
C k P Z S Z 

zero 
s 

I 
D I 
eL 
.1. 0 

C ik ik rating ik rating t s 
C <-<----~----<-----<-----<-----(a<s 

l 2 0. 
1 3 0. 
2 3 0 . 

C col: (1-2) i 

13. 
35. 
20. 

750. 
750. 
750. 

11.5 
26.8 
13.6 

BLANK card tennina.tes short circuit test data 
BLANK cam tennina.tes BCI:RAN data 
BLANK ca.rd tenninates EMI'P solution-m:xle 

750. 3 0 
750. 
750. 

(a) BCTRAN input data. 

3-10 

0. 0 1 3 1 
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***"""***** 80--C:O~ CARD-1Ml\GE LISTING OF UNIT-7 PtJN:HED CARDS ********* 

1 
0 

5l,HIGHA , 
52,I.CmA , ,, , 
53, TERTA , TERTlA, , , 

54,HIGHB , , ', 

55,LCWB , I f I 

56,TERTB , TER'.l'IB,,, 

57,HlGHC, ,, , 

,, , 

5 9, TERTlC, TER:IA , , , 

2 
0 

3 
0 

4 5 6 7 
0 0 0 0 

0.473000000000E+-OO, 0.223333333341E+05 , , ' , , 
0 .149423253099E+o0, 0.106905999938E+OS $ 
0.298750000000E-Ol, 0.514227199959E+04 ,,,,, 
0.787417006561E-Ol, 0.215874627165E+04 $ 
0.298263187673E-01, 0.103714540539E+04 $ 
0.112800000000E-01, 0.209767040000E+03 ,,,,, 
O.OOOOOOOOOOOOE+OO, -0.110000000004£+05 $ 
0.478346143970E-02, -O.S28860000605E+04 $ 

-0.234146778592E-02, -0.106342247072E+04 ,,,,, 
0.473000000000E+OO, 0.223333333341Et05 ,r,,, 
0.478346143970E-02, -0.528860000605E+04 $ 
O.OOOOOOOOOOOOE+OO, -0.252774399980E+04 $ 

-0.110290218849E-02, -0.509650790505E+03 ,,,,, 
0.149423253099E+OO, 0.106905999938E+OS $ 
0.298750000000E-01, 0.514227199959£+04 ,,,, , 

-0.234146778592E-02, -0.106342247072E+o4 $ 
-0.110290218849E-02, -0.509650790505E+o3 $ 

O.OOOOOOOOOOOOE+OO, - 0.102798080000E+03 ,,,,, 
0.787417006561E-Ol, 0.215874627165E+04 $ 
0.298263187673E-01, 0.103714540539E+04 $ 
O.ll2800000000E-Ol, 0.209767040000E+03 ,,,,, 
O.OOOOOOOOOOOOE+OO, -0.110000000004E+05 $ 
0.478346143970E-02, -0.528860000605E+04 $ 

-0.234146778592E-02, -0.106342247072E+o4 ,, , , , 
O.OOOOOOOOOOOOE+OO, -0.110000000004E+o5 $ 
0.478346143970E-02, -0.528860000605E+04 $ 

-0.234146778592E-02, -0.106342247072£+04 ,,,,, 
0.473000000000E+OO, 0.223333333341-E+OS ,,,,, 
0.478346143970E-02, -0.528860000605E+04 $ 
O.OOOOOOOOOOOOE+OO, -0.252774399980E+04 $ 

-0.110290218849E-02, -0.509650790505E+03 ,,,,, 
0.478346143970E-02, -0.528860000605E+04 $ 
O.OOOQOOOOOOOOE+OO, -0.252774399980E+04 $ 

-0.110290218849E-02, -0.509650790505E+03 ,,,,, 
0.149423253099E+OO, O.l06905999938E+05 $ 
0.298750000000E-Ol, 0.514227199959E+04 ,,,, , 

-0.234146778592E-02, -0.l06342247072E+04 $ 
-0.110290218849E-02, -0.509650790505E+03 $ 

O.OOOOOOOOOOOOE+OO, -0.l02798080000Et03 ,,,, , 
-0.234146778592E-02, -0.106342247072E+04 $ 
-O.U0290218849E-02, -0.509650790505E+03 $ 

O.OOOOOOOOOOOOE+OO, -0.102798080000E+03 ,,,,, 
0.787417006561E-Ol, 0 .215874627165E+04 $ 
0.298263187673E-01, 0.103714540539E+04 $ 
0.112800000000E-01, 0.209767040000E+03 ,,,,, 

------------------
(b) TRELEG output. 

3 • 11 
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TIOSS = 0 
RESIS~ MATRIX VAll.JES ARE THOSE WHICH WERE READ lN 

OZER:> SECUEl'JCE TEST DATA BETWEEN 1 AND 2 IS M:DIFIED FOR a>EN DELTA IN 3 
lvlni DEIJrA CWSED AGAIN, MDIFIED DATA PRCDU:ES Z= 0 .1150001H02 PERCENI', mICli 

SHOOID AGREE WITH INPur VALUE. 
OPOS. SEQ. EXCITATION IOSSES RAISED TO 0.106425E-03 MW 
OZEOO SEQ. E:XCITATIQ\l LOSSES AAISED TO 0.10642SE+ol MW 
0 SHONT RESIS'l'AlO:S FOR BEPRESENTATIQ\l OF(EXCITATICN LOSSES% 

ZERO SECUEl'JCE SHlNT RESISTAN::E RE!XOD 'lQ BE FU,J'AL 'IO POSITIVE SEQJEN::E VAliJE. 
LEAVE OFF, ell:AUSE SERIES RESISTAN::ES ArnEADY PRrnl.X:E I.DSSES WHICli ARE GREATER TRAN 

INPUT VAUJES OF EXCITATICN LOSSES. 
OBRANCH DATA - RESISTANCE MATRIX (OlMS) AND REICI'l\NCE MATRIX (Of-MS) AT 60 .00 HZ 

1.HIGHA 0.4730000000E+OO 0 .2233333317E+o5 
2I.OWA O.OOOOOOOOOOE+OO 0.1069846719E+o5 

0.2987500000E- 01 0.5134540289E+o4 
3TERl'A TIRTlA O.OOOOOOOOOOE+OO 0.2155787137E+o4 

O.OOOOOOOOOOE+OO 0.1034777827E+o4 
0 .1128000000E- 01 0.2091002394E+o3 

4HIGHB O.OOOOOOOOOOE+00-0.1100000025E+o5 
0 .0000000000E+00-0.5279133581E+o4 
O. OOOOOOOOOOE+00-0.1066059471E+o4 
0 .4730000000E+OO 0.2233333317E+o5 

5r.c:m8 0 .0000000000E+o0-0.5279133581E+04 
O.OOOOOOOOOOE+o0-0 .2533939463E+o4 
O.OOOOOOOOOOE+00-0.5117085469E+o3 
O.OOOOOOOOOOE+-00 0.1069846719E+o5 
0.2987500000E-01 0.5134540289E+o4 

6TERTB TERI'lB O.OOOOOOOOOOE+00-0.1066059471E+o4 
O.OOOOOOOOOOE+o0-0.5117085469E+o3 
O.OOOOOOOOOOE+o0-0 . 1034022733E+o3 
O.OOOOOOOOOOE+OO 0.2155787137E+o4 
O. OOOOOOOOOOE+OO 0.1034777827E+o4 
0.1128000000E-01 0.2091002394E+o3 

7HIGHC 0.0000000000Et00-0 .1100000025E+o5 
O.OOOOOOOOOOE+o0- 0.5279133581E+o4 
O.OOOOOOOOOOE+00-0 .1066059471E+o4 
O,OOOOOOOOOOE+o0- 0.1100000025E+o5 
0,0000000000E+00-0.5279133581E+o4 
0.0000000000E+00-0.1066059471E+04 
0.4730000000E+OO 0.2233333317E+o5 

81.aC O.OOOOOOOOOOE+00-0 .5279133581E+o4 
O.OOOOOOOOOOE+00-0.2533939463E+o4 
O. OOOOOOOOOOE+00- 0.5117085469E+o3 
0.0000000000E+00-0.5279133581E+o4 
0. 0000000000E+00-0.2533939463E+-04 
0.0000000000E+00- 0.Sl17085469E+o3 
O.OOOOOOOOOOE+OO 0.1069846719E+o5 
0.2987SOOOOOE-01 0.5134540289E:+o4 

9TERT1CTERT1A O.OOOOOOOOOOE+00- 0.1066059471E+o4 

Figure 3-4-1 : 

O.OOOOOOOOOOE+00-0.5117085469e+03 
O. OOOOOOOOOOE+o0-0 .1034022733E+o3 
O.OOOOOOOOOOE+00-0.1066059471E+o4 
O.OOOOOOOOOOE+00- 0.5117085469E+03 
O.OOOOOOOOOOE+00-0.1034022733E+o3 
O.OOOOOOOOOOE+OO 0.2155787137E+-04 
O.OOOOOOOOOOE+OO 0. 1034777827E+o4 
O.ll28000000E-01 0.2091002394E+o3 

(c) BCTRAN output. 

Comparing the [RJ and [ L1 matrices produced by the TRELEG und 
BCT RAN programs. 

3-12 
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BEGJN NEW DATA CA.SE 
C XFORMER cam,---------­ X -N 
XFOFM:R 
C Excitation data 
C 
C pos 
C Freq I 
C e>:eit 
C <---- ----<-----< 

3 60. .428 
C col : (1-2) N 
C 

44. 

pos pos 
s Loss 
rating excit 

300. 135. 73 

zero 
I 
excit 

. 428 

C Winding data Winding k 

zero 
s 
rating 

300 . 

C Phase 1 Phase 2 Phase 3 
C k<-Vr..rating<---Rk Busl->Bus2->Busl->Bus2->Busl->Bus2-> 

1132.790560 .2054666 H-1 H-2 H-3 
2 63.393059 .0742333 L-1 lr-2 L-3 
3 50 .000000 .0822000 T-1 T-2 T-2 T-1 

C col: (1-3) k 
C 
C Short. circuit test data 
C 
C 
C k 
C 

p 

ik 

pos 
z 
ik 

pos 
s 
rating 

zero 
z 
ik 

1 
D I 

zero e L: 
S lo 
rating ts 

C <-<----<-----<-----<:----c----<:a<s 
1 2 0. 8.74 300. 7.3431941 300. 3 l 
1 3 0. 8 .68 76.26.2581830 300. 
2 3 0. 5.31 76.18.5528240 300. 

C col: (1-2) i 
BLI\NK card te.oninates short circuit test data 
BLANK car:d temunates £Cl'RllN data 
BLANK card temunates EMlP solution-m:xle 

(a) BCTRAN input data. 

3-13 

N I 
p I p 

zezo h TI r 
Loss a e Pi 

excit s s u n 
e<t<t<t. 

135.73 0 1 3 0 

0
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ILOSS = 0 
RESISTANCE MATRlX VAWES ARE THOSE W1ITOI WERE REM) IN 

OZEOO S~ TFST DATA BETWEEN 1 AND 2 IS MJDIFIID FOR OPEN DELTA IN 3 
WI'ffi DELTA CLOSED FIGAIN, MDIFIED DATA PRCT:>tCES Z= 0. 734319E+ol PERCENT, 'ilUOI 
SHaJI.D 1'.GRF.E WI'lH INPUT VAlllE. 

0 SHUNT RESISTJW::ES FOR REPRESENTATICN OF EXCITATICN I.OSSES% 
ZEOO SE.QUEN:E SHUNT RESISTAl'CE RIDnD 'ID BE EX;.llJAL 'ID POSITIVE SE@El'CE VAI.UE. 
P~ SHUNI' RESIST/IIIO': MATRIX l\C'roSS WimINS 3 WITH R (SEIF /OHM)= 0. 550983E+05 
AND R (M!JrUAL/OHM) = 0. OOOOOOE+OO 

OBRANOH DATA - RESISTJ\l'CE MATRIX (OlMS) RID INVERSE INDU::TJINCE ~ (1/HENRIES) 
lH-1 
2L-l 

3T-l T- 2 

4H-2 

SL-2 

6T-2 

7H- 3 

BL-3 

9 T-1 

Figure 3-4-2: 

0.2054666000E+OO 0.2651269237E+o2 
O.OOOOOOOOOOE+00-0.5957848438E+o2 
0.7423330000E-01 0.1808547434Et03 
O.OOOOOOOOOOE+oO 0.5124542161.E+ol 
0.0000000000Et00-0.7106950227E+02 
0.8220000000E-01 0.7656071131E+o2 
O. OOOOOOOOOOEl+OO 0.1317410104Et01 
O.OOOOOOOOOOE+00-0.1044760157E+Dl 
O.OOOOOOOOOOE+o0-0.2174181664E+Ol 
0.2054666000E+OO 0.2651269237E+o2 
O.OOOOOOOOOOE+00-0.1044760157Et01 
O. OOOOOOOOOOE+OO 0.1002467097E+o0 
O.OOOOOOOOOOE+OO 0.2647586814E+ol 
O.OOOOOOOOOOE+00-0.5957848438Et02 
0.7423330000E-01 0.1808547434Et03 
0.0000000000E+00-0.2174181664Et01 
O.OOOOOOOOOOE+OO 0.2647586814Et01 
O.OOOOOOOOOOE+OO 0.2417436248Et01 
O.OOOOOOOOOOE+oO 0.5l24542161E+ol 
O.OOOOOOOOOOE+00-0.7106950227E+02 
0.8220000000E-Ol 0.7656071131E+o2 
O.OOOOOOOOOOE+OO 0.1317410104E+ol 
O.OOOOOOOOOOE+00-0.1044760157E+ol 
0.0000000000E+00-0.2174181664E-l-01 
O.OOOOOOOOOOE+OO 0.13174101Q4E+ol 
O.OOOOOOOOOOE+00-0.1044760157E-l-01 
O.OOOOOOOOOOE+00-0.2174181664E+ol 
0.2054666000E+DO 0 .2651269237E+o2 
0.0000000000Et00-0.1044760157Et01 
O. OOOOOOOOOOE+OO 0.1002467097E+o0 
O.OOOOOOOOOOE+oO 0.2647586814E+ol 
O.OOOOOOOOOOE+00-0 .1044760157E+Dl 
O.OOOOOOOOOOE+oO 0.1002467097E+DO 
O.OOOOOOOOOOE+oO 0.2647586814E+ol 
0.0000000000E+o0-0.5957848438E+02 
0.7423330000E-01 0.1808547434E+o3 
0 .0000000000E-l-00-0.2174181664E+ol 
O. OOOOOOOOOOE+OO 0.2647586814Et01 
O. OOOOOOOOOOE+OO 0.2417436248E+Ol 
O.OOOOOOOOOOE+00-0.21741B1664E+ol 
O. OOOOOOOOOOE+OO 0.2647586814E+ol 
O. OOOOOOOOOOE+OO 0.2417436248E+ol 
O.OOOOOOOOOOE-l-00 0.5124542161E-l-01 
0.0000000000Et00- 0.7106950227E+02 
0.8220000000E-01 0.7656071131E+o2 

(b) BC'.l'RAN oulput. 

Using BCTRAN for three-phase transformer. This 1s an EMTP test 
case, DCNEW-8. 
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3. S Using CONVERT 

The EMTP has two magnetic saturation programs. The first saturation program CONVERT 

is described in this section. The co N v ER T program is designed to convert RMS voltage• 
current saturat ion curves or current verses incremental inductance curves into peak 
flux-current curves with the hysteresis loop begin ignored. Typical transformer test 
data consists of RMS voltage and current readings. However. the saturation curves used 
in the saturable transformer and pseudo-nonlinear reactance branch requires a flux­
currenr saturation curve to be specified. 

The program co N v ER T works under the following assumptions. It assumes that the 
voltage-current is inputted as a sequence of points with intermed iate values obtained 
from linear interpolation. Sinusoidal excitation is approximated by finite differencing 
at one degree step size. And , hysteresis is ignored. The output is also a piecewise linear 
curve with the same number of points as the input. 

Tile CONVERT program can be requested by a keyword SATURATION at the beginning of a 
new data case. Following the special request data line is a miscellaneous data line. For 
the conversion of RMS voltage current curves. enter into this line the frequency of 
sinusoidal excitation (e.g. 60 Hz), the base voltage (in kilovoh) and base power (in MV A) 
on which lhc input RMS voltage-current curve is based . The ou1pu1 data may cover 
either first quadrant, as requested by saturable transformer and type 98 branch, or 
both firs t and third quadrants. The data points on the RMS voltage-current curve are 
entered in per unit on the p rev iously speci fi ed base. The data is specified in 
mono1onically increasing order. Beginning with first data point nearest to the origin 
and the origin excluded. Terminate the last data line with a value 9 9 9 9 . in the cu rrent 
field. Figure 3-5-1 illustrates the input and output for co N v ER T using RMS vollage­
current data. 

BffiIN NEW DATA CASE 
SATURATION 
C ,-Freq<.-VBase<-PBase<-IPunch<-KThini 

60. 132.791 66.667 0 0 
C -----I.ms (pu) <---Vons (pu) 

. 005 0.90 

.008 1 .00 

.015 1.10 

.050 1.20 

.150 1.25 
9999. 

BLANK card tenninates cx:NVERT data 
BLANK card terminates EMl'P solution-m:>de 

(a) CONVERT input data. 
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DERIVED SATIJRATIOO CURVE GIVIN3 PEAK a.JRRENr VS. 
inq <lJRRENI' (l\MP) 

1 0.0000000000 
2 3.5499911727 
3 i.9501058958 
4 15.9271288023 
S 61.4854155098 
6 219.1499933591 

9999 

E1.UX 
FLUX (VOLT-SEC) 

0.0000000000 
448 . 3271397706 
498.1412664117 
547.9553930529 
597.7695196941 
622 . 6765830147 

CHECK OF DERIVED OJR\18 BY INDEPENDml' REVERSE CXMPUTATION. ASSllMIN3 Srnt.JSOID.I\L 
VOLTAGE (FWX) Kl: lEVE:L OF El\CH POmr, R-1.5 OJRRENT IS roJt.O NU£'RICALLY- THIS 
aJRVE S!:!OOID BE EQUAL 'ro THE ORIGINAL I -V POINl'S INPUTTED. 

RCW ClJRRENT m P.U. VOLTJIGE IN P.U. 
2 0.00500000 0.90000000 
3 0.00800000 1.00000000 
4 0.01500000 l.10000000 
5 0.05000000 1.20000000 
6 0.15000000 1.25000000 

Figure 3-5-1: 

(b) CONVERT output. 

Convening RMS voltage-current saturation curve to flux­
current curve using CONVERT 

The CON VE RT program.can also convert current verses incremental inductance curve 
into flux-current satu rati on curve using Trapezoidal integra tion. To perform this 
conversion, enter the keyword SATURATION in the beginning o f a new data case. Theo, 
en ter - 1 . o io the frequency field of the miscellaneous data line that follows. In the 
same line enter the current scaling factor in the VB As E field and inductance scaling 
factor into the PB As E field. Enter also the request for the first or first and third 
quadrant output. Ia the following data lines, enter the current and incremental 
inductance pairs. The current must start with a value zero and increase monotonically. 
The incremental inductance must all be positive. The data points are terminated by a 
vnlue 9 9 9 9 . in the current field. An example of converting curreot verses incremental 
inductance to flux-current curve is shown in f igure 3-5-2. 

BFGrn NEW DAXA CASE 

SA'IURATICN 
C -Freq<--VBase<- PBase<-IPunch<-KThi:c:d 

-1. 10. .001 0 0 
C --- -ik<-----Lk 

o. 5.0 
2. 5 . 0 
3. 3.5 
4. 2.0 
5. 1.0 

10. 1.0 
9999. 

BLANK card tezminates CXlNVERT data 
BL..I\NK card teuni.nates EMl'P solution-m:x:le 

(a) CONVERT data case. 
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DERIVED SATURATION CURVE GIVIl'G PEAK CXJRRENT VS. FI1JX 
ID-J QJRRENT (.!\MP) E'WX {VOLT- SEX:) 

REMMBER. THE JOST-<XM?LETED CXNVERSICN BEX3AN WITH A aJRRENT VS . JN:REMENTAI.. 
INDOCTANCE CHAAACl'ERISTIC, OOE TO MISCELI.ANFOUS DATA Pl\AAMETER 
'FREQ' OF CX>I..O!NS 1-8 BE~ PlJIO,IED WITH A VAllJE OE' -1.0 

TRAPEWIDAL RlJlE .INTEGAATlCN OE' THE ~ ClJRVE WAS USED, 'ro Pocnx:::E FWX. 

1 
2 
3 
4 
5 
6 

0.0000000000 
20.0000000000 
30.0000000000 
40 .0000000000 
50.0000000000 

100.0000000000 
9999 

(b) CONVERT 

0 ,0000000000 
0.1000000000 
0.1425000000 
0.1700000000 
0.1850000000 
0.2350000000 

output. 

Figure 3-5-2: Using co N v ER T to convert current verses incremental 
inductance curve 10 flux-current curve. 

The CONVERT program supports up to a hundred data points. Templates for CONVERT 

program is available in Appendix A. 

3.6 Using HYSDAT 

The auxiliary program HY so AT is designed to provide the data needed to represent 
hys1eresis in transformer core. The flux-current curve generated by HY so AT can be 
used in the pseudo-nonlinear hysteretic reactor in a transformer using the matrix 
models. The data required to represent the major hysteresis loop characteristics is often 
not available from the manufacturers. HY so AT is an attempt to catalogue the hysteresis 
characte ristics for some common transformer core materials. In Version 1.0 of the 
EM1'P, only l ARMCO M4 oriented si licon steel is supponed. Additions of other core 
materials is expected in future versions. 

To request HYSDAT, the keyword SATURATION must be specified followed by a value 88. in 
the frequency field of the miscellaneous data line immediately follows. The desired 
number of data points in the output flux-current curve can be controlled. It is 
recommended that 15 to 25 data points be used in this curve. The data can also be 
written to a "punch" file wi1h the correct format for the type 96 branch. 

The HY so AT program actually stores the shape of the hysteresis loop for the material 
specified. The shape of the hysteresis loop depends primarily on the material of the 
core. Scaling of the hysteresis loop depends on the geomelry. the number of turns, and 
other factor of the actual construction of the reactor. Therefore, i t is necessary 10 
provide information for the reactor being specified to allow correct scaling 10 be 
performed. 

The data used by HY so AT in scaling is the positive saturation point of the actual reactor. 
This is a point in the first quadrant of the flux-current plane where the hysteresis loop 
changes from being multi-valued to single-valued. 

Since the hysteresis loop curves are less readily available, the saturation poiot 
determined from the o rdinary magnetization curve of the transformer. 
magnetization curve may have been previously determined by a prior execution 
CO NVERT program as described in section 3.5. Figure 3-6-1 illustrates a method 
determination of the saturation point to be used "in HYSDAT, 
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X 
:, 
u:: 

1.0 

0.5 

0.0 

Saturation Point 

1.0 2.0 3.0 
Current 

Figure 3-6-1: The detcnnination of the saturation point from a magnetization 
curve. 

Contrary to s tatements in 1hc Rule Book, the required point appears to be the extreme 
point of Lbe major hysteresis cycle. Therefore, a point well into the saturation curve 
seems 10 be required, a point at which the behavior of the magnetic material becomes 
once again linear. The reader should be cautioned when determining the saturation 
poi nt, since any error in calculating the current coordinate o f 1he saturation point will 
be translated 10 a corresponding error in the width of the hysteresis loop. This error 
can be very drastic near zero flux. but it is quite possible that the error near the 
saturation point is relatively small. Templates for RY SDA T input id available in Appendiit 
A. An example of using HYSDAT is shown in Figure 3-6-2. 

BmIN NEW DATA CASE 
SATl!RA1'ICN 
C -E'req 

88 . 
C ·Itype<-Level<-Iputleh 

1 3 0 
C -Olsat<-FlxSat 

2.0 0.9 
BUN:-< card temrinat.es hysteresis curve ~ 
BLANK card temdnates HYSDAT data 
BI.J\NK card tez:mi.nate EMl'P solution-m:x:le 

Figure 3-6-2: 

(a) HYSDAT input data. 

DERIVED TYPE-96 OiARPCTERISTIC ~: 
aJRRENl' FWX 

-0.7500000E'i-00 - 0.8788235E+OO 
-0.3750000E+00 - 0.8682353E+OO 
-0.12S0000E-+-00 - 0.8417647E+OO 
-0.2500000E-Ol -0.8152941E+OO 

0.4375000E-Ol - 0.7517647E+OO 
0.8250000E·Ol -0.6352941E+OO 
O.lSOOOOOE+OO 0. 4552941E-+-00 
0.2375000E+OO 0.651176SE+o0 
0.3375000E-+-00 0.7305882E+OO 
O.SOOOOOOE+oO 0.7941176E-+-OO 
0.7375000E+o0 0.8364706E-t-00 
O.ll50000E+Ol 0.8682353E+OO 
0.2000000E-+-Ol 0.9000000E+OO 
0.2750000E+ol 0.9052941E+OO 
0.9999000E+04 

(b) H YS OAT output. 

Using Hy s DAT to generate hysteresis curve for type 96 brancb. 

3-18 
0



14170605

SECTION 4 

USING TRANSFORMER MODELS 

In lhis chapler we illustrate a few examples of using the transformer models described 
in the previous chapter. We will illustrate the use of the ideal transformer model using 
a s1cady stale example involving a Y-Deha connected lransformer. We will then 
compare the TREt.EG and the BCTRAN models. We will show how the nonlinear branch of 
a transformer can lead 10 ferroresonance. Finally, we will illustrate an inrush current 
calcvlalion. 

4. I Ideal Single Phase Transformer Example 

ln this ex.ample we consider the transformer connecting buses 12 and 13. The 
trnnsformer is represented as an ideal transformer with series leakage impedances. 
The transformer total leakage impedance is assumed divided equally between primary 
and secondary on a per unit basis. The leakage impedances are represented as part of 
the system impedances, as lumped inductances. The system is represented using 
Thevenin equivalents described in Workbook I. The load is represented as an RL 
impedance, also discussed in Workbook T. The objective is to look at the "internal" 
1ransformer voltages in both the primary and secondary of the "ideal" trallsformer. 
The internal nodes are designated as "IX12" and "IX13". We perform only steady state 
phasor analysis. We first consider the "normal '' system and look at the primary and 
secondary vollages in the ideal transformer. We 1hen apply a solid three phase short 
circuit at the secondary bus. 

For mostly historical reasons, the ideal transformer model in the EMTP exists in 
combination with the model for an ideal voltage source between two branches. In facl, 
the speci fication of these sources is somewhat unusual. Notice that two data lines are 
used. Tbe first data line specifies an ordinary source (you must have a dummy or actual 
source, even though no source may be intended - see below). This line also specifies 
one of the four terminals to which the ideal transformer is connected. The second data 
line specifies tbe ideal l ransformer, as well as the other three terminals of the 
connection. Since the primary side of the ideal transformer is grounded, one of the 
names in this card is blank, denoting ground. The other two nodes are named lo 
indicate delta connection of the ideal transformer. ln this example we have connected 
the leakage reactances as external impedances. The rcac tancc for the Delea side has 
been located at the machine terminals rather than within tbe Delta_ Is this correct? It 
is Lo the positive sequence (balanced operation), but is not correct to lbc zero sequence 
(unbalanced operation). Figure 4-1-1 illustrates our complete example of an ideal 
transformer tesl. 

Transformer 
Thev Bus 13 

rl-~ 
~ -

(a) Circuit diagram. 
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C Three phase short ci.I:cui.t at the delta connected secondary of an ideal 
C transfomer comecting buses 12 and 13. 
BEX,JN NEW DATA C.ASE 

C ••••••••••••••••••••••••••• Misoellaneous data·············-· ·-· ··· ········· 
C DeltaT<-'IMax<-~<--<X)pt<-Epsiln<-TolMat<~Start 

-1. 
C --IOut<--IPlot<-lDoubl<-KSSOUt<-Mal!O.lt<-IPun<-Merr6av<-ICat<-NEnerg<-IPrSup 

3 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Bus->Bus-> <--R<----L 
51THEVA BUS12A 8.5288 135.95600 
52THEVB BUS12B 2.6073 93.50861 
53THEVC BUS12C 
C Busl->Bus2->Bus3->Bus4-X--R<--L<--C 

BUS12.AIX12A 35.08 
BUS12BIX12B BUS12AIXJ.2A 
BUS12CIX12C BUS12AIX12A 
Da.3A BUS13ABUS12AIX12A 
IXl.3B BUS13BBUS12AD0.2A 
Da.3C BUS13CllUS12AIX12A 
BUS13A 22 .61519 .717 
80S138 BUS13A 
BUS13C BUS13A 

BLANK card teJ:mi.nates circuit. data 
C 

0 
0 
0 

1 
l 
1 
1 
1 
1 
0 
0 
0 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data .. ............ ....... • . , .... .. ..... . 
C Bus-->Bus-X--Tclose<--Topen<---Ie 

BUS13A -1.E-3 9999. 
BUS13B -1.E-3 9999. 
BUS13C -1.E-3 9999. 

