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The complex and versatite 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.

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 (BPA), replaced
TNAs, This versatile program can be very complex. Workbook 1, 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 BPA, the
Canadian Electric Association, Hydro Quebec, Ontario Hydro, the US. Bureau
of Reclamation, and the Western Area Power Administration. Key to this
efforl was the development of reference and tutorial material,

To provide utilities with {utorial materials on electromagnetic transients; to
ilustrate analysis of such transients with the EMTP computer code.

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.

Building on the information in the first workbook (volume 1 of this series),
workbooks lI-1V will enable EMTP users to increase their competence in
this complicated program. Workbook |l 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 Il discusses modeling for
trangformers, 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,

The EMTP workbocok series explains the theoretical basis of transient
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 fulfilt several crucial roles. First, they provide an im-
poriart 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 efforl 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 pricrity. The program included revision
of the rulebcok (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 Electricité de France and DCG associate members Central Research
Institute of the Electric Power Industry of Japan and ASEA Brown Boveri.
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ABSTRACT

This workbook is the third in a serics of books intended to introduce the EMTP to users, 1l assumes that the user is
familiar with elementary uses of the EMTP and presenis more advanccd modeling techniques. The workbook uses a
case-study approach, where gradually more sophisticated models of the same system are introduced. This book covers
mainly transformers, syachrenous machines and induction motors. I includes a description of S8R {SubSynchronous
Resonance).
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SECTION 1
INFTRODUCTION

This volume of the workbook scries deals with applications of the EMTP (o the
simulation of power system transient invoiving machines and transformers. The
reader is assumed to be [lamiliar with the basics of EMTP simulations, including simple
models for the representation of machines and transformers. For these basics, refer (o
Volume [ of the workbooks,

As in previous workbooks, the emphasis will be on an understanding of the basic
yuestions 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.

This workbook is intended to complement the other materials in the series of EMTP
documentation and information published by EPRI for use with the EMTP, Qther items
reicyant 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. [t has been
designed primarily to be part of course material {(either self-taught or formally taught).
Il is a means for users to gradvally gain working familiarity with the EMTP by s
progression of problems and examples,

Figure 1-1 iilustraies the one line diagram of the 13 bus system of interest. This system
and its components will be wsed for most of the examples in Lhis workhook,
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Figure 1-1: Sample 13 bus system,
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SECTION 2
REPRESENTATION OF TRANSFORMERS: BACKGROUND

Transformers can be represented in several ways. Three fundamentally different 1ypes
of transformer models exist in the EMTP, These are: ideal transformer models, built-in
"saturable” (ranformer models, and models based on mutually coupled coils. Ideal
transformers ignorc all leakage (assumec that all flux is confined 1o the magnelic core)
and in addition they mneglect all magnetization currents (that is, they assume no
rcluctance in the magnetic material),  The saturable transformer climinates bath thesc
restrictions and considers lcakage as well as the reluctance of the magnetic material.
The model assumes thal a [inite reluctance magnetic path exists, and that around cach
individual coil a separatc possible magnetic leakage path exists. The mode!l does not
consider other possible [orms of mutuval coupling among the coils, and for this reason it
is not adequatc for complex coil confligurations. However, the model is quite casy to usec
and has proven valuable for single phase transformers, Finally, models based on
matrices of mutual couplings are able to consider quite complex coil arrangements bul
are somewhat harder to use,

In addition 1o explicit representation of transformers, sometimes a user only nceds to
represent the effect of the presence of iransformers on the rest of the system, withow
the need for any details about the transformcr itself. In these siwations it is sufficient
to usc Thevenin equivalents of transformers. Thevenin equivalent connections of
transformers in the scquence domain (positive, negative and zero) are quite well
known. In this section we describe how to use these models in actuai three phasc
represeniations of the system.

Only the built-in saturable transformer model has saturation built-in directly inte the
modcl.  In this section we also consider how saturation in transformers is represented
in the EMTP. In most cases, this can be done extemally to the coil model of ihe
transformer. Two other cffects that are described in this section include the effect of
ecddy currents and the effect of capacitances on high frequency behavior. Eddy
current models currently do not exist in the EMTP, but we describc the characteristics
of the cddy current phenomena and give a simple model capable of accounting for the
theorclical elfects of eddy currents. Finally, high [frequency effects are described and
a gencric model for inclusion of high frequency effects is deseribed.

2.1 The Ydeal Transformer

The main purposc for presenting the ideal iransformer cquations is to give you a rcady
intuitive feeling for what to expect of complex winding and core configurations, 10
verily solutions for rcascnableness and to perform quick checks of EMTP solulions.

The simplest transformer model from the mathematical viewpoint is the ideal
wransformer. The cquations that control the behavior of ideal iransformers are well
known., Considcr first a simple lwo winding transformer as illustrated il Figure 2-1-1.
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Figure 2-1-1: A 1wo winding ideal transformer.

The equations that describe the behavior of this transformer are:

Vs
- = n
v
i 1
iy o
wilere
Ny
n = =——
N1

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

A singlc-core multi-winding transformer is illusirated in Figure 2-1.2.
that describe the behavior of this type of transformer are:

Ny iy + Ny i3 + ... + Ny i, = @
Vi Vi _ _ E&
N1 Na TN,

L]
P L J
) /]
—
™ ™ {r :
:1 {0 Ny Nnta' Yn
) ] <-~___~. N
’ -+
i
Figure 2-1-2; A single-core multi-winding transformer, Notice
of the currents.

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

be a complex

The equations

the polarity

Figure 2-1-3



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

Tihe equations that describc the behavior of this multi-core multi-winding ideal
transformer  are:

Yal _ Vaz

Nai Naz

Yol _ ¥

Np1 Np»

Yol _ Vel

LES) Nez
v VT v v h's v
ul+b_+t1=32+02+c2=0
Nai N1 Ney Na2 Np2 Nez

Nay a1 + Maz is2 = Npy ip] + Npp ib2 = Ne1 i3 + HNog i:?

[t is only quite recently that the EMTP has been able to represent ideal transformers
correcily, and the work was done in connection with the ideal voltage source between
arbitrary nodes. The EMTP ideal transformer (a type 18 source) is acwally a simple two
winding ideal transformer with an ideal voltage source in series with its secondary.
Figure 2-1-4 illustrates (his type 18 source. For detail input format, refers to the
template in Appendix A,
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‘--_.__@—Q

Figure 2-1-4:  The EMTP idcal transformer model is a type 18 source. The
transformer is linked (o the ideal voltage source between nodes.
To set up an ideal transformer, set the voltage source to zero.

2.2 Low Frequency Models

This scction describes increasingly complex and dcetailed transformcr models for use al
relatively low f[requencies (up to a few kHz). In this subsection we begin wilh models
that do not require a magnelization current, then move (0 models thal must have a non-
zero magnetization current.,  Fioally we discuss the topics of saturalion and hysieresis



2,2.1 Transformers as Part of the Network Thevenin Equivalent

Transformers, particularly A-Y connected transformers, drastically affects the zero
scquence impedance of a netwaork. Consgider the neiwork one line diagram ip

Figurc 2-2-1.
a Y

Figurc 2-2-1: One line diagram of & A-Y transformer connected to idea!
voltage source.

The sequence domain cquivalent circuits of this metwork as scen from the secondary of
the transformer is shown in Figure 2-2-2,

Posltive Negative Zero
Figure 2-2-2: Sequence domain cquivalent circuit of the A-Y connecled

transformer 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 coanected to
graund through the transformer impedance (assuming thce secondary Y is grounded).

The magnelization branch is sometimes ignored, particularily in fault (ype studies,
Thrce phase transformers (as opposed 1o banks of three single phase transformers)
gencrally have quitc differcnt zero scquence paramcelers for the zero sequence, with
20t sequence reactances between 20 and 100 times (he magnetization current.  The
magnctization branch is unimportant for delta connected transformers.

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

2.2.2 Simple Admittance Representation

The wuse of Thevenin equivalents of transformers considers the effect of the
iransformer on the network, bui the iransformer itself is no longer explicitly available.
For example, it is nolt possible to determine circulaling curremts in the delta-connected
winding of the transformer.

In order 1o do that, we need slightly more derailed models of the transformer. This
section describes transformer models based on admittance equivalent circuit
representations of the transformer., These models remain quite simple as long as the
zero sequence leakage recaclance, Xg, equals lo the positive sequence leakage reactance,
Xy, as is the case for three phasc transformer banks consisting of three single phase
units, or in three phase transformers with 5-legged corc or limb design. These models
can be exiended to threce phase transformers where Xg is belween 0.7 10 1.0 X, as is
often the case for Lhree phase transformers with three leg cores.



From load flow iype studies, we know that the two-pon admittance matrix that describes
a non-ideal transformer as scen from the primary side is given by the following matrix:

¥ -t ¥
(Y] = [@L)™* =[ ]
~rt Y te1? Y

In this matrix.

v = Stenirg . o
ar
xpu Vi

Sls

This admittance matrix is nothing more than a linear relationship beiween the primary
and the sccondary side voltages and currenis;

I

We also know thiat any admitiance matrix has an equivalent circuil consisting of pure
admittances thar behaves exactly as described by the admittance wmatrix equation.  This
circuii may bear little resemblance 1o the original circuit, bul its behavior is identical
10 any other circuwit described by the samc admittance matrix. In the case of load flow
siudics, this matrix can be interpreted as originating from the nctwork in Figure 2-2-3.

Figure 2-2-3; A m-circuit equivalent of a non-ideal transformer describable
by the admitiance matrix equation in load MNow studies.

For usc in trangsient studies, it is belter 10 use the concept of a “primitive admittance
mairix." sec {l}. A primitive admitiance matrix contains entries for all nodes and makes
no assumptions about node grounding, The primitive admittance matrix for the
ordinary transformer is given by:

Y -t ¥ -y £ Y
i £ty -ltls ¥ -t ¥ (] Y
(LL}™F =
-y t ¥ Y -t Y
-t Y i)’y £ Y -tt? ¥
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It is still possible 10 come up with a network interpretation of this matrix. The nectwork
now Jooks just a bil more complex, but every node retains ils identity. Figure 2-2-4
illusirates this equivalent network.

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

Thus, we can say that the circuit in Figure 2-2-4 igs am cquivalent representation of the
transformer in Figure 2-2-5.

Figure 2-2-5: A simple (ransformer representation.

An advantage of using the primitive admittance concept is that we retain full Oexibility
for winding interconnections, whereas the ordinary admittance matrix models assume a
ccrtain pattern of nede grounding. A disadvaniage of the primitive admittance maitrix
is that it may be singular if there are no conneclions to ground, or ill conditioned il the
only connection to ground is through a very high impedance.

If we were dcaling with admittances the problem would end here, However, it is more

proper 1o speak of "inverse inductances.” What we really compule is an inversc
inductance malrix, and thc resistances of the winding are considered cxternally and in
scrics with these inductances. Thus, we must separatc resistances from inverse

indugtances, We therefore specify not [Y] but {L]-! and [R] as separate matrices,
Starting with Version 2 of the EMTP you will be able to specily these {wo matrices
directly. In prior versions of the EMTP the usc of this particular model is not
reccommended unless [R] equals to zero. Thesc models can be obtained using the BCTRAN
auxiliary program,

2.2.3 Equivalent Circuit Models

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

2-6
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Figure 2-2-6: The traditional low [requency equivalent of a 1wo winding
transformer.

BaE e

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

_ psE

S

Figure 2-2-7: The traditional equivalent circuit for a single-corc multi-
winding transformer.

All of ihese models can be reduced to the admittance matrix models of the previous
section.

There is some reason to question the wvalidity of all of these traditional models,

particularly for multi-winding transformers. In particular, much debate has centered
around the location of the shunt magnetization branch, and how to split the series
transformer impedances among the various windings. Part of the problem is that

transformer parametcrs are almost invariably dctermined from a sequence of tests, and
the models above make certain explicit or implicit assumplions about the magnetic
circuit of the transformer. The main objective of this discussion is merely to point oun
that the rraditional model may not be as accurate as once thought, and that there are
good rcasons for much of the recent cliort in coming up with better models for the
transformer in the EMTP,

There s onc EMTP modcl that is very closcly associated with the treditional equivalent
circuit, This is the built-in TRANSFORMER (saturable transformer model) within the EMTP
that was described in Workbook I. Details ol construction for this model is included in

templales.

2.2.4 Coupled RL Models and Impedance Modecls

There are two aliernaic detailed coupled-coil malrix representations of the transformer.
These are the muinally coupled hranches and the impedance matrix models. The
impedance matrix and mutually coupled models are only feasible when at least some
portion of the magnetization branch of the transformer is represented. otherwise the
corresponding (Y] matrix on which these models are based is singular and the (27
matrix does not exisl.

In the mutually coupled branches model, a transformer is represented as a set of
mutually coupled impedances, Using the EMTP, this corresponds 1o the use of type S1.

2-7



52, ctc mutvally coupled RL branches {or type 1, 2, 3 RLC branches with C equals to
zero)d, Figure 2-2-8 illustrates thc representation of this model for a two winding
transformer, Figure 2-2-9 iltustrates the equivalent interpretation of the same
iransformers using an equivalent withoutr mutual couplings.

Ry Lkm Rm
4
Lig L mm
Figure 2-2-8:  Represenimiion of a twa  winding transformer by mutually

coupled impedances.

Mathematically, the representation ol these coupled impedances as a set of time domatn
matrix equations is:

[ oo e ] &3] =[] - [ % o 1 [¥]

A problem with these equivalents is that if there is no magnetization branch in the
rransformer (that is, if the magnetization current is ncgligible) this meodel results in
singular matrices. [f the magnetization current is small (as it wvsually is) the
inductance matrix is ill-conditioned, requiring grealt precision in its representation,
They are, nevertheless, of value and recommended by some.

To obtain the actual inductance matrix, we first obtain a per unit impcdance matrix
vsing the expression:

1

2 Xshort Pu + xmag P J"'-m.atg Py
1

Xraz pu ) Xehore pu ¥ Xmag pu

This matrix can then be converted to an actual ohms impedance matrix, and
subsequently to an inductance matrix. Al calculations must be done im high precision.

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

The mutually coupled branches model is intimately related to the mutual inductance
malrix of the element. The inductance matrix can be obiained as the inverse of the
[L) - matrix described earlier. Once this matrix iz obtdined, it is possible to interpret it
in terms of a T- or star-circuit provided we do not have more than three windings. For
sitlualions with more windings, it is no longer possible (o expect a star-circuil
cquivalent.

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

1

£
Texe pu 2

Kmag pu = Xshert pu

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

2.3 Transformer Saturation

This subsection and the next two discuss Lhe generalities of some model extensions
useful in representing transformers more accurately. In 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 nature of the
physical phenomena as well as 4 repertoire of tools that can be used within the existing
framework of the EMTP, In all these cases, good engincering judgement will be
required about the validity of the models and resuits.

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 is,
however, not possible to come up with a correct equivalent circuit based on leakage
impedanccs and ideal transformers. In fact, the leakage impedances that one calculates
for two- and three-winding 1transformers are simply numeric values capable of
reproducing the short circeit test results. The so-called internal node in this
equivalent is an entirely ficlitious or equivalent node. Nevenheless, 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 this: 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 therc is no basis for this location. In fact, it has been cstablished that a better
location for the magnetization branch is at the terminals of the innermost winding.

Representation of the magnetization branch can be quite imponant. In tbe equivalent
circuit representutions using the TRANSFORMER ({saturable transformer model) the
salurable magnctization current branch is an iptegral part of the model, and is placed
intcrnally within the transformer model. In the impedance and admittance matrix
models, the saturablc branch must be placed at the transformer terminals. The exact
location of the saturable branch does affeci 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 (ransformer, usually one of the lower voltage windings.

What location of the magnetization branch is the correct one? This is a question that is
not well posed, as there is no actual “magnetization branch™ in a transformer. The only
correct way to model the magnetization currenl in a transformer would be to represent
the magnetic circuit in detail. In the limit this would require laborious Tfinite ¢lement
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 magnetizaiion branch,

The EMTP offers some assistance in the calculation of the magnetization branch

saluraiion parameters. This is done using the “Saturation" auxiliary program. All that
is needed to use this program is a few RMS values of voliage and current from open
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circuit tests at various voltages. The reader is referred to Workbook | and to the Users
Manual for further details, We do not replicatc these example here. Here we simply
suggest that judgement should be used in locating the branch so oblained within the
equivalent circuit, keeping in mind that any choice is an approximation because there
is no exact location for this branch.

A second concern of saturation is its interaciion with eddy corrents and f(lux
penetration, As described in the next section, eddy currents generally delay the
penetration of magnetic flux into magnetic material. Thus, the nature of saluration will
be affected by the frequency of interest. To date there are no reliable computationally
efficient and accurate ways of accounting for saturation effects at higher frequencies,

2.4 Eddy Currents

Modelling of transients cffects 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 depeudence effects caused by eddy currents also play an imporiant 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
simutating eddy currents effects in the transformer [I]

Eddy currents in the core of a transfommer have two major effects: they introduce core
losses. and they oppose (delay) [lux penetration into the core. Figure 2-4-1 shows the
classical plot ol the magnetic [licld intensity within a lamination under a step magaetic
field excitation versus the distance from the center of the lamination, with time as a
parameter.

10

05

00

-05 oo y/d 05

Figure 2-4-1: Magnetic [ield intensitly in a limination under a step magnetic
field excitation. y/d is the normalize distance form the center
of the limination 10 the surface.

To model eddy currents effects, we can consider a transformer 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 permeablility of Ihe
lamination is constant and the width of the lamination is much larger that the
thickness so that end clfect may be neglected. From these assumptions, we can derive
either impedance or admitlance equations.

The admitiance equation derived for a simple two-port network is:
2 { a ——d
Y{a) = Wz HoHs coth ( TR TE) -2—)
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where

Length of the magnetic path
Width of the lamination

Number of turns of the coil
Coenductivity of the limination
Permeability of the limination
Lamination thickness

EE QAT E <

The panial fraction of this equation is:

=]
L
te) ==+ ¥
de n<

where

- MoHN?A,,
2

Lge {Low-frequency inductance}

od?
1= @f;z—— {Diffusion time constankt}

This cquation has a Foster network representation as shown in Figure 2-4-2,

i?y R4 Ra Ry

L Lo L3 Ly

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

The values of cach of the n parallel Fosier branches can be calculated as follow:

Lo kilLg
Ly = Ldes Ly = -ghf Ry = -2t—c k=1l,...,n

The mode! discussed above takes into account both the effects of core losses and f{lux
penetration, The resistance of thec RL branches accouni for the losses, while the
inductances represent the effect of a limited penetration of flux variations into the
laminations of the core.

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

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



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

2.5 High Frequency Equivalents

At frequencics above 2 kHz the traditional transformer models begin to break down,
Capacitances and capacitive coupling among windings become imporiant. 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 frequencics, a more detailed
rcpresentation of the intermal 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 t(ap changing transformer, including 1he
arrangement of windings around the core and s equivalent circuit.
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Figure 2-5-1: A high frequency equivalent for a simple transformer

arrangement.
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Figure 2-5-2: High 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 (ransformer component and three auxiliary
programs for transformer parameicrs calculation. The built-in saturable transformer
model, TRAMSFORMER, is introduced in Workbook 1. In this section we discuss this
suturable transformer model in more detail.  The threc auxiliary programs, XFORHER,
TEELEG and BCTRAN, derive matrin parameiers for modelling (ransformer windings as
mutually coupled branches (type 51, 52 ... etc). When Lhesc matrix models are used,
the core of the (transformer is usvally represented as a non-linear reactance (type 98)
or a hysteretic reactance {(vype 96) branch conpeclcd extecrmally to the terminals of one
ol the windings,

The X*FORMER program is capable ol calculating the [R] and [ L] matrices [or single-phasc
transformer banks.  Therefore, XFORMER can represent only three-phase transformers
consist of three single-phase banks. The TRELEG program glso calculates the {R] and (L}
malrices but it has the capability of representing single-phase as well as three-phase
corc-lype transformers,  Unlike the previous two, BCTRAN produces the [R} and [L] as
well as [1L]-! matrices. Thus, the [L]-! matrix can be used to avoid the ill-condition
problems associated with the fL) matrix. BCTRAN is capable ol representing both single-
phase and three-phase corc-type (rans{ormers.

Whcn core saturation is represenled in the EMTP., a piecewise linear flux-current
magnetization curve must be supplied. This curve is inputied point by poim, staning
from the point ncarcst to the origin {origin is assumed an implicil point} and increase
moenowonically moving away from the origin.  Both the saturable transformer and the
pscudo-nonlinear rcactance {type 98) branch uses a flux-current magnelization curve.
Since most manufaclurers do not supply this data, am auxiliary program CONVERT is
dcsigned 1o preform the conversions from RMS  vollage-current or current versus
incremental  inductance data to flux-current data.

The EMTP is capable of rcpresenting ithe transformcr core as a hysteretic reaclance. A
pscudo-nonlinear hysterctic reaclance (type 96) branch can be used to rcplace the
pscudo-nonlinear reactance (type 98) branch when the matrix models are being used.
Howcver, the type 96 branch is harder to initialize than the 1ype 98 branch. As a resull,
it is not usually used. The piecewise linear clcment in the type 96 hranch 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
an auxiliary program HYSDAT to help obtaining the [ux-current curve for designated
core malerials.  In Version 1.0 of the EMTP, only 1 ARMCO M4 orienied silicon steel is
supporied.

The saturable transformer component is simpler to use than the other matrix models.
However, il zero sequence bchavior of three-phase core-type transformer must be
represented, TRELEG or BCTRAN should be used. When a three-winding core-type
transformer has a closed dclta ieniary, it is uvsvally not necessary to model the zero
scquence elfects because the delta lerminal connections will predominate.

As discussed in carlier scction, the transformer models described in this section is valid
oty at moderale frequencies., In general, these models are accurate enough in
swilching surge studics bul they are not adequate for lightning surge studies,
Transformer model that is accurate at higher frequencies is being devcloped and it will
be available in future versions the EMTP.



3.1 Simple Two Winding Linear Models

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

The EMTP has a buwild in sawrable 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 iransformer name. Al
other data [ields are optional, These option [liclds can be used to specify the steady-state
RMS magnetization flux ({in wvoll-seconds) and current (in amperes} as seen {rom
winding #1, and the magnetization core loss resistance. Core losses arc confined (o
vonstanl linear resistance in paraliel with the magnetization branch, Figure 3-1-.1
shows the circuit representation of the saturable transformer.

R] L‘ Ny Ny

lz R2
Busl, _ij fww_ Busip
winding 1 R Lm g % Winding 2
L ]

Bus?y Bus2e
L]
L]
Mying LN RN
AAN— sus1
% § Winding N
Bus2y
Figure 3-1-1:  Star-circuit representation of N-winding transformer,

Following the first data line naming of a transformer are the data lines describing the
saturation curve of the r(ransformer as points in a flox-current curve. The
magneiization curve dara is terminaied with a data line containing 9999 in the current
ficld. In case no flux-current data point is specified, the EMTP assumes that the
magnetization branch does not cxist. In case only one flux-current is specified, the
EMTP uscs a linear inductance representation of the magnetization branch which
results in a linear transformer, In other cases, the saluration and magnetization effects
arc modelled as a pseudo-nonlinear reactor (type 98) branch in winding #I1, Normally,
the first point in the piecewise linear magnetization curve is set to equal to the steady-
stale current and fux so that continuity between steady-state and transient solutions ut
time zero is atiained. Nevertbeless, Lhis conlinuity between steady-state and transient
solutions is not mandatory. The [inal point in the magnetization curve defines the slope
ol the final segment, This final segment is assumed to extended to infinity.

The Mux-current magnelization curve is generally not available, however., it can be
calculated from most manufacturer's data. The EMTP has an auxiliary program CONVERT
which performs conversion from a RMS voliage-current curve orf current versus
incremental inductance curve to a flux-current curve. Refers (o section 3.6 for more
details in using CONVERT.

Following the magnetization data is thc winding data. Each winding must be numbered

in natural order (i.e. 1, 2, ..). Each winding is connected to two nodes. In each winding
data line, specify the winding resistance. leakage reactance and voltage. Zero winding

3-2



resistances is allowed in all winding but lcakage inductances must be wnon-zero with the
¢xception of winding #1.  The inductance Lj in winding #1 can be zero only il the
resistance Ry is oon-zero. Rated winding voltage can be wused for cach winding.
Templates that describe the precise [ormats and connections of single-phase and three-
phase transformers arc available in Appendix A.

The saturable (ransformer has some limitations, It cannot represenl more than three
windings because the transformer is rcpresented as a star-circuwit internally with the
suturation branch connected to the interna! point of the star circuit.  Besides, the

syturable transformer can only model single-phase or three-phase bank of single-
phase units. For thrce-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 modcl to be wvalid.

N
[ I A L A

Figure 3-1-2; A three-phase shell-type transformer,

Using the saturable 1ransformer in ather core formations is aot recommended. In core-
type transformers where the zero sequence [lux is forced to returm through the air, the
ransicnts behavior is radically different when the zero sequence is exciled. Figure 3-
1-3  illustrates a three-phase three-legs core-type transformer. The saturable
transformer has been c¢xtended from single-phase (o three-phase wunits through 1ihe
addition of zero scquence reluctance parameter. However, its uscfulness for core-type
units is limited. Three-phase uvnits are beller modelled with [R)} and {L) or [L] ™!
malrices obtained from TRELEG or BCTRAN. Funhermore, numerically instability has
occasionally been observed for three winding saturahle translormer.

Q o} c
— '—: ey
4P
" I
= o [~
— L — o1 o 1 _
Figure 3-1-3: A three-phase three-legs core-type 1iransformer.

3.2 Using XFORMER

The auxiliary program XFORMER derives the [R] and [L] matnces for representing
ransformer windings as muiually couple branches (type 51, 52, 53) in the EMTP. The
XFORMER program is capable of representing up to three windings for single-phase
ransformers. Thus, the XFORMER is useful only for threc-phase units consist of single-
phase banks.
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To use the XFORMER program, a XFORMER spcocial request card must be entered at the
beginning of a pnew data case. Tben followed by an optional branch card. The branch
card is wsed for naming the terminzl nodes of the transfermer windings in the output.
Since the XFORMER cannot represent morc than three windings, there should be no more
than six node names appear on this card.

In the data line {ollows, enter the number of windings (either 1, 2 or 3), the single-
phase base power of the transformer (in MVYA) and the magnetization current
consistent with Lhe base power (in percent). The XFORMER program assumes the
cxistence the finite magnetization impedance.  Therclore., if the magnetizalion current
is too small, il can cause admittance matrix to become singular. As a result, inverting
the admittance matrix 1o the desired (R} and [{L) malriccs becomes impossible,

The clecirical parameters of each winding must be specificd. One data line is used for
cach winding. [Each data linec contains the voitage rating, the power loss, the single-
phase power base and the short-circuit impedance. The voltage rating for delta-
conrected transformer is the RMS line-to-line veliage (in kilovolis) of a winding. For

wyc-connected transformer, specify 1/¥3 of the line-1o-line voltage instcad of the line-
lo-line voltage. The power loss is the load loss (in kilowauts) for a single-phase
Iransformer transmitiing rated power between two  windings. The short-circuit
impedance (in percent of the base power) is mcasured between two winding. Figure 3-
2-1(a) illustrates the XFORMER input for a single-phase three-winding transformer and
the output is shown in Figure 3-2-1(b). Templates for one, two and three windings
XFORMER input is available in Appendix A.

BEGIN NEW DATA CASE

C YFURMER card =N

XFCRMER

C

¢ Branch card

C High (51} Medium {52} low (53)

C ~———->Busl->pus?->Busl-—>Bus?2->Busl->Bus2—>

BRAMCH HIGH1 HIGHZ MED1 MEDZ2 LOWL LOWZ

c

C Electrical parameters

¢ ——CMagn<——-PECur  <-IPach

3 0.3 83.3 0

C col: {1} NW

C Winding data

. ——Volel<—PLossl2<~——25C12<~-—-PBR212
132.8 250.0 6.7 83.3

C ——Volt2<--PLoss13<=—~-251 3¢<—-=-PBZ13
66.4 56.8 5.1 18.9¢6

 ——Volt3<-=PL0os§23<¢~~==Z523<~-—-PBR2Z23
13.2 56.8 3.2 18.96

BLANK card terminates XFORMER data
BLAMK card terminates EMTE solution—mode

{a) XFORMER input data.
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SINGZIE~PHASE 3-INDING TRANSFORMER, TIMAGH' = 0.30000 PER CEMT BRSFDD ON 83,300 MVA

WVOLTMGE ACADSS WINDTHG Usals  IMPEDANCE, GASED OM
(K (W)  (PER CENT) (MVA
HIGH 132.80 HIGH 10 MEDIWM 250,00 6, 70C0 83,300
HEDTUM 66,40 HIGH TO LW G680 5.1000 18,960
[Fe”] 13.20 MELTIM TG LW 56,80 3,2000 18, 940

DM EDANCE MATRIX AS REQUIRED FOR EMIY STUDIES (WITH 'X* IN OHME AT THE POREA FRECUENCY)
R X R X r X
HIGH G.430713E+00 0L TOSB19TEADS
MEDILM  §.6£53209E-01  0.3328396E+05 (. 1126028E+00 0.1764402E~03
Lo =0.5802607E~01 0.TO1358QE+04 -0.29013%CE-01  0,3507084E+04 0Q,1153587E-C1 0,6973324E+03

BO-COUMN CARD-TMAGE. LISTING OF PUMCHED-CARD OJTPUT FULLOWS (TYPE-51-53 IMTF BRRMY CARLE) ,

1 2 3 4 o & 1 B
a 3] 0 a 0 ¢ a
o1, HIGHY ,HicH2 ., , 0,45071328289908+00 ,  0,70508196752200E+405 , ...
S2,MD1 T2, L, G.6653209056682E-01 , 0, 35285%466B0F 0D §
0.11269275310648+00 . 0,1764401327106E+05 , ...,
53,1061 oMz, ., -0, 5802 60ERRRSSSE-0L |, 0,701398035T108R-04

R R

= 2%0159C352071E-01 0, 35070837213ME+4
0.1153387364154E-01 0.69739235717385+03 , ., ,,

SHORT-CTRCUIT INAUT DMPEDRNCES WHICE ARE OBTRINED FRCM THE JUST-PRINTED DEEDANCE MATRIX, HY BEVERSZ
OXEUTATION, THIS [S ST OF A CHECK N THE OOMPUTATTOM.

HIGH  TO MEDILM 0. 63532 14.316969
HICd TG 10w 2.78458 47.34108
VEDTWM TGO LoH 0, 6926 7.40642

REPEAT OF PRECEDING CAICUIATION, ONLY THIS TTMZ THE STARTING FOINT WILL BE THE IMPECWNMCE MATRTX WITH ALL
ELEMENTS ROUNDED TO FIVE DECIMAL DIGITS.

HIGH  TO MEDTUM 0.83331 13,49977
HIGI 7O oW 2.78459 4732904
MEDTIM 1O L0W 0. 659626 7. 41815

{b) XFORMER oulput.

Figure 3-2-1: Calculating the {R) and (L] matriccs for single-phase three-
winding transformer using xFORMER. This data is obtained from
EMTP tesi case DC-15.

The reader must be warned that the XFORMER program is noi reliable at extremecly low
frcquencies. The recason for this crroneous behavior is related to the formation of the
admitliance matrix. XFORMER obtains the admittance without [first scparaling {R] and [ L]
from the cquation. As a resull, the off-diagonal resistances in the branch impedance
matrix becomes non-zero. Al extremely low [requencies, when the magnitude of [R]
heccomes comparable with the magnitude of [wLJ, the XFORMER will produce wrong
resufls.

In peneral, the X*FORMER can resulis in more stable wmodel for multi-winding
iransformers. For two-winding transformcers, the saturable transformer is believed 1o
be equivalemt to the [R] and [L1 represcniation of the XxFORMER. Similar to the saturable
iransformer, lhe XFORMER is limited to single-phase banks. The XFORMER program [for
single-phase transformer is somewhat obsoleie, and has been superceded by BCTRAN.

3.3 Using TRELEG

To use the TRELEG program, a XEQRMER special request card must be present at the
beginning of a new data case. In addition, a value 33. must bc entered in column 38 1o
4N 10 request TRELEG input. A branch card may follow the special request card, however,
this card is obsolete because the npaming of winding terminals also appears in the
winding data. The hranch card will be removed from thc future versions of the EMTP.
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The data cards that follow specify the elecirical parameters of the iransformer. The
first card contains the number of windings, the number of delta-connected windings,
the power frequency (i.e. 60 Hz) and the rated three-phase power base (in MVA),  The
TRELEG program can support up to [ive windings. It assumes that the windings are
concentricalty located on the core, and winding data is inputted in the order from ouler
to inner winding., In addition, it also expects the data to be inputied in an order that the
delta-connected windings appear last, This is occasionally & conflicting assumption.
Since the windings ean be non-conceniric and the delta-connected windings may
locate other than the center on the core. The TRELEG program resolves this conflict by
restricting  the delta-connected windings as the last windings and allowing the
magnetizing impedance of each winding 1o be provided.

Standard manufacturer data may include test dala from short-cireuit 1ests performed
with up to two windings connected in delta. In order to use these data, the TRELEG
program rcquires three additional cards to specify the test data for two delta-connected
windings.  These data lines contain positive scquence short-circuit impedance between
two delts-connecled windings, the number of wyc-connectecd winding for which zero
sequence lest with the two delta-connected windings closed is performed and the zero
scquence short-circuit impedances between the wye-connected windings and the two
delta-connccted windings.  In either cases, the positive and zero scquence shor-circuit
impedances are entered immediatcly follows. For N-winding transformer, there should
be (N-1) N/2 + 1 iest data lines. Since two data lines are already specified for two delia-
connected windings, only (N-1) (N-2)/2 + 1 data lines are required.

The TRELEG program allows the outpul 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 shorn-cirguit
data. Following this data line is the winding data. There will be one data line for each
winding (rule book says N+1, why?). The winding data includes the winding number,
thc 1ype of winding connection (wye or delta), the rated voltage, resistance and
connections of the winding. The naming convention of the winding terminals are
cstablished from these winding conncctions.,

Eventually, lhc magnctizing impcdances must be cntercd. The TRELEG allows u
magnetization branch in either the {irst winding or all the windings, If the implicit
ordering assumption of the TRELEG 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 magnciizing impedance of windings in
per unit can be assumed 1o increase wilh increasing diameter, while the zero sequence
magnetizing impedance decreases. The variation from one winding o another will be
approximately equal 10 the positive sequence short-circuil reactance between them. I
is not believed that this approximation of magnetizing impedances has any signiflicant
effect on the resulting model. For single-phase transformer, the positive and zero
sequence magnetization impedances are equal.  An cxample of using TRELEG for a three-
phase three-winding core-type transformer is shown in Figure 3-3-1.
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C 3-PHASE, 3-1ES, CORE-TYPE TRANSFORMER

C

BEGIN NEW TATA CASE

C XFURMER card: <-N

XFORMER 33.