BLANK cam tenninates switch data 
C 

0 
0 
0 
0 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . Source data ............. . .. . .......... . ........ . 
C Bus-><I<JIITplitude<Frequency<--T0IPhi0<---O=Phi0 <---Tstart<-Tstop 
14'.rHEVA 187. 79 60 . 0. 0. - 1 . 9999. 
14THEVB 187.79 60. -120. O. -1. 9999. 
14THEVC 187. 79 60. 120. 0. -1. 9999. 
C 
C 1.JrY:frounded voltage sources and ideal transfomers 
C Bus-XI <J\!Tplitude<Frequency<-T0 I PhiO<--0=Phi0 
C Busl-> <---RatioBusk->Busm->Busx--> 
14IX12A .001 60. 0. 0. 
18 3.33333333DG.3A 0038 IXA 
140028 .001 60. -120. 0. 
18 3.333333330038 IX13C DCB 
14IX12C .001 60 . 120 . 0. 
18 3.33333333IX13C 003A IXC 
BLANK card tellllinates source data 
C 

<---Tstart<--Tstop 

9999. 9999. 

9999. 9999 . 

9999. 9999. 

C .. . .. .. ..... , . . . . . . . . . . . . . . . Output requests ..... . ... ... • .... .............. 
C Bus-->Bus-->Bus->Bus->Bus->Bus->Bus->Bus->Bus->Bus->Bus->Bus->Bus-> 

IX1.2A IX12B IX12C IX13A 1Xl3B D..'13C IXA IXB IXC 
BLANK cam terminates output requests 
BLANK cam tellllinates plot requests 
BL1INK caro te:cminates EMl'P solution-m:xle 

(b) Input data for ideal transformer. Notice that TSTART for the voltage 
sources in series with the ideal transformer was made 9999. and that the 

voltage magnitude was made 0.001 (although any other nonzero value would 
have given lbe same results). 
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BUS K N::CE \OLTI'a mA.>CH CtJRRmr 
JDS M lm:TAN::mAR POU\R ROC'l:J>lllJJJ\ POI.AR 

BUS12A, 0 . 1742557E+o3 O. l742582E+o3 0 .2044993E-()2 0. 3837838E+OO 
0 . 928.5353E+OO O. 3053 -0. 3831783E+oo - 89.6947 

IX12A 0 .1691803Eit03 0.1691827E.03 -0.2014993E-02 0. 3837838E+OO 
0.9014906E+OO 0 .3053 0 .3837783E+OO 90.3053 

00512B -0. 8632374E+02 0 .1 742582E+03 -0.3333843E+OO 0. 3837838E+oo 
0 . l90ll81E+OO 150. 3053 
O.J3l3843E+OO 0 .3837838£-'00 

-O. l5137421'l-t03 - 119. 6947 
D0.2B - 0.8-380945)!)•02 0 .1691627E<-03 

-0. 1469652E+03 - 119. 6947 --0. 1901181E+oo -29 .6947 

BUSUC -0.879.3201E+o2 0. 1742582£.03 0 . 3313393£-+00 0,3837838E..OO 
0, 1936602E+oo 30. 3053 

-0. 3313393Et00 0 .3837838E+OO 

!Xl.3B 

0 . 1504456E.03 120. 3053 
002C - 0.85370B8E+o2 0. 1691827E+o3 

BLS13A 

Ba;l3B 

0.1460637E;{)3 120. 3053 

0 .2545512Et02 
-0 .145l.622E+o2 
o. oooooooe+oo 
0 . 0000000'€+00 

-0. 2529898E-+-02 
-o. l4 786671!+-02 

O,OOOOOOOE-l-00 
O.OOOOOOOE..00 

0.2930331E+o2 
- 29. 6947 

0. OOOOOOOf!-+00 
0 . 0000 

0 .2930J31E+02 
-149.6947 

0. OOOOOOOE+oo 
0 .0000 

--0. 1936602E+OO -149.6947 

--0 . 1097648Et01 0 . 2215777E.+Ol 
-0.192479$+01 - 119.6947 
0 . 1097648E+Ol 0 .2215777E+Ol 
0 ,1924795.:-101 60.3053 

--0. ll1809BE+Ol O. 22lS777Et01 
0 . 1912988E+Ol 120.3053 
0. 1118098E+0l 0 .2215777E+0l 

-0.1912988E+Ol - 59.6947 

1Xl3C -0, 1561428Et00 0. 2930331E+02 0 . 2215745E+Ol 0 . 221S777E+Ol 
O. U80617E-Ol 0 .3053 

-0. 2215745E•Ol O .2215777£.+0l 
0 . 2930289E+02 90. 3053 

&S13C O.OOOOOOOE+OO 0. 0000000E+OO 
O.OOOOOOOE-+00 0.0000 --0.1180677E:-01 -179.6941 

3ffilN sru,OY-Sl'IITE: PRWl'CUl' OF OO'P CX11'!'Ul' V1IRIABIZS. t.Ql£ l.<lLT!'Ge OUll'IJJ' FOi.J.GIS. 
005 ?~ NQ£. IN RFAL lM/IGINAR¥ 

N,\"£ "'9',GNl'lU)!? DEGREES PI\RI' PART 
!Xl2A 0 .16918214&>03 D.305302 0.16918034£+03 0.90149059E+OO 
!)(128 0 . 16918274E+03 - l.19.694698 -0,83809455E:+02 -0.14696522Et03 
!Xl2C 
!Xl3A 
0038 
D<lX 
IXA 
IXB 
D<C 

0 .16918274E+o3 120. 305302 -0. 8537088:IB+02 0 .14&l6372E+03 
0 . 29303310E+02 - 29. 694698 0 . 25455122E+02 - 0 . 14516223!::+0:? 
0,29303310E+02 -149.694698 -0,25298979E+02 -0.14786671£+02 
0 . 29303310E+o2 90. 305302 -0 .156H275E+OO O .29302894E+02 
0 .383?8377E+o0 -89.694698 0 .20449926E-02 -0.38l77832E+OO 
0 . 3837837iE+OO 150. 305302 -0. 33338427£+00 0 .19011814£+00 
0 .38378317E+o0 30.305302 0 .33133928E-+00 0 .19366018£+00 

(c) Portion of steady state phasor solulion. 

PG.ER Fl.CW 
PNJDQ PAroQ 

-0.3461071£-l.3 -0.5746272£-17 
0 . JJ43874E+02 0 . 97J9438E+OO 
0 . 3460497£-13 

-0. 3246479£-102 

O. ll22644E-l2 0 .5828671£-15 
0 . 3343874E+02 0 . 9739438E-t00 

-O. Ul68l.SE-l2 
-0. 3246479E+02 

0 . 2137700E- 13 O. ll6226SE- lS 
0. 3343874£"-t-02 0 . 9739438E¼OO 

-0. 2l.2&l77E-13 
-0. 3246479£+02 

--0.5325601E-15 --0 .5325601E- 15 
0. 3246479Et02 O.J246479El-t02 
O. OOOOOOOE-00 
0. OOOOOOOE +-00 

--O. l006140E-ts -0. 1006140E- l5 
0.3246479E-102 0.3246479£+02 
0. OOOOOOOE+OO 
0 . OOOOOO0E+OO 

0 . 3290554£-16 0 . 3290554E-16 
O. 3246479E+02 0,3246479E+02 
O. OOOOOOOE..00 
() • OOO()()()QE .+OD 

Figure 4-1- 1: Sleady stale lhree phase shorl ci rcuit voltages and currents a1 

the transformer terminals using EMTP ideal transformer model. 

The following are the primary and secondary voltages at the internal bus of the ideal 
transformer with and without the fau lt. Notice that the ideal transformer maintains an 
exact voltage ratio among the two regardless of conditions. 

Primary Secondary Ratio 

Nonna! Voltage 0. I 8153698E+03 0.31443 127£ +02 ( 1 0/3)✓3 
Pault Voltage 0. I 69 I 8274E+03 0.293033 l 0E+02 (l 0/3 )✓3 

Note : The ideal transformer model does not permit at present the use of a 
truly zero series voltage source. When a source is defined. the amplitude 
must be non-zero (contrary to what is stated in the Rule Book) and the 
frequency must also be positive. To obtain zero voltage across rhe voltage 
.tource snecifv a startinf! time 2reater than the maximum simulation time. 
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4. 2 Short Circuit Tests using B C TRAN and T RELEG 

ln this section we compare use the BCTRAN aod 'l'RELEG models. We use these models to 
calculate the fault currents caused by a s ingle line to ground faull. Figure 4-2-1 shows 
the ci rcuit of interest. In the following example. transformer windings matrices are 
calculated using B c TRAN and TR EL E G . The data for Lhe transformer is obtain from the 
cases in Section 3. The data have been adjusted to correspond to a transformer meeting 
the specifications of a 200 MV A 3 phase transformer bank, with a Y -connected primary 
winding of 230 kV connected to bus 12, a Y-connected secondary winding, not 
connected, and a 69 kV delta connected tertiary winding connected to bus 13. All tes1 
resistances and reactances were adjusted to maintain the same pu values. These 
adjustments were necessary to permit meaningful comparisons, since the data used in 
Sect.ion 3 was for quite different units. Three windings were retained, although one of 
the windings was not connected. 

Thev Bus 12 Bus 13 

r+1 I I~ 
~ 

y 

-
Figure 4-2-1: Circuit diagram for three-phase and SLG fault stud ies. 

C OCTRJIN - mxl.ified JXl-.lEW-8 benchrrark case to apply to tran.sfomer between ruses 
C 12 and 13 . Win:iing 2 is l.eft unconnected. 
BEGIN NEW DATA CASE 
C XFOFMER card---------X- N 
XfOR-1ER 44. 
C Excitation data 
C 
C pos 
C Freq I 
C excit 
C < 

3 60. 
C col: (1-2) N 

1. 

pos pos 
s Loss 
rating excit 

200. 0. 

zero 
I 

e:«::it 

100. 

C Winding data Winding k 

zero 
s 

rating 

200. 

C Phase l Phase 2 Phase 3 
C k.<-Vkrating<---Rk Busl->Bus2->Busl->Bu.s2->Busl- >Bus2-> 

1132.790562 ,37453200 BUS12A BUS12B BUS12C 
2132.790562 .10288981 XA XB XC 
3 69.000000 .02492167 BUS13ABUS13BBUS13BBOS13CBUS13CBUS13A 

C col.: (1-3) k 
C Short circuit test data 
C 
C pos pos zero 
C k. p z s z 
C i.k ik rating ik 
C <-<----< 

1 2 o. 13. 200 . 11.5 
l 3 0. 35. 200 . 26.8 
2 3 0. 20. 200. 13.6 

C col: (1-2) i 
BLANK card temdnates short circuit test data 
BLANK card te.nninates a:::TRAN data 
SL)\NK card terminates EMTP 50lution-rrode 

I 
D I 

zero eL 
s l o 
rating t s 

c:a<s 
200. 3 0 
200. 
200. 

(a) Input data for BCTRAN. 

4.4 

N I 
p I p 

zero h T I r 
Loss aePi 

excit s s u n 
(e<t<t<t 

0. 0 1 3-1 
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c TRELm - m:x:lified. DC- 36 benchmarlc case to apply to t..ransfomer between 
C buses 12 and 13. Win.iing 2 is left unconnected. 
&GIN NEW DATA CASE 
c XFORMER cardc----------x-N 
XFOPMER 33 . 
C 
C Electrical paraneters (class #1) 
C N<-<----Freq<---SBVA 

3 1 60 . 200. 
C col: (2- 3) N, (4-5) NDelta 
C 
C Measurerent data (cl.ass 13> 
C I<J<----TPR<---TPX<----"TZR<-----'TZlC 

1 2 0. .13 0. .115 
l 3 0 . .35 0. .268 
2 3 0. .20 o. .136 

c col : (2-3) r 
BLllNK card te.cninates rreasw:eirent data 
C 
c Outp..it units (class 14) 
C -

1 
C col : (2-3) KZOut 
C 
C Winding data (class llS) 
CJ< <----VRj<-------RjNAi-->NBi-->NAil-'>NBil->NAi2->NBi2-> 

l 0 132.7905619 .37453200BUS12A BOSl.28 BUS12C 
2 0 132.7905619 .10288981.xA XB XC 
3 1 69.Q000000 .02492167BUS13AOOS13BEUS13BBUS1..3CBUS13CBUS13A 

C col : (2-3) J, (5) 1NID 
BLANK card te.cninates winding data 
C 
C Magnetizing ~ce specifier (class t6) 
C -

1 
C col : (2-3) NT 
C 
C Magnetizing inpedance data (class ln) 
C ---.XPos<---XZero 

100.00 1.00 
99.87 1.13 
99.67 1 . 33 

BLANK card tenninates rragnetizing inpedance data 
BL.I\NK card tezminates TRELm data 
BLANK card te.cninates EMl'P solution-mxle 

Figure 4-2-2: 

(b) Input data for T RE LEG. 

Calculating winding data for transformer connecting buses 12 
and 13. The data used in both cases are the scaled down version 
of the cases in section 3. Notice Lhat only winding #1 and #3 
are used in our study. 

4-5 
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C Single-line-to-ground fault at the wye connected prirrary of ;;i tran.sfomer 
C connect..in;J bus 12 an:i bus 13. Transfomer paraireters ( [RJ and inverse of [LJ 
C uatrices) are ootaired fron ECl'RAN run. 
BEX,IN NEW DATA CASE: 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data .. . .. . ... .......... . ....... .. . 
C DeltaT<-'IMax<--XCpt<~<-Epsiln<-Tol.Mat<-TStart 

-1. 
C --IOut<-IPlor:<-lDoubl<-I<SSOut<-MaxOut<-IP\Jn<-MemSav<-Icat<-NEnerg<-IPrSup 

3 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Bus-->Bus-> 
51T!-!EV1>. BUS12A 
52THEVB BUS12B 
53THEVC BUS12C 

<--R<----L 
8.5288 135.95600 
2.6073 93.50861 

C Busl->Bus2->Bus3->Bus4-X--R<--L<--C 
BUS13A 22.61519.717 
BUS13B 
8US13C 

BUS13A 
BUS13A 

1 
1 
1 

0 
0 
0 

C Three phase transfomer data fran a BC1'R1\N run . 
C [LJ matrix and B takes the [R] YMtrix. 

The field A takes the inverse 

C Busl-> 
USE AB 

WINT.AGE:, 1 
C Busl->Bus2-> 

lllUS12A 
2XA 

. .. Sare data anitted ... 

980Sl3CBUS13A 

$VINl'J\GE, 0 

<---- --A<------B 
l.147006000E+Ol 3.7453200008-01 

-1.2087970008+01 O. OOOOOOOOOE+OO 
2.098391000E+Ol l .028898000E:- Ol 

l.294836000E-01 O.OOOOOOOOOE+OO 
-2.292546000E+OO O.OOOOOOOOOE+oO 

6.549006000E+OO O. OOOOOOOOOE+oO 
1.294836000E- 01 O.OOOOOOOOOE+OO 

-2.292546000E+OO 0.000000000E+OO 
6.549006000E+OO 0.000000000E+OO 
l.189165000E+OO O.OOOOOOOOOE+OO 

-l.712026000E+Ol O.OOOOOOOOOE+OO 
3.309857000E+Ol 2.492167000&-02 

BLANK caro. temiinates ciJ::cuit data 
C 
C , . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Bus->Bus--X--Tclose<---Topen<---.Ie 

BUS12A -l.E-3 9999. 
BLANK card te.tmi.nates switch data 
C 

0 
l 

C . . . . . . . . . . . . . . . . . . . • . . • . . . . Source data . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. 
C Bus-><I<Artplitude<Frequency<-TOIPhiO<-O=PhiO <--Tstart<--Tstop 
14THEVA 187.79 60. 0. 0. -1. 9999 . 
14THEVB 187.79 60 . -120. 0, -1. 9999. 
141HEVC 187.79 60 . 120. 0. -1. 9999 . 
BLANK card te.tmi.nates source data 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . output requests . .. .. . . .. .. . .................. . 
c Bus->Bus-->Bus->Bus-->Bus->Bus-->Bus->Bus->Bus-->Bus->Bus->Bus-->Bus-> 

8US12ABUS12BBUS12CBUS13ABUS13BBUS13C 
BLANK card tei:rninates output requests 
BLANK caro te.tmi.nat.es plot requests 
BIANK card t:enni.nat.es EM1'P solution-mxle 
(a) Using (RJ and [LJ - 1 matrices obtained from BCTRAN run. Notice that the 

use of ( R J and [ L J - 1 matrices is indicated by a "USE AB" data line. 
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C Single-line-t~urrl fault at the wye connected primary of a transfomer 
C connectin:J bus 12 and bus 13. Transfomer pararreters ( [R] and [L) rrat.t::ices) 
C are obtained fran BCTRAN run, Notice the [L] matrix is in ohms. 
81:X,IN NE.W DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data ............................. . 
C DeltaT<-'lMax<->:Cpt<---0:pt.<-Epsiln<-TolMat<-TSt.art. 

-1. 60. 
C -IOut<-Il?lot<-IDoubl<-KSSOut<-MaY.Out<--IPun<~v<-ICat<-NEnerg<-IPrSup 

3 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Ci..ro.ut data .................................. . 
C Bus->Bus-> <--R<----L 
51TREVA BUS12A 8.5288 51.25420 1 
52THEVB 80S128 2.6073 35.25192 1 
53THEVC BUS12C 1 
C Busl->Bu$2->Bus3- >Bus4-><--R<--L<---<:: 

BUS13A 22 . 6157 .4331 0 
BUS13B BUS13A 0 
BUS13C BUS13A 0 

c Three phase transfomer data fran a a:::::mAN run , 
C Busl-> 

USE RL 
SVINI'AGE, 1 
C Busl->Bus2-> 

1BUS12A 
2X1\ 

. . . Sare data emitted _ .. 

9BUS13CBUS13A 

$VINT.l\GE, 0 

<--------R<-- ----L 
3.745320000E-01 l.772150000E+o4 
O.OOOOOOOOOE+oO l.768590000E+-04 
l.028898000E-01 1.768341000E+04 

O.OOOOOOOOOE+00-4.531705000E+o3 
0.000000000E+00-4.531705000E+03 
O.OOOOOOOOOE+00-2.354743000E+03 
O.OOOOOOOOOE+00-4.531705000E+o3 
0.000000000E+00-4.531705000E+03 
0.000000000E+00-2.354743000E+03 
O.OOOOOOOOOE+OO 9.164016000E+o3 
O.OOOOOOOOOE+OO 9. 164016000E+o3 
2.492167000E-02 4.761762000E+03 

BLANK card terminates circuit data 
C 
C . . . . . . . . . . • . . . . . . . . . . . . . . . . Switch data 
C Bus-->Bus --X-Tclose<--Topen<---Ie 

BUS12A -1.E-3 9999. 
BLANK card t.emu.na.tes switch data 
C 

0 
l 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . Source data ........... . ............ . ........... . 
C Bus--XI<Arrplitude<Frequency<-TOIPhiO<-O=PhiO <--Tstart<--Tstop 
14THEVA 187.79 60. 0. 0. -1. 9999. 
14THEVB 187.79 60. -120. 0. -1. 9999. 
14THEVC 187.79 60. 120. 0. -1. 9999. 
BLANK ca:to teuninates source data 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . output requests . . ... . ......... . ...... . ....... . 
C Bus->Bus->Bus->Bus->Bus->Bus-->Bus-->Bus->Bus-->Bus-->Bus-->Bus-->Bus--> 

13US12ABUS12BOOS12CBUS13ABUS13BEUS13C 
BLANK card tezmi.nates output requests 
BIANK card tezmi.nates plot requests 
BLANK card tezmi.nates EMl'P solution-m:x:le 

(b) Using (RI and (LJ matrices obtained from BCTRAN run. Notice LbaL the use 
of (RJ and [LJ matrices is indicated by a "USE RL" data line. 
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C Single-line-to-grourrl fault at the wye connected primary of a transfomer 
C connecting bus 12 arrl bus 13. Transfomer pararreters ( [R) and [LJ rratrices) 
C are obtained fran 'I'RELEXi run. Notice the [L] rratci:x is in ohms. 
BEGrn NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . • . . . . . Miscellaneous data • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
C DeltaT<-'IMax<-xept<--copc<-.Epslln<-Tol.Mat<-TStart 

-1. 60. 
C -IOut<-IPlot<-IDoubl<-KSSOut<-MaxOut<-IPun<-MenGav<-Icat<-NEnei::g<-IPrSup 

3 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Bus-->Bus-> 
Sl'l'.HEVA EUS12A 
52'l'HEVB 80S12B 
53THEVC BUS12C 

<--R<----L 
8.5288 51.25420 
2.6073 35.25192 

C Busl->Bus2->Bus3->Bus4-X--R<--L<~ 
BUS13A 22.6157.4331 
BUS13B BUS13A 
BUSL3C BUS13A 

C Three phase transfomer data from a TRELEG run. 
$\IINl'l\GE, 1 
C .Busl->Bus2- > 
51,EUS12A, 
52,:>@. 

<-------K<-----~L<------c 

, . , 
. . . Sare data emitted ... 

59,BUS13C,BUS13A,, ~ 

$VINrAGI:,, 0 

0.374532000000E+OO, 0.177214999964E+o5 ,,,,, 
0.246596704012E+OO, 0.176983341565E+o5 $ 
0.102889810000E+OO, 0.177100383297E+OS ,,,,, 

0.921971311781E-02, 
0.313461520604E- 03, 
O.OOOOOOOOOOOOE+OO, 
0.921971311781E-02, 
0.313461520604E-03, 
O.OOOOOOOOOOOOE+OO, 
0.130514227386E+OO, 
0.510259064350E-Ol, 
0.249216700000E-01, 

-0.452049497167E+o4 $ 
-0.451348108632E+o4 $ 
-0.234098370000E+o4 ,,,,, 
-0.452049497167E+o4 $ 
-0.451348108632E+04 $ 
-0.234098370000E+o4 ,,,,, 
0 .917659911749E+o4 $ 
0.918498745391E-t-04 $ 

0.477694935000E+o4 , ,,,, 

BLANI< card terminates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 

1 
1 
1 

0 
0 
0 

C Bus-->Bus--X--Tclose<--Topen<---Ie 0 
BUS12A -1.E-3 9999. 1 

BLANK card terminates switch data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Souroe data ..................... ...... ......... . 
C Bus--XI<Arcplitude<Frequency<--TOIPhiO<--O=PhiO <--Tstart<----Tstop 
14THEVA 187.79 60. 0. 0. -1. 9999. 
14THEVB 187 .79 60. -120. 0. -1. 9999. 
14THEVC 187.79 60. 120. 0. -1. 9999. 
BLM1K card terminates source data 
C 
C .............. , .. , . . . . . . . . . . Output requests ......................... ..... . 
C Bus->Bus- >Bus->Bus->Bus->Bus->Bus- ->Bus--:>Bus--)'.Bus->Bus-->Bus-->Bus-> 

BUS12ABUS12BBUS12CBUS13ABUS13BBUS13C 
BLANK caro terminates output requests 
BLANK card temrinates plot requests 
BLANK card tetminates EMI'P solution-m:x:le 

(c) Using [RJ and [LJ matrices obtained from TRELEG run. 

Figure 4-2-3: Comparing short circuit currents and voltages of a singlc-line­
to•grnund fault at the wye-connected primary of a transformer 
between buses 12 and 13 using BCTRJI.N and TRELEG models. 
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Nole the USE AB parameter for [RJ and [LJ-1 and USE RL parameter for [RJ and [ L J . ln 
the case of USE AB the value of [ L J - 1 come first. This is not reported correctly i 11 the 
users Rule Book. The following tables illustrate quantitative comparisons of resulls. 
No tice that nearly identical results are obtained from either model. 

• 

4 . 3 

Table 4-2-l Steady-state Short Circuit Vollages 
phase Fault at Delta-connected Secondary 

BCTRAN 

and Currents fo r a Three­
of the Transformer ., 

TRELEG 

faul.t currents 
phase a 
phase b 
phase c 

primary vol.tages 
BUS12A 
BUS12B 
BtJS12C 

[RJ and [LJ - 1 

0 . 58693637E+Ol 
0.81144765E+Ol 
0.71875231.E+Ol 

0 . l7085907E+03 
0 . 23552475E+03 
0 . 18778206E+03 

[R] and [L] 

0 . 58657700E+Ol 
0 . 8ll32793E+Ol 
0.7l923559E+Ol 

O.l7072208E+03 
0 . 23563735E+03 
O_l8776895E+03 

[R] and [L] 

0 . 58685282E+01 
0. 81136773E+Ol 
0 . 71859728E+Ol 

O.l7087393E+03 
0.2355l410E+03 
O. l8776894E+03 

Table 4-2-2 Steady-state Short Circuit Vo ltages and Currents 
line-to-ground Fault at Wye-connected Primary s ide of the 

BCTRAN 

for a Single­
Transformer'" 

TRELEG 
[R] and [L) - 1 [R] and [L] [R] and (L] 

faul.t current 
phase a 0 . 60118126E+Ol 0 . 6016l989E+01 Q_60151460E+Ol 

volt age at unfaulted phases 
BUS12B 0. 32122477E+03 0.32l35446E+03 0 . 32123789E+03 
BUS12C 0.18778535E+03 0 . l8777782E+03 0 .18777770E+03 

secondary voltages 
BUS13A 0.28007018E+02 0.27969333E+02 0 . 2800585 9E+02 
BUS13B 0 . 4790 4162E+02 0 . 47865451E+02 0 . 479l0605E+02 
BUS13C 0.58598322E+02 0.585 51224E+02 0. 58595l35E+02 

All values presented in the tables are magnitudes. 

Ferroresonance Studies 

Pcrro resonance may occur when a nonlinear inductor resonates wi th a capaci tor. The 
phenomena differs from ordinary resonance conditions in a number of ways. The 
non linea rity o f th e s aturati on charac te ris tics o f the t ransfo rm e r magnet iz ing 
impedance is essenti al. Th is nonlinea rity p recludes the definition o f a single 
"inductance value" fo r the m agnetiz ing inductance, thus, no sin gle well defined 
resonant frequency can be determined. Ferroresonance, when it occurs, may be sel f­
sustaining. That is, the same circuit that is able to operate without experiencing 
fc rrorcso nancc may, under identical cond itions. expe rience ferro resonance. Tbis can 
happen when prior conditions in the system (a fault or an energization transient) have 
pushed the sys tem into a ferroresonant regime, thaL may main tain itself even after 
source voltages return to normal or the faul t is removed. 

Fcrroresonance can 
Ferro resonance can 
waveform distorti on . 

result 
also 

in sub-ha rmonic 
result in higher 

and aperiodic behavior 
frequency oscill ations 

of the system. 
and sign ifi cant 

In power systems, condition for ferroresonance sometimes occurs under unexpected 
circumstances, away from normal operating conditions and often involve unenergized 

4 -9 
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portions of the system. 
fcrrorcsonance [1]: 

The following are situations that may lead to possible 

• When a transformer is connected to a disconnected high vohage line that 
runs along (and is therefore capacitively coupled to) a second energized 
line, particularly when the lines are of different voltage ratings. This 
s iLUation can lead to subharmonic ferroresonance, possibly at a frequency 
of around 1 /5 of the fundamental frequency. 

When an energized ungrounded transformer is connected to a second 
unloaded transformer with a grounded neutral through a cable or line, a 
single line to ground fault on the source side of the ungrounded 
transformer can induce fundamental frequency ferroresonance between 
the parallel resonant circuit consisting of the unloaded transformer and 
the cable capacitance. The resonance is precipitated by the rise in voltage 
in the unfaulted phases of the. ungrounded transformer and the series 
primary to secondary capacitance in the ungrounded transformer. The 
phenomena may persist even after the fault is removed. 

• The capacitance across an open circuit breaker m ay be sufficient to 
produce ferroresonauce with the winding of a transformer. Th is 
phenomena generally will result in subharmonic resonance. 

• An ungrounded generator connected to a grounded neutral transformer 
(generally unloaded) may by itsel f result in ferroresonance if the zero 
sequence capacitance of the transformer is sufficiently small to produce a 
ferroresonance circuit with the t ransformer leakage reactance. This can 
result in subharmonics and higher harmonic (wave distortion) resonant 
conditions. This is the "classic" ferroresonance case studied by many, in 
which a nonlinear reactor is connected in parallel with a capacitor and 
the voltage is increased until a ferroresonance condition is detected. 

If a transformer is accidentally energized in only one or two phases, 
ferroresonance can occur between the capacitance among phases and the 
transformer. 

ln the remainder of this subsection we illustrate a specific study that was performed 
wilh the EMTP (21 to determine a ferroresonant condition that involved the energization 
of a single phase of an 1100 kV test line connected to an autotransformer. The study was 
originally conducted by R. Hasibar of BPA, and the line in question is described in [3]. 
Figure 4-3-1 illustrates a diagram of the system conditions, including the setup and 
parameters thac were used in the EMTP simulation of the phenomena. We also illustrate 
the nature of the developing ferroresonant oscillations that develop, 

4-10 
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A 

B 

C 
(a) Diagram of the 1est system. 

(b) Circuit setup for EMTP study. 

C CCNVERT - data case for fen:o:resonance study. 
BEDIN NEW DATA CASE 
SA'IURATICN 

C --Freq<-VBase<-PBase<-IPunch<-K'l'h.ird 
60. 635.1 50. 0 0 

C ---Iom (pu) <---Vnns (pu) 

. 0056 0.9 

.0150 1.0 

.0401 1.1 
9999. 

BlANK card tenninates CONVERT data 
BLANK ca!Xi teoni.nates EMl'P solution-m:ide 

Bus6 

(c) Convert RMS voltage-current saturation curve to tlux-currcot curve for 
type 98 non-linear inductor input. 
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C l:erroresona.oce study 
BEX;IN NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data ............. .. ......... .... .. . 
C DeltaT<-'IMax<-XCpt<~t<-Epsiln<-TolMat<-TSta.rt 

50 .B-6 100.E- 3 60. 
C --IOut<-IPlot<-IDoubl<-KSSOut<-Ma.xQJt<--IPun<-M:mSav<-ICat<-NEnerg<-IPrSup 

25 1 l 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Ci:ccuit data .. ..... .. . ............ ... . . . ...... .. . 
C Busl->Bus2->Bus3->Bus4-X--R<--L<--<: 0 

BUSl BUS2 152. 0 0 
BUS3 BUS4 11.3 742.0 0 
BUS4 BUSS 11.3 742.0 0 

C Danping resistors 
BUS3 BUS4 1000. 0 
BUS4 BUSS 1000. 0 
BUSS BUS6 .02616 0 
BUS4 4.49E6 0 

C Pseudononlinear reactor (type 98 element) 
c Busl->Bus2->Bus3->Bus4-X-iss<Phiss 
98BUS4 0. 0. 
C ------current<-----·lux 

0.6234920445 2144.2158464677 
2.7237617069 2382.4620516307 
7.2487228360 2620.7082567938 

9999 . 
BLANK caro tenni.nates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Busl->Bus2-X-Tclose<-Topen<---Ie 

BUS2 BUS3 - 1 . 0. 
BLANK cam tenninates switch data 
C 

0 

0 

C . . . . . . • . . . • . . . . . . . . . . . . . . . . source data ........ .. . .. ......... . .. .. .. . ....... . 
C Bus-XI<Altp.litude<Fi:equency<-T0 I PhiO<- 0=Phi0 <--Tstart.<---Tstop 
1400S1 898.146E3 60. 0 . - 1.0 9999. 
14BUS6 185.262E3 60. - 120. -1.0 9999 . 
BLANK card terminates source data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Output :requests ..... . ..... ..... ......... ... ..... . 
C Bus-->Bus-->Bus-->Bus-->Bus->Bus->Bus->Bus->Bus->Bus->Bus-->Bus-->Bus-> 

BUS4 
BLANK card terminates output requests 
BLANK card tenni.nates plot requests 
BLANK card terminates EMl'P solution--1'1\'.)(je 

(d) Input data. 
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(e) Output results. 

Figure 4 -3-1 : A ferroresonant case study using Lhe EMTP. 

Nocicc tnat damping resistors are placed across the RL branches to remove numerical 
osc illations. 

4. 4 Inrush Current Calculations 

Since hysteresis is often quite imponant in inrush 
EMTP transfonner models for the calculation of 
of a transformer. Three cases wi ll be considered: 
non-hysteretic transformer, the energization of a 
remnant flux, and the energization of a hysteretic 

current calculations, we will use the 
the inrush current upon energization 

The energization of a saturable but 
hysteretic transformer without any 

transformer with a remnant flux. 

The firsc step in the use of a hysteretic transfonncr model is to generate the B-H curves 
for the transformer. The user must specify point by point the lower portion of tbe 
current vs. flux curve. If this data is no1 .readily available, the user may resort to the 
use of the auxiliary program HYSDAT as discussed in section 3.6. The curves generated by 
HYSDAT are based enti rely on the knowledge of the material used and the knowledge of 
the nominal saturation point. The output of HY s DAT gives the required input for the 
s imulation of hysteresis. Figure 4-4• 1 illustrates the flux-current curve expected by the 
pseudo-nonlinear hysteretic reactance (type 9 6) branch. 

Figure 4-4-1 ~ 

-3.0 -2.0 -1.0 1.0 2.0 3.0 
Current 

-1.0 

The computed hysteresis loop superimposed on the g iven 
magnetization curve. 
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Figure 4-4-2(a) shows the circuit diagram for transfonner core representation. To 
simplify the problem. transformer windings are not represented in this example. The 
transformer core is represented using both the pseudo-nonlinear reactance (type 98) 
bran-ch and pseudo-nonlinear hysteretic reactance ( type 9 6) branch. Figure 4 -4-2(b) 
and (c) illustrate the core rcpresentaLion using type 98 and type 96 branches. Figure 4-
4 -2(d) t(> (f) shows the currents for non-bysteretic reactance, hysteretic reactance in 
steady-state and trnnsient condition. 

(a) Circuit diagram. 

Reactor 
(Transformer Core) 

C Energization of non-hysteretic t.ransfomer represented as pusedononlinear 
c reactance (type 98 elarent). 
BEGIN NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data .... .. . .. ...... . .. .. . . ... .. . . . 
C DeltaT<-'.IMax<--xq,,t<~-copt<-Epsiln<-Tol.Mat<-TStart 

so.e-6 100.E-3 
C -IOUt.<--IPlot<-IDoub.1<-KSSOut<-MaxOut::<--IPun<-Merr6av<-ICat<-NEnea3<- IPrSup 

25 l l 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Busl->8\.ls2->Bus3->Bus4-X--R<--L<~ 

SFC GEN 1. 
soc 1. 
GEN GRa.lND 1. 0E6 

C Pseudo-nonlinear reactor 
C B\l51- >Bus2->Bus3->Bus4-X-iss<Phiss 
98GPOUNDG:N 1 .0.8682 
C -----Ou:.rent<-----Flux 

0.1 0.7 
0.3 0.8 
0.8 0.85 
1.5 0.88 

2 .75 0.90529 
9999. 

BLANK card terminates circuit data 
C 

0 
0 
0 
0 

0 
l 

C .... _ . . . . . . . . . . . . . . . . . . . . . . Switch data ........... . . . .... .. . .. .. . .........• 
C Busl->Bus2- X--Tclose<---Topen<Ie[NSteps<--Vflash<-Spec ReqBus5- >Bus6-> o 

GfiOUND l.E-3 9999 . l 
BLANK card terminates switch data 
C 
C .. .................. .. _ . . . . Source data . .. • ................................ 
c Bus-><I<2\rtplitude<Frequency<-T01Phi0<---0=Phi0 <---'l'start<---Tstop 
14SFC 377.000 60. 0. 0. -1. 9999. 
BLANK card tei::minates source data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Out~ requests ... .. . ... . . .. ............. ..... . 
C Bus-->Bus-->Bus-->Bus-->Bus->Bus->Bus-->Bus-->Bus-->Bus->Bus->Bus-->Bus-> 

GEN 
BU\NK card teani.nates output requests 
BLANK card terminates plot requests 
BU\NK card terminates EMI'P solution~ 

(b) Transformer core represented as non-linear inductance. 
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c Bysteretic transfomer in steady state, no reremant flux:. Transfomer is 
C represented as a ;peusdononlinear hystereti.c reactor (type 96 elerrent) . 
C Hysteresis curve is obtained frcm HYSOAT study. 
C 
BEX31N NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
C DeltaT<-'JMax<-:xrpt<~<- Epsiln<-TolMat<-TStart 

50.E- 6 100.E-3 
C -IOUt<-IPlot<-IDoubl<-KSSOut<-Ma»:)ut<-IPun<-t-ar6av<- Icat<-NEnerg<-IPrSup 

25 l l l 
C 
C . . . . . . . . . . . . . . . . • . . . . . . . . . . Circuit data 
C Bus->Bus->Bus-->Bus--X--R<--L<---C 

SEC GEN 1. 
SOC 1. 
GE2'l GRaJND l.0E6 

C 
C Pseudo-nonli.nea.r hysteretic reactor 
C Busl- >Bus2->Bus3->Bus4- X-iss<Phiss<PhiRe 
96GR:XJNDGEN 1.0.8682 .75 
C --current<:-----Flux 

- 0.7500000Ei+00 -0.8788235E+00 
-0.3750000E+00 -0.8682353£+00 
-0.1250000E+00 -0.8417647E+00 
-0.2500000E-0l -0.8152941E+o0 
0.4375000E-01 -0.7517647E+00 
0.8250000E-0l -0.6352941£+00 
0.1500000E+00 0.4552941£+00 
0.2375000E+00 0.6511765E+00 
0.3375000E+00 0 .7305882E+00 
0.S000000E+00 0.7941176E+o0 
0.7375000E+00 0.8364706E+00 
0.1150000E+0l 0.8682353E+o0 
0.2000000E+0l 0.9000000E+00 
Q.2750000E+01 0.9052941£+00 
0.9999000E+04 

BIJ\NK card teoninates circuit data 
C 

0 
0 
0 
0 

0 
1 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data ............... . . . . . . ........ . .. ... . 
C Busl->Bus2-X-4close<--'l'open<IelNSteps<-Vflash<-Spec ReqBusS->Bus&-> 0 

GlbuND l.E-3 9999. l 
BU\NK card t.eoninates switch data 
C 
C . . . . . . . • . . . . . . . . . . . . . . . . . . . Sou:cce data . ... . ................... . ..... . . . . . . 
C Bus- XI<.llrtplitude<Fl:equency<--T0IPhi0<---0=Phi0 <- --Tstart<--Tstop 
14S1:C 377. 60. 0. 0. -1. 9999. 
BLANK card teoninates source data 
C 
C . . • . . . • . . . . . . . . . . . . . . . . . . . . OUtp.it requests . ... .. .. .. .............. ... . . . . . 
c Bus-->Bus-->Bus-->Bus-- >Bus- >Bus->Bus-->Bus->Bus- >Bus- >Bus->Bus->Bus-> 

GEN 
BLANK card temrinates output requests 
BIANK car::d teoninates plot requests 
BLANK car::d teoninates cMl'P solution-m:x:le 
(c) Transfonner co re represented as hysleretic reactor with remnant fl ux. 

Data for type 96 branch is obtained from previous HY so AT run in section 3,6. 
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(c) Steady-state current of hysteretic reactor with no remnant t1ux, i.e. 
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(f) Inrush current of hysteretic reactor with no remnant n ux, i.e Phi Re 
equals to zero in (c). 

Figure 4-4-2: Compa rin g inrush 
e ne rg i zati on 

current during transformer 
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Note: The remnant flux representation in the type-96 branch does not 
work in the current version of the EMTP. ifl fact. it is the opinion of some 
that the type 96 model should be the subject of further verification , it may 
lead to conservative estimates of the decay of inrush currents. Exercise 
vour iudRement when usinR these models. 

4. 5 References 

[ I) N. Gerniay, S. Master and J. Vroman, "Review of Ferro-Resonance 
Phenomena in High-Voltage Power System and Presentation of a Voltage 
Transformer Model for Predetennining Them," CIGRE paper 33-18, CIGRE 
Conference August 21-29, 1974, Paris. 

[2] H. Dommel. A. Yan, R. J. Ortiz de Marcano, A. B. Miliani, "Case. Studies for 
Electromagnetic Transient Studies," Department of Electrical Engineering, 
The University of British Columbia, Vancouver, B. C. Canada, V6T 1W5. 

(3] S. A. Anoestrand and G. A. Parks. ",Bonneville Power Administration's 
Prototype 1100.1200 kV Transmission Line Project." IEEE Transaction on 
Power Apparatus and Systems, Vol. 96, pp. 357-366. March/April 1977. 
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SECTION 5 

SYNCHRONOUS MACHINES: ELECTRICAL REPRESENTATION 

As in other cases of this workbook series, the main emphasis will be on enabling the 
user lo prepare EMTP data cases using whatever reasonable information a user may 
have about a machine at any given time, and to enable the user to understand what 
information to get and how to use it to perform simulations. However, in order to make 
effective use of the EMTP machine models and to understand some of their limitations, 
an overview of some of the features of the built-in mathematical models is essential. 
This chapter gives a brief outline of the "classic" models used by the EMTP to represent 
a machine. These models make use of certain "internal parameters" such as winding 
self and mutual inductances. While it is possible to calculate these parameters if exact 
details of macliine materials and construction arc available, in practice tbis 
information is not generally available but must be obtained based on other more readily 
available information. The information upon which the internal models must be 
developed is usually "test" information. Typical tests include sudden short tests. 

The EMTP has the ability of accepting either ''internal parameter" information or ''test 
data" type information. Either way, the EMTP will develop an internal model based on 
internal parameters. Thus, if test data is given to the EMTP we must understand what 
the EMTP does to this test data to construct the internal model in order to understand 
any possible limitations of this approach. As an alternative , internal data may be 
provided. The reasons for doing so may be that this data may indeed be available for a 
machine of interest, or it may be that we have elected to use an independent procedure 
for the calculation of the internal parameters. This chapter also explains why and how 
one may use such independent procedures. 

5 .1 T he Equations for the Synchronous Machine 

Tbe electrical state variable equations of the synchronous machine as used by the EMTP 
are stated in Park (or Blonde!) transformed variables using the flux linkages ). as state 
variables. The equations assume a machine with the foUowing windings: 

• Three stator windings a, b and c , one for each phase. The voltages and 
currents in these windings are applied to the system. 

One field winding f along the direct axis. The voltage v t applied to (bis 
windfog comes as the output of the excitation system. For s imple studies 
this voltage is assumed constant and is either given or determined based 
on initial conditions for the system. For more complicated studies it may 
be regulated from TACS. 

One "winding" D designating the damper bars on the direct axis of the 
machine. This is not an actual winding with a well-defined number of 
turns, but it represents the effects of currents in the damper bars. 

• One "winding" Q designating the damper bars on the quadrature axis of the 
machine. This is not an actual winding with a well-defined number of 
turns. but it represents the effects of currents in the damper bars. 

5-1 
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• One "winding" g designating the eddy currents effects on the quadrature 
axis. This effect is sometimes neglected. 

It is sometimes possible to add a third direct axis winding to represent the direct axis 
eddy current effects. 

In si mple studies the actual speed of the machine w (and therefore the pos111on of tbe 
rotor p at any time) is assumed known. In more complex studies, this angular speed may 
vary. The EMTP machine model always allows for this speed (and hence the frequency) 
to vary. Therefore you must always be prepared to provide the inertia of the machine 
rotor, even though you may wish 10 make this a very large number. 

The equations wi ll be written in terms of flux linkages. 
currents by inductance matrices. 

Flux linkages are related to 

The initial equation neglect saturation effect. Saturation is considered separately. The 
equations that regulate the electrical behavior of the machine are easiest to write if the 
armature currents, voltages and flux linkages are fi rst transformed into new variables. 
The following is the transformation matrix used: 

[:;] [T J-1 [:: ] 

[!;] = [ T J - l [ !:] 
~ cos p ~ costP- 120·) ~ cos cp+120 • > 

[T) - 1 
~

. 
SJ.n p ~ sin(p- 120 ·) ~sin(P+120") 

1 l 1 

f3 {"j 1'3 

This particular definition of the Park transformation matrix has the advantage of being 
orthllgonal, that is: 

This transformation of variables results in many advantages too numerous to describe 
here. l n terms of these trans formed quantities, the state variable equations tha1 
describe the behavior of a sy nchronous machine are given by: 

Ad Vd Ra 0 0 0 0 0 0 id - roAq 
"-q Vq 0 Ra 0 0 0 0 0 iq +ro?-.,d 
i-.o vo 0 0 Ra 0 0 0 0 io 0 d 
A.f 0 0 0 Rt 0 0 0 it + 0 dt. Vf 
"-9 0 0 0 0 0 Rg 0 0 iq 0 
Ao 0 0 0 0 0 0 Ro 0 io 0 
AQ 0 0 0 0 0 0 0 ~ i o 0 
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The dq O flux linkages are related to the dq o currents according to some time-invariant 
algebraic equations: 

[~!] [ Lei ~ t Mon 

J [HJ ~ f Lff Mto 
~ D Mm Loo 

[t~ [ Lg Mqg Mgo 

J [I~] Mqg Lgg M.;o 
Mgo M.,o Loo 

Ao = Lo io 

Tbis model of the synchronous machine requires the knowledge o f 13 inductance 
parameters and 5 resistance parameters. 

5. 2 Relationship Between Internal Parameters and Test Parameters 

Tbe equations for the synchronous machine are often written in either pe r unit or 
actual. internal machine parameter values, which requ ire the knowledge of all the 
appropriate machine inductances and resistances. However, the information necessary 
to develop these models generally comes from machine tests. These tests are well 
standardized and understood. Since we expect that most users will have available 
machine test parameters. it is quite imponant to understand how to use these. The EMTP 
will perform the conversion internally, but the user must be aware that some small 
inconsistencies exist between test p aTametcrs and internal parameters. 

The test parameters available for most machines according to IEEE [ 1) and lEC [2) 
standards and Mello-Ribeiro [3] are: 

Ra : 
X1 : 

Xo : 
xd ' , Xq I or Ld' ' Lq ' : 

Xe", Xq'' o r Ld "' Lq": 
Td ', Tg ': 
Td ", Tq '' : 

Armature Resistance 
Armature Leakage Reactance 
Zero Sequence Reactance 
Transient Reactances 
Subtransient Reacta nces 
Transient Short Circuit Time Co nstants 
Subtransient Short Circuit Time Constants 

SaturaLion is considered separately. For Lh.is reason, lhese constanls are often obtained 
from short c ircuit tests. The unsaturated short c ircuit time constants are uniquely 
related to the corresponding open circuit lime constants, which are preferred in some 
computaLions. Jt is sometimes useful to obtain the open circuit time constants from tbe 
exp ressions: 
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From the test parameters, one must calcul ate the internal parameters that describe the 
behavior of the machine. For a machine wilh three armature windings and two 
windin~s in each rotor axis, these parameters include: 

Ra, Rt , Rg, Ro, RQ 
Ld , M,,t , Moo, Lu, Mro, Loo 
Lq , Mqg, .Mqo, L9g, Mqo, Loo 

Lo 

This leaves us with a total of thirteen distinct inductances and five resistances to 
determine from the eleven measurements. We are five measurements short. Thus, it is 
not possible to uniquely determine the machine inductances without additional 
assumptions and information: 

• The magnitude of the field i ~ current that will induce nominal voltage, on 
the "air gap line" must be known. This requires the assumption that the 
machine is unsaturated. This additional item adds an equation: 

where the voltage v q O is the open circuit nominal voltage and if a g is the 
field current required 10 induce tbis voltage. 

The "number of turns" that the damper winding "coils" o and Q bave can 
be assumed arbitrary. Similarly, the number of turns in an eddy current 
"winding" can also be assumed arbitrary. Neither of these windings is an 
actual winding and we are seldom interested in the actual quantitative 
values for these currents. These assumptions lead to three additional 
equations: 

A final equation can be obtained that relates the mutual inductance 
between the field winding -f and the damper winding o, and the mutual 
inductance between the winding d and the field w1nding f: 

The value of k can be calculated by means o f an additional test quantity, 
which has not yet been prescribed in the IEEE or TEC standards. However, 
in practice it is advantageous to choose k= 1. This has the effect of making 
all the mutual inductances equal, allowing the representation of the 
machine as a star circuit. Unfortunately, doing this is equivalent to 
stating that we do not need quantitative values for the field current, 
which is not always true. 

This last assumption will insure that the amplitude of the rotor field current oscillation 
will be quantitatively incorrect. However, the qualitative behavior of this quantity is 
correct, as well as the effect that this has on the stator currents and voltages. This also 
allows us to find a relationship between the mutual inductance M d and the leakage 
inductance L 1 : 
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Based on the scaling facto r k defined above one can rescale A. f and it:: 

and 

This scaling does not affect stator quantll1es. With all these conventions, the equations 
for the flux linkage definition become (the subscript m has been dropped for clarity): 

[ ~ ] = [ 

Lc1 Mc1 Md 

J [HJ t1<i Lrr Mo 
Mes M(i Loo 

[~] = [ 

Lq Mq Mq 

] [!~] Mq Lgg Mq 
Mq Mq Loo 

Ao = Lo io 

We not that now we have the following variables to determine: 

Ra, Rt , Rg, Ro, Ro 
Ld , M, Lff , Loo 
Lq, Mq, Lgg, LQO 

Lo 

fl a , L d .- L q and L O are known directly fr9m standard measurements. 
unknown variables are related to the measu rements according to 
equations (Canay's procedure [4) for k=l ): 

L //Mt: 

1 
-- = 
L//Mf 

1 
--- = 

And for the quadrature axis quantities: 

1 1 
- + 
Mo Lt 

1 1 -- + -
L; /Mf Lo 

Loo = Lo + Mo 

5-5 

The remaining 
the following 

0



14170605

L//MgQ = Mq - Lq + Lq" 

L I/Mg 

Tqo ' + Tqo " -(1 + ~) T2 
L t tMqQ q 

1 1 1 -- : - + -
L t /Mg Mq L g 

1 1 1 --- = -- + -
L ; tMgQ Lt / Mg Lo 

Lgg = Lg + Mq 

These are the equations used by the EMTP to obtain the desired reactances for the 
machine model based on the standard measurements. This set of equations is sequential. 
They must be solved in the prescribed order to be able to get a solution, but there is a 
cleaner and easier way to calculate these parameters. The new technique is based on 
the original definition of the eigenvalues of the fluxes (state variables). It uses back 
solving techniques to allow the user to go back and forth from one set of parameters to 
the other, and to include the effect of t.he armature resistance Ra in the process. A 
detailed explanation of this new procedure can be found in reference [5]. 

5. 3 Units and Typical Values 

Table 5-3-1 shows some typical values for different types of generators. These tables 
were copied from the EMTP Application Guide [6]. All t.he inductances are in p.u., and all 
time constants and inertia constant H are in seconds. 

Table 5-3-1: Typical Generator Impedances 

Turbine Generators 
2-Po1e 4-Po1e 

Conventional Conductor Conventional. Conductor 
Cooled Cooled Cooled Cool.ed 

Xci 1. 7-1. 82 l. 72-2 .17 1.21-1.55 l.6-2.13 
Xci, .18-.23 . 264-.387 .25-.27 .35-.467 

Xci" .11-.14 .23- . 323 . 184-.197 . 269-.32 

Xq 1.63-l.69 1.71-2.14 1 . 17- 1.62 1. 56-2. 07 

Xq' . 245-1.12 .245-1.12 . 47-1.27 . 47-1.27 

Xq" .116- . 332 .116-.332 . 12- . 308 .12- .308 
Tdo ' 7.1-9.6 4 . 8-5 . 36 5.4- 8 . 43 4 . 81-7.713 
Tdo " .032-.059 .032-.059 .031- .055 .031-.05 5 

Tqo ' .3-1.5 .3- 1.5 .38-l.5 . 38-1. 5 

Tqo .. . 042- .218 .042-.218 .055-.152 .055-.152 
X1 .118-.21 .27-.42 .16-.27 .29-. 41 
Ra .00081-.00119 .00145-.00229 .00146- .00147 .00167-.00235 
H 2.5-3 . 5 2.5-3.5 3-4 3-4 

5~6 
0



14170605

For all 

Table 5-3- 1 cont'd 

Salient-Pole Combustion 
Turbines 

Dampers No Dampers 
>Co. . 6-1 . 5 .6-1.5 1. 64- 1. 85 
Xo_ I .25-. 5 .25-. 5 .159-- . 225 
>Co." .13-. 32 .2-.5 . 102-.155 
Xq . 4-.8 . 4-.8 l .58-1 .74 
Xq' = Xq = Xq . 306 
Xq" .135- . 402 . 135- . 402 . 1 
'l'do I 4-10 8-10 4 .61-7 .5 
Tdo" . 029- . 051 .029- . 051 .054 
Tqo 

I --------- --------- 1.5 
T " qo .033-.08 . 033- .08 . 107 
X1. .17- . 4 .17-. 4 . 113 
Ra .003-.015 .003-.015 .034 
H 3-7 3-7 9-12 

Generators: 

Xo = 0 .1 t o 0 . 7 o f Xd" 

H = 0 . 231 WR2 RPM2 x 10-6 
KVA base 

where : [WR2J lbm- f t 2 

Synchronous 
Condensors 

1 . 08-2. 48 
. 244- . 385 

. 141 .257 

.72-1 .18 

.57-1.18 

. 17-.261 
6-16 

. 039-.058 
. 15 

. 188- .23 5 
.0987-.146 
.0017-.006 

1-2 

Salient-pole generators do not bave an iron path, along the q axis, therefore there is no 
transient reactance X q ' , which means that tbe g winding has to be removed from the 
simulation. To do this io the EMTP data cards, the transient time T qo ' is set equal to zero 
and the transient reactancc Xq ' is set equal to Xq , 

5. 4 Re ferences 

[ l ) IEEE, ''Test Procedures for Synchronous Machines," Standard 1 I 5, I 983. 

{2) IEC, "Recommendations for Rotating Electric Machinery," Publication 34-4 
A. 1972. 

[3] F. P. de Mello. J. R. Ribeiro, "Deriv ation of Synch ronous Machine 
Parameters from Tests.'' IEEE Transactions on Power Apparatus and 
Systems, Vol. PAS-96, No. 4. July/August 1977, pp. 1211-1218. 

L4J I. M . Canay, " Determination of Model Parame ters of Synchronous 
Machines," Proceedings IEE, Vol. 130, part B, March 1983, pp. 86-94. 

151 F. L. Alvarado; C. A. Canizares, "Synchronous Machine Parameters from 
Sudden-Short Test by Back-Solving," Paper 88 SM 605-8, IEEE/PES 1988 
Summer Meeting, Portland, Oregon. July 24-29, 1988. 

l6J Westinghouse Electric Corporation, EMTP Application Guide, EPRI 
Research Project 2149- 1, August, 1986. 
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SECTION 6 

SYNCHRONOUS MACHINES: MECHANICAL REPRESENTATION 

6. 1 Single-mass Representations of the Machine 

For m any t.ranstenl studies of the machine the speed vanat,on of the mechanical pan is 
very small and can be ignored during the analysis. lo all o f these cases the angular 
position of the rotor ~ is simply represented by the equation: 

wilh ro constant. All quantities are referred to the electrical side. 