C

C Electrical parameters (Class #1)

C N<— Freg< SBVA
31 60. 150,

C col: {2-3) N, (4-5) NDelta

c

C Measurement data (class #3)

C I<J< TERS TEX< TZR< =TZX
12 L0017 .13 .0057 L1158
13 L0042 .35 L0096 .268
23 .0044 .20 L0143 136

Coecol: (2-3) I
BLANK card terminates measurement data
C
C Output units {(Class #4)
C -
1
C col: (2-3) KZOut

C Winding data {(class #5)

CJ<< VR< RANAL~—>NBL —>NA11->NB11->NAL2->NBi2->
10 288.6751346  0.473000HIGHA HIGHB HIGHC
2 0 138.5640646  0.029875LCWRA LowWa LOWC

31 28.0000000 0,011280TERTA TERT1ATERTE TERTI1BTERT1CTERTA
Cecol: (2-3) J, {5) INDD
BILANK card temminates winding data
C
C Magnetizing impedance imput specifisr (Class #6)
C -

1
C col: {2-3} NT
o4
C Magmetizing ispedance data (Class #7)
o XPOS< XZero
100.00 1.00
99.87 1.13
59 .67 1.33

BLANK card terminates magnetizing impedance data
BLENK card terminates TRELEG data
BLANK card temdinates EMIP solution-mode

(a} TRELEG input dala.




Three-leg core
2er0 scquence impedances.
single-leg core,
short-circuit

ke e ke e e ok ek

80-COLIMN CARD—IMAGE LISTING OF UNIT-7 PUNCHED CARDS

o e st ve ok

4 5
] 0

6 7
0 0

51,HIGHA | rrr
52, LW, re

53, TERTA ,TERT1A,, .,

54,HIGHE , tes

=
35,10W8 Ve

S6, TERTB , TERTI1B, ,,

57, HIGHC , vee

58,1LcWC PEe

5%, TERT1C, TERTA o, ,

0.473000000000E+00,
-0.646793103332E-01,
0.298750000000E-01,
—0.362556943699E-01,
-0.357184214476E-01,
0.112800000000E-01,
0.000000000063E+00,
-0.733191019968E-01,
-0.494356580077E-01,
0.473000000000E+00,
~0.733191019968E-01,
0.000000000000E+00,
-0.325054568924E~01,
-0.646793103332E-01,
0.298750000000E-01,
-0.494356580077E~01,
-0,325054568924E=01,
0.000000000000E4)0,
-0.362556943699E~01,
~0.357184214476E-01,
0.112800G600000E-01,
0.000000000000E+00,
~0.733191019968E-01,
-0.494356580077E-01,
f1.000000000000E+00,
-0.733191019968E-01,
-0.494356580077E~01,
0.473000000000E+00,
=0,733191019968E-01,
0.000000000000E+00,
~0.325054568924E-01,
-0.733191019968E-01,
0.006000000000E+00,
-0.325054568924E~01,
-0.646793103332E-01,
0.298750000000E-01,
~0.494356580077E~01,
-0.325054568924E-01,
0.000000000000E+00,
~0.494356580077E-01,
-0.3250545689248-01,
0.000000000000E+00,
-0.362556943699E-01,
-0.357184214476E-01,
0.112800000000E-01,

0.223333333341E+05
0.107059927425E+05
0.514227199959E+04
0.215874652794F+04
0.103714560936E+04
0.209767040000E+03
-0.110000000004E+05
~0,927320725720E+04
-0.106342221588E+04
0.223333333341E+405
-0.527320725720E+04
=0.252'174399950E+04
-0.509650587464E+03
0.107059927425E+05
0.514227199359E+04

~0.106342221589E+04 %

=0.509650587464E+03
-0.102798080000E+03
0.215874652794E+04
0.103714560936E+04
0.209767040000E+03
=0.110000000004E+05
-0.5273207257208+04
-0,1063422215089E+04
-0.110000000004E405
—0.527320725720E+04
=0.106342221589E+04
0.223333333241E+05
=-0.527320725720E+H04
-0.252774399980E+04
-0.50965058 74 64E+H03
-0.527320725720E+04
—-0.252774399980E+04
-0.509650587464E+03
0.107059927425E+05
0.514227199959E+04
-0.1063422215089E+04
~0.509650587464E403
~0.102798080000E+03
-0.106342221589E+04
-0.509650587464E+03
-0.102798080000E+03
0.215874652794E+04
0.103714560936E+04
0.209767040000E+03

Figure 3-3-1:

(b} TRELEG oulpul.

Using TRELEG o derive {R} and (L}
This dala

three-leg core-type transformer.
EMTP test case DC-36,

transformers have diffcrent

impedance and magnelizing

3-8

short-circuil impedances for
It is also possible to use TRELEG {0 calculate the matrices for
shell-type or five-leg core transformers. 1In this case, the valucs

impedance are egual.

matrices for a (hree-phase
is obtained from

positive and



The TRELEG rcquires zero Scquence lest data to properly represents three-phase core-

typc iransformers. [t builds the impedance matriccs of N-winding single-phase and
three-phase transformers directly f[rom the shon-circuit and excitation data. It
assumes that the excitation current is always be non-zero. Even with a very small

cxcitation current, the impedance matrices can bccome singular, Modem transformers
having less than one percent cxcitation currents are common., In order to avoid the ill-
condition problem, the wvalue for excitation current are usually increased for analysis.
it is beclieved that the increase in excitation current does not have much influence in
the result. Since these ill-conditioning problems de not exists in [L] !, the auxiliary
program BCTRAN discussed in the next section should make these adjustments
unnecessary.

3.4 Using BCTRAN

The auxiliary program BCTRAN is designed for threc-phase core-type transformers and

three-phase transformers consist of single-phase banks. The BCTRAN program can
produce [R] and (LJ~! mairices as well as (R] and (L] matrices. Because the later
formulation may encounter ill-condilioning problems, the use of [L)~- is preflerred.

The impedance matrices produced by BCTRAN and XxFORMER differ mainly in the existence
of non-zero off-diagonal resistance values which should make BCTRAMN 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 xFoRMER and a valuc 44, in column 38 to 40. Then enter
the transformer's excitation data in the line follows. The excitation data line expects
both miscellancous data as well as the positive and zero scquence excitation lests data.
The misccllancous data are thc number of windings per core leg, the rated [requency
for converling reaciances into inductances, the core formation of three-phase
transformer (single unit or three singlc-phase units), number of windings from which
the excitation iests are made, number of winding across which the magnetization
branch is 10 place and the outlput matrices ({R] and [L] or (L]"~1). For positive sequence
tcst data, threc-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 raling and rated voltages and the cxcitation loss (in kilowatls) are needed.
Similar data for zero sequence excitation 1est is required. Nolice that the zero sequence
excitation test really becomes shori-circuit test for closcd delta-connected windings.
Thereforc, open delta conncclions are expecied in zero sequence excilation iest. On
transformers  with closed deltas, any rcasonable value can be used because the
in[luence of this value will be overridden by short-circuit test data to closed-deltay.

For a N-winding transformer, therc will be N winding data lines. Each data linc consists
of a winding nember, voltage rating (in kilovoll), winding resistance of one phase and
six terminal node names. The number of winding must not exceed 10, Line-to-line
voltage can be uwsed for delta-connecied windings and line-to-ground for wye
connections. The winding resistance is used only when the 1Loss field in the shon-
circuil data is zero,

There will be exactly N(N-1)/2 short-circuit data lincs. A number pair is used 1o
identifly the two windings where the shori-circuit icst is made. In cach data line, enter
the load loss {in kilowauw) in positive sequence lest. A flag ILOSS is used to detcrmine
whether the winding recsistance in the winding data will be used. If ILOSS equals to
zera, 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 bc less than or equal to
three and the load loss must be non-zero. For positive scquence lests, enter also the
three-phase power rating and the input impedance (in percent) based on the three-
phase power rating and the raied voliages of both windings involved. Same parameters
are required far zero scquence tests, [f any of thc windings besides the two windings
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involved in the shon-circuit test is shori-circuited (e.g. closed delias), a non-zero value
indicating the number of additional shon-circuited windings must be specified in the
IDELTA [icld. Note however that the BCTRAN program cannot handle three delta
conneclions. For thrce-phase transformer banks consist of single-phase units, the
single-phase data should be entered as positive sequence data and leave the zero
sequence paramcters and IDELTA blank. For detail input format, refers 1o the tcmplates
in Appendix A,

The following example compares the [R] and (L] matrices dervied by the TRELEG and Lhe
BCTRAN programs, The data casc in Figure 3-3-1(a) is modilied in such a way (hat the the
positive sequence load loss is equal to zero (i.e. the short-circuit impendances are pure
imagincry). The same data has been converled to BCTRAN format and the {R} and (L]
matrices outpul are requested. Figure 3-4-1(a) illustrates the BCTRAN 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)} matrix produced by both TRELEG and BCTRAN are the
same while the {R] matrix produced by TRELEG has some non-zero diagonal elements.
This is the rcsult of using complex number in the TRELEG program. A sccond example
which produces a [1)-! matrix is shown in Figure 3-4-2,

BEGIN NEW DATA (ASE
C YFORMER card >N
KEORMER 44,
C Excitation data N I
jod PI 3
o4 ja et poa pos zero ZRTO zera h TIr
C Freg I 5 Loss I 5 Loss aeP i
c excit rating excit excit rating exCit s sun
c< ettt
3 60. 1. 750. 0. 100. 750. 0.0131
Togol: {1=2) N
o
C Winding data Winding k
c Fhase 1 Phase 2 Fhase 3
Z k<-Vkrating<———o—- Pk Busl->Bus2->Busl->Bus2—>Busl->BusZ=>
1288.673135  .473000 HIGHA HIGHB HIGHC
2138,564065  ,029875 LOWA LB LW
3 28.000000 .011280 TERTA TERTIATERTE TERTIBTERTI1CTERTIA
Ccol: (1-3) k
<
¢ Smort circuir test data 1
C DI
c pos oS ZEIT zera el
C k P 4 3 4 3 la
C ik ik rating ik rating t s
[ € — < <axs
14 g. 13, 750. 11.5 150, 30
13 0. 35. 750, 26,8 750.
< 3 0. 20. 750. 13.6 150,
C eoolt (1-2) i
BLANK card terminates short circuit test data
BLAMNK card terminates BCTRAN data
BLAMNK card temninates EMIP sclution-mode

(a) BCTRAN inpul daia.



e =i e 2k e v e e

R0-00LMN CARD-IMAGE LISTING OF UNIT-7 PUNCHED CARDS

e b o e ol e v

4
0

4

B 7
a 0

1 2

0 a
51,HIGHA , e
52, LWR P

53, TERTA ,TERT1A,,,

54, HIGHB |, ves

55,LOWB XN

56, TERTB , TERT1SB,,,

57, HIGHC , ree

S8, LOWC rrp

59, TERT1C, TERTA ,,,

0.473000000000E+00,
0.149423253099E+00,
0.298750000000E-01,
0.787417006561E-01,
0.298263187673E-01,
0.112800000000E-01,
0.000000060000E+00,
0.478346143970E-02,
-0.234146778592E-02,
0.4730000000008+00,
0.478346143970E-02,
0.000000000000E+00,
-0.110290218849E-02,
0.149423253099E+00,
0.298750000000E-01,
-0.234146778592E-02,
~0.110290218843E-02,
0.000000000000E+00,
0.787417006561E~01,
0.298263187673E-01,
0.112800000000E-01,
0.000000000000E+00,
0.478346143970E-02,
-0.234146778592E-02,
0.000000000000E+00,
0.478346143970E-02,
-0.234146778592E~02,
0.473000000000E+00,
0.478346143970E-02,
0.000000000000E+00,
-0.110290218843E-02,
0.478346143970E-02,
0.000000000000E+00,
-0.110290218849E-02,
0.149423253099E+00,
0.298750000000E-01,,
-0.234146778592E-02,
-0.110290218849E-02,
0.000000000000E+00,
-0.234146778592E~02,
-0,110290218849E-02,
0.000000000000E+00,
0.787417006561E-01,
0.298263187673E-01,
0.112800000000E-01,

0.2233333332341+05
0.106905999938E+05
0.514227199959E+04
0.215874627165E+04
0,103714540539E+04
0.209767040000E+03
-0.110000000004E+0S
-0.,528860000605E+04
-0, 106342247107 28+04
0.223333333241E+05
-0.5288600006058+04
-0.252774399980E+04
-0,509650790505E+03
0.106905559938E+05
0,514227199959E+04
=0.106342247072E+04
-0.509650790505E+03
~0,102798080000E+03
0.215874627165E+04
0.103714540539E+04
0.209767040000E+03
=0.110000000004E+05
-0.5288600006056+04
=0.106342247072E+04
-{.110000000004E+05
-0.528860000605E+04
=-0.106342247072E+04
0.2233333333415+05
-0 ._528860000605E+04
=0.252774399880E+04
-0.509650790505E+03
-0, 528860000605E+04
-0.252774399980E+04
~0.509650790505E+03
0.106905995938E+05
0.514227199959E+04
-0.106342247072E+04
=0 _509650790505E+03
=0, 102798080000E+073
=0,106342247072E+)4
-0.509650790505E+03
-0.102798080000E+03
0.215874627165E+04
.103714540539E+04
,209767040000E+03

LN

{(b) TRELEG oulpul.
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Iass = ¢

RESISTANCE MATRIX VAIUES ARE THOSE WHICH WERE READ IN
0ZERD SEQUENCE TEST DATR BETWEEN 1 AND 2 IS MODIFIED FOR CPEN DELTA IN 3
WITH DELTA CLOSED AGATM, MODIFIED DATA PROCUCES 2= 0,115000E+02 PERCENT, WHICH
SHOULD AGREE WITH INPUT VALLE.

OPOS. SEQ. EXCITATION IOSSES RAISED TO  0.106425E-03 MW

0ZERD SER. EXCITATION IOSSES RAISED TO (0.106425E+01 MW

0 SHNT RESISTANCES FOR BEPRESENTATION COFYEXTITATION LOSSESH

ZERD SEQUENCE SHINT RESISTANCE REDUCED TO BE BZIRL TO POSITIVE SEQUENCE VAIUE.
LEAVE CFF, EECAUSE SERIES RESISTANCES ALREADY PRODUCE LOSSES WHICH ARE GREATER THAN
INFUT VALLUES OF EXCITATION LOSSES.

0BRANCH DATA - RESISTANCE MATRTX (CHMS) AND REACTANCE MATRIX {OHMS) AT 60.00 HZ

1HICHA 0.4730000000E+00 0.2233333317E+05
2LOWR 0.0000000000E+00 0.1069846719E+05

0.2987500000E-01 0.5134540289E+04
3TERTA TERT1A 0.0000000000E+00 0.2155787137E+04

0.000Q0000000E+00 0,1034777827E+04
0.1128000000E-01 0.2091002394E+03
4HIGHD 0.0000000000E+00-0.1100000025E+05
0.000000000084+00-0.5279133581FE+H04
0.0600000000E+00-0.1066059471EH04
0.4730000000E4+00 0.2233333317EH0S
SLOWE 0.0000000000E+)0-0.5279133581E+)4
0.0000000000E+00-0.2533935463E+)4
0.0000000000E+00-0,5117085469E+03
0.0000000000E+00 0.1069846719EH)5S
0.2987500000E-01 0.5134540289E+(4
6TERTE TERT1B G.00000000008+00-0.1066059471E+H04
0.0000000000E+00~0,5117085469EH)3
0.0000000000E+00-0.1034022733E+H)3
0.0000000000E+00 ¢,2155787137E+H)4
0.0000000000E+00¢ 0.1034777827EH)4
0.1128000000E-01 0.20910023%4E+)3
THIGRC 0.0000000000E+00-0.1100000025EH)5
0.0000000000E+00-0.5279133581E+04
0.0000000000E+00-0.1066059471E+H04
0,0000000000E+00-0.1100000025E+05
0,0000000000E+00-0.5279133581E+04
0.0000000000E+00-0.1066059471E+04
0.4730000000E+00 0.2433333317EH)5
SLWC 0.0000000000E4+00-0.5279133581E+H04
0.0000000000E+00-0.2533939463E+04
0.0000000000E+00~0.5117085469E+)3
0.0000000000E+00-0, 52791 33581E+04
6. 00000000008+00-0..2533939463E+04
0.0000000000E+00~0.5117085469E+)3
0.0000000000E4+00 0.1069846719EH)5
0.2987500000E-01 0.5124540289E+04
9TERT1CTERT1A 0.0000000000E+00-0.106605547 LE+H04
0.0000000000E4+Q0-0.5117085465E+03
0.0000000000E+Q0-0.1034022733E+03
0.0000000000E+00-0.106605%471E+04
0.0000000000E+00~-0.5117085469E+)3
0.0000000000E+00-0 .1034022733E+)3
3. 0000000000E400 0.2155787137E+H04
&.000000000CE+00 0.1034777827EH04
©.11280000008-01 0.2091002394E+H)3

(c) BCTRAN ouiput.

Figurc 3-4-1:  Comparing the fR] and [L] matrices produced by the TRELEG und
BCTRAN programs.

3-12



BEGIN NEW DRTA CASE

C XFORMER. carcd =N
KFORMER a4,
C Excitaticn data N I
C P I P
C pos oS pos zero ZEXD zero hTTIrC
c Freg I 5 Loss I s Losas aePi
C excit rating excit excit rating excit s s3un
¢ < —eCh <<t
3 60. .428 300. 135.73 .428 300. 135.73 0130
Cool: (1-2y N
[
C Winding data Winding &
C Phase 1 Phase 2 Phase 3
C k<-Vikrating<————Rk Busl->Bus2->Busl->Bus?->Busl->Bus2—>»
1132.790560 ,2054666 H-1 H-2 H-3
2 63.393059 .0742333 1-1 -2 -3
3 50.000000 .0822000 T-1 T-2 T-2 T-1
Cecol: (1-3) k
cC
C Short circuit test data 1
C DI
c pos pos zaro zero el
C k P Z s 4 5 lo
C ik ik rating ik rating t 3
T << < <a<s
12 2. 8.74 300. 7.3431%41 300. 31
173 0. B.68 76.26,2581830 3a00.
23 o 5.31 76.18.5528240 300.

Coreool: (1-2) 1

BLANK card terminates short circuilt test data
BLANK card teoninatea BCTRAN data

BLANK card teminates EMIP sclution-moxde

(a) BCTRAN input data.