When the speed variation of the machine has to be taken into account, the simplest 
mechanical model is lhe one used for transient stability studies: 

J ~~ + D 0) = Tt1rcbine - Tgenerator 

21!. = (0 
dt 

where J is the moment of inertia and o is the damping coefficient. These equations are 
valid either for lhe mechanical or the electrical side, and they can be converted from 
one s ide to the other by using the following equations: 

~elec = } ~mech 

Je1ec "' ( ; ) 

2 

Jmech 

2 
Telec = - Tmech p 

Delee = ( .?..p ) 2 

6. 2 Multi-mass Representations or the Machine 

Dmech 

Usually there is more than one mechanical mass connected to the shaft of the 
generator. For hydro units a one mass s imulation or the machine is good enough, 
because the turbine and the generator itself are very close and connected by a stiff 
shaft, but this is not longer valid for lhermal units. The lumped masses (6 10 20) of lhesc 
laller units are very important, specially during subsynchronous resonance s tudies, 
where the torsional vibration of the mechanical parts of the machine have a severe 
effect on the system because of the low frequency mechanical transients that produce 
resonance effects on series capacitors in the network. 

rn order to take foto account lhe effect of the different masses, the mechanical equation 
of the machine has to be changed. If we assume a linear mechanical system, the 11 

spring-connected rotating masses can be represented by Newton's second law: 

d 
[J)dt [ <OJ + [DJ [<O) + [KJ [8J = [Tcurblnel - [Tgen/excl 

d 
dt[8J [<O] 
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Figure 6-2-1: The mechanical system. 

where [oo ] and [0] are the vectors of speeds and angles, respectively, of each one of the n 
masses of the mechanical system. [J] is a diagonal matrix of the moments of the inertia, 
[D] is tridiagonal matrix of the damping coefficients, and [K] is a tridiagonal matrix of 
the stiffness coefficients. The last two matrices are tridiagonal because they include 
the effect of the twisting of the shaft between adjacent masses. 

6. 3 Units 

The usual units for these quantities are: 

IJI kgm2 
N•m 

IOI= -- ITI = N•m rad/s 
rad 

I WI = s 

Usually the inertia constant H (in seconds) is given instead of the moment of inertia J . 
This constant is a per unit representation of the kinetic energy E. The equation that 
rel3tes this constant H with the moment of inertia J is: 

H = _ __ E'-_ 
Srar.ing 

J w 2 

2 Srat ing 

with s ~at i ng in KV A. Typical values for H are given in the previous section for different 
kinds of generators. 
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SECTION 7 

USING SYNCHRONOUS MACHINE MODELS 

7. l Preparing Generator Data for Use in the EMTP 

The data given lo the EMTP depends on the type of generator and on the desired type of 
study. For example, if only electrical phenomena is of interest, the generator inertia 
can be set to a very large value (*). Typical data for different types of generators is 
gi vcn in the previous chapter. 

When an Automatic Voltage Regulat0r (A VR) is included, its modelling bas to be done 
using TACS. An A VR would not be of importance for fast electrical transients, where 
the main events take place in Jess than 5 to IO cycles, unless the A VR was extremely 
fast. 

The same criteria applies if a Governor is included in the study. i.e. it has to be simulated 
with TACS. Governor dynamics are only of interest when the time of analysis is greater 
that 1 second, which is a very long time for fast electric transients. As a general rule 
the governor is simulated when one is interested in the slow mechanical transients that 
are taking place in the sySlem, e.g. in a multi•machine system. 

For the simulation several things have to be taken into account: 

• If there is not enough data available for the simulation, use typical data 
for generators of similar characteristics to the one that is being analyzed. 
See tables in chapter 6. 

Usually the transient reactance and time constan1 for the q axis arc not 
available. In this case one can estimate their values by using typical data 
for the generator, or simply ignore these quantities. For the latter the 
value of the transient reactancc Xq • bas to be made equal to Xq, and the 
time constant T qo • has to be set 10 zero, this will take the g winding out of 
the simulation. 

• If one has the complete set of reactances of the machine but the one of the 
g wioding. the mutual inductances for this winding have to be set equal to 
zero on the data cards, and an arbitrary value for x g must bo given to the 
program. 

• The te rminals of the machine must be always connected to some 
impedance, otherwise the program does not run. A typical case is when 
the breakers of the machine are open. In this instance resistances with a 
very large value (106) ought to be connected to the machine terminals to 
avoid any problem within the EMTP. 

(*) The present version (V.1) of the EMTP has a bu.g that produces wrong resulls when the inenia 
l~ given a large value to simulate a constant speed machine. One has to be careful when defining the 
machine inertia lO avoid getting unreasonable results. 
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A tempi ale with all the data needed for the representation o f the generator is included 
in Appendix. 

7 . 2 Short Circuit Studies 

A most important study jn synchronous machines is the study of the effect of short 
circuits in generators when the simple models of constant voltage behind transient or 
subtransient reactance are not s11ffi cient. In this section we study the generator at bus 
3 of our sample system, with small modifications to the value of its impedances to match 
the complete set of generator data provided in [l]. pp. I 02- 103. The transient and 
subtransient parameters of the machine were calculated based on the complete set of 
impedances given in this reference. The calcu lation of internal paramter values was 
done using the eigenvalue/eigenvecLOr technique [2] described previously. 

As mentioned in chapter 6, the machine model of the EMTP can accept as data either 
transient and subtransient reactances and time constants, or the internal impedances 
of the different windings. The results are the same either way. We use both to prove 
this point. lf the complete set of impedances is given, the program does not go through 
the conversion routine, which sometimes is advantageous specially when one is not 
sure of the consistency of the test measurement vaJues. 

We illustrate two examples of use the EMTP for very detailed fault calculations using 
detailed machine modes. The first study considers a three phase solid short circuit 
directly at the tcnninals of the machine. The second case considers a Single Line to 
Ground fault at the terminals of the machine. In both cases the generator is open 
circuit before the fault is applied at 50 ms. For both cases we give the complete 
annotated input data, terminal voltages, and field and armature current plots. 
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C Three phase fault at the teoninal of the 200MVA generator at aJS3. 
C Synchronous generator ?TOde1 with no saturation used. 
C 
BOOIN NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data ............................. . 
C DeltaT<--'IMax<--xq,t.<--~t<-Epsiln<-TolMat<-TSt.art. 

200.E-6 1. 
C -IOut<-IPlot<-IDollbl.<-KSSOut<--Ma}(Qut<-IPun<-MemSav<-ICat<-NEnerg<-IPrSup 

51 1 1 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Busl->Bus2->Bus3->Bus4-X--R<--L<---<: 

I.ON)_A 10000. 
I.QM) B 10000. 
I.QM) C 10000. 

C A d.isconnected machine is not allowed .by the program. 
BUS3A . 00001 
BUS3B .00001 
BUS3C . 00001 

BLANK card temu.nates circuit data 
C 

0 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data ............ , ...................... . 
C Bus->Bus-X--Tclose<--Topen<---Ie 

GEN A lDJ\O A -1. 9999. - -
~ - B IJJAD_B -1. 9999. 
(,,EN_ C LOAD_ C -1. 9999. 
LOAD ABUS3A . SE-1 9999 . 
LOAD_ BBUS3B .SE-1 9999. 
L<YID CBOS3C . 5D-1 9999. 

BLANK card temrinates switch data 
C 
C .. ... ... ., . . . . . . . . . . . . . . . . . Source data 
C Dynamic synchronous roach.ire 
C Temu.nal connection for phase "a" 
C Bus-> <---Volt<--Fr:eq<--Angle 
59GEN A 11267.65 60. -90. 
C Connection for phase "b" and "c". Colurm 
C Bus-> <---Volt<:---X--Angle 

Gm B 
GN-C 

C Machine paraneter caros (~ional) 
C -------------- - >< - EM 
PAMMETER FI'.IT.IM3 1. 
C 
C Electrical parameters of machine 

1-2 should be left blank 

0 
1 
1 
1 
0 
0 
0 

C <-<-<-NP<--SM:>v.tP<--SM)utQ<--RMVA<----RKV<--.AGLine<---Sl<-·---S2 
1 1 2 1. 1. 200 . 13.8 935.016 1000. 1440. 

C Col: (1-2) NuMas, (3- 4) KMac, {5-6) :KExc 
C Note: AGLine is used to get the. real rnagnituoo in /\MP of the Field Olnent 
c In principle any value can be used here 
C 
C ---x----AD1<-----J\D2<--- JIQl<---NJ2<----J>G..f),<--SlQ<--S2Q 

C If S.M. is not saturable (1\GLine >= 0), leave Sl - S2Q blank 
C 
C 1'Bnufacturer SI.H)lie:i p.u. data (if PARAMETER FTITING is used) 
C When transient data not available for Q axis, nake: X'erXq, T'q0=0 
C This will eliminate the G winding fran the S.M. ll'Odel 
C --- Ra<---Xl<---Xd<---cXq<--X'd<---X'q<-----X"d<----X''q 

0 .001096 0.15 1.70 1.64 .238324 1.64 .184690 .185151 
C ---T'd0<---T'q0<---T"d0<--T"q0<---XO<---Fn<-- -Xn<---Xc 

6.194876 o. 0.028716 0.074960 1.40 
C 
c Mechanical paracreters for the shaft system (Mass card) 
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C <----x---Exrrs<--RICO<---DSR<----OSM<--HSP<--DSD 
1 1. .181128 

C col: (1-2) ML 
BLANK can:l terminates mass data 
C 
C output request. 
C GA<-><--Nl<--N2<~<--N4.<-N5<--N6<--N7<-N8<-N9<-N10<- Nll<-Nl2 

10 1 2 3 4 11 
31 

C col: (3) Group, (4) All 
BLANK card te.oninates synchronous rrachine output requests 
C 
C TICS input can:is 
C 
C E)a::iter (EMl'P assurres that the exciter i.s regulating to lp.u. => Vf-TACS :. 1) 
C Bus--x--><RI 

FINISH 
BLANK cam te.oninates sou.roe data 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . output requests . .. . .... ................... . 
C Bus->Bus->Bus->Bus-->Bus->Bus->Bus->Bus->Bus->Bus->Bus->Bus-->Bus-> 

GEN A GEN B GEN C 
BLI\NK-card te~tes output requests 
BLANK card terminates plot requests 
BIANI< card terminates EMrP solution-m::ide 
(a) Input data. Notice that "parameter fitting" has been requested, that test 
parameters are provided, and that the generator is represented as a single 

mechanicaJ mass with an inertia constant equal to 0.181128. 
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(b) Terminal voltage. All three voltages collapse at 50 ms. 
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(c) Field current. Notice both Lhe almost sudden development of a de 
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Figure 7-2-1: 

0.Z 0.◄ 0,6 

(f) Armature current (phase c). 

-- (D!.( ·l.llio.C 

0.8 
Second 

Three phase fault solid at terminals of generator at bus 3. 

t.o 

The results are what we expected for a sudden three phase short circuit at the machine 
terminals from no load initial conditions. The field current shows a 60 Hz oscillation 
that is damped by the resistances. It also has a unidirectional decreasing term 
containing the subtransient term, the transient term, and the new D.C. steady stale of 
the two winding model used to simulate the synchronous machine. The steady state 
takes a long time to reach because of the small value of the resistances. Phases a, b, and 
c show the large change in current due to the fault, going from zero (open circuit) to 
several KAmps (short circui t). In all these currents there is just a slight deviation from 
the 60 Hz frequency, even though the inertia has a real value, which is one of the 
characteristics of the three phase sudden short circuit . 
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C SIG fault at the tezminal. of the 200M\n\ generator at BUS3. 
C Synchronous generator model with no satur:ation used. 
C 
amrn NEW OM'A CA5E 
C .. . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data .. . .......................... . 
C DeltaT<-'IMax<-~t<-~<-Epsiln<-TolMat<--TStart 

200 .E-6 1. 
C -IOUt<-IPlot<-IDoubl<- KSSQ.tt<-MaxO.J.t<--IPun<-M:!m5av<--Icat<-NEnerg<-IPrS\Jp 

51 1 1 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Bus1->Bus2->Bus3->Bus4-X--R<--L<--C 

LOAD A 10000. 
LOAD_B 10000. 
I01\D C 10000. 

C A disconnected nachine is not allowed by the progt:am. 
BUS3A . 00001 
BUS3B .00001 
BUS3C . 00001 

8LI\NK card temunates circuit data 
C 

0 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data ......... . ......................... . 
C Bus->Bus-X-Tclose<--Topen<---Ie 0 

GEN_ A J.DPD _A -1. 9999. 1 
GEN _B WAD _B - 1. 9999. 1 
GEN_C I.OI\D_C - 1. 9999. 1 
!01ID ABOS3A . SE-1 9999. 0 
LOAD BBUS3B 9999. 9999. 0 
l.01II) CBUS3C 9999. 9999. 0 

B~ card temunates switch data 
C 
C . . . . . . . . . . . . . . . . . . • . . . . . . . . Source data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... . . . 
C Dynamic synchronous machine 
C Tezminal. connection for phase "a" 
C Bus-> <--Volt<---Fl:eq<--1\ngle 
59GEN A 11267.65 60. -90. 
C Coonection for phase "b" and "c" . Colum 1-2 should be left blank 
C Bus- > <---Volt<---X--Angle 

GEN B 
GEN_C 

c Machine paraireter cards (Cptional) 
C - ----------x--FM 
C 
C Electrical pararreters of machine 
C <-<-<-NP<---SM:Xltp<-SMJutQ<---RMVA<------RKV<--AGLine<---:S1<-----S2 

l 1 2 1. 1. 200. 13.8 935.016 1000. 1440. 
C Col: (1-2) NuMas, (3-4) !<?-Re, (5-6) KExc 
c Note: 1'.GLine is used to get the real magnituce in PM? of the Field OJ.rrent 
C In principle any value can be used here 
C 
C ---x----AD1<---l'ID2<--AQ1<--AQ2.<---JGLQ<----S1Q<---S2Q 

C If S .M. is not saturable (AGLine >= 0), leave S1 - S2Q blank 
C 
C Machine pararreters (no PARAMETER FITTIN3) *Diagonal elenents cannot be zero 
C --Xf*<---Xaf<--Xfkd<---Xd*<--Xakd<--Xkd*<-- Xl 

1.65 1.55 1.55 1.70 1.55 1.605 .15 
C ---Y.gl<<---Xag<---Xgkq<--Xq"<---xakq<--Xkq"" 

.000001 1.64 1.49 1.526 
C -----Xo< Ra< Rf<---RJcd<---'Rg<--AAq<----1Rn<---Xn 

1.4 0.001096 0.000742 0.0131 0.0540 
C 
C Mechanical pa.rarreters for the shaft system (Mass card) 
C <--X--ExTr:s<---HICO<---DSR<----DSM<-- -HSP<---0SD 
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1 1 . .181128 
C col: (1- 2) ML 
BLANK card tenninates mass data 
C 
C output requests 
C GA<-X--N1.<--N2<--N3<--N4<--N5<--N6<--N7<--N8<--N9<- N1.0<-Nll<-Nl2 

10 1 2 3 4 11 
31 

C col: (3) Group, (4) All 
BLANK ca;i::d terminates synchronous machine output requests 
C 
C TICS input cards 
C 
C Exciter (EMI'P assurres that the exciter is regulating- t o lp.u. => Vf--TACS = 1) 
C Bus- X-><Kl 

FINISH 
BLANK card tenninates source data 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . output zequests . .. .... ........ . ........... . 
C Bus->Bus- >Bus- - >Bus- >Bus-->Bus-->Bus->Bus->Bus->Bus- >Bus- >Bus-->Bus--> 

GEN A GEN B GEN C 
BLANK-card teoninates output requests 
BLANK card tenninates plot requests 
BLANK card tenninates EMl'E' solution-m:x:le 

(a) Input data. The only difference with the previous case is the switches. 
8 = r------r---,---,----......------ ,--------,-----~ 

80.0 

(b) Terminal voltages. 

!60.0 320.0 
Ni II iSe<:u-cl 

Observe overvoltage develops in 1he unfaulted phases. 
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(d) Armature current {phase a). 

Figure 7-2-2: SLG fault at terminal of generator at bus 3, 

-, 1 

1.0 

1.0 

for the single-line-to-ground fault the currents present different characteristics than 
those for a three phase shon circuit. The field current has a double frequency term 
(120 Hz) that induces a third harmonic in the current of phase a, which is difficult to 
see on the plots above. The currents in the other two phases are zero, because they are 
assumed w be open circuited , producing slightly different overvoltages at each phase, 
which is a typical characteristic of an unbalanced fault. 

7. 3 Un balanced Operation Study 

An interesting study that can be easily reproduced with the aid of the EMTP, is the 
effect of saliency on overvoltages during unbalanced faults (see chapter 2 of reference 
[3]). 

Jt is known that unbalanced faults can generate overvoltages on the un faulted phases. 
and that these overvo ltages can be increased due to saliencies on the rotor and to the 
presence of line capacitances or capacitor banks near the terminals of the generator. 
The saliencies tend to distort the voltages on the unfaulted phases by introducing 
harmonics. On the other hand, the capacitances may produce resonance with the 
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machine reactance, amplifying the distortion on the terminal voltages or even taking 
the whole system out of synchronism, as we shall see on the examples below. 

The phenomenon described above can be clearly observed on the results obtai ned for 
t11e two cases shown on figures 7-3-2, 7-3-3, and 7-3-4. These examples were prepared 
using the generator at bus 3 of our 13 bus system, the transformer between buses 1 and 
3, and a capacitor bank to represent the capacitance of the two lines connected to bus 1. 
A line-to-line fault was applied at 50 ms between phases b an c of bus 1, as it is shown on 
Figure 7-3-1. To produce the resonant effect on the voltage of the unfaulted phase, the 
value of the capacitors was calculated based on the following fonnula: 

where k can be picked so the system becomes resonant. 

Figure 7-3-1: 

Bus3B Bus 18 

Bus3C Bus 1 C 

System used for study of unbal anced operation of salient pole 
mach ine. 

Three cases were analyzed. The first one (Figure 7-3-2) uses the same parameters for 
the machine as in the previous section. The value of k was chosen so there is no 
resonant effect on the system. The results show little distortion of the terminal voltage 
and a relatively small overvoltage. For the second case (Figure 7-3-3) the subtransient 
reactance of the q axis (x q ") was inc reased lo reduce the damping effect of the 
amortisseur windings in that axis, and the value of k was chosen to produce resonance 
between the capacitances and impedances of the system. The results clearly show 
larger distortion and overvoltages on the unfaulted phase; it also shows the instabi li ty 
brought about by the resonance. The third case (Figure 7-3-4) is based on the same 
machine as in the previous figure, i.e. the machine has large saliency, but the value of 
k was chosen so that resonance does not occur. From the resulting plots one can see 
that the overvoltages are greatly reduced and the system becomes s table. 
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C Effect of saliency on overvoltages in Synchrcnous t-ach~ du.ring 
C unbalanced faults (Line-to-Line). Stable case. 
BEGIN NEW DATA CASE 
C ... .. .. .. .. ......... . ...... . Miscellaneous data . .. ..... . .................... . 
C De.ltaT<-'IMax<--XCpt<~<-Epsiln<-Tol.M:!t<-TStart 
150.E-6 .25 

C --IOut<-IPlot<-IDoubl<-l<SSOut<-MaxCX!t<-IPun<-MemSav<--ICat<-NEnerg<- IPrSup 
101 1 1 1 

C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Busl- >Bus2->Bus3->.Bus4-X--R<--L<--<: 

GEN_A BUSlA .25257 
GEN B BUSlB GEN A BUSlA 

- -
GEN C BOSlC GEN A BUSlA - -
BUSlA 1 . 67E3 
BUSlB 
BUSlC 

BUSlA 
BUSlA 

BLANK card temrlnates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Bus->Bus-X--Tclose<--Topen<---re 

tlUSl.B BUSlC .5E-1 9999. 
BLANK card te.mri.nates switch data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Soun:e data 
C Dynamic synchronous machine 
C Te.nninal connect.ion for phase "a" 
C Bus-> <--Volt<-- Freq<- - Angle 
59GEN ~A 11267. 65 60. - 90 . 
C Connectioo for phase "b" and "c " . COlurm 1-2 should be left blank 
C Bus-> <---Volt<:---x---Angle 

GEN_B 
GEN C 

C Machine paz:arret.er cards (~ional) 
C ---------X--FM 
PAAJ\METER FITTIN'.i 1. 
C 
C Electrical paraneters of machine 

0 
1 
1 
1 

0 
0 

C <-<-<-NP<--- SM'.XltP<--SM:>utQ<---RMVA<-- --RKV<--AGLine<---Sl<:---S2 
1 1 2 1. l._ 200. 13.8 935.016 1000 . 1440 . 

C COl: (1-2) NuMas, (3-4) !<Mac, (5-6) ~ 
C Note: l\GLine is used to get the real magnitude in 1\MP of the Field CUrrent 
C In principle any value can be used here 
C 
C ------x---.!1Dl<----J\D2<-----.11Ql<------J>,Q2<---AGIJ:1<----S1Q<--S2Q 

C Tf S .M. is not saturable (}.GL.ine >= 0), leave Sl - S2Q blank 
C 
C Manufacturer SUR)lied p.u. data (if PARAMETER FI'ITIN3 is used) 
C When transient data not available for Q axis, make: X'q=Xq, T'qO=O 
C 'l'his will eliminate the G winding fran the S.M. rrodel 
C ---Ra<---Xl<---Xd<---Xq<----X 'd<--X'q<--'X"d<--X" q 

0.001096 0 .15 1 .70 1.64 ,?38324 1.64 .184690 .185151 
C ---T ' d0<- --T 'q0<--T"c:IO<----T"q0<~--x0<---Rn<---Xn<---Xc 

6.194876 0. 0.028716 0.074960 1.40 9999. 
C 
c Mechanical paraneters for the shaft system (Mass card) 
C <---X--Exl'rs<--HIC0<--DSR<---OSM<--HSP<--DSD 

l 1. . 181128 
C col : (1-2) ML 
BL/INK card teoninates mass data 
C 
C Output requests 
C GA<--X-Nl<-N2<-N3<-----N4<- N5<--N6<- N7<- N"8<-N9<-N10<-Nll<-N12 
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10 
31 

1 2 3 

C col: (3) Group, (4) All 

4 ll 

BL/INK card terminates synchronous nachine output requests 
C 
C TPCS input cards 
C 
C Exciter (EMI'P assurres that the exciter is regulat in;, to lp. u. => Vf-TPCS = 1) 
C Bus-X--><KI 

FlNISH 
BLANK teillli.nates source data 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Outp..tt requests ... .. .. . . ... . .. ..... . ... . .. . 
C Bus-->Bus- >Bus-->Bus-- >Bus- >Bus-->Bus-->Bus-->Bus-->Bus-->Bus->Bu.s->Bus--> 

GEl'I A GEN B GEN C 
BLANK - card te=inates output requests 
BLANK card terminates plot :requests 
BLANK card terminates EMI'P solution--rrode 

0 
(a) Input data. 
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(b) Voltage at unfaulted phase (bus lA). Notice slight distortion, 
overvoltage. 
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Figure 7-3-2: Generator with proper amo rtisseur windings. No resonance. 
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c Effect of saliency on overvoltages in Synchronous Machines during 
c unbalanced faults (Line-to-Line). Unstable case with Saliency. 
BEGIN NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data ............................. . 
C DeltaT<--'ll1ax<---:><q;:,t<--{):pt<- ~siln<-To1Mat<-TStart 

150.E-6 .25 
C ~rQit<- IPlot<-lDoubl<-.K.SSOUt<--MaxOut<-IPun<-MemSav<-IGat<-NEnerg<-IPrSup 

101 1 1 1 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Busl->Bus2->Bus3->Bus4-X--R<--L<--C 

GEN_A BUSlA .25257 
GEN B BUSlB GEN A BUSlA 
GEN-C BUSlC GEN-A BUSlA - -
BUSlA 5.46£3 
BUSlB BUSlA 
BUSlC BUSlA 

BLANK card temlinates circuit data 
C 
C . . . . . . . . . . . . . • . . . . . . . . . . . . . Switch data 
C Bus- >Bus- X-Tclose<--Topen<---Ie 

6tJS1B BUSlC .5E-1 9999. 
BUINK card temtinates switch data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Source data 
C Dynamic synclu:onous machine 
C Tei:minal connection for phase "a" 
C Bus-> <---Volt<--Fi:eq<--Angle 
59GEN A 11267.65 60 . -90. 
c Connection for phase "b" and "c". Colum 1-2 should be left blank 
C Bus-> <---Volt<- --x--Angle 

GEN B 
GEN C 

C Machine pararreter cams (cpt:.ional) 
C ------- ><----FM 
P.AAAME:TER FITT:JNG 1. 
C 
C Electrical pararreters of mchine 

0 
l 
1 
1 

0 
0 

C <-<-<- NP<- -SM::Jutp<-St-iJutQ<--RMW>.<--· --RKV<-AGLine<----Sl<---S2 
1 1 2 1. 1. 200. 13.8 935.016 1000. 1440. 

C Col: (1-2) NuMas, (3-4) .KMac, (5-6) KExc 
C Note: AGL.ine is used to get the real magnitude in AMI? of the Field Orrrent 
C In principle any value can be used here 
C 
C ----x----AD1<----AD2<---NJ1<----/I02<----'PGIJJ<.---S1Q<--S2Q 

C If S.M. is not saturable (}\GLine :- 0), leave Sl - S2Q blank 
C 
c Manufacturer supplied. p.u. data (if PAAAMETER E'ITI':JNG is used) 
C When transient data not available for Q axis, rrake: X'q=:>G::r, T 1q0=0 
C This will eliminate the G w4xilng £ran the S.M. m:>d:tl 
C ---Ra<---Xl<---Y.d.<---Xq<--X'd<---X'q<---X"d<---X"q 

0.001096 0.15 1.70 1.64 .238324 1 .64 .184690 .295504 
C ---.T'd0<--T'q0<--T"d0<--T"q0<---~0<---Rn<---Xn<,---Xc 

6.194876 0. 0.028716 0.074960 1.40 9999, 
C 
C .Machanical pararreters for the shaft system (Mass card) 
C <---x----Exl'rs<----HIC0<---DSR<-----:OSM<---RSP<- ---oso 

l 1. .18ll28 
C col: (1-2) ML 
BLANK card temtinates rrass data 
C 
C output requests 
C GA<--X--Nl<-N2<-N3<--N4<- NS<-- N6<-m<-N8<-N9<-Nl0<-Nll<-N12 
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10 
31 

l 2 3 

C col: (3) Group, (4) All 

4 11 

BLANK card temri.nates synchronous rrachine output requests 
C 
C TPC.S input cards 
C 
C Exciter (EMI'P assurres that the exciter is regulating to lp.u. => Vf...JJ1>CS = ll 
C Bus-X--><KI 

FINISH 
BLIINK card temri.nates source data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OUtp.it :i:eque.sts .••.•••••• • • • ••••• • •••••••• • 

C Bus- >Bus->Bus->Bus->Bus->Bus-->Bus-->Bus->Bus- >Bus->Bus->Bus-- >Bus-> 
GEN A GEN B GEN C 

BLI\NK - cam te.uninates output requests 
BU\NK cam temri.nates plot ~sts 
BLllNK. catd te.mtl.nates EMl'P solution-m:xie 

(a) Input data. Machine reactances changed. 
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(b) Voltage at unfaulted phase (bus 1 A). 
operation caused by 
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Figure 7-3-3: 
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(c) Change in generator speed (t.w). 

Generator with large subtransient rcactance in the q axis. 
Resonant effect makes the system unstable. 
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C Effect of saliency on ovez:voltages in Synchronous Machines dw:i.ng 
C l,l!lbalence:i faults (Line-1:o-Line) . Stahle case with Saliency. 
BEGlN NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data . . ....... .. ......... . ... ... .. . 
c DeltaT<--'lMax<- ~<---O:pt<-Epsiln<-Tol.Mat<-TStart 

150.E-6 .25 
C -rout<-IPlot<-lDoubl<-KSSOUt<--MaxO.lt<---IPun<-MemSav<--rcat<-NEnerg<-IPrSup 

Ml 1 1 1 
C 
C . . . . . . • . . . . . . . • . . • . . . . . . . . . Circuit data 
C Busl->Bus2->Bus3->Bus4-X--R<--L<---C 

GEN A BUSlA .25257 
GEN B BUSlB GEN A BUSlA 
GE1,cc BUSIC GEN =A BUSlA 
BUSlA 1. 82E3 
BUSlB BUSlA 
BOSlC BUSlA 

BLANK card tenni.nates circuit. data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Bus->Bus-X-Tclose<--Topen<---Ie 

BUSIB BUSlC .SE-1 9999. 
BU\NK card tenni.nat.es switch data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Source data 
C Dynamic synchronous machine 
C Terminal connection for phase "a" 
C Bus-> <---Volt.<--F.req<---Angle 
59GEN_A 11267.65 60. -90. 
C Connection for phase "b" and "c " . Colurm 1-2 should be left blank 
C Bus-> <--Volt<---X--Angle 

GEN B 
GEN C 

C Machine pararreter can:l.s (Cptional) 
C --------- X----FM 
PARAMETER FITTIN.3 1. 
C 
C Electrical parameters of rrachine 

0 
1, 

1 
1 

0 
0 

C <--<-<-NP<-SM'.>.JtP<-~tQ<---RMVA<-----RKV<--AGL.ine<---:Sl<:---S2 
1 1 2 l. 1. 200. 13.8 935.016 1000. 1440. 

C Col: (1-2) NuMas, (3-4) KM.3c, (5-6) KExc 
C Note: AGLine is used to get the real magnitude in PMP of the Field Oirrent 
C In principle any value can be used here 
C 
C ------x------ADl<----AD2<----AQl<-----J\Q2<----J\GLQ<-----SlQ<---S2Q 

C If S .M. is not saturable (AGLine >= 0) , leave 51 - S2Q blank 
C 
C Manufacturer supplied p .u. data (if PAAAMETER FITI'IN:i is used) 
C When transient data not available for Q axis, make: X'q=Xq, T 'q0=0 
C This will eliminate the G winding fran the S.M. roodel 
C ---Ra<-----Xl<---Xd<-----Xq<---X'd<--X'q<---X"d<----X"q 

0.001096 0.15 1.70 1.64 . 238324 1.64 .184690 .295504 
c ---T 'd0<-----T' qO<----T"d0<----T"qO<------xo<---Rn<------Xn<---xc 

6.194876 0. 0.028716 0.074960 1.40 9999. 
C 
C Mechanical pararreters for the shaft system (M:!ss card) 
C <--X--ExTrs<--HIC0<--OSR<----OSM<---HSP<--0SD 

1 1. .181128 
C col: (1-2) ML 
BLANK card teon.i.nates 1!8ss data 
C 
C Output requests 
C G.ll.<-><---Nl<--N2<-N3<--N4<--NS<--N6<--N7<-N8<--N9<-N10<-Nll<-N12 
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10 
31 

1 2 3 

C col: (3) Group, ( 4) All 

4 11 

BLANK card terminates S}'Tlchronous rrachine output requests­
C 
C T1>CS input cards 
C 
C Exciter- (EM.l'P assunes that the exciter- is regulating to lp.u. => Vf..Jfl'CS = 1) 
C Bus--X--><KI 

FlNISH 
BLANK card terminates source data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Output .requests ............... . ........... . 
C Bus->Bus->Bus->Bus->Bus->Bus->Bus->Bus- >Bus-->Bus->Bus->Bus->Bus.-> 

GEN A GEN B GEN C 
BLANK - card te~tes output requests 
BLANK card tez:minates plot .requests 
BLANK ca.x:d tez:minates EM.l'P solution-m:x:le 

(a) Input data. Capacitance value changed . 
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(b) Voltage at unfauJted phase (bus lA). Large amount of distortions occurs. 
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Figure 7-3-4: 

(c) Change in generator speed (A ro ). 

Generator with large subtransient reactance in the q axis. No 
resonance. 
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7. 4 A Transient Stability Study 

Another imeresting type of study that can be made with the generator model avail able 
in the EMTP, is a Transient Stability An alysis. There are many programs tailored to 
e xecute this kind of study. All of them use a simple one-phase model of the 
synchronous machine, which makes them useful for analyzing the effect of balanced 
fa ults (lhree phase faults) in the system. The complete model of the generator available 
in the EMTP allows us to study the impact of different unbalanced faults in the system, 
so a better level of understanding and design can be achieved. 

Figure 7-4-1 depicts an equivalent of the 13 bus system that is going to be used to make 
basic Transient Stability Analyses. where voltage and speed regulation have not been 
taken into account. These two controls will be included in a later section. 

Two examples arc presented. In both cases a three-phase fault is applied at 30 ms on bus 
12, and it is cleared by opening the line between buses 1 and 12. Figure 7-4--2 shows the 
inpUL data and the results for a s table case, obtained when the breaker opens at 100 ms. 
Pigure 7-4-3 depicts an unstable case obtained when the breaker opens at 300 ms. 

Bus Th 

Figure 7-4-1: 

200 MVA 

8-H 
13 .8 KV 

Bus 1 

Bus 3 Bus 12 Bus 13 

f--+-<====:i---f---11 -c::=--=--y) (____J______._ 200 M'w' 
90mi. 1S ml. JC-. 0 .9Spf 

Bus 7 
230 KV F'~ult 

Reduced equivalent of the 13 bus Power System for Transient 
Stability Studies. The Thevenin equivalent was obtained with 
line 1-2 open. 

These studies also illustrate a new type of feature within the EMTP: the use of TACS 
blocks. The use of TACS blocks in this workbook is quite limited. restricted to a few 
simple tasks. In this case we wish to illustrate the. use of a simple "RMS meter" to display 
RMS terminal voltage as may be obtained by a voltmeter in the system ralher than the 
us ual instantaneous values. 

In order to show the kind of studies that can be done with the EMTP. which are beyond 
the limited scope of the traditional Transient Stability Analysis, another example 
(Figure 7-4-4) was run. This case deals with the effects upon the system of a single­
line-Lo-ground fault at bus 12 at 30 ms, and that was removed by opening line 1-12 at 300 
ms. Notice that the system is still stable. whereas for the three-phase fault that was not 
the case. 
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C Transient stability analysis for test system. stable case. 
BEGIN NEW DATA CA5E 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Misoellaneous data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
C DeltaT<-'IMax<-xcpt<--o::Jpt<-Fpsiln<-TolMat<-TStart. 

200.E- 6 l. 
C -IOut<-IPlot<-IDoubl<-KSSOut<-MaJ<Out<-n>un<-+et6av<-ICat<--NEnerg<-1PrSup 

101 l 1 1 
T/>CS HYBRID 
C Ncx:le_V 
90GEN3A 
90BUS1A 
C RMS Value 
88vt A 66-+GE;NJA 
88VxmslA66+BUSlA 
C Tl'CS_outp..it 
33Vt A VrmslA 

60. 
60 . 

~ card te.oninates TACS data 
C 

60. 
60. 

C ............... , ...•........... Circuit data ................ , . ......... . ...... . 
C Bus-->Bus-X.----X--R<.----L<--R<.----L<--R<--- -L 
51THEVABUS7A .13 23.71 0 
52THEVB BUS7B .06 39.99 0 
53'IHE'X: BUS7C 0 
C Bus->Bus-->Bus->Bus-X--R<--L<-- C<--R<--L<- C<--R<--L<-- C 

lBKRJ.A BUS12A 2.914240.834.26247 
2BJ.<RlB BUSl2B 2.370719.587-.06032.993440.714.27339 
3BKR1C BUS12C 2.317816.307-.01532.370719.587-.06032.914240.834.26247 

C Bus-->Bus-->Bus->Bus-X-R'<--L'<--C'<--len 0 0 0<---Blank---- -:>0 
-1BUS7A E!USlA 0.3167 3 .222.00787 144.4 0 0 0 0 
-2BUS7B BUS1B 0.0243 .9238 .0126 144.4 0 0 0 0 
-3BUS7C BUSlC 0 
C Bus-->Bus-->Bus-->Bus-X--R<--L<---C 0 

BUS12ABUS13A 70 .16 0 
BUS12BBUS13BBUS12ABUS13A 0 
BUS12CBOS13CBUS12ABUS13A 0 
BUS13A 221..41 38.26 0 
BUS13B BUS13A 0 
BUS13C BUS13A 0 

c Saturable trans£ourer caip::,nents. 
C --- -X-Bus3<--X--I<- -E'hi<BusSt<-lffi:lg<---- -------->O 

TRANSFORMER DELTAB 0 
C ---<'1ur:cent<-----:flu.-._ 

9999 
C <-Bus1<-Bus2<----X-R.k<---Lk<--Nk<.-------------->O 

1GEN3A GEN3B .1263 13. 8 0 
2BUS1A 35. 08132. 79 

C Note.- These leakage values were calculated assuming a 10% p.u. reactanoe at 
C 200 MJA for the transfomer, divided in half between the two windings. 
C <---- X-Bus3< ----- ><BusSt 

TAANSFORt£R DELTAB DELTEC 
C <-Busl<-Bus2 

1GEN3B GEN3C 
2BUS1B 

TRANSFORMER DELTAB 
1GEN3C GEN3A 
2BUS1C 

BLANK ca.ro te.oninates circuit. data 
C 
C ............................. ~itch dac.a ........... . ......................... . 
C Bus->Bus--><--Tclose<--Topen<~--.Ie 0 

BUSlA BKR1A -1.E-3 100.E-3 0 l 
00S18 BKR1B -1.E-3 100.E-3 0 l 
BUSlC BKRlC -1.E-3 100.E-3 0 1 
BUS12A 30.E-3 9999. 0 l 
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BUS12B 
BUS12C 

30.E-3 
30.E-3 

9999 . 
9999. 

BLANK card temtlnates switch data 
C 

0 
0 

1 
1 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... Source data . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . .. 
C Bus-><I<Arrplitude<Frequency<--T0JPhi0<--0=Phi0 <--'l'start<--Tstop 
14THEVA 187.79E3 60. 0. 0. -1. 9999. 
14THEVB 187.79E3 60. -120. 0. -1. 9999. 
14THEVC 187.79E3 60. 120. 0. -1. 9999. 
C Dynamic synchronous rrach.ire. 
C Tei:minal connection for phase "a" 
C Bus-> <---Volt<---Freq<--Angle 
59GEN3A 11267. 65 60. -28. 00 
C Connection for phase "b" and "c". Col.l.ffll 1-2 should be left blank 
C Bus-> <--Volt<-- - - - -X--Angle 

GEN3B 
GEN3C 

C Machine pararreter cards (Cptional) 
C ---------X---FM 
C Electrical pararreters of nachine 
C <-<-<--NP<-SM).itp<-SMAitQ<- - RMVA<--RKV<-AGLi.ne<---Sl<.---S2 

1 1 2 1. 1. 200. 13.8 935.016 1000. 1440. 
C Col: (1-2) NuMas, (3-4) KMac, (5-6) I<El<C 
C Note: J\GLine is used to get the -real magnitllde in PMP of the Field a.irrent 
C In principle any value can be used here 
C ----x----J\Dl<----- AD2<-----AQ1<----HJ,2<---N:;li,2<.---S1Q<--S2Q 

C If S.M. is not saturable (ll,GW.ne >= 0), leave Sl - S2Q blank 
C Machine pararreteJ:S (no PARJ\METER Fl'ITillU) **ll'l)iagonal elerents cannot be zero 
C --Xf*<--xaf<--Xfkd<--Xd*<---xalcd<--Xkd*<-- Xl. 

1.65 1.55 1.55 1.70 1.55 1.605 .15 
C --xg*<--xag<--Xgkq<--Xq"<--xalcq<--Xkq* 

.000001 1. 64 1. 49 1. 526 
C ---Xo<-----Ra<------Rf<---Rkd<-----Rg<-Rkq<---Rn<.---Xn 

1.4 0.001096 0.000742 0.0131 0.0540 
C Mechanical pararreters for the shaft system (Mass card) . 

C <--x- --Ex'l'rs<---HIC0<---DSR<---DSM<---HSP<---DSD 
1 1. .181128 

C col: (1- 2) ML 
BUINK card temu.nates mass data 
C Output requests 
C GA.<-X- Nl<-N2<-N3<--N4<-N.S<-N6<-N7<--N8<-N9<-N10<-Nll<-Nl2 

10 1 2 3 4 U 
21 
31 

C col: (3) Group, (4) All 
8LANK card teoninates synchronous nachine output requests 
C TlCS input cards 
C ~ter (EMI'P assurres that the exciter is regulating to lp.u. => Vf-'I'N",S = l) 
C Bus-X--><KI 

FINISH 
BLANK card tezminates source data 
C 
c . . .. ... ........ ......... .. ..... output Fequest Data ................... . .... . .. . 
C Bus-->8us->Bus-->Bus-->Bus-->Bus-->BuS-->Bus- >Bus- >Bus->Bus->Bus->Bus- > 

GEN3A BUSlA BUS12A 
BLANK card temtlnates output requests 
BLANK card temtlnates plot requests 
BLl\NK card tellllinates EMl'P solution-m:x:le 

(a) Input data. Notice implementation of a "RMS meter" using TACS. 

7-19 

0



14170605

§I 

I 
i§ 

!! 
~ 
0 
C: 

-< 

I 
!§ 

g 
; 

0.0 O.l 
(b) Generator phase 

w 
..; 

-o I I I l"' 
C § 
I) 
0 

ii 
~ 

<-> § 
0 

! 
I 
':' 

' 0.0 o.z 
(c) Change in 

,.. 
/ 

'------ j 

§ 
0 

0.0 0.2 

0 .1 
angle (6). 

O .◄ 

generator 

0.6 0.8 
Machine is stable. 

- - kio41·'1El 

0.6 0.8 
Socon:I 

speed (6 (I)). 

0.6 

-- IACs • .,,.._. 

0.8 
Socon:I 

(d) RMS voltage at bus I. This was obtained using the TACS-implemented 
RMS-meter. Notice initial settling time of the meter, then collapse of the 

voltage during the fault, and recovery after fault clearing. 
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Figure 7-4-2: Stable case, three phase fauh cleared at lOOms. Results obtained 
with the EMTP. 
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C 'I':r::ansient stability analysis for test system. unstable case. 
BffilN NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data ................ ......... . . .. . 
C DeltaT<-'IMax<-- XCpt<--~t<-~iln<-TolMat<-TStart 

200 .E-6 1. 
C --IOut<--IPlot<-IDoUbl<-KSSOut<-Ma.><Out<---IPun<-MemSav<-Icat<-NEne.rg<-IPrSup 

101 1 1 1 
TACS HYBRID 
C Node V 
90GEN3A 60, 
90BUS1A 60 . 
C PM>_Value 
88vt A 66tGEN3A 
88Vi:ms1A66-+BUS1A 
C TACS outp.lt 
33Vt A- Vm51A 

BLANK card temtinates TJICS data 
C 

60 . 
60 . 

C ...... . ...... .. . . . .... . .....•.. Circuit data .. . ............... . . ... .... ....... . 
C Bus- >Bus-X----><--R<----L<--R<----L<---R<----L 
51 l'HEVA BUS7A .13 23. 71 0 
52THEVB BOS7B .06 39.99 0 
53THEVC BUS7C 0 
C Bus->Bus->Bus->Bus-X--R<--L<- C<--R<-- L<- C<--R<--L<- C 

lBKRlA BUS12A 2 .914240 .834.26247 
2BKR1B BUS12B 2 .370719 .587-.06032.9934 40.714. 27339 
3BKR1C BUS12C 2 .317816.307- ,01532.370719.587-.06032.914240.834.26247 

C Bus->Bus->Bus->Bus-X-R'<-L'<--C' <-len 0 0 0<--Blank----->O 
- 1BUS7A BUSlA 0.3167 3.222.00787 144.4 0 0 0 0 
-2EUS7B BUSlB 0 .0243 .9238 .0126 144 . 4 0 0 0 0 
-3BUS7C BUSIC 0 
C Bus->Bus->Bus->Bus-><--R<- - L<~ 

BOS12ABUS13A 70.16 
BUS12BBUS13BBUS1.2ABUS 13A 
BUS12CBUS13CBOS12ABUS13A 
BUS13A 221 .41 38.26 
BUS13B BUS13A 
BUS13C BUS13A 

C Saturable transfomer coop::ments. 

0 
0 
0 
0 
0 
0 
0 

C -----x-Bus3<--X-- I<--Phi<BusSt<-Rreg<.----------->O 
T.RJ\NSE'()Rt,ER DE:LTAB 0 

c ---current<-----flux 
9999 

C <-Busl<-Bus2<----X-Rk<--Lk.<-Nk.<-------------->0 
1GEN3A GEN3B .12 63 13. 8 0 
2BUS1A 35. 08132. 79 

C Note. - These leak.age values were calculated assuming a 10% p.u. reactance at 
C 200 tlNA for the tramifcmrer, divided in half between the two wind.irY.3"s. 
C <----x-Bus3<-------><BusSt 

'lWINSFORMER DELTAS DELTOC 
C <-Busl<-Bus2 

1GEN3B GEN3C 
2BUS1B 

TRANSFORMER DELTAS 

1GEN3C GEN3A 
2BUS1C 

BLANK cam te:crnioat.e8 ciro.rit data 
C 

DELTCA 

C ... . . ... .. .. .. . .. .. . .• ... . . .. Switch data ...... . ... . .. .. . . .......... ..... ..... . 
C Bus->Bus--><-Tclose<--Topen<- --Ie 0 

BUSlA BKRlA -1.E-:3 300.E- 3 0 0 
BUSlB BRRlB -1.E- 3 300.E- 3 0 0 
BUSIC BKRlC -1.E-3 300.E-3 0 0 
BUS12A 30 .Ei-3 9999. 0 1 
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BUS12B 30.E-3 9999. 0 l 
BOS12C 30 .E-3 9999. 0 1. 

BLANK card te:::minates switch data 
C 
C .. ... _ .. . .... . ...... .. .. . .... .. ... Source data .............................. • .. 
C Bus-XIQ,nplitude<Frequency<--T0 f Phi0<--0..,PhiO <---Tstart<---Tstop 
14THEVA 187.79E3 60. 0. 0. -1. 9999. 
14THEVB 187.i9E3 60. - 120. 0. -1. 9999. 
14THEVC 187.79E3 60 . 120. 0. -1. 9999. 
C Dynamic synchronous machine 
C Tenni.na.l connection for {ilase "a" 
C Bus-> <--Volt<--Freq<---Angle 
59Grn3A 11267. 65 60. -28.00 
C Connection for phase ''b" and "c " . Col.um. 1-2 should be left blank 
C Bus--> <--Volt<--- X--Angle 

GEN3B 
GEN3C 

C Machine parameter cards (q,tional) 
C - --- ----x---FM 
PARAMETER FITl'IliG 1. 
C Electr.ical pa.rarreters of rrachine. 
C <-<-<-NP<-St-0.ltP<-SMJutQ<-- PMVA<----ru<v<-AGLine<.---Sl<---S2 

1 1 2 1. 1. 200. 13.8 935.016 1000. 1440. 
C Col: (1-2) N\JMa3, (3-4) !<Mac, (5- 6) I<Exc 

C Note: 1\GLine is used to get the i::eal nagnituoo in J\MP of the Field Oln:ent 
C In principle any value can be used here 
C - ----X----ADl<---.AD2<- - --- A01<- - --NJ}.<---1'l3IJJ<--SlQ<- -S2Q 

C If S.M. is not saturable U\GLine >- 0), leave S1 - S2Q blank 
C Manufacturer supplie:i p.u. data (if PARAMETER FITI'lN::i is used) 
C When transient data not available for Q axis, n-ake: x •q=~ T ' q0=0 
C This will eliminate the G winding fran the S.M. rrodel 
C - ·- ·-Ra<---Xl<---Xd<----'Xq<--X'd<--X'q<--X''d<--X"q 

0 .001096 0.15 1.70 1.64 .238324 1.64 . 184690 .185151 
C -----T 'd0<--T' q0<-----T"d0<---T"q0<:---X0<---·Rn<---.Xn<---Xc 

6. 194876 o. 0.028716 0 . 074960 1.40 
C ~cal pai:arreters for the shaft system (Mass card) 
C <--><--Exrrs<--:HICO<----DSR<----DSM<--HSP<---DSD 

1 1. .181128 
C col: (1-2) ML 
BLI\NK carrl te.r:rninates mass data 
C OutpUt requests 
C G1\.<--X-Nl<- N2<-N3<-N4<--N5<--J:'-l6<-tr7<-N8<--N9<-Nl0<-Nll<-Nl2 

10 l 2 3 4 1.1 
21 
31 

C col: (3) Group, (4) All 
BLANK card te.r:rninates synchronous rrachoine output requests 
C TICS .input cards 
C Excite:c (EMI'E' assunes that the exciter is regulatin;J to lp.u. => Vf-TJ>CS = 1) 
C Bus-X--XKI 

FINISH 
BIANK card te.r:rninates source data 
C 
C ........ .... ....... .. . ... . .. .. .. . .. Output requests ............... . . . ......... . 
C Bus->Bus->Bus->Bus-->Bus->Bus->Bus->Bus->Bus->Bus-->Bus-->Bus->Bus-> 

GEN3A BUSlA BUS12A 
BLANK card te.r:rninates output z:equests 
BLANK card temtinates plot i:equests 
BLANK card teaninates EM1P solution"'1T"Ode 

(a) Input data. Longer clearing time. 
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(d) RMS voltage at bus 1. 

Figure 7-4-3: Unstable case. Results obtained with the EMTP. 
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C Transient stability analysis for test system. Unbalanced fault (Sin;Jle- line-to­
C ground). 
BFGJN NEW DATA CASE 
C . . . . . . . . . . • . . . . . . . . . . . . . . . . Miscellaneous data . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 
c Delt.aT<-'lMaX<-xept.<~t.<- Epsiln<-TolMat<--TStart 

200.E-6 1 . 
C -IOJ.t<-IPlot<- IDoubl<- KSSOut<-Mm)ut<-IPun<-M:m.av<- Icat<-NEnerg<-IPrSup 

101 1 1 1 
TACS HYBRID 
C Ncd.e V 
90GEN3A 
90BUS1A 
C RMS Value 
88Vt A 66-IGNJA 
88Vi:rn.slA66+BUSlA 
C T/ICS_outp.it 
33vt A VnnslA 

60. 
60. 

BLANK card tei:mi.nates 'I'lCS data 
C 

60 . 
60 . 

C . .... ..................... . .... Circuit data .... ......... ........ .. . .. .. .. . .. . . 
C Bus-->Bus--X----X --R<----L<---R<------L<---R<----L 
51THEVA BUS7A .13 23. 71 0 
52THEVB 80S7B .06 39.99 0 
53THEI/C BUS7C 0 
C Bus-->Bus-->Bus->Bus-X- -R<--L<- C<- -R<--L<- C<--R<--L<- C 

lBI<RlA BUS12A 2.914240.834.26247 
2BI<R1B BUS12B 2 .370719.587-.06032 .993440.714.27339 
3BKR1C BUS12C 2.317816.307-.01532.370719 .587-.06032 .914240.834 .26247 

C Bus-->Bus- >Bus- ->Bus-X- R' <-L'<---C1<- len O O 0<--Blank----- >O 
- lBUS7A BUSlA 0.3167 3 .222 .00787 144.4 0 0 0 0 
-2BUS7B BUSlB O. 0243 . 9238 . 0126 144 .4 0 0 0 0 
- 3BUS7C BUSlC 0 
c Bus->Bus-->Bus- >aus-- x ---R<--L<--C o 

BUS12ABUS13A 70.16 0 
BUS12BBUS13BBUS12ABOS13A 0 
BUS12CBUS13CBUS12ABUS13A 0 
BUS13A 221.41 38.26 0 
BUS13B BUS13A 0 
BUS13C BUS13A 0 

C Saturable t.ransfomer cooponents. 
C -------X-aJs3<--x - - - I<- Phi<BusSt<-~g<------------>O 

TRANSFORMER DELTAS 0 

C ~t<---
9999 

flux 

C <-Busl<-Bus2<----><-Rk<--Lk<--Nlt<--------------->O 
1GEN3A GEN3B . 1263 13.8 0 
2BUSlA 35.08132 ,79 

C Note.- These leakage values were calculated assumiJ:g a 10% p.u. reactance at 
C 200 MVA for the t.ransfomer, divided in half between the two windings. 
C <----X-Bus3<-------><BusSt 

TRANSFORMER Dlll:l'AB 
C <-Bi.isl<-&ls2 

lGEN3B GEN3C 
2BUSlB 

TRANSFORMER DELTAB 
lGEN3C GEN3A 
2BUSlC 

BLANK card tenninates circuit data 
C 

DEI./l'OC 

DELTCA 

C . .. .. .. ...... ..... .... • ...... Switch data .............. .. ........ .. .......... . . 
C Bus->Bus-X--Tclose<--Topen<---!e 0 

BUSlA BKRlA -1.E'r-3 300 .E-3 0 0 
BUSlB BKRlB -1.E-3 300 .E-3 0 0 
BUSlC BKRlC -1.E-3 300 .E-3 () 0 
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BUS12A 
BUS12B 
BUS12C 

30.E-3 
9999. 
9999. 

9999. 
9999 . 
9999 . 

BLI\NK card teoninates switch data 
C 

0 
0 
0 

1 
l 
1 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... Source data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
C Bus--><I<Anplitude<Frequency<-T-01Phi0<--0=Phi0 <---Tstart<--Tstop 
14THEVA 187.79E3 60. 0. 0. -1. 9999. 
14THEVB 187.79E3 60.' -120. 0. -1. 9999. 
14THEVC 187. 79E3 60. 120. 0. -1. 9999. 
C Dynamic synchmnous machine 
C Texrninal connection for phase "a" 
C Bus--> <---Volt<--Freq<---Angle 
59GEN3A 11267.65 60. -28.00 
C Connection for phase "b" and "c " . Colwn 1-2 should be left blank 
C Bus-> <--Volt<---><---Angle 

GEN3B 
GEN3C 

C Machine paraxreter canis (Cpt:ional) 
C --------><---EM 
Pl\RH1STER FI'ITIN3 1. 
C Electrical pa.rarreters of rre.chine 
C <-<-<-N?<--SM:Xrt:P<-StO.ltQ<--RMVA<--RKV<-AGLine<---:S1<---S2 

l 1 2 1. 1. 200 . 13.8 935.016 1000. 1440. 
C Col: (1-2) NuMas, (3-4) KMac, (5-6) KExc 
C Note: l'IGLine is used to get the real magnituc:e in AMP of the Field 0..u:rent 
C In principle any value can be used here 
C ---x---AD1<----AD2<---AQ1.<----AQ2<--1\GIQ<-----S1Q<---S2Q 

C If S.M. is not saturable (1IGLine >= 0), leave Sl - S2Q blank 
C Manufacturer supplied p.u. data (it PARAMETER FITTING is used) 
C When transient data not available for Q axis, make: X'q=Xq, T 'q0=-0 
C This will eliminate the G winding f ran the S .M. lll:)00,l 

C ----Ra<----Xl<------Y.d<---Xq<----X'd<--X'q<----X"d<----X"q 
0.001096 0 .15 1.70 1.64 .238324 1.64 .184690 .185151 

C - -T 'd0<--T'q0<---T"d0<- ---T"q0<------XO<---Rn<---Xn<--- xc 
6.194876 0. 0.028716 0.074960 1 . 40 

C »=chanical pa.rarreters for the shaft system (Mass card) 
C <---X--Eiars<--HIC0<--DSR<---DSM<--HSP<--DSD 

1 1. .181128 
C col: (1-2) ML 
BLANK can:i terminates nass data 
C o..ttput requests 
C GA<-><-Nl<-N2<--N3<--N4<--N5<--N6<--N7<---N8<--N9<-N10<--N11<-N12 

10 1 2 3 4 11 
21 
31 

C col: (3) Group, (4) All 
BI.ANK caro teaninates synchronous rrechioe output requests 
C Tl'CS input canis 
c Exciter (EMl'P assurres that the exciter is regulating to lp .u. => Vf-TACS = 1) 
C Bus- X --><KI 

FlNISH 
BLANK card te.oninates source data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OUtput requests ........ . ......... . .. . . . ... . 
C Bus~>aus->Bus-->Bus->Bus->Bus-->Bus->Bus->Bus->Bus->Bus-->Bus->Bus-> 

GEN3A GEN3B GEN3C BUSlA BOSlB BUSlC BUS12.ABUS12BBUS12C 
BLANK card teoninates output requests 
BLANK cam terminates plot requests 
BL.n.NK card teoninates EMl'P solution-roode 

(a) Input data. The fault is a single line 10 ground faulL 
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(b) Generator phase angle (6). This case is stable. 
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Transient stability study for an single-line-to-ground fault . 
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SECTION 8 

SYNCHRONOUS MACHINES: REPRESENTING THE CONTROL SYSTEM 

8. l Exciter Control Models Using T ACS 

Generators have always an automatic way of controlling the voltage at their terminals. 
Changes in the electric system conditions. such as variations on load or faults that are 
cleared by tripping lines and/or load, produce a severe change in the machine voltage 
that can be controlled by cl1anging the field voltage of the generator exciter. This 
changed is made automatically by a control circuit that measures the terminal voltage 
and compares it against a preset value, if there is a difference the field voltage is 
changed to keep the terminal voltage constant. 