3-13




I1058 = 0

RESISTENCE MATRIX VALUES BRE THOSE WHICH WERE RERD IN
0ZERD SEQUENCE TEST DATA BEETWEEN 1 AND 2 IS MODIFIED FOR OPEN DELTA IN 3

WITH DELTA CIOSED AGATN, MIDIFIED DATA PRODUCES Z= 0.7343159E+01 PERCENT, WHICH
SHOULD AGREE WITH IRNPUT VALUIE.

o SHUNT RESISTANCES FOR REFRESENTATICN CF EMCITATION LOSSES%

ZERD SEUENCE SHUNT RESISTANCE REDUCED TO BE BUAL TC POSTTIVE SEQUENCE VALUE.
FLACE SHUNT RESISTANCE MATRTX ACHOSS WINDING 3 WITH R{SELF/OHM)=  0.550983E+05
AND R (MUTUAL/CHM)=  0.000000E+00

OBRANCH DATA =~ RESISTANCE MATRIX (QHMS) RND INVERSE INDUCTANCE MATRIX (1/HENRIES)

1H-1 0.2054666000E+00 0.2651269237E+02
21-1 0.0000000000E+00-0.5957848438E+02

0,7423330000E-01 0.1808547434E+03
ar-1 T2 0,0000000000E+H00 0.5124542161E+01

0.0000000000E+30-0.7106950227E+02
0.8220000000E~-01 0.7656071131E+032
A4R-2 0.0000000000E+00 0.1317410104E+01
0.0000000000E+00-0.1044760157E+01
0.0000000000E+00-0.2174181664E+01
0.2054666000E4+00 0.2651269237E+02
5L-2 0.0000000000E+00-0.1044760157E+01
0.0000000000E4+0Q 0.1002467097E+00
0.0000000000E+00 0.26475B6814E+01
0.0000000000E+00-0.59578468438E+02
0.74233300008-01 0.1808547434E+03
6T-2 0.0000000000E+00-0.2174181664E+01
0.0000000000E+00 0.2647586814E+01
0.00000000008+00 0.2417436248E+01
0.0000000000E300 0.5124542161E+01
0.00000000Q0E+00-0.7106930227E4+02
0,8220000000E-01 0.7656071131E+02
TH-3 0.0000000000E+00 0.1317410104E+01
0.0000000000E+00-0.1044760157EH3L
0.0000000000E+00-0.2174181664E+01
0.0000000000E+00 0.1317410104E+01
0.0000000000E+00-0.1044760157E+01
0,0000000000E+00-0.2174181664E+01
0.2054666000B+00 0.2651269237EH02
8L-2 0.0000000000E4+00-0.1044760157E+01
0.0000000000E+00 0.1002467097E+00
0.0000000000E4+00 0.2647586814E+01
0.0000000000E+00-0,1044760157E+01
0.0000000000E+00 0.1002467097E+00
0.0000000000E+00 0.2647586814E+01
0.0000000000E+00-0.5957848438E+02
0.7423330000E-01 0.1808547434E+03
g T-1 0.0000000000E+00-0.2174181664E+01
0.0000000000E+00 0.2647586814F4+01
0.0000000000E+00 0.2417436248E+01
0.0000000000E4+00-0.2174181664E4+01
0.000C000000E+00 0.2647586814E+01
0.0000000000E+00 0.2417436248E401
0.0000000000E+00 0.5124542161E+01
0.0000000000E+00-0.71065950227E+02
0.8220000000E-01 0.76560711318+02

(b} BCTRAN oulpul.

Figure 3-4-2: Using BCTRAN [for three-phase translormer. This is an EMTP test
case, DCNEW-8,



3.5 Using CONVERT

The EMTP has two magnetic saluration programs. The first saluration program CONVERT
is described in this section. The coNvERT program is designed to convert RMS voltage-
current saturation curves or current verses incremental inductance curves into peak
Nux-currcnt 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 pscuwdo-nonlinear reactance branch requires a flux-
current  saturation curve te be specified.

The program CONVERT works under the following assumptions. IL assumes that the
voliage-current is inputted as a sequence of points with intermediate values obiained
from linear interpolation.  Sinusoidal excilation is approximated by finite differencing
at one degree siep size. And, hystercsis is ignored. The output is also a piecewise linear
curve with the same number of points as the input.

The CONVERT program can be requested by a keyword SATURATION at the beginmng of a
new data case, Following the special request data line is a miscellancous data line. For
the conversion of RMS voltage current curves, enter into this line the frequency of
sinusoidal excitation {e.g. 60 Hz), the basec voltage (in kilovolt) and base power {in MVA)
on which the input RMS vollage-current curve is based. The oulpumt data may cover
cither first quadrant, as requested by saturable transformer and iype 98 branch, or
both [irst and third quadrants. The data peints on the RMS voltage-current curve are
cntcred in per unit on the previously specified base. The data is specified in
monotonically increcasing order.  Beginning with first data point nearest to the origin
and the origin exciuded. Terminate the last data line with a valuc 9959. in the current
field. Figure 3-5-1 illustrates the input and output for CONVERT using RMS voliage-
current  data,

BEGIN NEW DATE CASE
SATURRTION
C —--Freg<--VBase<—-PBase<-TPunch<-KThird
60, 132.791 66.667 0 0

O e Ioms (pu) €=—mmmm- vors (pu)

.0G65 (.90

.008 1.00

L01E 1.10

050 1.20

.150 1.25

9999,

BLANK card terminates CONVERT data
BLANK card terminates EMIP =olution-mode

(a) CONVERT inputl data.



DERIVED SATURATION CURVE GIVING PEAK CURREMT V5, FLUX

RO CURRENT {AMP) FLLUK {VOLT-SEC)
1 0.9000000000 0.0000000000
2 3.5498911727 44B 3271397706
Kl 7.9501058958 498.1412664117
4 15.9271288023 547.9553930529
] 61.4854155098 597.76951965941
B 219,14999335%1 622.6765830147
5939

CHECK OF DERIVED CURVE BY INDEPENDENT REVERSE COMPUTATION. ASSIMIMNG SINUSOIDAL
VOLTAGE ({FLIX} AT LEVEL OF EACH POINT, RS CURRENT 1S POUND NUMERICALLY. THIS
CURVE SHOULD BE EQUAL TO THE ORIGINAL I-V POINTS INPUTTED.

ROW CURRENT IN P.U. VOLTAGE IN B.U.
P 0.00500000 0.90000000
3 0.00800000 1.00000000
4q 0.01500000 1.10000000
5 0.05000000 1.20000000
6 0.15000000 1.25000000
{b) CONVERT outpul.
Figure 3-5-1: Converting RMS voltage-current saturation curve to  flux-

current curve using CONVERT

The CSNVERT program.can also converl current verses incremental inductance curve
inte flux-current saturation curve using Trapezoidal integration. To perform  this
conversion, enter the keyword SATURATION in the beginning of a new dala case, Then,
enter —~1.0 in the frequency field of the miscellaneous data line that follows., In the
same line cnter the current scaling factor in the vBASE field and inductance scaling
iactor into 1the pBASE Mield. Enter also the request for the first or first and third
Jquadrant  owtput. In the following data lines, enter the current and incremental
inductance pairs. The current must start with a value zero and increasc monotonically.
The incremental inductance must all be positive. The data points arc tcrminated by a
value 9995 . in the curreni field. An cxample of convenling current verses incremental
inductance to Mux-current curve is shown in Figure 3-5-2.

BEGIN NEW DATA CASE
SATURATICN
2 —Freg<--VBase<—PBase<-TPunch<-Kthird
-1. 10. L0401 0 0
Iy ik Lk
0. 5.0
2. 5.0
3. 3.5
4. 2.0
5. 1.0
10. 1.0
9999,
BLANK card teminates QONVERT data
BLANK card rterminates EMIP solution-mode

(a) CONVERT data case.
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DERTVED SATURATTION CURVE GIVING PEAK (IJRRENT V5. FLUX
RO CLIRRENT (AMP} FURL (VOLT-SEC)

PEMEMBER,, THE JUST-CCMPLETED OONVERSION BEGAN WITH A CURRENT V5. INCREMENTAL
THDUCTANCE CHRRACTERISTIC, DUE TO MISCELLANECUS DATA PRRAMETER

‘FRED' OF COLIMNS 1~8 BETING PUNCHED WITH A VALUE OF -1.0

TRAPEZOIDAL RULE INTEGRATICN OF THE INDUCTARMCE CURVE WAS USED, TO PRODUOCE FLIX,

1 0.0000000000 (. 0000000000
2 20.0000000000 0.1000000000
3 30.0000000000 0.1425000000
4 40.0000000000 0.1700000000
5 50.0000000000 0.1850000000
6 100.0000000000 0.2350000000
9999
(b} CONVERT output,
Figurc 3-5-2: Using CONVERT 1D coRnvert current verscs incremental

induciance curve to flux-gcurrent curve,

The CONVERT program supports up 1o & hundrcd data points. Templates for CONVERT
program is available in Appendix A.

3.6 Using HYSDAT

The auxiliary program HYSDAT is designed 1o provide the daia needed 10 represent
hysteresis in (ransformer core.  The flux-current curve generated by HYSDAT can be
uscd in thc pscudo-nonlinear hysterelic reactor in a transformer using the matrix
models. The data required 10 represent the major hysieresis loop characleristics is often
not available from (he manufacturers, HWYSDAT is an attempt 10 calalogue the hysteresis
characteristics for some common transformer core materials, In Version 1.0 of the
EMTP, only 1| ARMCO M4 oriented silicon steel is supported. Additions of other core
materials is expected in futurc 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 [ollows. The desired
nuinber of data points in the output Mux-current cutve can be controlled. It is
recommended that 15 to 25 data points be used in this curve, The data can also be
wrillen 10 a “"punch" file with the correct format for the type 96 hranch.

The HYspaT program actually stores the shape of the hysteresis loop for the maiterial
specified.  The shape of the hysteresis loop depends primarily on the material of the
core.  Scaling of the hysteresis loop depends on the geometry, the number of wms, and
other flactor of the actval construction of the rcactor.  Thercfore, it is necessary {o
provide information for the reacltor being specified 10 allow correct scaling o be
performed.

The daia used by HYSDAT in scaling is the posilive saturation poimt of the aciual reactor.
This is a point in the first quadrant of the flux-current plane where the hysteresis loop
changes f{rom being multi-valued 10 single-valued.

Since the hysteresis loop curves are less rcadily available, the saturation point can be
determined from the ordinary magnetization curve of the transformer. This
magnetization curve may have bcen previously determined by a prior exccution of the
*oNVERT program as described in section 3.5. Figure 3-6-1 illustratcs a mcthod for the
determination of the saturation point 1o bc uscd in HYSDAT.
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Figure 3-6-1:  The detcrmination of the saturation point from a magnetization
curve.

Contrary to statemenis in the Rule Book, the required poini appears to be the cxtreme
point of the major hysicresis cycle. Therefore, a point well inlo the saturation curve
scems 10 be recquired, a point at which the behavior of the magnetic matcrial becomes
once again lincar. The reader should be cautioned when determining the saturation
point. since any crror in calculating the current coordinate of the saturation point will
be translated to a corresponding error in the widith of the hystercsis loop. This error
can be wvery drastic near zero flux. but it is guite possible that the error ncar the
saturation point is relatively small.  Templates for HYSDAT input id available in Appendix
A, An example of using HYSDAT is shown in Figure 3-6-2.

BEGIN NEW DATA CASE

SATURATION
C --Freq
88.
C -Icype<—Level<-Ipunich
1 3 0
T —Cusat<-FlxSat
2.0 Q.9

BLAIE card termminates hySteresis Curve Iequasts
ALANK card teominates HYSDAT data
BLAMK card terminate EMIP solution-mode

(a) HYSDAT input data,

DERIVED TYPE-96 CHARACTERISTIC FOLIOWS:
CURRENT FLiX
=0.7500000E400 -0.8788235E+00
~0.3750000E+00 -0 ,8682353E+00
=0.1250000E+00 —0.8417647E+00Q
-0.25000G0E~01 -0.8152941E+00

0.4375090E-01
0.8250000E-01
0.1500000E+00
0.2375000E+00
0.3375000E+00
0 .5000000E+00
0.7375000E+00
0.1150000E+01
0.2000000E+01
0.2750000E+01
.9%99000E+04

~0.,7517647E+00
-0.6352341E+00
0.4552941E+00
0.6511765E+00
0.7305882E+00
0.7941176E+00
0.B364706E+00
0.B6B2353E+00
0.9000000E+00
0.93052941E+00

{(b) HYSDAT output,

Figuic 3-6-2:
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SECTION 4
USING TRANSFORMER MODELS

In this chapter wc illusirate a few examplcs of using the transformer models described
in the previous chapter. We will illustrate the use of the ideal transformer model using
a slcady staic cxample involving a Y-Deita connected transformer. We  will ihen
comparc the TRELEG and the BCTRAN models. We will show how the nonlinear branch of
a lransformer can lead to ferroresonance. Finally, we will illustrate an inrush current
calculation.

4.1 Ideal Single Phase Transformer Example

In 1his c¢cxamplec we consider the itransformer connccting buses 12 and 13, The
transformer is represented as an  ideal iransformer with series leakage impedances.
The transformer 1otal leakage impedanec is assumed divided equally between primary
and sccondary on a petr unit basis, The leakage impedances are represented as pan of
the system impedances, as lumped inductances. The system is represented using
Thevenin equivalenis described in Workbook 1. The lpad is represented as an RL
impedance, also discussed in Workbook [.  The objective is to look at the "“internal"
transformer  voltages in both the primary and secondary of the "ideal" transformer.
The internal nodes are designated as "IX12" and "IX{3". We perform only steady state
phasor analysis, We first consider the “normal” system and look at the primary and
sccondary voltages in the ideal iranslormer. We then apply a selid threc phase shon
circuit aL the secondary bus.

For mostly historical reasons, the ideual transformer model in the EMTP cxists in
comhination with the modcl for an ideal voliage source hetween two branches. In fact,
the specilication of these sources is somcwhal unusual.  Nolice thar lwo dala lines are
used. The first dala line specifies an ordinary source (you must have a dummy or actual
source, even though no source may be intended - sec below). This linc also specifies
one ol the four terminals to which the idcal translormer is connected. The second dala
line specifies the ideal transformer, as well as ihe othcr three terminals of 1he
connection,  Since the primary side ol thc idcal transformer is grounded, one of the
namecs in this card is blank, denoting ground. The other two nodes are named 10
indicate delta connection of the idcal iransformer. In this example we have connccted
the leakage reactances as external impedances.  The reactance for the Delta side has
been located at the machine ierminals rather than within the Delta.  Is this cormect? It
is lo the positive sequence (balanced opcration), but is not correct to the zero scquence
{unbalanced opcration). Figure 4-1-1 illustrates ounr complete examplie of an tdeal
transformer  tesi.

Transformer
Thev Bus 12 Ix12 Ideal ix13

5 Y

ta) Circuit diagram,
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C Three phase short circuit at the delta connected secondary of an ideal
C transfomer cormecting buses 12 and 13.
BEGIN NEW DATA CASE
S Miscellaneous daba . ... ... ... i.ie.aie....
 DeltaT<-—TMax<--—XOpt<-—-C0pt<-Ensiln<-TolMat<-TStart
-1.
T ==I0ut<~-IFlot<—IDoubl<-K550ut<-MaxDut <-—-IPun<-Marbawd —ICat<-NEnerg<-IPrSup

Z Bus-—»Bus—> < R L
51'1‘HL'\TA BUS12A 8.5288 135.95600
S2THEVE BUSLZB 2.6073 93.50861
S3THEVC BUS12C
T Busl->BPus2->Bus3-»Busd ->(—-R<——-L<—-C

BUS12AINIZA 35.08

BUS1ZBIX1ZB SUSIZATX1Z2A

BUS12CTNOZC BUS1IZATXIZA

IX13A BUSI3ABUS1ZAIXIZA

IX13B BUS13EBUS1ZATXG2A

TXA3C BUS13CHUS1ZATYIZA

BUS13A 22.61516.717

BS13B BUS]3A

BUS13C BUS13A
BLANK card btemminates circuit data

Lo R e s |

T Tl R

£ ittt vnsarasraanaanasenss Switch dakta .....vivrirernnnnns et barenen e
C Bus-->Bus—>><—Tclose<——Topen<————1Ia o
BUS13A -1.E-3 9999, 0
#IS13R -1.E-3 5999, 0
BUIS1AC -1.2-3 9999, 0
BLENK card terminates switch data

G e i e Source datad ..., ..a i i
C &E——ﬂ(&rplltucb@ requency<—TQ0 | Phil<——-0=Fhil C—==-Tstart<——Tston
14THEVA 187.79 60. 0. 0. -1. 9999,
14THEVE 187.79 60. -120. J. -1, 9999,
14THEVEC 187.7% 60. 120. 0. -1. 999%.
C

C Ungrounded voltage sources and ideal transfommers

{ Bus--><I<Amplitude<Frequency<—T0|Phi0<—-0=Fhil <——-Tstart<
T Busl-» <-—--RatloBusk->Busm->Buax—>

14T02A 001 80. . 0. 3359 3999,
18 3.3333333313n IX13B A

141428 001 80. -120. 0. 9999, 9939,
13 3.3333333313138 DI TXB

141:02C .001 60. 120. 0. 9599, 9999.
18 3.33333333p03C 3 IC

BLANK card temminates scurce data

Tstop

i ittt iar e Oubpub DeqUests .. i it -

C Bus——)Bus--)Bus-—}Bus—->Bus——>Erus—>Bu.s—>Bus—>Bn.:s->Bus--:-Bus—)Bus—)Eus—>
Daz2Aa IXIZR IX12C TXA3A DX13R IMI3C XA IXB  IxXC

BLANK card terminates output requests

BLANK card teominates plot requests

BLAMK card terminates EMIT seoluticn-mode

(b) Input dala for idcal transformer. Notice thar TSTART for the voliage
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 the same resulis).
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Figure 4-1-1:

(c) Portion of sicady state phaser seolution.