Typical voltage regulators are t.he ones defined by the IEEE. The IEEE Automatic Voltage 
Regulators (A VRs) depicted in figures 8-2-l, 8-2-2, and 8-2-3 were taken from fl]. 
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Vt 
--..i ~ 

1 + TrS 

Vs 

Ef 

?ol\ack loop 

Figure 8-1-3: Composite IEEE A VR with additional limiter and feedback. 

Typical values for the gains and time constants for the IEEE type l exciter, according to 
Anderson and Fouad [2], are sbown in Table 8-1-1. 

Table 8-1-1 : Typical Parameters for the IEEE Type 1 Exciter 

Ka 25 - 400 

Ta 0.02 - 0.05 
K., - 0 . 17 - 1. 0 

'l'e 0 _015 - 0 . 95 

Kt 0 .03 - 0 . 04 
Tt 0_5 - 1 .0 
Tr 0 - 0.06 

Vam1.n -3.5 - -7 . 3 

Vamax 3 .5 - 7.3 

As a general rule the bigger the amplifier gain (Ka) and the smaller the time constants, 
the faster the A VR. One has to be careful on picking the values of these constants, 
because if the AVR is too slow or too fast the system can become unstable. There are 
several control techniques that allow us to chose these parameters so the system is 
stabJe, but they are out of the scope of this book. 

8. 2 Governor Control Models 

Another control device of the generator is the governor. This element reguJates the 
input power to the generator by controlling the valves of the turbine, trying to 
maintain a constant speed in the shaft. Because it is a mechanical control, and because 
of the large inertia of the machine, its response is very slow compared to the A VR. As 
we already mention in the previous section, this device would start to affect the 
behavior o( the generator after one or two seconds, depending on the type of generator. 

The IEEE Thermal and Hydro governors with valve are illustrated in Figures 8-2-1 and 8-
2-2 fl]. 

I Pmax 1--.....--... PtY 

Pll'lin o.,,.-~ 
) own 

Figure 8-2-1: 1EEE thermal governor and valve. 
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Pigure 8-2-2: 

Figure 8-2-3: 
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+ 

IEEE hydro governor and valve 
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Ga 

J 
Ptnex 

Pmin 

/ Omax 

~ Cmax 

Generalized model of a speed governor and valve. 

Pgv 

For hydro units the time constants of the governor are rather large (several seconds). 
while t'or lhermal units these time constants are small (0. I to 0.5 seconds). 

The turbines, hydro and thermal, can be represented, according to Arrillaga [ 1 ], by the 
simple models shown on figures 8-2-4 and 8-2-5. These representations are valid for 
studies with time spans of 1 or 2 seconds, typical in transient s tability studies. During 
these analyses just the High Pressure (HP) turbine has any important effect on the 
response of the system due to its relative small time constants. The Intermediate 
Pressure (fP) and Low Pressure (LP) turbines have large time constants that make them 
of liule interest for these kind of studies. 

Figure 8-2-4: 

Pigure 8-2-5: 

Pgv <>-o--.....i►11-T..,., S ~--... ► Pm 
1+T4 S 

Power delivered Mechanical 
trough v~lve Power 

Model for a HP hydro turbine. 

Power delivered 
trough valvE' 

+ 

IP & LP p
1 turbine power 

Model for a HP thermal turbine. 

Pm 

Mechaf'lical 
Power 

Typical values for the governor-turbine models are shown in the tables below. The 
values where extracted from Anderson and Fouad [2]. 
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Table 8-2-1: Typical Parameters for Govemer Control in Hydro Turbines 

Reg (pu) 0 . 03 - 0 .056 (0. 05) 
Pmax (MW) MVA-3 - MVA+46 
PmJ.n (MW) 0 
T1 (S) 0 - 124 . 47 (34. 69) 
T2 (8) 0 - 8 . 590 (3. 872) 
T3 (8) 0 - 0 . 92 (0.495) 
'1'4 (8) 0.3 - 1 . 545 (0.645) 
T,, (s) 2T4 

Table 8-2-2: Typical Parameters for Grovernor Control in Thermal (Fossil 
Steam) Turbines 

Reg (pu) 0 .05 - 0 .078 (0. 05) 
Pmax (MW) MVA-91 - MVA+17 .7 
Pmin (MW) 0 
T1 (s) 0.08 - 0.22 (0 . 134) 
T2 (8) 0 - 0 .03 (0) 
T3 (s) 0.04 - 0. 4 (0 . 231) 
T4 (s) 0 - 0.3 (0 . 135) 
K1 (pu) l 

On these tables the maximum power that the turbine can deliver (MW) is determined 
based on the rated MV A of the generator. 

8 . 3 Studies with Voltage and Speed Regulation 

The caso that we are going to analyze corresponds to the same generator as in the 
previous chapter. In this example we are interested in study the effect of a large 
change in resistive load on the terminal voltage. The load will change from open 
circuit to 1 p.u. We use a IEEE type l A YR of fast response in order to be able to see, in a 
relative short period of time, its effect on the terminal voltage. The constants chosen 
for the A YR are: 

400 
Ke 1.0 
K t = 0.03 

0 ~02 
0.015 
0.5 Tr = 0.03 

The terminal voltage is usually measured by transforming the AC signal into DC using 
the rectifier bridge shown in Figure 8-3-1. The ideal bridge can be easily simulated by 
the following equation: 
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Figure 8-3-1 : 

II 

II 

II 

Measurement of the terminal voltage by a three phase AC-DC 
rectifier bridge. 

These equations allow us to represent the AC-DC conversion with T ACS. The complete, 
non ideal, rectifier bridge can be modelled with diodes in the EMTP, but this kind of 
analysis is not wonh it from the point of view of the power system. 

Each one of the blocks of the control circuit were represent by a TACS S_Block, and 
init ial conditions where given to avoid difficulties with the initiation of the system, 
which is a problem to be considered due co the fast response of the exc iter, Neither 
limits nor saturation were included in the s imulation. 

To avoid instabilities due to the change in speed, which is always controlled by the 
governor, the inertia of the generator was assumed infinite (in the EMTP this is 
simulated by a assigning a large number to the machine inertia, but this could produce 
wrong results if the value is too large). 

Another classical example of the use of voltage (A VR) and speed (governor) controllers 
in synchronous machines is the typical Transient Stability Analysis. In this case 
derailed models of an A VR and a hydro governor-turbine have been added to the. 
unstable powe_r system analyzed in the previous section. It is clear from the resulting 
plots that the sy~tem has become stable due to the _presence of the voltage and speed 
regulators. 

For this specific problem the EMTP does not p resent much advantage over a typical 
Transient Stability program, but one has Lo be clear that this is just a small example of 
the kind of analysis that Lhe EMTP allows us to do, For instance, this example could be 
easily changed to make stability analysis with unbalaced faults, an impossible task for a 
traditional stability program. 
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C Sinulation of the Ca?plete loadin;J of a Synchronous Machine with the Ca?plete 
C representation of an IEEE AVR type 1. 
BEGlN NEW OI\.TA CASE 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data ............................. . 
C DeltaT<--'IMaX<-XCpt<--<X)pt<-Epsiln<-TolMat<-TStart 

300.E-6 2. 
C -IOJ.t<-IPlot<-1Doubl<-KSSOl.lt<-MaxQut<-IPun<.-Men6av<-ICat<-NEnerg<-IPrSup 

51 l 1 
TACS HYBRID 
C Z_block 

Vr +V2 1. 
Vf -l&f +uNITY 1. 

C S_block 
1V2 -Vl +uNITY -V3 400. 

1. 
1. .02 

lVl +Vele l. 
.52359878 

1. . 03 
ld\/f +Vr 1. 

1. 
1. .015 

1V3 -+dVf ] . 
o. . 03 
1. .5 

C Node V 
90LOAD-A 60. 
901.0AD B 60. 
901.0AD -c 60. 
C RMS Value 
88Vt A 66+I.OAO A 60. 
C Sim.uatioo of-an ideal three-phase Transfoz::rrer-Rectifier arrange 
88Vdc =(ABS (Wl\D_l\)+ABS(lOI\D_B)+ABS (I.OAO_C) )"'SQRT(3/2) /13800 
C TJ>CS out:p.it 
33\/t A- Vl V2 
C TKS IC 
77Vdc -
77LOAD A 
771/JAD B 
77LOAD C 
77Vf -
77dVf 
77V2 
77Vr 
77Vl 
77V3 

V3 

1. 732051 
0. 

-9758 .074 
9758.074 

1. 
0. 
0. 
o. 
l 
0 

Vr 

BLANK caro terminates TJ\CS data 
C 

Vf Vdc 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Busl->Bus2->Bus3- >Bus4-><--· R<--L<--C 

LOAD A 10000. 
LOAD-B 10000. 
LOAD C 10000. 
BUS3A .9522 
BUS3B .9522 
BUS3C .9522 

BLANK card terminates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Bus->Bus--X--Tclose<-Topen<·---le 

Gm A IDJ\D A - -
GEN B I.OJ\D B - -
GfN_ C LOJ\D _C 
LOAD ABUS3A 

-1. 
-1. 
-1. 

.SE-1 

9999. 
9999 . 
9999. 
9999. 

8·6 

0 

0 
1 
1 
1 
0 

0
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LOAD BBUS3B . SE-1 9999. 
I.CW)-CBUS3C .SE-1 9999. 

BL!'\NK ~rd te.Dninates switch data 
C 
C ...... . . .. .... ..... ....... . Source data 
c Dynamic synchrcnous trachine 
C Temti.nal. connection for phase "a " 
C Bus--> <---Volt<---Freq<--Ang:le 
59GEN_A 11267.65 60. -90 
C Connection for phase "b" and "c ". Col1.1m 1-2 should be left blank 
C Bus-> <----Volt<---x---Angle 

Gm B 
GEN C 

C Machine paraneter cards (Cptionall 
C - -------x--FM 
C PARI\ME'l'ER FI'I'l'n.x; 1. 
C Electrical. pararreters of machine 

0 
0 

C <-<-<-NP<-SMJutP<-SM:>utQ<--RMVA<--RKV<-1\GL.i.ne<---Sl<---S2 
1 1 2 1. 1. 200. 13.8 935.016 1000. 1440. 

C Col: (1-2) NUMas, (3-4) l<Mlc, (5-6) KExc. 
C Note: 1\GLine is used oo get the real tragnituce in PMP of tlle Field Olrreot 
C In principle any value can be used here 
C ----x---AD1<---AD2<--l\Ol<- ----AQ2<--"lG.Q<---S1Q<--S2Q 

C If S.M. is not saturable (JIGLine >= 0), leave Sl - S2Q blank 
C Machine paraneters (no PARAMETER FITl'IN3) **11'[)iagooal elarents cannot be zero 
C --Xfk<----Xaf<---Xfkd<---Xd*<---xakd<--Xkd*<--- Xl 

1.65 1 . 55 1.55 1.70 1.55 1.605 .15 
C --Xg"<--Xag<--Xglcq<--Xq""<--Xalcq<--Xk(f' 

.000001 1.64 1.49 1 .526 
C --Xo<----,Ra< Rf<--Rkd<---Pq<--Rkq<--~Rn<---·Xn 

1.4 0.001096 0 . 000742 0.0131 0.0540 
C Machanical. pararreters for the shaft system {Mass card) 
C <---><--ExTrs<--HICO<---OSR<--OSM<---HSP<--0SD 

1 1. 9999. 
C col: {1- 2) ML 
BLANK card tez:minates mass data 
C Output requests 
C GA<--X--Nl<-N2<-N3<--N4<-NS<--N6<--N7<--N8<--N9<- N10<- Nll<-Nl2 

10 1 2 3 4 11 
21 
31 

C col: (3) Group, (4) All 
BLANK card tenni.nates synchronous nachine output requests 
C TFCS input cards 
C EY.citer (EMl'P ass\llleS that the exciter ls regulatin; to lp. u. ~ Vf--TJICS = l) 
C Bus-X--><KI 
71Vf 

FlNISH 
BLANK card tecni.nates source data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . output requests ............................ . 
C Bus-->Bus->Bus- >Bus->Bus->Bus->Bus- >Bus->Bus-->Bus-->Bus->Bus->Bus-> 

GEN A GEN B GEN C 
BU\NK - card teonirates output requests 
BU\NK card tenninates plot requests 
BLANK card tez:minates EMl'P solution-m::ide 

(a) Input dala. 
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C Transient Stability analysis of the unstable reduced Power System, including 
C an IEEE AVR type l and a hydro govemor-tw:bine rrechanical speed control. 
C The system is rendered stable doo to the voltage an::i speed controllers. 
BEGIN NEW DATA CASE 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data . . .. . ...................... . . . 
C DeltaT<-'!Max<-XCpt.<-~<-Epsiln<-TolMat<-TStart 

200.E-6 1.5 
C -IOUt<--IPlot<-IDoubl<-KSSOut<-MuOut<- IPun<--MarSav<-ICat<-NEnerg<-IPrSup 

121. 1 1 1 
T.!\CS HYBRID 
C Z_block 

Vr +V2 1. 
Vf ioVf +UNITY 1. 
Pgv +uNITY +dPS 1. 0.1.0324 

CS block. 
1V2 -Vl +uNITY -V3 400. 

1. 
1. .02 

lVl +Vdc 1. 
.52359878 

1. . 03 
ldVf +Vr. 1. 

1. 
1. .015 

1V3 ioVf 1. 
0. .03 
1. .5 

!Pl -w +wref .05305 
1. 3.872 
1. 34.69 

ldPs +Pl 1. 
l. 
1. 0.495 

il'm +Pgv 1. 
1. -1.29 
1. 0.645 

C Node V 
90GEN3A 60. 
90GEN3B 60. 
90GEN3C 60. 
C EMrP rMchine variables 
92w 
C RMS Value 
88vt: A 66-tGEN3A 60. 
CS Function 
88Vck: =(ABS(GEN3A)+ABS(GEN3B)+ABS(GEN3C))*SQRT(3/2)/13800 
88wref =2*PI*60 
C TOCS_outp.l.t 
33vt_A Vl Vf w 
C TOCS IC 
•77Vdc 
77GEN3A 
77GEN3B 
77GEN3C 
77Vf 
77cNf 
77V2 
77Vr 
77Vl 
77173 
77Pm 
77Pgv 
77dPs 
77w 

1. 732051 
9948. 747 

-9555.512 
-393.235 

1. 
0. 
0. 
o. 
1. 
0. 
1. 
1. 
0. 

376.99112 

Pl dPs Pgv Pm 
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77wre£ 376. 99112 
77Pl 0. 
BLANK card temrl.nates TACS data 
C 
C .. .. . .. ......... . .............. Circuit data ........ .. ............... .. . ...... . 
C Bus-->Bus--x----X--R<----L<--R<- ----L<-R<----L 
SlTHEVA_ BUS7A .13 23. 71 0 
52THEVB B0578 .06 39.99 0 
53THEVC BUS7C 0 
C Bus-->Bus->Bus- >Bus- X --R<--L<-- C<--R<--L<- C<--R<--L<- C 

1BRR1ABUS12A 2.914240.834.26247 
28.l(RlB BUS12B 2.370719.587-.06032.993440.714.27339 
38.'<Rl.C BUS12C 2 .317816.307-.01532.370719.587- .06032.914240.834.26247 

C Bus- >Bus->Bus->Bus-X-R'<--L'<--C'<-len 0 0 0<-- Blank----->O 
-1BUS7A BUSlA 0.3167 3 .222 ,00787 144.4 0 0 0 0 
-2BUS7B BUSlB 0.0243 . 9238 .0126 144.4 0 0 0 0 
-3BUS7C BUSlC 0 
C Bus->Bus-->Bus->Bus-><- -R<- --L<- --C 0 

80Sl2ABUS13A 70 .16 0 
BUSl2BBUSl3BBUS12ABUS13A. 0 
BOS l2CBUS13CBUS12ABUS13A 0 
BOS13A 221.41 38.26 0 
BUS13B 
BUS13C 

BUS13A 
BUS13A 

C Saturable transfomer cooponents . 

0 
0 

C -----X-Bus3<---X--I<--Phi<BusSt<-Rmag<---~~-- --- --:>O 
'lW\NSFORMER DELTAS 0 

C --_,-,urrent<-----fl= 
9999 

C <-Busl<-Bus2<.----X~<-Lk<-Nlc<----- --------->O 
1GEN3A GEN3B .1263 13.8 0 
2BUSlA 35.08132.79 

C Note.- These leak.age values were calculated a.ss1.mi.ng a 10-% p.u. reactance at 
C 200 MVA for the transfomer, divided in hall between the two windings. 
C 
C <----X-8us3< 

TAANSF0Rt-£R DELTAS 
C <-Busl<- Bus2 

1GEN3B GEN3C 
2BUS1B 

TAANSFOroER DELTAB 
1Grn3C GEN3A 
2BUS1C 

------:><Bus St 
DEUI'OC 

DE!Jl'CA 

BLANK caxd temrl.nates circuit data 
C 
C . .. .......................... Switch data ...... . .. . .....................•. . .... 
C Bus->Bus-X-Tclose<--Topen<---Ie 0 

BUSlA BKR1A - 1.E-3 300 .E-3 0 1 
BUSlB BRRlB -1.E- 3 300.E- 3 0 1 
BUSlC BI<RlC -l.E--3 300.E-3 0 1 
BUS12A 30.E--3 9999. 0 1 
BUS12B 30.E-3 9999. 0 1 
BUS12C 30.E-3 9999. 0 l 

BLANK card tezminates switch data 
C 
C ... • .... • .. .. ..... •. ..... .. .. . .. • . Sou.roe data ........ . ............. . ... ...... . 
C Bus-><I <J\nplitude<Freq.lency<- -TO I PhiO<--O=PhiO <--Tstart<--Tstop 
14THEVA 187.79E3 60. 0. 0. -1. 9999. 
14THEVB 187.79E3 60. -120. 0. -1. 9999. 
14THEVC 187. 79E3 60. 120. 0. -1. 9999. 
C Dynamic synchrooous rrachine. 
C Te.oninal connection for phase "a" 
C Bus-> <--Volt<--Freq<--Angle 
59GfN3A 11267. 65 60. -28 
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C c:onnection for phase "b" and "c". Col= 1-2 should be left blank 
C Bus-> <--Volt<.----X--Angle 

GEN3B 
GEN3C 

C Machine pararreter cards (Cptional) 
C ------- X-- -FM 
C 
C Electrical pararreters of IJBciune 
C <-<-<-NP<-SM:Xltp<-SMJut.Q<--.RMVA<---RKV<-J'li'Line<---S1<---S2 

1 1 2 1. 1. 200. 13.8 935.016 1000. 1440. 
C Col: (1-2) NuMas, (3-4) KM:ic, (5-6) KExc 
c Note: ~e is used to get the .real nagni.tude in 1'MP of the Field Olrrent 
C In prlnciple any value can be used here 
C 
C ---:x---AD1<---NJ2<---JIQ1<---JIQ2<- --PGIJ.;)<.----s1Q<--S2Q 

C If S.M. is not saturable (1\GLine >= 0), leave S1 - S2Q blank 
C 
C Machine pararreters (no PJ\RAMETER FITI'IN3) ***Diagonal elerrents cannot be zero 
C ----Xf*<-----xaf<---Xfkd<-----Xd*<----xa.Jcd<---Xkd*<---- X1 

1. 65 1.55 1. 55 1. 70 1. 55 1. 605 .15 
C --Xg*<--xag<--Xglcq<---Xql"<--- - xakq<--Xkql' 

.000001 1.64 1.49 1.526 
C -----Xo<------Ra<-----Rf<---Rkd<-----Fq<---~ Rn<---.Xn 

1.4 0,001096 0.000742 0.0131 0.0540 
C 
C Mechanical pararreters for the shaft system (Mass card) 

C <----X--ExTrs<---HICO<----DSR<-----OSM<---HSP<---DSD 
1 1. .181128 

C col: (1-2) ML 
BLANK cani teoninates mass data 
C 
C output :requests 
C GA<-X-Nl<- N2<- N3<--N4<-N5<- N6<- N7<-N8<-N9<-N10<-Nll<-Nl2 

10 1 2 3 4 11 
21 
31 

C col: (3) Group, (4) All 
BLANK card tenninates synchronous rrachine output. ~ta 
C 
C 'VCS ,input cards 
C 
C Exciter (EMl'P ass= that t .he excite:r is regulatirY;r to lp.u. => Vf-TACS = 1) 
C Bus--X--><I<I 
71Vf 
72Pm 1 
74w 2 

FINISH 
BLANK cam terminates source data 
C 
C . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . Q.ltput requests ......................... . . . 
C Bus-->Bus-->Bus->Bus->Bus->Bus->Bus-->Bus-->Bus-->Bus->Bus->Bus- ->Bus-> 

BUSlA BUS12A 
BLANK card terminates output requests 
BDANK caid terminates plot requests 
BLAA1< card terminates EMl'P solution-node 

(a) I nput data. 
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SECTION 9 

SUBSYNCHRONOUS RESONANCE 

9. 1 Describing the Phenomena 

Any Power System having compensated transmission lines with series capacitors, has 
natural frequencies of oscillation below the synchronous frequency of the system (50 
or 60 Hz) . Generators connected to the network are made up of several mechanical 
masses. i.e. the generator itself, the exciter, and the different parts of the prime mover, 
having also modes of oscillation at subsynchronous resonant frequencies, due to the 
elasticity of the shafts connecting them. When these frequencies of the electric and 
mechanical system are close to each other, a disturbance, such as a fault in the network, 
can create unstable conditions of operation that will increase the torques on the shafts 
and, if no corrective action is taken, these oscillations can destroy the generator. This 
phenomenon is known in the technical literature as SubSync hronous Resonance (SSR). 

ln order to analyze the SSR effects in the system, a detailed model of the mechanical 
system has to be introduced into the system equations. This model has to consider all the 
masses that conform the mechanical part of the generator, and also the elasticity of the 
shafts. A brief description of the equations for the mechanical system can be found in 
section 6.2. The equations fo r a general system of n spring-connected rotating masses 
has the following matrix form: 

d 
(J) dt (W] + (DJ [ W) + [Kl [8} CTt urbine l - ITge n / excJ 

J!..101 = ((I)) 
dt. 

Where the vectors [0] and [m J are the angles and speeds of each one of the masses that 
conform the mechanical system. The vector (T~\Jr b inel stands for the torques applied to 
the turbines. Torques are directly related to powers (P tnb i ne = ro Tcurbine) delivered to 
each one of the turbines of the prime mover. The vector of electromagnetic torques 
[ T 9 0 n / ex c J , and the rotor position of the generator I ink the mechanical and electric 

s ystems: 

p 
8gen 2 = ~e l e e 

Tgen = } ('-ct i q - Aq ict) 

Texc 
-vf i t + i ,2 R.exc 

OOmech 

The matrices appearing in the differential equation of the mechanical system, can be 
easily explained based on the system shown in Figure 9-1-1. 

9. 1 
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HP 
Tllbine 

IP 
Tulbhe 

LP 
Tulbhe A 

LP 
TIJtine 8 Generotor 

Figure 9-1•1: Prime mover (High Pressure, Low Pressure, and Intermed iate 
P ressure turbines), exciter and generator for a typical turbine• 
generator unit. 

The inertia for each one of the masses of the system form the diagonal of the inertia 
matrix [JJ : 

[J] 

The damping matrix 
self damping (o i ), 
(P1j ), The matrix is: 

[ o I has a tridiagonal form, because each one of the masses has a 
and each shaft connecting these masses has also a damping term 

[

D1+D12 -D12 0 0 0 

0 ] 
-012 D12+D2+D23 -023 0 0 0 

0 -023 D23tD3+O:3q -D34 0 0 
[DJ = 0 0 -D34 O3q+D4+D45 - 0 45 0 

0 0 0 - 045 D45+D5+Ds6 -056 
0 0 0 0 -Ds6 DsG+D6 

The elasticity matrix [ K J has a tridiagonal form too. The terms off the diagonal 
represent the elasticity constant of each shaft connecting masses i and j (Ki j ), and the 
diagonal terms are just the two elasticity constan ts of tbe shafts connected at the 
corresponding masses. The matrix is: 

[ 

K1 2 -K12 0 0 0 

1] -T 
l<12+K23 -K23 0 0 

-K23 K23+K34 -K34 0 
[K l 0 -K34 K34+K45 -K4 5 

0 0 -K4 5 K45 +K56 
0 0 0 -KsG K56 

The eigenvalues of the matrix differential equation determine the subsynchronous 
resonant frequencies of the mechanical system alone. These eigenvalues are always 
stable (in the left hand plane). However, they are quire close to the imaginary axis 
because damping is usually quite low. When the machine is connected to the network, 
the eigenvalues for the connected system are not exactly the same as those of lhe stand­
alone shaft system. Its e igenvalues for incremental operati on can become unstable. 
This instability can be physically eJ1;plained by considering the induction motor 
operation of the generator whenever its frequency deviates from the synchronous 
frequency: at the machine accelerates, under certain conditions of the ac system, the 
effect on the generator can be a net accelerating fo rce. And as it decelerates, a net 
additional decelerating fo rce may develop. The mathematical models used within the 
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EMTP are, without any modification, capable of capturing this effect in time domain 
simulations. 

9. 2 Systems with Possible SSR 

The most SSR-prone systems are those 
series compensated transmission lines, a 
capaci tors in the network introduce 
frequencies can interact with those of 
large torsional torques on the machine 
1970 and 1971 at the Mohave units. 

where large generators are relatively close to 
usual case in the Western United States. Series 
subsynchronous resonant frequencies. These 
the turbine-generator unit to produce unusually 

shaft that can destroy them. This happened in 

When the possibility of SSR is suspected because of the configuration of the system, an 
eigenvalue analysis of the mechanical system is helpful in detecting the mechanical 
subsynchronous resonant frequencies. A complete set of values for the elasticity 
constants of the shafts. shaft dimensions and inertia constants of the turbine-generator 
unit are needed in order to do any kind of analysis. Also desirable but not essential for 
preliminary s tudies are measuments or calc ulations of expected mechanical system 
modal damping time constants. The presence of mechanical subsynchronous 
frequencies in itself does not necessarily s ignal the presence of SSR. To consider the 
effect of SSR frequencies on the mechanical system one must also include the electric 
network in the analysis. Tho EMTP is a very useful tool to perform these studies, as we 
shall see on the next section. 

9. 3 A Classic SSR Example 

The set of EMTP input cards shown below correspond lo a SSR Test Case as set up by 
Vladimir Brandwajo in August 1982. This is a 6-mass mechanical system analyzed with 
and without generator saturation. The data comes from a case reported in [1) and shown 
here in Figure 9-3-1. The SSR event is triggered by a fault simulated by a breaker 
closing, and the subsequent clearing of the fault by opening the same breaker. This 
leads to an interaction between the resonant frequencies of the shaft and the 
subsynchronous resonant frequencies of the electric network, which exist due to the 
presence of series capacitors. 

Prime Gen. Compensated Infinite 
6.E~. NAVI. NAV'K l'CC2 IQV Bus 

Mover 

I 
rrcnrnmon Line 

( • I t'CCl 
( 4 m:J99eS) /). y 

539 KV 

FoJt 
Load 

T ...L 
7 

Figure 9-3-1: System studied for SSR extracted from [10] and corresponding to 
the Navajo Project. 

The results obtained for this system arc depicted on Pigure 9-3-2, that includes 
saturation effects on the system, and Figure 9-3-3, which is the same case but without 
sa1uration. Oo both cases we can see that the shaft torques, i.e. the difference between 
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the mass torques, widely oscillate due to the SSR between tbc mechanical system and the 
electric network. These oscillations are not actually unstable, as their amplitude is 
ultimately limited. This is because we have not excited a precise resonant frequency, 
but we are close enough to one of these frequencies to produce large oscillations that 
eventually will destroy the shafts either of the prime mover or the generator-exciter 
pair. The same kind of oscillations appear on the mass speeds. Generally, onJy one of 
tJ1e mechanical modes is excited during SSR. As a result, those specific oscillalions 
associated with the resonant mode are likely to experience large amplitudes. That is to 
say , large torques will not necessarily develop among every pair of masses. Some 
portions of the shaft will be subjected to larger proportional stresses than others. 

The electric network also experiences large changes on voltages and currents during 
the SSR oscilations, as do the the field current in the exciter. Saturation tends to 
increase the field currents for any given level of voltage. As saturation increases, the 
apparent parameters of the machine are changed. This "detunes" the mechanical and 
electrical systems, leading to a decrease in the oscillations on the armature currents 
and shaft torques. 

9-4 
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C 
C Subsynchronous P.esonance Benciurark Case 
C This is a 6--f'r8ss SSR ca.se Wiffl saturation 
C 
BEX;lN NEW DATA CASE: 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data . .... . . ..... . .. ... . . ......... . 
C DeltaT<-'IMax<--X(pt<---o:Jpt<-Epsiln<-Tol.Mat<-TStart 

' . 0002 1. 60 . 60. 
C --IOut<--IPlot<-IDoubl<-KSSOut<-MaxOut<---IPun<-MernSav<--ICat<-NEnerg<-IPrSUp 

l l l 1 l -1 1 
C -KChg<--Ml.llt<-KChg<---Mult<- KChg<---M.Jlt<-KCh.g<--Mlllt<-- J<Oq<---+t.llt 

5 5 20 20 100 100 500 500 2000 2000 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data . . ...... . ..... . ................... . 
C 3-phase coupled RL branch. 
C Busl->Bus2->Bus3->Bus4-><--R<-----L 
51NAVH ~ A 162.67 507.51 
52NAVH BMX:l B 6.51 162.97 
53NAVH CMX:l C 
C Seri.es RIC branch. 
C Busl->Bus2->Bus3->Bus4-><--R<--L<--C 

MX:l PiMX2. A 8285. 
M:Cl 8MX:2 B 8285. 
MX:l CMX2 C 8285. 
M:x:2 ~ A 19.52 
M:x:2 BFl;f.J B 19.52 
M:x:2 CEQJ C 19.52 

C Satw:able transfomer ccrtp0nents. 
C ----->Bus3-X--><--· I<-PhiBusStX-I«ag<----------->O 

TRANSFORMER TRAN A 
C --current<-----flux 

9999 
C Busl- >Bus2-><----><-Rk<-Lk<--Nk< 

lNAVL PNAVL C .1 26. 
2NAVH A 31.23311.09 

C <------->Bus3->< >BusSt> 
TAANSFOru--ER TRAN A TRAN B 

C Bus1- >Bus2-> 
lNAVL BNAVL A 
2NAVH B 

C <----.>Bus3-X------->BusSt> 
TRANSFORM8R TRJ\N A TRAN C 

C Busl->Bus2-> 
l.NAVL O<AVL B 
2NAVH C 

C Series RIC bz:anch. 
C Busl->Bus2->Bus3->Bus4-><--R<--IJ<--C 

NAVL A 2500. 1.13 
NAVL B 2500. 1.13 
NAVL C 2500. 1 .13 
SWl' AM:C2 A 4830. 
SWl' BMX2 B 4830. 
swr CMX2 c 4830. 
M:x:2 ASwr A 
M:x:2 sswr s 
M:x:2 cswr C 

13.01 
13.01 
13.01 

BLI\NK card teoninates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Bus->Bus-><--Tclose<-- Topen<---Ie 

swr A .01661667 .09161667 
swr B .01661667 .09161667 
swr C .01661667 .09161667 

BLANK card teoninates switch data 

9 -5 
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C 
C . . . . . . . . . . . . . . • . . . . . • . . . . . . Source data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
C Bus--XI<Arrplitooe<Frequency<-TO I Phi0<- 0..PhiO <--Tstart<--Tstop 
14UJI/ A 389997. 60. -93 ,81293 -1. 
HEQV B 389997. 60.-213.81293 -1. 
14EQV C 389997. 60. 26.18707 -1. 
C 
c Dynamic synchronous rrechine 
C Bus-> <--Volt<---Freq<--llngle 
59NAVL A 21229. 60, - 44.896562 
C Bus-> <--Volt<---X--llngle 

NAVL B 
NAVL C 

c Machine pararreter cards 
C ---X-EPSubA<-EPQreg<-EPDgEl<---·x-NICMax 
TOLERANCES 20 
C -------x--EM 
PARIIMETER FI'ITJN3 l. 
C Electrical pararreters of rrechine 
C <-<-<- NP<- - - St-nltp<-- SMJutQ<----RMVA<-----RKV<-AGLine<---Sl<----S2 

6 5 6 2 1. 1. 892.4 26. -1800.. 1907. 3050. 
C Col: (l-2) NuMas, (3-4) RMlc, (5-6) l<Exc. 
C ---><--- -AD1<--AD2<--J>,Ql<---N;22<--J>.GLQ<--S1Q<--S2Q 

- l. 
C If S.M. is not saturable (J\GLine >-- 0), leave S1 - S20 blank 
C Manufacturer supplied p.u. data 
C ----- Ra<---- -Xl<-- ----Xd<-----Xq<------X'd<-----X'q<-----X"d<--X"q 

.13 1.79 1.71 .169 . 228 .13504 .20029 
C ---T'd0<---T'q()<--T"d0<--T"qO<c-----XO<.---Rn<---Xn<---Xc 

4.3 .85 .032 .05 .13 
C Mechanical pararreters for the shaft system (Mass card) 
C <-----x---Exl'rs<--HICO<----OSR<---OSM<---HSP<----OSD 

1 .3 .027691 33.68813 
2 .26 .046379 60.9591 
3 .22 .255958 90.81823 
4 .22 .263573 123.6634 
5 .258887 4.925036 
6 .0101995 

C ool: (1-2) ML 
BLANK card teoninates mass data 
C Machine output requests 
C @@<-><--Nl<-N2<-N3<--N4<-N5<--N6<--N7<-N8<-N9<-N10<-Nll<--Nl.2 

1 14 1 2 4 8 9 10 
2 5 6 
3 5 6 
4 5 

C col: (3) Group, (4) All 
BLANK card teoninates synchronous machine output .requests 
C T.llCS input ca.rds. 
c Bus-x---><KI 
C col: (1- 2) KK - either 71, 72, 73 or 74 

FINISH 
BLANK card teoninates source data 
C 
C . . . . . . . .. . . . . . . . . .. . . . . . . . . Oilt:put requests ................... .. .......... . 
C Bus-->Bus-->Bus->Bus->Bus-->Bus->Bus-- >Bus- >Bus- >Bus->Bus->Bus->Bus-> 

NAVH ANAVH BNAVH C 
BLANK card terminates output requests 
BLANK card teoninates plot requests 
BLANK card termiantes EMrP solution-m:x:le 

(a) Input data. 
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Figure 9-3 -2: SSR study for the benchmark case shown in Figure 9-3-1. 
Saturation has been considered in this case. 

9-8 
0



14170605

C Sub.Synchronous Fesonance Benchnark t-t:xlel. 
C This is a 6-mass SSR case with a synchronous rTachi.ne WITFKX.JT saturation 
BEGIN NEW DATA CASE: 
C . . . . . • . . . . . . . . • .. • . . • . . . . . . Miscellaneous data ..... .. ...................... . 
C DeltaT<---'IMax<-XCpt<~<-Epsiln<-TolMat<-TStart 

.0002 1. 60 . 60. 
C -IOut<-IPlot<-IDoubl<-KSSOut<-MaxOut<-IPun<-Mer5av<-rcat<-NEnerg<-IPxSup 

1 1 1 0 1 -1 l 
C -KChg<---M.llt<--KOlg<~t<--KChg<---Mult<--KChg<~t<-- KChg<~t 

5 5 20 20 100 100 500 500 2000 2000 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data , .. , . , . . . ........... . .... .. .. ..... . 
C 3-phase coupled RL branch 
C Bus1->Bus2->Bus3->Bus4-X--R<----L 
SlNAVH J\MX:l A 162.67 507.51 
52NAVH BM:C1 B 6.51 162.97 
53NAVH or::x::l C 
C Series RIC branch 
C Busl->Bus2->Bus3->Bus4-X-R<--L<--C 

MX:l J\M:X2 A 8285. 
lfi:l IMX2 B 8285. 
M::cl OCC2 C 8285. 
M::c2 AFl;N A 19.52 
M::c2 BFJ;fv B 19.52 
M::c2 CPl;N C 19. 52 

c Saturable t.ransfoorer ccrrponents 
C ----->Bus3-X--X--I<-PhiBusSt.X-!ffi3g<----------->O 

TRANSFORME:!l TRAN A 
C ~i::ent<-----flux 

9999 
C Busl->Bus2-x-----X-Rk<-LJK-Nk<--------------

lNAVL PNAVL C .1 26. 
2NAVH A 31.23311.09 

C <---->Bus3-X >BusSt.> 
TRANSFORMER TRAN A TRAN B 

C Busl->Bus2-> 
lNAVL BNAVL A 
2NAVH B 

C < --->Bus3-X 
Tru\NSFORMER TRAN A 

C Busl->Bus2-> 

---->BusSt> 
TRAN C 

lNAVL CW\VL B 
2NAVH C 

C Series RIC branch 
C Busl->Bus2- >Bus3->Bus4-X--R<--L<--<: 

lltAVL A 2500 . 1.13 
NAVL B 2500. 1.13 
NAVL C 2500 . 1.13 
swr J\M:X2 A 4830 . 
swr IMX2 B 4830. 
swr oce2 c 4830. 
M::c2 ASWr A 
M::c2 BSWl' B 
M::c2 cswr C 

13.01 
13.01 
13.01 

BLANK card tei:minates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Bus-->Bus-X---Tclose<--Topen<---Ie 

swr A .01661667 .09161667 
swr B .01661667 .09161667 
swr C .01661667 .09161667 

BI.ANK card t.emtlnates switch data 
C 
C . . . . . . . . . . . . . . . . . . . . • . . . . . . Source data 
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C Bus--XI<Arcplitude<Freque.ncy<-TOl!'hi0<--0=Phi0 
14EQ\1 A 389997. 60. -93.81293 
14EQV B 389997. 60.-213 .81293 
14EQV C 389997 . 60. 26.18707 
C Dynamic synchronous 110.chine 
C Bus-> <-----Volt<----Freq<----Angle 
59NAVL A. 21229 . 60.-44.896562 
C Bus-> <---Volt<--- .><--Angle 

NAVL B 
NAVL C 

C Machine pararceter cards 
C --------><--EM 
PARPME'.I'ER FI'ITIN3 l . 
C Elect rical pararreters of llHehine 

<----Tstart<---Tstop 
-1. 
-1. 
- 1. 

C <-<-<-NP<-SM:>..tt.P<-SM'.)utQ<---BMVA<-----RKV<--AGLine<----S1<----S2 
6 5 6 2 1. 1 . 892.4 26. +1800 . 1907. 3050. 

C Col: (1-2) NuMas, (3-4) I<Mac, (5-6) KExc 
C ---·x-- --11D1<---AD2<--AQ1<---N12.<--l'GIQ<---S1Q<--S2Q 

+l. 
C If S.M. is not saturable (1\GLine >= 0) , leave S1 - S2Q blank 
C Manufacturer supplied p .u . data 
C ----Ra<---Xl<---Xd<---Xq<---X'd<---X'q<---X"d<--X''q 

.13 1.79 1.71 .169 .228 .13504 .20029 
C --T 'd0<----T'q0<--T"d0<--T"q0<---XO<-----Rn<---xn<---Xc 

4.3 .85 .032 .05 .13 
C Mechanical pararreters for the shaft system {Mass caxxi) 
C <---- x ---Exl'rs<- --HICO<--DSR<---DSM<---HSP<---DSD 
1 .3 .027691 33. 68813 
2 .26 .046379 60.9591 
3 .22 .255958 90.81823 
4 .22 .263573 123.6634 
5 .258887 4.925036 
6 .0101995 

C col: (1-2) ML 
BLANK card tei:minates mass data 
C Machine output requests 
C @@<--X---Nl<--N2<--N3<--N4<---N5<--N6<--N7<-- N8<--N9<-Nl0<-Nll<- N12 

1 14 1 2 4 8 9 10 
2 5 6 
3 5 6 
4 5 

C col: (3) Group, (4) All 
BLANK card tez:minates synchronous IT'achine output :requests 
C TJ>CS input cards. 
C Bus- X--><K! 
C col: (1-2) KK - eit.her 71, 72 , 73 or 74 

FINISH 
BLI\NK card tenninates source data 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Output requests .. . ........... .. .. .. ...... . . . 
C Bus->Bus-->Bus->Bus-->Bus- >Bus-->Bus- - >Bus->Bu.s-->aus-->Bus-->Bus->Bus--> 

NAVH ANAVH eNI\VH C 
BLANK card tez:minates output requests 
BU\NK card tez:minates p l ot requests 
BLl\NK card terminates EMI'P solution~ 

(a) Iapul data. 
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Figure 9-3-3: SSR study for the benchmark case shown in Figure 9-3-1. 
Saturation has been ignored in this case. 

9. 4 SSR Damping Schemes 

Several c ountermeasures 
solve the SSR problem. 

have been developed during the years in 
We discuss briefly some of them. 

order to avoid or 

SSR can be reduced by filtering and damping techniques to detune the electric network 
from the mechanical system. A short description of some techniques to accomplish 
detuning follows: 

• Static Blocking Filter: A static blocking filter, tuned at subsyn-chronous 
frequencies, is inserted in series with the generator step-up transformer 
winding. This isolates the machine from the system at resonant 
frequencies. 
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Line Filter: A reactor is connected in parallel whh the series capacitor in 
the compensated line. The reactor is properly sized so that interacts with 
the capacitor to block the SSR currents. 

• Bypass Damping Filter: This fil ter. a res istor in series with a parallel 
connection of a capacitor and an ind uctor, is added in shunt 10 the series 
capacitors in each phase of the transmission line. It is tuned so that the 
SSR currents in the network do not flow through the series capacitor, i.e. 
short circuits the capacitor at SSR frequencies. 

• Dynamic Filler: Is an active device connected in series with the generator 
to elim inate the subsynchronous voltage generated by the machine. This 
isolates the SSR voltages produced in the generator from the electric 
ne t work. 

• Dynamic Stabilizer: A Thyristor Controlled Reactor is connected at the 
generator te rminals with an appropriate firing circuit to detect the 
mechanical oscillations in the rotor. At SSR frequencies the TCR is 
activated to detune the generator from the network. 

• Excitation System Damper: This device modulates the exciter output when 
tors ional oscillations appear in the rotor. 

Another way of preventing SSR is by means of special relays and det.ecting 
instruments. The most commonly used are: 

• Torsional Motion Relay: This is a relay that disconnects the machine 
whenever large torsional oscillations are detected on the shafts. 

Armature Current SSR Relay : This relay 
frequencies in tbe armature current, opening 
frequencies appear on the terminal cu rrent. 

detects subsynchronous 
the breakers when such 

• Torsional Monitor: This device monitors vibrations in the machine shafts, 
without taking any corrective action. It is up to the operator to determine, 
based on the information given by this instrument, the procedures to be 
followed to avoid permanent damage to the mechanical system. 

SSR can also be avoided by tripping lines with series compensation when a fault. 
already known to produce subsynchronous resonant frcquendes. occurs in the system. 
This procedure isolates the generator from the series capacitors. Unit tr ipping is 
another way of reducing shaft torques. Both techniques imply that the system 
conditions which produce SSR and the tripping scheme have already been determine 
from previous studies. 

Modifications to the prime mover and/or generator can also reduce, or avoid, the 
prob lems induced by SSR. Shafts and masses of the turbine-generator pair can be 
ahcrcd in order 10 change the resonant frequencies of the system for specific network 
configurations. This approach has the problem that any future changes to the network 
co uld also shift the resonant points. Connecting series reactances at the generator 
terminals for detuning the resonant frequencies is another way lo avoid SSR. Another 
technique is to introduce pole-face amortisseur windings to reduce the subsynchronous 
voltages induced in the annature windings of the generator, although this is only 
suitable for new machines 

The interested reader is referred to [2] for more details on these techniques. 
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SECTION 10 

INDUCTION MOTORS AND OTHER MACHINES 

The EMTP offers extensive additional machine modelling capabilities. Most of these are 
contained within the "universal machine" component. The universal machine is quite 
flexible but not quite as easy to use as the synchronous machine. The universal 
machine is based on the idea that any machine can be represented by first describing 
ils windings as a set of mutually coupled coils. In this section we illustrate the use of 
the induction motor model of the EMTP for the purpose of performing a motor starting 
current calculation. We omit the mathematics of Lhe model and concentrate entirely on 
U1e use of the model. 

l O . 1 Induction Motor Modelling 

As in the case of the synchronous machine. a frequent problem in representation of 
machines is the conversion of data from readily available measurements to the values 
of the internal parameters used by the models. Induction motors in the EMTP can be 
represented using the universal machine model. The universal machine requires 
knowledge of a few quantities for proper operation. The model is based on the "two-
axis" theory of machines, jn which we represent "direct" and "quadrature" axis 
quantities. Jn order for the EMTP to operate, it needs to construct its internal 
mathematical model. This internal model ultimately requires knowledge of the 
following quantities: 

Armature and rotor resistances for each winding. 

Magnetization reactance of the magnetic circuit for the d and q axis, 
which are usually the same for a symmetric three-phase induction motor. 

Leakage reactance of each coil in the d-q equivalent circuits. The power 
side is represented as one cojl for each axis, while the excita1ion side is 
simulated by as many coils as the user wants to define. Saturation is 
introduced as part of the leakage reactances. Each coil is assumed linked 
by the common nux in addition to its own flux. 

Moment of inertia of the motor shaft. 

Any externally applied mechanical to rques or load torques. 

The universal machine model of the EMT P can represent mechanical 
detail. Mechanical torques can be controlled by means of TACS blocks. 
1he shaft can also be represented, but the user mus create an electric 
the mechanical shafl system. That is, construct an electric circuit that 
mechanical shaft system. 

characteristics in 

The dynamics of 
circuit analog of 
behaves like the 

There are two ways in which we can apply specify these parameters 
first way is to enter their values. directly. The second is to enter 
the motor and let the EMTP Lake care of the internal conversion. 
both options but note that the second option (entering of nameplate 
prototype stage and was not tested. Instead. we report on its use 
direct comparison was not possible. 

to the EMTP. The 
"nameplate data" fo r 

We illustrate here 
data) is only at the 
by othecs. Thus, a 
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As far as solution techniques, two options exist. The equations for the machine can be 
fully integrated and solved simultaneously with the network equation using 
compensation, or they can be solved by a "prediction" technique, where at every time 
step the network solution uses predicted rather than actual values for the machine 
variables. The pros and cons of these two alternative ways of incorporating the 
machine model into the rest of the network are: 

The compensation based approach is likely to be more accurate, 
particularly when saturation is considered. 

The prediction based approach is likely to be faster. 

The compensation based approach is less likely to result in numerical 
problems, including possible numerical instabilities. 

The compensation based approach limits the use to a single machine in 
any portion of the system not separated by at least one time step delay 
(such as a distributed line). The prediction based approach lets the user 
specify as many macliines as desired in any portion of the system. This is 
because the EMTP can only deal with a limited number of nonlinearities 
and time varying elements in any disconnected portion of the system. 

Users are free to selec t among these two approaches to machine internal 
representation . 

10.2 A Motor Starting Study Setup 

The example shown in Figures 10-2-2 and 10-2-3 is based on an J 1000 HP (8.2 MW) 
induction motor given in reference [ 1]. with certain assumptions about the mechanical 
system (not all the mechanical system data was available from the paper). The case to 
be studied is the cold stan-up of a fully loaded induction motor using the universal 
machine model of the EMTP. The firs t test uses input given in terms of the machine 
nameplate data; a processor inside the EMTP transforms these data to a set of res istances 
and inductances needed by the universal machine, This model could not be tested at this 
time, bu1 is included here because we expect that it will be operational in the near 
future. A detailed explanation of the way the transformation from nameplate data to 
internal data is done can be found in [1]. The nameplate data for this inductjon motor is: 

Prated = 11 , 000 HP 
Vt.ec;m.inal = 6. 6 kV 

Full Load Specifications 
11 = 0.985 

cosq>=0.906 

S = 0.00622 

Starting Specifications 
Istart.1 = 8*Irated (at Vz:ated) 

lstarc2 = 6 . 0 3*Il'.ated (at 0.758 Yrated) 

Tstart = 1. 47ATrated (at Vrated) 

Tma~ ~ 3.S*Tz:ated 
Design Ratio= 0.55 

The mechanical system was simulated based on the assumption that the load can be 
represented by a mass with damping D L and inertia J L. attached to the motor by a stiff 
shaft (K = oo). On the other hand the machine rotor is simulated by another mass with 
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damping o M and inertia J M. This mechanical system can be represented by a electric 
circuit as shown in Figure 10-2- l. The switch is used to guarantee that the mechanical 
ci rcuit is energized at the same time as the terminals of the motor. 

Te ri----. h+J M 

Figure 10-2-1: Modelling of the mechanical system as an electric ci rcuit. The 
masses representing the load and the rotor ·can be lumped into 
one by assuming that the shaft is stiff. The electromagnetic 
torque T e is represented as a current source. and the speed of 
the rotor-load pair is the nodal voltage. 
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C Cold start-up of an Induction M::>tor using t ype 40 Induction Machine m:xiel. 
C The information given to tile EMl'P is the NEMA standard data printed in the 
C machine plate. This data is transfome:I. by an internal processor to standai:d 
c data needed by the type 19 U.M. mxlel for a 3--phase doubly-fed Induction 1-btor 
C {U.M. type 4) . 
C 
C This exarrple is extracted -fran: 
C G.J. Pogexs and D. Shi:orohamradi, "Induction Machine Mx3el.ling for 
C Electrcrnagnetic Trans.i.ent Program, " IEEE Trans. on Energy Conversion, 
C Vol. OC- 2, No. 4, Dec . 1987. 
C 
BEGlN NEW DATA CA'>E 
C Universal nachine table space allocation 
C ------->, I , J, K, L 
ABSOUJ'l'E U.M. Dn£NSICNS, 20, 3, 20, 20 
C 
C . _ . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data . . . .. . ................. .. .... . 
C DeltaT<-'lMax<-XCpt<~t<-Epsiln<- TolMat<-TStart 

2.E-3 14. 
C - -IOUt<--IPlot<- IDollbl<-KSSOlt<-MaxOut<- --IPLm<-MilmSav<--Icat<-NEnerg<-IPrSup 

81 1 1 
C TK:S data 
TACS lm3RID 
C Node V 
90BUSA 
91.BKRA 
90IM 
C RMS va.lue 
88vt A 664BUSA 
88It-A 66+BKRA 
C Slip 
88S1.ip =l - IM/(377/2) 

60. 
60. 
0. 

C TPCS outp.it req.iests 
33Vt. A It A Slip 
BI.JIM< card -temunates TICS data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Ideal voltage sources always l oaded 
C Busl->aus.2->ais:3->Bus4-X--R<--L<---C 

SRCA 1. 
SOCB SRCA 
socc SBC.A 

C Snall resisw:ioe c:ornected at the I.'Otor teaninal.5 
BUSRA l. E-5 
BUSRB BUSRA 
BUSK: OOSFA 

C Source inpedanoes 
SICA BKFA 0.005 1 . 
SRCS B!<RB S.RCA B!<AA 
s;u; BKR:: SRCA B!<AA 

60. 
60. 

C Nechanical eysten represented a3 an electric net1>10oc: 
C C ~ J *lE6 R = 1/D L =l/K*1E3 

IMP 1 .2E9 
IMP 4.3E-3 

BLANK card te:c:ninates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Bus- >Bus--X--Tclo!3e<--Topen<---Ie 

BKRA BUSA 0.2 9999. 0 
~ BUSB 0.2 9999. 0 
BKRC BOSC 0.2 9999. 0 
IM D1P 0.2 9999. 0 

BLANK card terminates switch data 
C 
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C ....... . ...... .... . ........ Source data ........ . .. . .. .. . . • .. ................. 
C Bus--><I<Arrplitude<Frequency<-T01Phi0<-0=Phi0 <--Tstart<--Tstop 
14SRCA 5388.877 60.0 0.0 -1. 9999. 
14Soc:B 5388.877 60 . 0 -120.0 -1 . 9999. 
14SFO: 5388.877 60.0 120.0 -1 . 9999 . 
C 
C Universal machine 
C 
C Miscellaneous universal machine data 
19 
C col: (1-2) sour:ce type 19: universal machine 
C < 

0 
C col: (1) InPU (blank rreans SI units), (2) Initt.M (1 rreans initialize machlne) 
C (15) ICalp (0 rreans use 'Coot=enSation, 1 rreans use prediction) 
BLANK card tei::rninates miscellaneous universal nachine data 
C 
C Irrluction rrachine data (type 40 source - narreplate data is used) 
C Phase a, band C data 
C Bus--> <-----Slip<---Fi:eq 
40BUSA 100. 60. 
C col: (1- 2) JType 
C Bus- > 

BUSB 
BUSC 

C Design ratio (Cptional) 
C - ------------- >< fMin 
DESIGN RATIO O .55 
C 
C Narreplate rating data 
C .E\.ill load rating 
C ---PFl.d<--VFI.d<--PFFI.d<--EFFid.<--SFLd 

- 11000. 6600. 0.906 0 . 985 0.00622 
C Starting infomation (in pu) 
C --CSta<-----TRat<--- -VRed<----<::Red 

8. 1.47 0.758 6.03 
C Leakage saturation data (in pu) 
C --CSat<---TC11ax 

2. 3.5 
C 
C Mechanical pararreters 
C <----RinitBus--> 

2 60000. IM 
C col: (1-2) NP 
C 
C Irwction machine output requests 
C I I I I I I 
C <S<R<E<N<A<Q 

1 1 1 1 1 l 
C col : (1-2) IP 
BLANK card tei::rninates universal machine data 
BLANK card tei::rninates source data 
C 
C . . ....... , . . . . . . . . . . . . . . . . . . . . . Ol..ltput requests ........................... . 
C Bus- >Bus-->Bus->Bus->Bus-->Bus-->Bus- >Bus->Bus- >Bus-->Bus-->Bus-- >Bus---> 

BOSA BUSB BUSC IM 
BLANK card terminates output requests 
BLANK card teoninates plot requests 
BLANK card tei::rninates EMl'P solution-rrode 

Figure 10-2-2: Input data fo r the simulation of a cold start-up of a fully loaded 
l 1000 HP, 6.6 kV induction motor us ing a universal machine. 
type 40 model, including saturation , EMTP Version I does not 
recognize this model. 

I 0-5 
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We could not run this case in Version 1.0 of the EMTP (Apollo Version), because Lhe 
program did not recognize the universal machine type 40. 

The second alternative to tbe representation of the induction motor requires explicit 
calculation of the machine inductances, and the use of the "induction motor" mode of 
the universal machine (universal machine type 4). The results for this case are 
illustrated in Figure l 0-2-3 which uses universal machine type 4 model without 
considering sattuatioo. For this type of universal machine, all the impedances have to 
be given explicitly to the program. When only the nameplate data of the machine is 
known the data must be convened from nameplate data. These converted data are also 
given in reference [l], and can be transformed to t.he required fo rm for universal 
machine type 4 model by assuming the base values of 8.2 MW and 6.6 kV Details of the 
conversion process are given in ll]. The results of this conversion are: 

Lmd = Lmq = 0. 04413 H 

rs= 0 . 02453 0 
L1d = 0 . 0009132 H 

rr = 0.10948 0 
L1q = 0.0009130 H 

The resulting plots depicted in Figure 10-3-4 correspond closely to those in Figure 10-3-
3 and are what we expected for a cold start-up of a rather large induction motor. The 
terminal current shows a large value when the motor is energized, and after several 
seconds it settles down to its steady-state value. The voltage shows a drop from its rated 
value due to the source impedance and the large start-up line current The 
electromagnetic torque shows an initial oscillation ~hat is typical of t.he stan-up of any 
induction motor, then it increases steadily until it reaches its maximum just before the 
rotor gets to its rated speed. Wben this speed is attained, all the machine variables 
attain their steady-state value. This motor bas very large time constants due to its size, 
therefore, and it takes a long time (about 12 seconds) to reach steady state operation. 