Sicady state threc phase short circult

voltages and currents at

the transformer terminals using EMTP idecal transformer model.
The following are the primary and secondary voliages at the imiermnal bus of the ideal
transformer with and without the fauli.  Notice that the ideal transformer maintains an

oxavt vollage ratio among the two regardless of conditions.

Primary Secondary Ratio
Normal Voliage 0.18153698E+03 | 0.31443127E+02 (10/3)V3
Fault Voliage 0.16918274E+03 0.29303310E+02 (10/3)V3
Note: The ideal transformer model does not permit at present the use of a

truly zere series voltage source. When a source is defined. the amplitude
must be nonm-zero (comtrary lo what is stated in the Rule Book) and the
frequency must also be positive. To obtain tero voltage across the voltage
source, specify a starting lime greater than the maximum simulation time.
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4.2 Short Circuit Tests using BCTRAN and TRELEG

In this seciion we compare use the BCTRAN and TRELEG modecls. We use these models 10
calculate the fault currents caused by a single line to ground fault. Figure 4-2-1 shows
the circuit of interest. In the following example, transformer windings matrices are
calculated using BCTRAN and TRELEG. The data for the transformer is obtain from the
cases in Section 3. The data have becn adjusicd to correspond to a transformer meeting
the specifications of a 200 MVA 3 phase transformer bank. with a Y-connecied primary
winding of 230 kV connected to bus 12, a Y-connccied scecondary winding, not
connecled, and a 69 kV delta connceted tertiary winding connected to bus 13, All 1est
resistances and reactances were adjusted to maintain the same pu values. These
adjustments were necessary to permit meaningful comparisons, since the data used in
Section 3 was for quite different units. Three windings were retained, although one of
the windings was not connected.

Thev Bus 12 Bus 13
Y A
=

Figurc 4-2-1: Circuil_diagram for three-phase and SLG fault studies.

C BCTRAN - modifisd DONEW-8 benchmark case to apply to transformer between buses
C 12 and 13. wWinding 2 is left unconnected.
BEGIN NEW DATA CASE

C WFCRMER card N
XEORMER 44,
C Excitation data 1] I
< P I E
< pos po3 = ek] Zerg zero zero hTItc
s Freq I S Loss I 5 1oss aePi
C excit rating excik exrit rating excit 3 sun
(SRS T
3 60. 1. 200. 0. 100. 200, 0. 0131
Ccol: {1-2} N
C Winding data Winding k
C Fhase 1 Phage 2 Phase 3
C k<-Virat ing<—-——Rk Busl->Bus2->Busl->Bus2->Bugl->»BusZ->»

1332.790562 .37453200 BUS12A BUS1ZB BIsiac

2132.790562 .102B8981 XA xa X

3 69.000000 .024592167 BUS13ARUS13EBUS13BBUSI I BUS1ICBUS1AA

< oool: {1-3) K

 Short circuit tesc data 1
< I
C pos pos Zero 2era e L
Tk P z s z 5 1o
C ik ik raking ik aLing bt 8
O < <a<s
12 0. 13, 200. 1.5 200, 30
13 0. 35. 200. 26.8 200.

23 0. 20. 200. 13.6 200.

C oeol: (1-2) 1

BLENK card temminates short clrcuit test data
BLANK, card tenminates BCTRAN data
BELANK card terminates EMIP sclution-mode
(a} Input data for BCTRAN.
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C buses 12 and 13.
BEGIN NEW DATA (CASE

C TRELFG - modified DC-36 benchmark case to apply to transformer betwesn
Wirding 2 is left unconnected.

C XFCRMER card =N

SFORMER. 33.

C

C Electrical parameters (class #1)

T Ne— Frec SBVA
31 60, 200.

C col: {2-3) N, (4-5) MDelta

c

C Measurement data (class $3)

C Il TPRC TPR< TZR< TZX
12 0. .13 0. L1115
13 0. .35 0. .268
23 0. .20 0. .136

Ceol: {(2-3) T

BLANK card terminates measursment data

C

€ Output units {(class #4)

C -

1

C col: {2-3) KZOut

C

C Winding data {class #5)

CJ<c VRI< RINAL-—>NBi——>NAL1->NBI 1 S>NAI2->NAi2->
10 132.7505619% .37453200BU512A BUSLZB BOS12C
2 0 132.7905619 .102B8981xA xXB oo
31  €9.0000000 L02492167805 138151 3BETS ] 3RBUS ) 3CBUS L3CHUS13A

C ool {2-3) J, (5) INDD

BLANK ~ard terminates winding data

C

C Magnetizing impedancoe specifier (claas #6)

C -

1

C ecol: (2-3) NT

C

C Magnetizing impedance data (class #7)

C YPos< YZ2Rero

100.00 1.00
29 87 1.13
59.67 1.33

BLANK card teminates magnetizing impedance data
BLANK card terminates TRELEG data
BLANK card terminates EMIFP sclution-mode

Figure 4-2-2;

{(b) Input data for TRELEG.

Calculating winding data for transformer connecting buses 12

and 13.

The data used in both cases arc the scaled down version

of the cases in section 3. Notice that only winding #1 and #3
arc wsed in our study.
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C 3ingle-line-to-ground fault at the wye comnected primary of a transformer

C connecting bus 12 arnd bus 13. Transfoorer parametera [{R] and inverse of [L]
C matrices) are cbtained from BCTRAN run.

BEGIN NEW DRTA CASE

O e e Misoellaneous data .. ... iioi it it iieaa e
¢ DelraT<——THax<—-X0pt<—0pt <-Epsiln<-TolMat<-TStart
-1.
 —=ICut<—-IP lot<-IDoubl<-KSSOut <-MaxOut <~—IPun<-MemSay<——TICat<-NEne rgt- IPrSup
3
<
£ Circuit data .............
< Bus——>Bus—> R i L
SiTHEVA BUS12A §.5288  135.95&00 1
S2THEVB BUSLZB 2.6073 93.50861 1
S3THEVC BUS12C 1
C Pusl->Bus2->Bus3->Busd->< P T C
BUS13A 22.61518,717 0
BUS13B BUS13A 0
BUS13C BUS13A 0
C Three phase transfommer data from a BCIRAN run. The field A takes the inverse
C [L] matrix and B takes the [B] matrix.
C Busl->
USE AB
SVINTRGE, 1
Z Busl-»Bus2-> < Py |
BUSI2A 1.147006000E401 3.745320000E-01
2xA -1.208797000E+01 0.000000000E+00

2.098391000E4+01 1.028898000E-01

..Sore data omitted ...

IER1ACRIIS1IA 1.234836000E-01 0,000000000E+Q0
-2.292546000E+00 0.000000000E4+00
6.54%006000E4+00 Q.000000000EH}0
1.294836000E-01 0.000000000E+00
-2.292546000E+00 0.000000000E+00
6.54%006000E+00 0.000000000E+00
1.18%165000E+00 0.000000000E400
=-1.712026000E+01 0.000000000E+00
3.309857000E+01 2.492167000E=02
SVINTRZE, (O
BLANK card terminates circuit data
C
£ ittt ittt i Switch data .......ciienivannnennn it
C Pus—->Bus—-»<-—Tclosed——Topen<-———Ia o
BUS12a -1.E-3 9999, 1
BLANK card temminates switch data
c
ittt vaanataacantaraannnnn Sourtoe data ... ... e e ie i ieaaeeaas e
¢ Bus--><I<Arplitude<Frequency<—T0|Phif<——0=FhiQ <——-Tatart<—-—-Tstop
14THEVA 187.79 60. 0. a. -1. 94999,
14THEVB 187.79 60. -120. a. -1. 94899
14THEMT 187.79 60, 120. 3. -1. 95999,
BLANF card temminates source data
c
5 Dubpat TeUeSES oottt i it

T Bus-->»Bus-->Bus—-»Bus—>Bus—>Bus--rBus——>Bus—>Bus——>Bus——>Bus—->Bus—->Bus~->
BUS12ARUST2RREDS12CBUS13ABUS13BBUS13C

BLANK card tenninates outpub requests

BLANK card teminates plot reguests

BLAMNK card terminates EMIP solution-mode

{a) Using [R] and (L}~ ! matrices obtained from BCTRAN run. Notice that the
use of [R] and (L] -1 matrices is indicaied by a "USE AB" data line,
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C Single-line—to—ground fault at the wye connected primary of a transfommer

C connecting bus 12 and bus 13, Transforrer perameters ([R] and [L) matrices)
¢ are abtained from BUTRAN run. MNotice the [L) matrix is in ohms.

BEGIN NEW DATA CASE

C o e e i Misocellanecus data ..........c.eeeuenn e
C Mtak——M——m{—-G}ptﬁEpa1ln<-'IblHar,<~'I‘5ta:t
-1. 6.
C —-TOut<——IPlot<-TDoubl<-K550ut<-MaxDut <—-IPun<-MamSav<—ICat <-NEnerg<-IFrSup
3
C
C ittt iereaiianaen e Circit dat@ .uviiiieivninriaceconcansnananann .
C Bus-->Bus-——>» LR~ —————=1,
S51THEVA BUS12A 5.5288 51.25420 1
52THEVB B8US128 2.6073 35.25192 1
S3ITHENC BUS1ZC 1
C Busl->Busd->Bus3d->Busd-»C———R{———= ==
BUS13A 22.6157.4331 0
BUS13B BUS13A 0
BUS13C BUS1I3A 0
C Three phase trransformer data from a BCTRAN run,
O Busl->
UJSE RL
SVINTAGE, 1
2 Busl->Buszs-> < R L
1BUS12A 3.745320000E-01 1.772150000EH04
2¥A 0.000000000E+00 1.7€8590000E4+04
1.02BB%8000E-01 1.768341000E+04
... Some data omitted ...
9BUS13CBUS13A 0.000000000E4+00-4 .531705000E+03
0.000000000E+00-4,531705000E+03
0.000000000E+0)-2 . 354743000E+03
0.000000000E+00-4.531705000E+03
0.0000000008+00-4.531705000E+03
0.000000000E4+00~2.354743000E+03
0.000000000E400 3.164016000E+03
0.000000000E+Q0 9.164016000E403
2.492167000E~02 4.761762000E+03
SVINTAGE, 0
BIANK card teminates c¢ircult data
c
o ettt i Switch data  .......ci0vvune et et e e
C BUS*+>BUS~-><+-—-TClcse{--—Topen( —————— Ie o)
BUS1A -1.E-3 95899, 1
BIAMK card terminates swikch data
C
£ e e Sourte datd ..t ie e a ey
C Bus——><I<Amplitude<Frequency<——T0 | Phil<—~0=Fhil C=——Tsrart<-——T3top
14ATHEVA 187.79 60. 0. 0. -1, 9595,
14THEVB 187.79 60. -120. 0. -1. 8999,
14THEVC 187.79 60, 120, 0. -1, 8949,
BLANK card terminates source data
C
Y CuULpUE requUests ... i iii i iia i

c Bu.'s——>Eus——>Bus——>Bus—)Bus——>Bus——)Bus—->Bus—->Bus--)Bu&—->Bm-->Bus ~=»Bug-->
BUS1ZABUS12EBUS12CEUS13ABUS1 3BEUS13C

BLANK card tenminates output requests

BLANK card terminates plot requests

BLANK card temminates EMIP sclution—mode

{(b) Using (R} and [L] matrices oblained from BCTRAN run. Notice thal the use
of [R] and [L] matrices is indicated by a "USE RL" data line.
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Transfommer parameters ([(R] and [L] matrices)

L
0.177214599964FE+05
0.176983341565E4+05
0.177100383297E+05

-0.452049497167E+04
-0.451348108632E+04
-0.234098370000E+)4
-0.452049497167E+)4
-0.451348108632E+04
-0.234098370000E+04
0.917659911749E+04
0.918498745291E+04
0.477694935000E+04

PP

frert

Misoellaneous data ....veenenenenmnnn.

Lo e e}

<=——Tstart<——~Tstop
9999,
9999.
9999

-1.
-1.
-1.

C Single-line-to-ground fault at the wye comnected primary of a transformer

C cannecting bus 12 and bus 13.

C are obtained from TRELEG run. Notice the (L] matrix is in ohms.

BEGIN NEW ORTA CASE

it it e

C DelraT<——TMax<—-X0pt <—-0pt<-Epsiln<-TolMar<-TStart

-1. &9,
C ~=I0ut<—--1IP lot<-TDoubl<-K550ut <-MaxDut <-—TPun<-MemSaw<——ICar<-NEnerg<-IPrSup
3

C

5 Circuit data

 Bus—>Bus——> B L Tt U]

S1THEVA BIIS1ZA 8.5288 51.2542Q

52THEVB BIIS12B 2.6073 35,25192

S3ITHEVC BIIS12C

C Busl->Busl->Busd->Bus{—>< Fb L C

BUS13A 22.8157.4331
HIIS138 EUS13A
BUS13C BUS13A

C Three phase transformer data from a TRELEG run.

SVINTAGE, 1

C Busl->BusZ~> < R

51, BUS12A, rer 0.374532000000E+00,

52,4 r ey 0,246596704012E+00,
0.102889810000E+00,

... Some data omitted ...

59, BIS13C, HIS134, ,, Q,921971311781E-02,
0.313461520604E~03,
0.000000000000E+0D,
0.921971311781E-02,
0.313461520604E-03,
0.000000000000E+00,
0.130514227386E+00,
0.510259064350E-01,
0,.249216700000E-01,

SVINTAGE, 0

BLANK card terminates circuit data

[

6 Switch data ....... .

C Bus--»Bus—-->(-—Tcloase<-—Topend———Ie

EU512A -1.E-3 89949,

BLAK card teomnates switch data

C

P emiane e Source data .,

o) Bus—-HI(AnplltudeG‘mecy(“TO {Phi0<——-0=Phil

14THEVA 187,749 0. 0. 0.

14THEVB 187.749 60. =120. 0.

14THEVC 187.79 e0. 120. 0.

BLANK card terminates source data

C

it it aa e Outpur requests

[ Bus--)Bus——-)Bus-—:*Bus—)Bus—-)Bus--)BlJ.s—-)Bus——)-Bus-—)Bus—-)Bu.a—->Bus--—>5us->

BUS1ZARIS1 2BEUS12CBUS L 3ABUS1 3888130

BLANK card terminates output requests

BIANK card terminates plot requests

BLANK card terminates EMTE solution—mexde

{c) Using [R] and [ L] matrices obtained lrom TRELEG mun,

Figure 4-2-3:

to-ground  fault  at

Comparing shon circuit currents

and voltages of a single-tine-
the wye-conneclied primary of a transformer

betwren buses 12 and 13 using RCTRAN and TRELEG models.




Nole the USE AB parameter for [R] and [L}-! and Use RL parameter for [R] and [L]. [n
the casc of USE AR the value of [1]1~1 come first. This is noi reported correctly in the
users Rule Book. The [following 1ables illusiratc gquantiiative comparisons of results.

Notice that nearly identical resulis are obtained from either model.

Table 4-2-1 Sieady-state Shon Circuit Voliages and Currents for a Three-
phase Fault at Delia-connected Secondary of the Transformer’

[

4.3

Ferroresonance may occur when a nonlinear inductor resonates

BCTRAN TRELEG
[R} and [L]"! [R] and {L] [R] and [L]

fault currentas

phase a 0.58653637E4+01 0.58657700E+01 0.5B685282E+01

phase b 0.B1144765E+01 0.8113279%3E+01 0.81136773E+01

phaze c 0.71875231E+01 0.71923559E+01 0.71859728E+01
primary voltages

BUS1ZA 0.17085907E+03 0.1707220BE+03 0.17087393+03

BUS12B 0.23552475E+03 0.23563735E+03 0.23551410E+03

BUS12C 0.18778206E+03 0.18776895E+03 0.187766894E+03

Table 4-2-2

Sicady-statec Shorli Circuit Vollages and Currents for a Single-

line-to-ground Fault at Wye-connecled Primary side ol the Transformer™®
BCTRAN

TRELEG

[R] and [L]-1

[R] and [L]

[R] and [L]

fault current
phase a

0.60118126E+01

voltage at unfaulted phases

BUS12B
BUS12C

0.32122477E+03
0.18778535E+4+03

secondary voltages

0.601615989E+01

0.32135446E+03
0.18777782E+03

0.60151460E+01

0.32123789E+03
0.18777770E+03

BUS13Aa 0.28007018E+02 0.27569333E+02 0.28005859E+02
BUSL13E 0.47904162E+02 0.47865451E+02 0.47910605E+02
BUS13C 0.568598322E+02 0.58551224E+02 0.58595135E+02

All values presentcd in the tables are magnitudcs,

Ferroresonance Studies

with a capacitor.

phenomena differs f{rom ordinary resonance conditions in a number of ways,
nanlinearity of the saturation characteristics of the transformer magnetizing
impedance is essential, This nonlinearity precludes the definition of a
“inductance value” for the magnetizing inductance, thus, ne single well
resonant frequency can be determined.  Ferroresonance, when it occurs, may be selt-
sustaining. That is, the same circuit that is able to operale without expcriencing
ferrorcsonance may, under identical conditions. experience fcrroresonance.  This can

happen when prior conditions in thc system (a faul or an energization fransient) have

pushed into a [erroresonant

the sysiem

rcgime,

that

source voltages return to normal or the faull is removed.

may maintain

Fecrroresonance can  result in  sub-harmonic and aperiodic bchavior ol the
Ferroresonance can  also result in  higher [frequency oscillations and  significant
waveform distortion.

In power systems, condition for ferroresonance somefimes occurs under unexpecied

circumsiances,

away from normal

operating conditions and
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involve unenergized



portions of the sysiem. The following are situations that may lead to possible
ferrorcsonance [1]:

. When a transformer is connected to & disconnected high wvoltage line tha
tuns along {and is therefore capacitively coupied to) a second energized
line, particularly when the limes are of different voltage ratings.  This
situation can lead to subharmonic ferroresonmance. possibly al a [requency
of around 1/§ ol (he f[undamenial [requency.

. When an energized ungrounded transformer is connected to a second
uvnloaded transformer with a grounded newtral through a cable or ling, a
single line to ground fault on the source side of the ungrounded
transformer can induce fundamental [requency ferroresonance between
the parailel resonant circuit consisting of the unloaded transformer and
the cable capacitance. The resonance is precipitated by the risc in voltage
in the wunflaulted 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 capacilance across an open circuit breaker may be sufficient to
produce [(erroresonance wilh the winding of a transformer, This
phcnomena generally will result in subharmonic resonance,

. An ungrounded generator connected o a grounded neutral transformer
(penerally unloaded) may by itsecll result in fcrroresonance if the zero
sequcnce capacitance of the transformer is sufficiently small to produce a
ferroresonance circuit with the transformer leakage reaclance. This can
resuit in subharmonics and higher harmonic (wave distortion) resonant
conditions.  This is the "classic" ferroresonance case siudied by many, in
which a nonlinear reactor is connected in parallel with a capacitor and
the voliage is increased until a ferroresonance condition is detecied.

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

In the remainder ol this subsection wc illustrate a specilic study that was performed
wilh the EMTP [2] to detcrmine a ferroresonant condition that involved the energization
of a single phase of an 1100 kV test linc 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
paramcters that were vsed in the EMTP simulation of the phenomena. We also illusirate
th¢ nature of the dcveloping [crroresonant oscillations that develop.



C
(a) Diagram of the test system.

gmﬂﬂusg . ﬁmi Bus 4 AT Bu55| Bus 6

(b) Circuit sciep for EMTP swudy.

C CONVERT - data case for ferroresonance study.
BEGIN MEW DATA CASE

SATURATICN
C -—Freg<-—-VBase<—PBase<-TPunch<-KThird
80. 635.1 50. 0 0

C ————Imms (pu) <———-=Vrms (pu)

0056 .9

.0150 1.0

.0401 1.1

9999,

BLANK card terminates CONVERT data
BLANK card terminates EMIP soluticn-mode

{cy Convert RMS voliage-current saturation curve 1o flux-current curve for
iype 98 non-lincar inductor inpul.
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C Ferroresonance study
BEGIN NEW DATA CASE
e Miscellaneous data .......... .. iievirininnaoa.n
C DeltaT<—TMax<——Cpt<—{0pt<-Epsiln<-TolMat<-TStart
50.E-6 100.E-3 60.
C --I0ut<—TIPlot<-IDoubl <-KS50ut <-MaxOut<—-TPun<-MemSav<— ICat <-NEnerg<-IPrSup

25 1 1
C
B it icct sttt aaann Circuit data ........veiiiinninioninnnnn e
C Pusl->Busd -»Ens3 ->Bus § = eme =Rl mm—] == a
BUS1 BUSZ 152.0 0
BUS3 BUS4 11.3 742.0 3]
BUS4A BUSS 11.3 742.0 0
C Damping resistors
BUS3 BUSq 1000, 0
BUS4 BUSS 1000. o}
BUSS BUSE .02616 0
BUS4 4.49E6 0
C Pseudcnonlinear reactor (type 98 element)
C Busl~->Bus2->Bus3->Busd-><—igs<Phiss Is]
98EUS4 0. 0.
C ———— —Current <————————-] Flux
0.6234920445 2144 _.2158464677
2.7237617069 2382.4620516307
7.2487228360 2620.7082567938
9835,
BLANK card terminates clrcuit data
C
£ iitettsacecrnsnsrsnnananans Switch data ......cverionnaracaannas
C Busl->Bus?-»><-—Tclose<——Topend— Te a
BUS2 BUS3 -1. 0.
BLANK card temminates swikch data
C
ittt ensnrenrcnsnaenrans Source data .......icieinciainienan P
C Bus--><I<Amplitude<Frequency<—T0|Phi0<-—0=Fhi0 <—Tstart<——--Tstop
14BU31 8298 . 146E3 a0, 0. =-1.0 9999,
14BUSS 185.262E3 60. =120. =-1.0 5999,
BLANK card terminates source data
C
£ i ieiessasasnasnssanasans Cubtpul FequesStsS ... it ivereraoaranarerosasansans

C Bus—-->Bug-=->Bus—->Bus-~>Bus—>Bua——>Bus—>Bus—>Bus-—>Bua—>Bus~->Bus~->Bus—>>
BUS4

BLANK card terminates output requests

BLANK card terminates plot requests

BLANK card terminates EMIFP soluticn-mode

{(d) Input data.
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(e} Output resulis.
Figure 4-3-1; A ferroresonant casc study using the EMTP.

Notice that damping resistors are placed across the RL branches to remove numerical
oscillations,

4.4 Inrush Current Calculations

Since hysteresis is often quite important in inrush current calculations, we will use the
EMTP transformer models for the calculation of the inrush current upon energization
of a transformer. Three cases will be considered: The energization of a saturable but
non-hysieretic  transformer, the energization of a hysterelic 1ransformer without any
remnant [lux, and the energization of a hysteretic transformer with a remnant flux.

The first step in the use of a hysterctic transformer modcl is to generate the B-H curves
for the transformer, The user must specify point by point the lower portion of the
current vs, flux curve, ¥ 1this data is not readily available, the user may resort io the
use of the auxiliary program HYSDAT as discussed in section 3.6. The curves generated by
HYSDAT are based entirely on the knowledge of the maicrial used and the knowledge of
the nominal saturation poinl. The outpul of HYSDA'T pgives the required inpul for the
simulation of hystercsis. Figure 4-4.1 illustrates the flux-current curve expected by the
pscudo-nonlinear hysterctic reactance (vype 96) branch,

Remmanent 1.0
Flus

-3.0 -20 -1.0 10 20 3o
Cument
-0i5
I
-1.0L
Figure 4-4-1' The computed hysterecsis loop superimposed on  the given

magnetization curve.



Figure 4-4-2(a) shows the circuit diagram for transformer core representation. To
simplifly the problem, transformer windings are not represcnted in this example, The
trunsformer core is represented using both the pseudo-nonlinear reactance (type  98)
branch and pscudo-nonlincar hysteretic reactance (cype 96) branch. Figure 4-4-2(b)
and (c) illustratc the core representation using type 98 and type 96 branches, Figure 4-
4-2¢d) 1o () shows 1he currcnis for non-hysterclic rcactance, hysterclic reaclance in
stcady-state and (ransient condition.

){

Reactor
(Transfarmer Core)

(a) Circuit diagram,

C Energization of non—hysteretic transformer represented as pusedononlinear
C reactance (type 98 element) .
BEGGIN NEW DATA CASE
e Miscellaneous dara . ... .. eeeiiriiinriaa ey
C Deltal<—-TMax<-——¥0pt<-—-COpt <-Fpsiln<-TolMat <-TStart
50.E-6 100.E-3
T --T0ut<--IPloh<-IDoubl<-K550ur < MaxOut<——-IPun<-MemGav<—ICar<-NEnerg<-IPrSup
25 1 1

............ . PR & § o o- 5 1 ol - 1 S
Bus l—>Bu52->&LS3->Bus4—‘>< B 1 C
SFC GEN i,

SFC 1.
GEN GROUND 1.0E€¢
C Pzendo-nanlinear reactor
C Busl->Bus?2->Busi->Busd-><—ias<Phiss

ISR INDEN 1.0.8682
C ———-=———{urrent {-———————F1lux
0.1 0.7

3 0.8
a 0.85
.5 (.88
5 0.90529

[Nl

coOoo0

]

BLANK, card terminates circult data

C

e et e e Switch data ,..... ot e b e e aas

C Busl->Busl-><—-—Tclose<-—-Topen<le |[NSteps<-—Vilash<-Spac RegBusS- >-Elus 6——) O
GROUND 1.E-3 9995, 1

BLANK. card terminates switch data

G it e i nraea e Source data ... ... aiia e rers e
C Bu:.—)-cIGsrrle.tucieG‘requencW—-TO |Phid<-—-0=phi0 <=———THrart<==-=Tatop
145RC 377000 60. g. Q. -1, 9599
BLANK card terminates source data

C o iirriiarnans crereerees. OULDUL FROUESES Lttt iiiiiiairra e
c B..Ls—->Bus—->Bus—->Bus——>&L5——>Bl.:-‘3-->Bu-3——>Bus——>Bus——>Bus——>B1.15-——>&15-->Bus—-)
GEN
BLAMK card terminates putput requests
BIAMK card terminates plot requests
BLAMNK card terminates EMIP solution—mode
(k) Transformer core represented as non-lincar inductance.




C Hysteretic transfomer in steady state, no rememant flux.

Transformer is

 represented as a peusdononlinear hysteretic reactor {(type 96 element) .
C HMysteresis curve is cbtained fram HYSDAT study.

Miscellaneous data

Dl EaT<——TMax <~ —XOpt <~—00pt <-Eps i Ln<-TolMat <-TStart

50.E-6 100.E-3

C —=ICur <—IPlot<-TDoubl <-KSS5Cut <-Maxtut <—-IPun<-MemSav<—ICat<-NEnerg<-TFrSup
25 1 1 1
cC
. e Circiadt data ..uuvivisnvrnmrcanssnsanrnonsrinnnnn .
c B'us——‘}Bl.ls——)Bus——)B.ls——}( e C o
SEC GEN 1, 0
SEC 1. 3]
GEN RO 1_0E& 0
C
C Pzeudo-nonlinear hystereti¢ reactor
C Busl->Bus2->Bus3->Bus{—<C-—i53<FPhiss<FhiRe ]
9RCROUNDGEN 1.0.8682 .75 1
C -—————Current <——-—-———- Flux
-0.7500000E4+00 ~0.8788235E4+00
-0.3750000E400 -0.86B2353E+00
-0.1250000E+00 -0_8417647E+00
=0.2500000E-01 -0.8152941E4+00
0.4375000E=01 ~0.7517647E+00
0.8250000E-01 -0.6352941E+00
0.1500000E+00  0.4552941E+00
0.2375000E+00 0.6511765E+00
0.3375000E+00 0.7305882E+00
0.5000000E+00  0.7991176E+00
0.7375000E+00  0.8364706E+00
0.1150000E+01  0.B682353E+00
0.2000000E+01 Q. 9000000E+00
0.2750000E+01  0.9052541E+00
0.9999000E+04
BLANK card termminates circuit data
C
£ i iiitneneraaarravanarnoanna Switch data ...... . . .
C BLml-)Blmz-)-(—-’I‘close-@--Topen-(IerNSteps<——Vf1ash< Spec ReqBusS->Bust-—> O
GROND 1.E-3 94459, 1
BLANK card terminates switch data
cC
B e et SOUITE JALA .. .. .iiirere i aaran e a e
€ Bus—><I<Amplitude<Frequency<—-—-T0{Phil<-—-0=Phi) -~—--Tstart<----Tstop
143R0C . 60. 0. 0. =1 9999,
BLAMK card terminates source data
C
o QuUEpUE FEQUESES  .eviieiniaienan.n e,

C Bus--)En.:s--:-Bus—-)Bu.a--:»Bus->B:.1s——>Bw3——>Bus-->&.Ls-->B|.:s—4>Bus—*>Bu.s—>Bus——>
GFEN

BLAMNK card temminates output requests

BELAMK card terminates plot requests

BLANK card temminates EMTP sclution-mode

(¢} Transformer core represenied as hysierclic reaclor with remnant flox,
Data for type 96 branch is obtained f{rom previous HYSDAT run in scction 3.6.
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(d) MNon-linear inducior {(type 98&) branch current.
=
2
=
2@
]
=
s I
- J AN A U A N N
[=]
=0 D_\/ éaJé 1\ﬁ0.0 ﬁ\j 80.0 U 800 1000
s | MilliSacond
= Time
(=
! —— GROUNG-GEN
=
2 L
(c) Steady-stale current of hysteretic reactor with no remnant tlux, ie.
switch closed at t < 0 in case {c).
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{(f) Inrush current of hysteretic reactor with no remnant flux, i.c PhiRe
equals to zcro in (¢).
Figure 4-4-2: Comparing inrush  current during transformer core

energization



4.5

Note:  The remmrant flux representation in the type-96 branch does not
work in the curreat version of the EMTP. In fact, it is the opinion of some
thar the type 86 model should be the subject of further verification, it may
lead to conservative estimates of the decay of farush currents.  Exercise
vour judgement when using these models.
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SECTION 5
SYNCHRONOUS MACHINES: ELECTRICAL REPRESENTATION

As in other cases ol this workbook scries, the main c¢mphasis will be on cnabling the
user lo prepare EMTP data cases using whatever reasonable information a user may
have about a machine at any given time, and te cnable the user to understand what
information 1o gct and how Lo use it to perform simulations. However, in order to make
cffective use of the EMTP machine models and 1o understand some of their limitations,
an overview of somc of the features of Lhe buili-in mathematical models is essential.
This chapter gives a brief outine of the "classic” models used by the EMTP 1o represent
s machine. These models make wse of cerain "internal parameters” such as winding
sclf and mutual inductances. While it is possible to calculate these parameters if cxact
details of machine materials and construction are available, in practice this
information is not generally available bul must be obtained based on other more recadily
available informatiomn. The informaiion upon which the intemal models must be
developed is uswvally “test” information. Typical tests include sudden short tests.

The EMTP has the ability of accepiing either “inlemal parameier” information or “test
dara” type information. Eilher way, the EMTP will develop an internal model bascd on
internal paramelers. Thus, if test daia is given to the EMTP we must understand what
the EMTP does to this test data to construct the internal model in order to undersiand
any possible limitations of this approach, As an alternative, internal data may be
provided. The rcasons for doing so may be that this daia may indeed be availahle for a
machine of interest, or it may be that we have clected to usc an indcpendent procedurc
for the calculation of the internal parameters. This chapter also explains why and how
one miy use such independent procedures.

5.1 The Equations for the Synchronous Machine

The electrical state variable egualions of the synchronous machine as used by the EMTP
arc stated in Park (or Blondel) transformed wvariables using the f[lux linkages A as statc
varizhles,  The equations assume a machine with the following windings:

. Three stator windings a, b and c, onc for each phase. The wvoltages and
currents in these windings arc applicd to Lhe system.

- One field winding £ along the direct axis. The voliage v: applied to this
winding comes as the oatput of the excitation systicm. For simple studies
this voltage is assumed constani and is either given or dectermined based
on initial conditions for the system. For more complicated studies it may
be regulated from TACS.

» One “winding” ©» designating the damper bars on the direct axis of the
machine. This is not an actual winding with a well-delined number of
turms, but it represcats the effects of currents in the damper bars,

. Cne "winding” Q designaling thc damper bars on the quadrature axis of the
maching,  This is not an actual winding with a well-defined number of
turng, hut it represents the effects of currcnis in the damper bars.



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

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

In simple studies the actual speed of the machine w (and therefore the position of the
rotor f at any time) is assumecd 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 lo make this a very large number.

The equations will be written in terms of (lux linkages. Flux linkages are related io
currcnis by inductance malrices.

The initial equation neglect saturation effect. Saturation is considered separately, The
cquations that regulate the elecirical behavior of the machine are easiest 1o write if the
armature curreats, voltages and flux linkages are [irst transformed into new variables.
The following is the transformation matrix used:

Vd Va
[vq] [T}—J [Vb]
Yo Vo
ig i
ig ic
ﬁ,g cos P -VE cos (f-120") ﬁ’é cos (f+120")
3 3 i
[T} ¢ = 1’% sin P ‘\/:‘3’- sin{P-120*) \’% sin(Bf+120°)
L 2 L J
N V3 V3

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

(T] = {{T)*}*

This transformation of variables results in many advanlages too numerous 10 describe
here. In terms of these transformed quantities, thc state variable equations tha
deseribe the hehavior of a synchronous machine are given by:

Ay vy R, 0 0 0 0 0 0 ig ~ohg
A v, 6 R, 0 G 0 0 O ig rak,
Ao va 0 0 R, O 0 0 O ig 0
L l=-| o |- 0 ¢ 0 @R 0 0 O ie |+ o
atl A, o 0 0 0 0 R 0 O ig 0
A 0 0 ¢ @ 0o O Ry O ig 0
Ao 0 2 0 @ 0 0 0 Rg ie 0



The dq0 ilux linkages are rclited to the dq0 currents according 1o zome time-invarian

algebraic  cquations:
Ly Mar Map 5:'-d
Mgs  Lir  Mep iy

Mgy  Mep  Lpop

Ly Mgy Mg iq
Moy  Lgg  Hgg g
Moo Mg Lop ig

1 1

il o oo

[ Y B+ o [

| IS—| | ES—|
i i

A.O = LD ia

This moedel of the synchronous machine requires the knowledge of 13 inductance
parameters and 5 resistance paramclers.

5.2 Relationship Between Internal Parameters and Test Parameters

The equations for the synchronous machine are often written in either per unit or
actual inmiernal machine parameter values, which require the knowledge of all the

gyppropriale machine inductances and resistances. However, the informalion neccssary
to develop these models generally comes from machine tests.  These iests are well
standardized and understood.  Since we expect that most users will have available

machine test parameters, it is quite imponant to understand how 1o use these. The EMTP
will perform the conversion internatly, but the user must be awarc that some small
inconsistencies exist between test paramcters and intcrnal parameiers.