10-6 
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C Cold start-up of an Induction Motor using type 4 Irrluction Machine rrodel. 
C The inpUt date are :inpedances according to rules given in EMI'P Rule Book, 
C Le. in the follow.irg order: 
C - d,q nutual in:fuctances, 
C - 0,d, q .leakage inductances for stator (in this order) , 
C - d,q,0 leakage inductances for rotor (in this order) . 
C 
C This exanple is ext,racted fran: 
C G.J. Rogers and D. Shir.rrohatmadi, "Induction Machine M:X:leil.ing for 
C Electranagnetic 'l'raru,ient Program," IEEE Trans. on 'Energy Conversion, 
C Vol. EX:-2, No. 4, Dec. 1987. 
C 
BEGIN NEW DATA CASE 
C ... ... - . .. . .. .. .. .. .. .. . .. . Miscellaneous data ............................. . 
C DeltaT<---'.!Max<-X(pt<--a)pt<-Fpsiln<-TolMat<-TStart 

2 .E-3 14. 
C --IOUt<--IPlot<-IDoubl<-KSSOut<~t<---IPun<-M:mSav<- -ICat<-NEne:cg<-IPrSup 

81 1 1 
C 
C TFCS data 
TllCS HYBRID 
C Node V 
90BUSA 60 . 
91.Bl<RA 60. 
901M 0. 
C RM.5 value 
88vt A 66tBIJSA 60. 
88It-A 66tBKRA 60. 
C 
C Slip 
88Slip =l - J:M/(377/2) 
C 
C T/lCS output requests 
: 33Vt A It A Slip 
BLANK card-temti.nates TACS data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Circuit data 
C Ideal voltage sources always loaded 
C Busl->Bus2- >Bus3->Bus4-><--R<-- L<--<: 

SICA l. 
SRCB SFCA 

Sf<IX SRCA 
C Snall resistances connected at the rotor te.oninals 

BUSRA l .E-5 
BIJSRB BUSAA 
BIJSRC BUSAA 

C Source irrpedances 
SFCA BKRA 

SRCB BKRB SRCA BKRA 
Sf<IX BKOC SRCA BKRA 

0 .005 1. 

C Mechanical system represented as an electric netwol:k. 
C C = J"lE6 R = 1/D L = l/K*lE3 

.IMP 

IMP 4.3E-3 
l.2E9 

BLANK card tenninates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Bus->Bus-><-Tclose<---Topen<---Ie 

BKRA 81.JSA 0.2 9999. 0 
B!<RB BUSS 0.2 9999 . 0 
BKRC BUSC 0.2 9999. 0 
IM IMP 0.2 9999. 0 

BLANK card tenninates switch data 
C 

J 0-7 

0 

0 
1 
0 
0 
1 

0



14170605

C . . . . . . . . . . . . ..... •. . . . . ..... Source data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
C Bus-><I<})crplitude<Frequency<-TO I PhiO<--O=PhiO <--'Tstart<--Tstop 
14S!CA 5388.877 60.0 0.0 -1. 9999. 
14SFCB 5388.877 60.0 -120.0 -1. 9999. 
14SID:: 5388.877 60.0 120.0 -1. 9999. 
C 
C universal machine 
C Miscellareous universal machine 
19 
C col: (1-2) source type 19: universal rrachine 
C < 

0 
C col: (1) InPU (blank neans SI units), (2) InitUM (1 rreans initialize machine) 
C (15) !Carp (0 neans use coopensation, 1 rreans use prediction) 
BLI\NK card teoninates miscellaneous universal nechi.ne data 
C 
C Machine table data 
C <-<-<<<MN<x:je>TJlCS-X-<-----Kj<---lXoef<----EpsoM<-----Freq 

4 lllIM 2 
C col : (1-2} JType, (3-4) N:ID, (S-6) N::I.Q, (7) TQJut, (8) CM:lut, (9) THOut, 
C (22-23) NPPair 
C 
C Initial speed, unsaturated d-axis inductance, saturated .inductance and point 
C ~----I.MJD<<----IMSD<---+·l.xSD<---FlxRD 

0.0 0.044130 0 
C col: (29) JSatD (Blank if saturation is to be ignored) 
C 
C Initial position, unsatw:ated q-axis irductance, saturate:i i.nductanoe and point 
C ---ThetaM.<----IMJQ<<----™5Q<---+·lxSQ<---Fl.Y.R;J 

0.0 0. 044130 0 
C col: (29) JSatQ (Blank if saturation is to be ignored) 
C 
C Coil table data 
C ---Resis<----LLeakBusl->13ll.s2->XT.ACS><<-----a..ir 
C Al:Irature 

0.02453 
0.02453 
0.02453 

C Rotor 

0. 0009132 BUSA 
0.0009132 BUSB 
0. 0009132 BUSC 

0 
0 
0 

0.0 
0.0 
0.0 

0.10948 0.0009130 BUSRB O 0.0 
0. 10948 0.0009130 BUSRC O 0.0 
0.10948 0.0009130 BUSRA O 0.0 

c col: (47) CUrOut (1 if you want to outµit this coil cunent} 
BLANK card teoninates universal machine cata 
BLANK card teoninates source data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OJ.tput requests ..... , ... .. ......... . ... .... . 
C Bus-->Bus-->Bus-->Bus- ->Bus-->Bus-->Bus-->Bus-->Bus-- >Bus-->Bus-->Bus-->Bus-> 

8l<RA B!<RB Bl<FC IM 
BLANK card teoninates output requests 
BLANK card temrinates plot :requests 
BLANK card terminates EMTP solution--rrode 

(a) Input data. 
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Figure 10-3-3: Cold start-up of a full loaded 11000 HP, 6.6 kV induction motor 
simulated with a universal machine type 4 model. Saturation is 
not included in this analysi s. 
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APPENDIX A 

TEMPLATES 

This appendix contains templates useful fo r 
understanding the organization of data for most 
this workbook. The short templates provided in 
You must first select the desired template from 
1bis template. 

the preparation of input data and 
of the EMTP capabilities described in 
this scctrion are practical and concise. 
the following list, then locate and use 

The following templates are included m this section: 

Template for general EMTP case studies. 

Template for ideal transformer (type 18 source). 

Template for si ogle-phase two-winding staurable trans former. 

Template for single-phase N-winding staurable transformer. 

Template for three-phase 6.-6. connected saturable transformer. 

Template for three-phase 6.-Y connected saturable t ransformer. 

Template for three-phase Y-6. connected saturable transformer. 

Template for three-phase Y-Y connected saturable transformer. 

Template for XFORMER study. 

Template for TRELEG study. 

Template for BCTRAN study. 

Template for CONVERT study. 

Template for HYSDAT study. 

Template for pseudo-non I ioear reactaoce (type 98 branch), 

Template for pseudo-nonlinear hysteretic reactancc ( type 9 6 branch). 

Template for using BC TRAN [ RJ and [ L J matrices. 

Template for using BCTRAN [RJ and [LJ-1 matrices. 

Template for synchronous machine (type 5 9 source) . 

Template for universal machine (type l 9 source). 

Template for induction machine (type 19 source, UM type 4 O ) . 

All of these templates are provided in the diskette that accompanies this workbook. 

A-1 
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C Tmplate for general EMl'P case studies. 
C 
BEGIN NEW DATA CASE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Miscellaneous data ............ , .. , .............. . 
C Delta'l'<--'lMa>:<--~<--<X)pt<-Epsiln<-To.lMat<-TStart 

C -IOut<-IPlot<-IDoubl<-KSSOut<-MaxOut<--IPun<-Mem5av<--Icat<--NEnex:g<-IPrSup 

C 
C . . . . . . • . . . . . . . . . . . . . . . . . . . . Circuit data .................................... . 
C Distributed paxarreter line 
C Busl->Bus2->Bus3->Bus4-X-R'<-L'<--C'<-len O O 0 0 

C 
C RIC branch 
C Busl->.Bus2->Bus3->Bus4-X--R<--L<---<: 0 

C Mutually-copuled branches (zero and positive sequence) 
C Bus-->Bus-> <--R<----L 
51 
52 
53 
C Mutully-ex>upled branches 
C Busl->Bus2->Bus3- >Bus4-X--R<--L<--C<---R<--L<~-R<--L<--C 
51 
52 
53 
BU\NK card ter.mi.nates circuit data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Switch data 
C Busl->Bus2-><---Tclose<----Topen<---Ie 

BLI\NK ca.t:d ter.mi.nates switch data 
C 

0 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . Source data .. . .. . ... . ........................... . 
C Bus-XI<Arrplitude<Frequency<--TOIFhiO<-O=PhiO <--Tstart<-- -Ts.top 

BL1\NK card tenninates source data 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . Output requests ................................. . 
C Bus-->Bus-->Bus-->Bus-->Bus-->Bus->Bus-->Bus->Bus-->Bus->Bus-->Bus-->Bus--> 

BLI\NK card tenninates ou.tp..1t rEqUeSts 
BLANK card terminates plot requests 
BU\NK card tenninates EMl'P solution-m:ide 

A-2 
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C IDEI\L TAANSFORME:R 
C data group. 
C 
C 

(type 18 souroe) - Ideal t.ransfoi:mer be.longs to source 

++---+I X Voltage sow:oe 
C 
C 
C 
C 

k --1 1--+---(~)-- j 
I l:n I 

m ----1 1----- l 
+----+ 

C 
C Busj-> <1\rrplitude<Frequenc:y-TOIPhiO<---OzPh.iO <~start<- --Tstop 
14 .001 60. 0. 9999. 9999. 
C Busl-> <---RatioBusk->Busm-->Busx-> 
18 mode 
C Busx is the internal node x, rrust be unique for each transfomer. 
C Contarary to the Rule Book1 the arrplitl.de and frequency nust be non- zero. 
C However, a value of Tstart > 'Drax will prohibit the voltage source beccrres 
C active. 

C S:w;LE-PHASE 'IID-WilO~ SA'IURABlE TRANSFORMER - Saturable transfomer 
c belongs to circuit data g=up. 
C 
C BusTo is a narre for internal bus at the top of the magnetization branch. which 
C uniquely identifies the transfomer. 
C ------->Bus3-> <-Iss<PhissBusToX-~g o 

TRANSFORMER 
C ---current< 

9999 
C Busl->Bus2-> 

!HIGH 
2.I.a'1 

----flux 

<-Rk<-:Lk<--Nk 0 

C SINGLE-PHASE N~~ SMURABLE TRANSFORMER -- Saturable transfomer belongs 
C to circuit data group. 
C 
C BusTo is a narre foz: intemal bus at the top of the magnetization branch which 
C uniquely identifies the transfomer. 
C ----->Bus3-> <-Iss<PhissBusToX-RMg o 

TRAN~ 
C ---current<-----flux 

9999 
C Busl->BUs2-> 

lBUSl 
2BUS2 
3BUS3 
4BUS4 

<-Rk<-· Lk<-Nk 
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C 3-PHASE SATURABIE 'IRANSFOR-lER (delta--oelta connected) - Saturable 
C transfoz::ner belongs to circuit data group. 
C 
C BusTo is a narre for :internal bus at the top of the rragnetization branch which 
C uniquely identifies the transfomer. 
c ----->Bus3-> <~rss<PhissBusTo><-Rmg o 

TRANSFORMER. lNI'AB 
'C ---current<-----flux 

9999 
C Busl->Bus2-> 

1.IOlA I..a-.6 
2HIGHA f!IGm 

C ----->Bus3-> 
Tru\NSFORMER INTAB 

C Busl->Bus2-> 
11.CW3 lD'C 
2HIGHB l:IIGiC 

C ----->Bus3-> 
TRANSFORM;R INTAB 

c Busl->Bus2-> 
1~ u:::MA 
2ltIGHC ltIG!A 

<-Rk<-Lk<--Nk 

BusTo> 
IN'lOC 

BusTo> 
INrCA 

C 3-PHASE SATURABIE Tru\NS~ (de.lta-Y connected) - Saturable transfo.trrer 
C belongs to circuit data group. 
C 

0 

C BusTo is a narre for internal bus at the top of the nagnetization branch which 
C uniquely identifies the transfomer. 
C ----->Bus3-> <-Iss<PhissBusToX-Rnag O 

TRANSE'ORMER INTAB 
C ---current<------flux 

9999 
C Busl->Bus2-> 

110,IA LOvB 
2H1GHA 

C ----->Bus3-> 
TRANSFORMER INTAB 

C Busl->Bus2-> 
11.0'IB I.cw:: 
2HIGHB 

C -------->Bus3-> 
TRANSFORMER INTAB 

C Busl- >Bus2-> 
l WfCLCMA 
2HIGHC 

<-Rk<-Lk<-Nk 

BusTo> 
IN'lilC 

BusTo> 
INTCA 

A-4 

0 

0



14170605

c 3-PHASE SATURABLE TRANS~ (Y--&llta connected) - Saturable transfomer 
C belongs to circuit data group. 
C 
C BusTo is a naire for internal bus at t.he top of the RBgnet.izati.on branch wbich 
C uniquely identifies the transfom-er. 
C ------>Bus3-> <-Iss<Phi.ssBusTo><-~g O 

TRANSE'ORMER DITA 
C - - --current<--------flux 

9999 
C Busl->Bus2-> 

ll..O'm-
2HIGHA HIGffi 

C ----->:Bus3-> 
TAANSFORM::R IN'l'A 

C Busl->Bus2-> 
ll..a'lB 
2HIGHB HIQ!C 

C - - --->Bus3-> 
TRANSFOOMER INl'A 

C Busl->Bus2-> 
1um:;. 
2HIGHC HIGiA 

<-Rk<- Lk<--Nk. 

BusTo> 
INTB 

BusTo> 
mIC 

C 3-PHASE SATURABLE TRANSE'OllMER (Y-Y connected) -- Saturable transfomer 
C belongs to circuit data group. 
C 

0 

C BusTo is a narre for internal bus at the top of the magnetization branch which 
C uniquely identifies the transfox:rrer. 
C ----->Bus3-> <-Iss<Phi.ssBusToX-Fmag o 

TRANSFORMER INTA 
C --current<- -~--. · flux 

9999 
C Busl->Bus2-> 

lIO<A 
2HIGHA 

C ----->Bus3-> 
TRANSFOPMER IN!A 

C Busl->Bus2-> 
lIOIB 
2HIGHB 

C ------->Bus3-> 
'J,'RANSE'ORMElR INTA 

C Busl->Bus2-> 
lI..CW:: 
2HIGHC 

<-Rk<--Lk<-Nk. 

BusTo> 
mm 

BusTo> 
nm: 
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c XFORMER - Calculates [RJ and (LJ matrices for single-phase t~-wi.ndmg aro 
C three-winding transfoorers. 
C 
Brom NEW DATA CA5E 
C xroRMER card---------X-N 
XFOR-1ER 
C 
C Branch card (Optional) 
C High (51) ~UUI (52) !cw (53) 
C --->Busl->Bus2->Busl->Bus2->Busl->Bus2-> 
B!WOi 
C 
C Electrical pararreters 
C --G1agn<---PEO..tr <-IPunch 

0 
C col: (1) NW, (2-10) 01agn 
C 
C Winding data 
C - -Voltl<--Plcss12<---ZSC12<----PBZ12 

C --Volt2<-Pwssl3<--ZSC13<--PBZ13 

C - -Volt3<-Pl.oss23<--ZSC23<---PBZ23 

C Repeat franbranch card for ad:litional cases 
BLANK card tei:minates XFORMER data 
BL/INK card tei:minates EMl'P solution-mx:le 
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c TREIE.G -- calculates [R] and [L) matrices for single-phase and three--phase 
C transfomers. 
C 
BmJN NEW DATA CASE 
c XEDRMER caro­
XFOfM:R 

-------X-'N 
33. 

C 
C Branch card (Option.al) 
C tli.gh (51) Me:iium (52) ww (53) 
C -->Busl->Bus2->Busl->Bus2->Bu.sl->Bus2-> 
BAAN::H 
c Data for all classes starts at column 2. 
C 
C Electrical pararreters (class #1) 
C N<--<---Freq<---SBVA 

C col: (2-3) N, (4-5) NDelta 
C 
C Class J2 (present only if NDelta = 2) 
C ---TPKMR<---'l'Pi<MX-

C -

C col: (2-3) IDT 
C -----'l'ZKMR<---TZKMX 

C 
C Measurerrent data (class #3) 
C t of cards= (N- 1)--N/2 + 1 for NDelta < 2 
C (N-1) (~- 2)/2 + 1 NDelta = 2 
C I<J<---'l'PR<--~TPx<---TZR<--~Tzx 

C col: (2-3) I 
BLANK card terminates rreasw:arent data 
C 
C output units (class #4) 
C -

c col: (2-3) KZOut 
C Winding data (class #5) 
C # of cards= N+l 
C J < <---VRj<------><jNAi->NBi->NAil->NBil->NAi.2->NBi2-> 

C col: (2-3) J , (5) INOO 
BLANK card tenninates winding data 
C 
C Magnetizing iftFedanoe specifier (class f6) 
c-

C col: (2-3) NT 
C 
C Magnetizing irrp:rlance !class t'l) 
C #- of cards= 1 for NT<> 1 
C N NT =l 
C -----XPos<----XZero 

BLANK card tezminates magnetizing inpedance 
C 
C Repeat fran branch card for additional cases 
BLI\NK caro tezminates TRELEG data 
BLANK card te.oni.nates EMI'P solution-m:xle 
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C l3Cl'RAN - Calculates [R] and inverse of [L} rretrices for single-phase and 
C three-phase transfourers. 
C 
BffiIN NEW DATA CASE 
C XFORMER card 
XFORMER 
C EY.citation data 
C 
C pos 
C Freq I 
C excit 

pos 
s 

rating 

X-N 
44. 

pos 
Loss 

excit 

N I 
p I p 

zero zero zero h TI r 
I s Loss aePi 
excit rating excit s s u n 

C<----~---~---~----~---~---~-----< e<t<t<t 

C col: (l- 2) N 
C 
C Winding data 
C lf of cards = N Winding k 
C Phase l Phase 2 Phase 3 
C k<-Vkrating<--- Rk Busl->Bus2->Busl->Bus2->Bus1->Bus2~> 

C col: (1-3) k 
C 
c Short. circuit test data 
C f of cards= N(N-1) /2 
C 

I 
D I 

C pos pos zero zero e 1, 

C k P Z S Z S l o 
C ik ik rating ik rating t s 
C <-< -----<----c-----<- - ----<-----<,a<s 

C col: {1-2) i 
BLANK card terminates short circuit test data 
BLANK card temu.nates OC1'RAN data 
BLANK card temu.nates EMl'P solution~ 

0
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C CXNJERI' (Vl'.Il1S vs. Inns) - Convert RMS voltage-current saturation CUrve3 into 
C flux-current curves. 
C 
BEGIN NEW DATA CASE 
SA:IURATICN 
C -n:eq<--VBase<-PBase<-IPunch<-KThird 

0 
C --IOllS (pu) <.---Vnns (pu) 

9999. 
C Begin with the point closest to the origin (excluding origin) and then rrove 
C continuously away fran origin. 
BLANK card temtinates CCt-lVERT data 
BLANK card tenninates EMI'P solution-m:x:!e. 

C cnJVERr (Current vs. increrrental inductance) - Convert current-incremental 
C ioouctanoe curves into flux-current curves, 
C 
BEGIN NEW DATA CASE 
SATURATIQII' 
C - -Freq<-VBase<-PBase<-IPunch<-KThi.rd 

-1. 0 
C ------ik<------Lk: 

9999. 
C ik nu.st be rronotone increasing. Lk nu.st be greater than zero. 
BLANK cai::d tenninates a:NVERr data 
BLANK card temtinates EMTP solution-m:>de 

C HYSDAT -- Generate flux-current curves for sp?cifying major hysteresis loop 
C charactei:istic in type-96 branch. 
C 
BEX;IN NEW DATA CASE 
SATURATICJ\I 
C -Freq 

88. 
C -Itype<--I.evel<-Ipunch 

1 0 
C --0.lsat<- FlKSat 

BLANK card temtlnates hysteresis curve requests 
BLANK ca.rd temtinates HYDAT data 
BLANK card temtinate EMl'P solution-node 

A-9 
0
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c PSEtJDO-NCNLDIEA RE1CI'OR (type 98 elenentl - Pseudcnonl.inear reactor belongs 
C to circuit data group. 
C 
C Busl->Bus2->Bus3->Bus4-X-iss<Phiss O 
96 
C --.--CW::rent<- ----~~·1·ux 

9999. 
C 
C Specify cux:rent and flux in rronotone incxeasing order. '.llie origin is an 
C inplicit point. Usually, the first point equals to (iss, Phiss) in order to 
C provide rontinuity between steady-state and transient solution at tine zero. 
C Note that Phiss and iss are used to define the slope of the curve for 
C steadv-state solution. 

C PSEUDO-NCNLINEAR RYSTERETIC REACroR (type 96 elarent) - Pseudo-nonlinear 
c hysteretic reactor belongs to circuit data group. 
C 
C Busl->Bus2->Bus3->Bus4-X-iss<Phiss<Phi.Re 0 
96 
C ----<::urrent<------Flux 

9999. 
C 
C Specify iss s 8888. for EMI'P to calculate iss and Phiss . 
C The current flux curve rrust specify the bottan half of the hysteresis loop, 
C The f.irst point specifies the point after negative saturation point. Then 
C the other points are specified .in on:ler, up to and including the first 
C • t after the sitiv~ saturation int. 

C USE RL - Uses OCTRAN (RJ and [L) matrices in EMI'P study. USE RL is belong 
C to branch data group. 
C 
C Busl- > 

USE RL 
$VINrAGE, 1 
C Busl- >Bus2-> <:-------R•<------L 

C USE AB - Uses ECTAAN [RJ and .inverse ot: (L} rratrices in EMrP study. USE AB 
C is belong to branch data group. 
C 
C Busl-> 

USE AB 
$VINrAGE, l 
C Busl->Bus2-> 

SVINrAGE, 0 
C 

--------A<------- --B 

C Note: Colum A corresponds to the inverse of [L} matrix and B corresp::mds to 
C the matrix. 

A- 10 
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C DYN1\MIC SY.NCHRCNOUS MACHINE: - Synchronous machine t:elongs to sou.roe data 
C gmup. 
C 
C Temdnal connection for phase a 
C Bus-> <--Volt<---Fxeq<--Angle 
59 
C Connection for phase b and c I leave cohmn 1-2 blank) 
C Bus-> <--Volt<---X--Angle 

C Machine pararreter cards (~ional) 
C only noo-blank._ fields redefine the default paraneters 
C ---.X--EPSubA<-EPQre;J<-EPDgEl<------------ '><-Nl<Hi.x 
TOLER1>.N:ES 
C ---------X--EM 
PAEU'METER FITl'm3 
c-------~> 
DELTA cnlN.EX:TIOO 
C 
C Electrical pararreters of machine 
c <-<-<-NP<-~t.P<-SID.Jt.Q<--FMVA<--RKV<-AGLine<---s1<·---:s2 

C Col: (1-2) NuMas, (3-4) I.<Mac, (5-6) t<Exc 
C ---x.--AD1<--J>D2<--1'.Ql<--NJ').<--1\GIJJ<--S1Q<--S2Q 

C If S.M. is not saturable (AGLine >= 0) leave Sl - S2Q blank 
C 
C .Manufacturer suwlied p.u. data (if parcureter fitting is used) 
C --Ra<---Xl<---Xd<---Xq<---X'd<--X'q<---X''d<--X"q 

C --T'd0<---T'q0<--T''d0<---T"q0<--...:xo<---Rn<---Xn<---Xc 

C eer unit inductance and resistance matrices (no pararreter fitting is used) 
C ---Xf<--Xaf<---Xfkd<---Xd<---Xakd<---Xkd<:---X1 

c --Y.g<--xag<--- Xgkq<--Xq<--xakq<--Xkq 

C --XO<---Ra<--~ru;<--Rkd<.---Rg<--Rkq<---Rn<---Xn 

C 
C ~ical pararrete::s fo1: the shaft system (nass data) 
C <--- -><--ExTrs<--FUCO<-----OSR<---DSM<--HSP<----DSD 

C col; (1-2) ML 
C Repeat this card for masse:i specified by NuMa.s 
C 
C Old style synchronous machine output requests 
C @@@@@@@@@@<-Angles<-Speed<-"l'orques 

C col: (1) JPAR, (2) JMIC, (3) JidqO, (4) JFT, (5) JD2, (6) JQl, (7) JQ2, 
C (8) JFV, (9) JEIM, (10) JETE, (ll) JIAEC, (12} JSAT 
C If the "old style" output is begin used, rerrove the blank card that tei:minates 
C mass cards, otherwise, rarove the "old style" output card. 
BLANK cam teminates ITBss data 
C 
C Synchronous machine output requests 
C @@<-X--Nl<-N2<--N3<-N4<--N5<-N6<-N7<-N8<-N9<-N10<-Nll<-Nl2 

C col; (3) Group, (4) All 
c Repeat this caro for each output group as necessary 
BLANK card tenninates synchronous nachine output .ceqi.ests 
C 
C TACS input data 
C Bus-X--><J<I 

A - 11 
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C col: (1-2) KI< - either 71, 72, 73 or 74 
FINISH PAR'.!' 
FINISH 

C Temtinate T1CS input by st:eeial te.oninator card E'rnISH PART or Fn-LSH. If 
C there is rrore than one dynami.c synchonous machine connected to the sarre btl3, 
C use FINISH PAA'.l' to indicate the S.M. data is only partially catpleted. 
C Pepeat fran "machine pararreters" card and terminate with for each S .M. data 
C as rrentioned aboved. Temiinate the last (or the only) S.M. machine with the 
C card FINISH. 

A- 12 
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C UNIVERSAL MACHINE - Universal machine belongs to source; data. 
C 
C Miscellaneous universal machine 
19 
C col: (1-2) source type 
C < 

C col; (1) InPU, (2) InitU-1, (15) ICatp 
BLANK caro tenni.nates miscellaneous universal nachine data 
C 
C Machine table data 
C <-<- «~>TPCS-X-<-----><·j<---{X;oef<---Epsc:M<----Fi::eq 

C col: (1-2) JType, (3-4) NCID, (5-6) NCI.Q, (7) TQOut, (8) CM:)ut, (9) THOut, 
C (22-23) NPPair 
C ~------lMJD<<--------IMSD<----FlxSD<------FlxRD 

C col: (29) JSatD 
C --'l'hetaM<----IMJQ<<----IM,Q<----1,·lJ<.SQ<---F:1.xPQ 

C col: (29) JSatQ 
C 
C Steady state initialization (includes next two cards only if lnitlM = l) 
C --ArrpltM<---AngltM!usF->&l.sM-> 

c -

C col: (1-4) fure 
C 
C Coil table data 

BusM-X~istRF 

C --- -P.esis<---ll.eakBusl->Bus2->xrACSX<----O.ir 

C col: (47) Cut:Out 
C 
C Include other universal rrachines here. 
BLANK caro tenni.nates universal machine data 

A- 13 
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C lN)OCTION MAO¾INE (TYPE 40 SCURCE) - Induction machine is part of the 
C universal machine m:idel airl it belongs to source data gr<Xlp. 

C 
C '!'RE FOLUWIN3 DATA SHOUlD BE PI.J\CE J\M'ER "BB3IN NEW DATA CASE" CARD 
C Universal machine table ~ce allocation 
C --------->, I, J, K, L 
ABSOLUT8 U.M. DIMENSI0'15, , , 
C 
C THE FOI..U:mN3 DATA SHOOID BE PL1'ICE IN SOORCE DATA GUJP 
C M:i..scellaneous universal nachine data 
19 
c col : 11- 2) source type 
C < 

C col: (1) InPU, (2) InitUM, (15) !Carp 
BI...ANK card terminates miscellaneous universal JTBchine data 
C 
C Induction machine data (type 40 source) 
C 
C Phase a, b and C data 
C Bus--> <--Slip<--Freq 
40 
C col: (1-2) JType 
C Bus-> 

C 
C Design ratio (Cptional) 
C -------x---BMin 
DF,SI~ RATIO 
C 
C Narreplat.e rating data 
C 
C Full load 121:.ing 
C --PFid<--Vfl.d<--PFFI.d<--EFFI.d<.---SFI.d 

C Starting infometion (in pu) 
C --CSta<---TRat<--VPed<~ 

C Leakage saturation data (in pu) 
C ---csat<--TQ1ax 

C 
C Saturation data (Cptional) 
C ----> <---VLin<---VFlat<----cLi.n<--cFlat 
MI\G,IETIC 
C 
C Mechanical pararreters 
C <--HlnitBus-> 

C col: (1-2) NP 
C 
C Induction machine output :requests 
C IIIIII 
C <S<R<E<N<A<Q 

C col.: (1- 2) IP 
C Voltage request (includes only if IQ = 1) 
C --VLTQ1<--VL'.IQ2<--VLTQ3<--VLTQ4<--VL'.IQ5<--VL,TQ6<-- VLTQ7<--VLTQ8 

C 
C Include other induction ITBChine or other universal machine here. 
BLANK card terrninates universal machine data 

A-14 
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