The 1cst paramceicrs available for most machines according to IEEE [1] and IEC |2]
standards and Mello-Ribeiro [3] are:

R,. Armature Resistance
Xz Armature Leakage Reactance
Xg: Zero Sequence Reactance

Kq'eXq" or Lg',Lg' Transient Reactances
X" K" or Lg",Lg" Subtransient Reactances
Ta''Tg' Trangient Short Circuit Time Constants

T4", Tq™! Subtransient Short Circuit Time Constants

E TR T

Saturation is considered scparately. For this reason, lhese conslanis arc ofien oblained
from short circuit tesis. The unsaturaled short circuit time constants arz uniguely
tclated to the corresponding open circuil lime constanls, which are preferred in some
computations. It is somctimes useful (o obtain the open circuit time constants from the
cxpressions:

Lig Ly Lg
T U Pl o e Tt} T," ] - —— +
[=14] a0 Ld ' d 3 ( Ld ] Ld i
L"]
Tag" Tag™ = Tg' To" T
L
L L. Lo
T( 0 L] + T- U" o — Tq 1 + Tq“ (1 — JI + ..)
2] B Lq [ Lq Lq
L) LL - ] n Lo
T'J_D qu = Ta_ Tq L
g

i
'
[FY)



From the test parameters, one muslt calculate the internal parameters that describe the
bchavior of the machine. For a machine with three armalure windings and two
windings in each rotor axis, thesc paramctlers include:

Ra- Res R-‘_Jl' Rp. RQ
Lar Mafrr Mype Lerr Mepe Lpo
Lar Mgar Maoe Lggr Maor Log
Lo

This lecaves us with a total of thirteen distinct inductances and five resistances 1o
determine from the eleven measurcments. 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 voliage on
the "air gap line” must be known. This requires the assumption that the
machine is unsatvrated. This additional item adds an equalion:

vq°

Mg = ———
9w 1409

where the valtage v,7 is the open circuit nominal voltage and i;29 is the
field current required to induce this voltage.

. The "number of turns” that the damper winding "coils" D and @ have can
be assumed arbitrary. Similarly, the number of turns in an cddy currem
"winding” can also be assumed arbitrary. Neither of these windings is an
actual winding and we arc seldom interested in the actual quantitative

values for these currents, These assumptions lead to threc additional
equalions:
Magp = Mgs (= Mg) Mag = Myg = Mo Mg = Hgg (= HMg)

. A final equation can bc obtained t(hat relates the mutual inductance

between the [ield winding £ and the damper winding D, and thc mutual
inductance between the winding d and the ficld winding £:

3
Mar = Kk \/E Min

The value of k can be calculated by means of an additional test quantily,
which has not yet been prescribed in the IEEE or IEC siandards. However,
in practice it is advaniageous 1o 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 equivalcnt to
stating that we do not need quanlitative vatues [or the field current,
which is not always true.

This lasi assumption will insure that the amplitude of the rotor field current oscillation
will be guantitatively incorrect. However, the qualitative behavior of this quantity is
cotreci, as weli as the effcct that this has on the stator currents and voliages. This also
allows us to find a rclationship between the mutual inductance M5 and the leakage
inductance L;:
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Based on the scaling factor k defined above one can rescale A; and ig:

3 , 1 2
hem = & “\"{ Ar and iem = T N7 i

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

Ag La Mg My ig

|:M:| = [ My Lyp My ] |:if:|

Ao Mq My Lpp ip

Ag Ly Mg My iq

Agl=| Mg Lgg Mg ig

ho My Mg Lgo ig
lg = Lpg ig

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

Rar Ry qu Ry, RO
Ly, M, Lfes Lpp
Lar Mgr Lgg, Log

Ly

S,y Lg, Lg and Lo are known directly from standard measurements, Thc remaining
unknown variables are related to the mcasurements according to the [ollowing
cquations (Canay's procedurc [4] for k=1):

My = Lg = L:

\ My - Lg
Tig + Tzg = {Tdo + Tqg™} T + (Tyg" + Td"} F{';
Lsymio
Tid Tze = Tap’ Tap " Ma

Lysmen = Mg = Lg + Lg"

Mg (T4 - Taa}

Tan' + Tas " —(1 +-ﬁ—)T

L,/Hen

Lyswr =

Lee = Le + Mg Loy = Lg + My
And for the quadrature axis quantilies:

quLq'L:
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-
g

L
+ {Tq' + Tq“’ —

T:g + Tgp = {qu' + TqU"J
: : g Hq

Mg

Lismge = Mg - Lg + Lg"

Tiq Tzq = Tq('.' Tan

Mg {Tig - Tug)

Tqo' + Tge " - (1 + ﬁ—) Tzq

Ly /wag

Lisng =

1 1 1
L/ /Mg My Ly

1 1 1
Lymgn Lrmg Lo

Lqg Lg
RCI = — =
T T T Ra T2q

Lgg = Lg + My Lgg = Lo + M4

These are the ecquations used by the EMTP to oblain the desired reaclances for the
machine model bascd on the standard measurements. This sel of equalions is sequential.
They must be solved in the prescribed order to be able o 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 fonh from one set of parameters to
the other, and to include the effect of 1the armature resistance R, in thc process. A
dctailed explanation of this new procedure can be found in reference [51.

5.3 Units and Typical Values
Tahle 5-3-1 shows some typical values for different types of generators. These 1ables
were capied from the EMTP Application Guide [6). Al the inductances are in p.u., and all
time constants and inerlia constant B are in seconds.

Table 5-3-1: Typical Generator Impedances

Turbine Generators

2-Polae 4-Pole
Conventional Conduetor Conventional Conductor
Cooled Cooled Cooled Cooled

Xa 1.7-1.82 1.72-2.17 1.21-1.55 1.6-2.13
X' .18-.23 .264-_387 .25-.27 .A5-_467
Xq" .11-.14 .23-.,323 .184-.197 .269- .32
Xy 1.63-1.6% 1.71-2.14 1.17-1.52 1.56-2.07
Xq' .245=-1.12 .245-1.12 .47=-1.27 .47-1.27
Xy .116-.332 .116~-.332 .12-.308 .12-_30B
Tao' 7.1-9.6 4.8-5_36 5.4=8_43 4.81-7.713
Tas" .032-.05% .032-.059 .031-.055 .031-_055
Tqo' .3-1.5 .3-1.5 .3p=-1.5 .38-1.5
Tqo" .042- 218 .042-.218 .055-.152 .055-.152
Xq .119-.21 .27-.42 .16-.27 .29-.41
Ry .000B81-.00119 .00145-.00229 .00146-.00147 .00167-.00235
H 2.5-1.5 2.5-3.5 3-4 3-4
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For

Salient-pole generators do not have an iron path along the ¢ axis, therefore there is no
reactance X', which means that the g winding has w0 be removed from the
To do this in the EMTP data cards, the transicnt time¢ T,.' is sct equal to zero

lransient
simulation.

Tuable 5-3-1 cont'd

Salient-Fole Combustion Synchronoua
Turbinesa Condensors
Dampers No Dampers
X4 .6-1.5 .6-1.5 1.64-1.85 1.08-2_48
Xq' .25-.5 .25-.5 .159-~ 225 .244~ 385
Xq" .13-.32 .2-.5 .102-.155 .141.257
xq .4-.8 .4-.8 1.56-1.74 .72-1.18
xq' = = 2308 .57-1.18
xq" .135-.,402 .135-,402 .1 L17-.261
Tie' 4-10 B-10 4.61-7.5 6-16
Tan" L025%-,051 .02%-.051 .054 .039-,058
Tqe'  ====sesss messseeee 1.5 .15
Tqo" 033-.08 033-.08 .107 .188=-.235
X 17-.4 .17-.4 .113 .0987-.146
R, .003-.015 .003~.015 .034 .0017-.006
H 3-7 3-7 9-12 1-2
all Generators:
g = 0.1 to 0.7 of Wy"
g = L.231 WR® ReM? x 1077 where: [WR‘} = lbm-fté

EVRA pase

and the transient reactance X' is set equal to Xg.

5.4

(1)
[2)

(3]

14)

P51
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SECTION 6
SYNCHRONOUS MACHINES: MECHANICAL REPRESENTATION

6.1 Single-mass Representations of the Machine
For many transient siudies of the machine the speed variation of the mechanical part is
very smatl and can be ignored during the analysis. In all of these cases the anguiar
position of the votor B is simply represented by the equalion:

Bicy = B0y + ot

with @ constant, All quanlities are referred to the clectrical side,

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

dw

J dat + DW= Tryrpipe - Tgeneratcr
B,
dt

where J i5 the moment of ineriia and b is the damping coefficient. These eguations are
valid either for the mechanical or the clccirical side, and they cen be converied from
onc sidc to the other by using the following equations:

Belec‘ = E;’ Bnuech Telge =

6.2 Multi-mass Representations of the Machine

Usually there is more than one¢ mechanical mass connected to the shaft of the
generator.  For hydro unils a one mass simuolation of the machine is good enough,
because the turbine and thc gencrator itself arc very close and connccted by a siff
shalt, but this is not longer valid for thermal emits, The lumped masses (6 o 20) of these
latter units are very imporiant, specially during subsynchronous resonance studics,
where the torsional vibration of the mechanical parts of the machine have a severe
cffect on the sysltem because ol the low frequency mechanical transients that produce
resonance effects on series capagitors in the nelwork,

In order 10 take into account the effect of the different masses. the mechanical equation
of the machine has to be changed. If wc assume a linear mechanical system, the n
spring-connected rotating masses can be represenled by Newion's sccond law:

[J]%[m} + {Dliw] + [KI[B] = [T-i rnipel - [Tgensexel

d -
3t (91 = {w)



Figure 6-2-1: The mechanical system.

where [w] and [@] are the vectors of speeds and angles, respectively, of each one ol the a
masses of the mechanical system. [J] is a diagonal matrix ol the moments ol the inertia,
(0] is tridiagonal matrix of the damping coelficients, and [K] is a tridiagonal matrix of
the stiffness coefficients,. The last two matrices are tridiagonal because they includc
the effect of the 1wisting of the shaft between adjacent masses,

6.3 Units
The wusval units for these quantities are:

Nem rad

- 2 = —— = - =
134 kgm< |D] Tad/s I T Nem 1)

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

E . J o

H =~ =
Srating 2 Srating

with S, ,r 109 in KVA. Typical values for # are given in the previous section for different
kinds of generators.
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SECTION 7
USING SYNCHRONOUS MACHINE MODELS

7.1  Preparing Generator Data for Use in the EMTP

The data given 1o thc EMTP depends on the type of generator and on Lhe desired type of
study.  For example, if only electrical phenomena is of interest, the generator inertia
can be set 10 a very large value (*). Typical dala for different types of gencrators is
given in the previous chapler,

When an Automatic Vollage Regulalor (AVR) is included, itls modclling has to be done
using TACS. An AVR would not be of importance for fast clectrical transients, where
the main events takc place in less than § to 10 cycles, unless thec AVR was extremely
fast.

The same criteriz applics il a Govemor is included in the study, i.e. it has to be simulated
with TACS. Govemor dynamics are only of intercst when the lime of analysis is greater
that 1 second, which is a very long time for fast clectric transients. As a pgeneral rule
the governor is simulated when one is intcresicd in the slow mechanical transients thar
are taking placc in the system, e.g. in a multi-machine system.

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

4 If there is not cnough data available for the simulation, use typical data
for gencrators of similar characileristics 1o the one that is being analyzed.
See tables in chapter 6,

» Usually the iransient reactance and lime constant for the g axis are not
available. In this case one can estimale their values by using typical daa
for the generator, or simply ignore 1hcse quantilies. For the latter the
value of the transient reactance X4" has to be madec equal 1o X5, and the
lime conslant Tgo* has to be set to zero, this will take the g winding out of
the simulation.

. If one has the complete set of reactances of the machine but the onc of the
g winding, the mutpal inductances for this winding have to be sel equal 1o
zero on lhe dala cards, and an arbitrary value for X, musi bc given {0 (he
program.

. The terminals of the machine must be always connected 1o some
impedance, otherwisc the program does not run. A typical case is when
the breakers of the machine arc open. In this instance resistances with a
very large value (10} ought to be connected to the machine terminals to
avaid any problem within the EMTP.

(*) The present version {(V.1) of (he EMTP has a bug that produces wrong results when the ineriia
is given a large value 10 simulate a constant speed machine. One has 1o be careful when defining the
maching inerlia to avoid getting unreasonable results.
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A 1emplate with all the data needed for the representation of the generator is included
in  Appendix.

7.2  Short Circuit Studies

A mest important study in 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 sufficient. In this section we study the generator ai bus
3 of pur sample system, with small modifications to the value of its impedances to match
the c¢omplete set of generator data provided in [1], pp. 102-103. The transient and
subtransient parameters of the machine were calculated based on the complete set of
impedances given in this reference. The calculation of intemal paramter values was
done using the cigenvalue/eigenvector technique [2]  dcscribed previously,

As mecntioned in chapter 6, the machine modcl of the EMTP can accept as data either
transient and subtransient reactances and time constants, or the internal impedances
of the diffcrent windings. The results are the same either way. We use both to prove
this point, If the complete set of impedances is given, (he program does not go through
the conversion routinc, which somelimes is advantageous specially when one is not
sure of the consistency of the test measurement values.

We illustrate two examplcs of use the EMTP for very detailed fault calculations using
detailed machine modes. The first study considers a threec phase solid shont circuit
directly at the tcrminals of the machine. The second case considers a Single Line to
Ground fault at the terminals of the machine. In both cases the pgenerator is open
circuii before the fault js applied at 50 ms. For both cases we give the complete
annotated input data, terminal voltages, and field and armmature current plots.
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C Three phase fault at the terminal of the 200MVA generator at BUS3.
C Synchronous generator model with no saturation used.

<

BEGIN NEW DATA CASE

C ottt it ense e Misoellaneous data .......cevenrvoinnnencnanns -

€ DeltaT<=—-THax<-=-X0pt <-—-COpt.<-Epailn<-TolMat <-TStart

200.E-6 1.
C —IGut<——TPlot<-Thoub] <-KS50ut<HMaxOut<-——IPun<—MemSav<——ICat<-NEnerg<-IPr5up
51 1 1

C

Coiiiemnnnnnn s Circuit data .....

C Busl—->Bus?-»Bis3->Bus{-»<——R{—-L<{—C G
LOAD A 10000.
LOAD B 10000.
LopD 10000,

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

BLANK rcard teminates circuit data

C

C it inrteresinsisrasanaaan Switch daba L it ciaia e asecaane

C Bus—>»Bus—><——Tclosed——Topend<————Ie o
(EN_A LOAD A -1. 9999. 1
GEN B LOAD B -1. 9999, 1
GEN C 10MD C -1, 9999, 1
LOAD ABIJS3A .5E-1 9999, 0
LORD BEUSIB L5E-1 8999, 0
LOAD CBUS3C .SE=1 9999, 0

BLANK card terminates switch data

C

B it icrnerasasaserensasnans Source data e e idasiaeeitannaaneaaenen s

C [ynamic synchronous machine
C Terminal connection for phase “a"
¢ Bus—> < Volbs Freqc Angle

S9GEN A 11267.65 60, =-90.

C Cormection for phase "b™ and “c". Colum 1-2 should be left blank

C Bus—> < Valk< o Angle
(EN B
GEN C

C Machine parameter cards (Optional}

I > ™

PARAMETER FITTING 1.

Cc

C Electrical parametera of machine

C <= ~NP-<{~——5MOut P<——5MOuLt O< RMVAL: RKV<——AGTLi ne< 81< 52
11 2 1. 1. 200, 13.8  935.016 1000. 1440,

C Col: (1-2} NuMas, (3-4) KMac, {(5-6) KExc
C Note: ASLine is used to get the real magnitude in AMP of the Field Current

C In principle any value can be used here

[

o > AD1< AD2< AQLC A2~ ———RAET O 510< 520

C If 5.M. is not saturable (AGLine >= 0}, leave 51 - 520 blank

C

C Marufacturer supplied p.u. data (if PARARMETER FITTING is used)

C When Transient data not available for @ axis, wake: X'c=dg, T'q0=0

C This will eliminate the G winding from the 5.M. model

C Ra< KL< M3 eyt 4l 2.4 S e X'g
0.001096 0.15 1.70 1.64 .238324 1.64 184650 .185151

C ——=T'd0< T g0 T"d0«< THql< xo< B puin g X
5.194876 0. 0.028716 0.074960 1.40

c

C Mechanical parameters for the shaft system {Mass card)
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T < = ExTrs< HICH DSRC: -DEMK: -HEP< —D5D
1 1. .181128

C col: (1-2) ML

BLAME. card teominates rass data

C

C Cutput request.

C GRE——C= N2 NI~ C— NS Cmm =N Gl =N T —— N ——NGC—N1 0 —NL I <—N12
10 1 2 3 4 11
3l

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

BLANK card terminates synchronous machine outpub requests

<

C TACS inpat cards

od

C Exciter {(EMTP assumes that the excicer is regulating to lp.u. => VE-TACS = 1)

2 Bus——Cm=—=3KT
FINISH

BLANK card temminates source data

C

C oitiieiannannan eaiamereresne vo CUEPML TBOUBSES oo v i cviacsisssrarrosasrsas

¢ Bus—>Bus-—>Bus—>»Bus——>rBug-—=>Bus—->Bus—>»Bus——>Bus—>Bus—>Bus —>Bus——>DBus—>»
GEN A GEN B GEN C

BLANK card temminates output requests

BLANK card temminates plot megquests

ALANK card terminates EMTP solution-mode

(a) Input data. Notice that “"parameter fitting” has been requested, that test
paramclers are provided, and that the generator is represented as a single

mechanical mass with an inertia constant equal to 0.181128.

E
E; | Ai{\ i Ailt ﬂi .r‘F"‘i
BT
: 8 "\ﬂfi' !“t ] iﬁtlz
ANTHTHE

4000 .00
=
[
a— Y
—

-U'| — ®u
— s

— - oy

[F R
—_
—_—
couill
—_—
_—
, -
= .
~—
_—
g

0.0 aa 8.0 1200

Hittidacan
{b) Terminal veltage, All three vollages collapse at 50 ms,
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unidirectional current. as well as the sightly easy to observe subtransient
and 1transient current decay.
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{f) Armature current (phase c).

Figure 7-2-1: Three phase fault solid at terminals of generator at bus 3.

The resulis are what we expected for a sudden three phase shorl circuit at the machine
terminals from no load initial conditions, The f{ield current shows a 60 Hz oscillation
that is damped by the resistances. It also has a wunidirectional decreasing term
containing the subtransient term, the transient term, and the new D.C. steady state of
the iwo winding model used 1o simulate the synchronous machine. The steady state
1akes a long time to reach because of the small value of the resistances. Phases a, b, and
¢ show the large change in current due to the fault, going from zero (open circuit) to
several KAmps {sherl circuit). 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 suddcn short circuit
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i SIS fault at the teminal of the 200MVA generator at BUS3.
C Synchronous generator model with no saturation used.

c
BEGIN NEW DATR CASE
£ ittt ittt Miscellaneons Gabd . ...iuiiveiareaasaonarsonannan
C DeltaT<—TMax<—XCpt<-—-COpt <-Epsiln<-TolMat<-TStart
200.E-6 1.
2 —=IDut<—IPlot<-IDoubl<-KSSOub<=MaxOut <===TPun<-MemSay<-==ICat<-NEnerg<-IPr5up
51 1 1
s
T iiiinenceanannans eehenans Clrruit data  ....cvvnnans et isaseasasnrireanansa
C Busl-»Bus?->Busi->Busi-><(——R<——I«K-——-C 0
LOAD A 10000
LOAD B 10000.
LoAD C 10000,
C A disconnected machine is not allowed by the program.
BUS3A 0000
BUS3B .00001
HUS3C .00g01
RLENK card terminates circuit data
C
O it rar e raaaas Switch data  ...ii.tiiiiireiiieressoreccsanannan
C Bus——>Bus—>{—Tclosed——TopanCmmm=e==Tg Q
GEN_A 10D A ~1. 9999, 1
(EN B LOAD B -1. 9999. 1
GEN _C LORD C ~-1. 9999, 1
LORD ABUS3A .5E-1 9399, 0
LOAD BRUS3IB 99499, 9399, 0
LOnD CBUS3C 9999, 9393, 0]
BLANK card terminates switch data
C
£ i e iat e tac et e Source data . .....ieeiaerenaenenraerascanranana .

C Dynamic synchronous machine
C Terminal connection for phase ™a"
C Bus—>» < Volt«< Freg< Angle

S59GEN A 11267.65 60 . -90.

C Commection for phase "b" and "c*. Colum 1-2 should be left blank

C Bus—> < Volt< = Angle
GEN B
GEN C

C Machine parameter cards (Optional)

c ad Dy

o

C Electrical parameters of machinea

C €—<—<-NP<——-BMOut P<———SMOut O —————RMVA< - ————-] RKV< ———RGLLne< Sl 52
11 2 1. 1. 200. 13.8  935.016 1000. 1440.

C Col: {1-Z} NuMas, (3-4) EMac, {(5-6) MExx
C Note: AGLine is used to get the real magnitude in AMP of the Field Current
In principle any value can be used here

C
C
C e AN < A2 AD] € ———RLP -PSL R 510 520
C If 5.M. 15 not saturable (AGLine > 0}, leave 51 - 52Q blzank

C
C Machine parameters (no PARAMETER FITTING) *Diagonal elements carmot be zero

c KE*< ¥af < Ak H* G Hakd< o< xi
1.65 1.55 1.5% 1.70 1.55 1.605 .15
c Hege< Hag< Kegkq<: Hepk< Xakq< Keqr
.0000401 1.64 1.4% 1.526
C Ko< Rar RE< Rkl Rg< Rlog< Rrr< Xn
1.4 0.001096 0.000742 0.0131 0.0540
C
C Mechanical parameters for the shaft system (Mass card)
C < o ExTrs< HICO ~NSRC— =D SMC HEP< DSD
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1 1. .181128
¢ col: {1-2% ML
BLANK card terminates mass data
C
C Qutput regquests
C GAC——3¢——N1<——N2 {——-NI === N4 === N5~ N T~ ——NB <~~~ NG ==N]1 {<==N1 1 <—N12
10 1 2 i 4 11
1
C col: (3) Group, (4) All
BLAMK card terminates synchronous machine cutput requests
[
C TACS input cards
[
C Exciter {(EMTP assumes that the exciter i3 regulating to lp.u. => VE-TACS = 1}
C Bus-—»————><HKT
FINISH
BLANK card terminates source data

B ittt iaeasanansaanannsmanmnns Oubpul reuests L. r i iiiesar st i

C Bus—>Bus-->Bus~~>Bus—>Bus-->Bus——>Bus—>Bus—>»Bus—>Bus-—>Bus—>Bus—>Bug——>»
GEN A GEN B GEN C

BLANK card termminates ogutput requests

BLANK card terminates plot requests

BLANK card terminates EMIP solution-mode

{a) Input data. The only difference with the previous case is the switches,

s
o | - ﬂ}%ﬁif‘%m}'\lﬁ‘.i , _m\.fﬂ_ D
7 I B
L CHU AL 8 AR A
AV A AT
g JiAMEDg 0
é AN AR AR
0.0 B0.D {e0.0 00 0.0

i) Sacone
{b) Terminal voltages. Observe overvoltage develops in the unfaulted phases,
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(c) Field current, Notice sustained nature of oscillatory behavior and
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(d) Armature current (phase a).
Figure 7-2-2:  SLG fanlt at terminal of generator at bus 3.

For the single-linc-to-ground fault the currents present different characteristics than
thase for a three phase shon circuit. The field current has a double f[requency lerm
(120 Hz) that induces a third harmonic in the current of phasc @, which is difficult 10
see on the plots above. Thc currents in the other two phases are zero, because they are
assumcd to be opcn circuited, producing slightly different overvoltages at each phase,
which is a typical characicristic of an unbalanced fault.

7.3 Unbalanced QOperation Study

An interesting study that can be easily reproduced with the aid of the EMTP, is the
cffect of salicncy on overvoltages during unbalanced faults {see chapter 2 of reference

131,

It is known that unbalaneced [aults can generate overvoltages on the unfaulted phases,
and thal these overvoltages can be incrcased due (o saliencies on the rolor and 1o the
prescnee of line capacitances or capacitor banks mcar the terminals of 1the gencrator.
The saliencics tend to distort the voliages on thc unfaulted phases by introducing
harmonics. On the other hand, the capacitanccs may produce resonance with the
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machine reactance, amplifying the distortion on the terminal voltages or even taking
the whole sysiem out of synchronism, as wec shall see on the examples below.

The phenomenon described above can be clearly observed on (he results obtained for
the 1wo cases shown on [igures 7-3-2, 7-3-3, and 7-3-4. These cxamples werc prepared
using the generater at bus 3 of our 13 bus system, the transfermer between buses 1 and
3, and a capacitor bank 10 represent the capacilance of the iwo lines conmected to bus 1.
A line-to-line fault was applied at 50 ms between phases & an ¢ 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 bascd on Lhe following formula:

Xc=k)(2

where %k can be picked so ihe system becomes resonant.

Bus 3B Bus 1B
Bus 3A Bus 1A /
¥
Bus 2C BU:1 C
Figure 7-3-1:  System used for study of unbalanced operation of salieat pole
machine.

Three cases were analyzed. The first oue (Figure 7-3-2) uses the some paramectcrs for
the machinc as in the previous section. The wvalue of kx was chosen so there is no
resonant effect on the system, The results show little distorticn of the terminal voltage
and a relatively small overvoltage. For the second case (Figurc 7-3-3) the subtransient
reactance of the ¢ axis (Xg"} was increased (o reduce the damping eflfect 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 resulis clearly show
larger distortion and overvoltages on the unfaulted phase; it also shows the instability
brought about by the resonance. The thbird 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 chpsen so that resonance does not occur.  From the resulling plots one can sce
that the overvoltages are greatly reduced and lhe system becomes stable.



C Effect of saliency on overvoltages in Synchronous Machines during
C unbalanced faults (Line—to-Line), Stable case.
BEGIN NEW DATA CASE

C oo A Miscellaneous datad ....cvieeirnnrsaracrcrsannanns
C DeltaT<—IMaxd-—HROpt<—COpt<~Epailn<-TolMat <—TStart
130.E=6 .25
C ——I0ut<—IPlot<-IDouhl<-K5530ut<-MaxOut <——TPun<-MamSav<——ICat<-NEnerg<-TPrSup
101 1 1 1
C
C oo berersarenanerss CIECUIL dBEE L 4evecvcnonsnosncnsscsacranarnerean
C Busl->Bus?->Bus3->Busq-»<{———R{¢~-—L-—-C o
GEN_A BUS1A .25257 1
GEN B BUS1B GEN A BUS1A 1
GEN C BUSIC GEN A BUSIA 1
BUS1A 1.67E3
BUS1R BUS1A
BUS1C BUS1A
BLANK card temrinates circuit data
C
£ i ittt it ciaan e Switch data ....... st ascaei ey
C Bus-->Bus—-—>»<—Tclosed——Topen<—————Ie o
BIS1A BUSLIC SE-1 9999, 0
BIANK card temminates switch data
C
C e e eenean Source data .....iceeenaraea Venevanannn

C Dynamic synchronous machine
C Terminal connection for phase “a"

C Bus—> €-————Yalt< Frecd——Argyle

SYGEN A 11267.65 60, -90.

C Connectian For phase "b" and "c¢". Column 1-2 should be left blank

C hus—> < Vaolt< »————Angle
GEN B
GEN C

C Machine parameter cards {Optional)

c > ™

PARAMETER FITTING 1.

[od

C Electrical parameters of machine

C <~ —<~NP<———SMDut P<——SMOut O ————HAMVAL————= REV<~—RGLine<: 51< 52
11 2 1. 1.. 200. 13.8 935.01¢ 1600. 1440.

C Col: (1-2) MuMas, (3-4) HMac, (5-6) KExc
C Nete: AGline is used to get the real magnitude in AMP of the Field Current
In principle any value can be used here

C
o
[ el AD1< FL2< PD1< B RCLIO< S10x 520
C If 5.M. is not saturable {(Kildne > (), leave 51 - 520 blank

[

C Manufacturer supplied p.u. data (if PARAMETER FITTING is used)
C When transient data not available for @ axis, make: X'g=xg, T'qd=0
C This will eliminate the G winding from the S5.M. model

C Ra< 1< K< < K1d< X< X >l
0.001096 0.15 1.70 1.64 , 238324 1.64 .184690 .185151

C ——-T'di< Tral< T"d0< T g0« X0< Rri< A< i)
6.194876 0. 0.028716 (.074960 1.40 9999,

c

C Mechanical parameters for the shafr system {(Mass card)

C < e ExTrs< HICO< DERS DS HEP DSD
1 1. .181128

Coecol: (1-2) ML

BLANK card terminates mass data

|

C Cutput requests

C GRC——>C——N1<€-—N2C—NI<— NGNS NEC—NT<—NE<~——NG<—N10<—N11<—N12
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10 1 2 3 4 11
31
C col: (3 Group, (4) All
BLANK card cerminates synchronous mechine output requests
C
C TACS input caxds
c
C Exciter (EMIP assumes that the exciter is regulating to lp.u. => VE-TACS = 1}
£ Pus——><—-><KT
FINISH
BLANK temminates scurce data

B i iarae e, [ Qutput requests ... .. ... iiiritnieennaann

C Bus——2>Bus—>Bus——->Bus—-->Bus—-—>Bua——>Bus——>Bus—-—->Bus——>Bus——>Bus—>Bus—>Bus—->
GEN A GEN B GEN C

BLANK card terminates output reguests

BLANKE card terminates pleot requests

BLANK card terminates EMTP solution-mode

(a) Input data.

R A

T
{RTATRIATATAY A ATAVERANATATE
Ly
E — overvoltage. '

el

e
’ Wm/\ Ao

vy V\ \U/\V(\an.m

g _ V/\n A

Change in spaed
0.0

—rTE| M
L
6.0 500 i00.0 150.0 200.0 =00
Wit Sacong
{¢) Change in generator speed (Aw).
Figure 7-3-2: Generator with proper amonisseur windings, No resonance.



C Effect of saliency on overvoltages in Synchronous Machines during
C wnbalanced faults (Line-to-line}. Unstable case with Saliency.
BEGIN NEW DATA CASE

e e Migcellaneous datd ...uvererneninrenrrerroneranss

C DeltaT<-—THan<——-Xopt <——-COpt<-Epsiln<-TolMat<-TStart
150.E-6 .25

C —IOut<—IPlot<-TDoubl<-KSSCut <MaxOut<-——IPun<-MemSav<——ICat<-NEnerg<-IPrSup

101 1 1 1

C

C i ie et it Clrcuib data .o.uerinevnrinrnnracnacrncsaansans .

C Busl->BusZ-»Busi->BEusd—< Re——-1x C 9]
GEN A BUS1A .25257 1
GEN B BUS1B GEN A BUSIA 1
GEN_C BUSIC GEN A BUS1A 1
BIS1A 5.46E3
BJsS1B BJs1A
BUS1C BUSLA

BLANK card temminates circuit data

C

e ieesaamaaann- e mema +-. Switch data ...... Heateanasenenarssnan N s

C Bus—>»Bus—><—Tclose<—Topan<—————1Ig O
BUS1B BUSIC .5E-1 9959, 0

BLANK card terminates swibch data

o

it eierearaarsassassasanans Lo Sourme dara L. e e et e teb e

C Pynamic synchronous machine

C Terminal connection for phase "a"

C Bus—>» <———-VYolt< Fregd—m>angle

55CGEN A 11267.65 &0. -90.

C Connection for phase "b" and "c¢”. Column 1-2 should be left blank

C Bus—>» < Volb< >——angle
GEN B
GEN C

C Machine parameter cards (Qptional)

C Fat M

BARMMETER FITTING 1.

cC

C Electrical parameters of machine

C << —<~NP<——SMout P<——8MOut O ———RMVAC—————~ RKWV—AGTd e 51« 52
11 2 1. 1. 200, 13.8  935.016 1000. 1440.

C Col: (1-2) NuMas, (3-4) HHac, (5-6} KExx

C Note: AGLine is used to get the real magnitude in AMP of the Field Current

C In principle any value can be used here

cC

Cc s AD 1< ADZ < A0 < AL RAGLO 51Q< 52Q

C If 5.M. is not saturable (AGLine >= 0, leawe S1 - 520 blank

C

C dManufacturer supplied p.u. data (if PRRAMETER FITTING is used)

C When transient data not available for Q axis, make: X'og=g, T'q0=0

C This will eliminate the G winding from the $.M. mxdel

c Ra< X< W< N X'a< X< X< g
0.001096 0.15 1.70 1.64 .238324 1.64 .184690 .295504

C ———=T'd0< T gld< Td0< TMog0< Ko< RIT< K< *e
6.194876 0. 0.028716 0.074%60 1.40 9999,

c

C Mechanical parameters for the shaft system (Mass card)

C =< Eat ExTrs< HICO< DSRC DEMHC HSP< -D3D
1 1. .181128

C ecel: (1-2) ML

BLANK card temninates masa dats

c

C Outpub recuests

C GRe————N1<—NZ<— NN NEL——N G ———NT <~ —NB<———NI<—N1 Q< =-N11<—N12
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10 1 z 3 4 11
3
C col: {3) Group, (4) All
BLANK card terminates synchronous machine output requests
cC
C TACS input cards
C
C Exciter (EMIP assumes that the exciter is regulating to Ip.u. => VE-TACS = 1}
C Bug—><——-><KI
FINISH
BLANK card temminates source data

C ittt na s aa s Cutput TeQUeSES . ...vuvscrrocsrsouasisssssns

£ Bus—>Bus——>Bus—>»Bus ~—>Bus—>Bus-=>Bus-—>Bus—>Bus-->Bus—>Bus—>Bus —->Bug—>
GEN_A GEN B GEN C

BLANK card reminates output requests

BLANK card terminates plot requests

BLANK card temminates EMTP solution—mode

(a)} Input data., Machine reactances changed.

Eitolott

20.00
=3
—
[

Yoliegs
L

T ——
—l-"'-——
H_,_,-—F“

___...---l-—""
—
—
——
——
__.--'-"'
—
I
——
"

—t 1 |

(VARRY/ BERVARRY VVUVU\

~ 000

0.6 50.0 om0 w00 00.0
Hillifacord

(b} Voltage at unfaulted phase (bus 1A}. Notice distortion and unstable
operation caused by resonance.
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Figure 7-3-3:  Generator with large subtransient reactance in the ¢ axis.

Resonant effect makes the system unstable.



C Effect of saliency on overvoltages in Synchronous Machines during
C unbalanced faults {Line-to-Line). Stable case with Saliency.
BEGIN NEW DATA CASE
i tienrransisanansansanans Miscellaneous data ............ et i ias e
C DeltaT<-—THMan<——=X0pt<-—{Dpt<-Epsi ln<-TolMat <-TStart
150.E-6 .25
C —Ilut<—IPlot<-IDoubl<-KS50ut<-MaxDut <—--TPun<-MemSav<—--ICat<-NEnerg<-IPrsup

101 1 1 1
cC
C o a hereaerenas Ciroudt data ...iveiieneniriaenerirneiccnoaanansnas
C Busl->Bus2->Bugd->Busd-r><-——R{——=Lm— Q
GEN A BUS1A .25257 1
GEN_B BUSIB GEN_A BUSLA 1
GEN_C BUSIC GEN A BUSLA 1
HUS1A 1.82E3
BUS1B BUS1A
BUS1C BUS1A
BLANK card teominates circuit data
<
T e tenaraenenaaene Switch data ......iieiicireniiecanannananns
C Bus——>»Bus—><—Tclose<——Topeng-=——Ig o]
BUS1H BUSIC L5E-1 9599, 0
BLANK card trerminates switch data
C
G i i it Source data ... .iiireerrarrerarnenerrresasaanan

C Dynamic synchronous machine
C Terminal connection for phase "a”
C Bus—> <——-Volt<—-=-Freq-—~-angle

S9GEN A 11267 .65 60, -9q.

C Cormection for phase "d" and "c”. Colum 1-2 should be left hlank

C Bug—> < YVolt< > ———=Angle
GEN B
GEN C

C Machime parameter cards (Qptional)

c o F

PERAMETER FITTING 1.

C

C Electrical paramerers of machine

€ €—~<—-NP<~—-5Mut P<— - 5MOUt Q= = e RV om e =RV —— AL N 51« 52
11 2 1. 1. 200. 13.8 935.01% 1000. 1440.

C Col: (1-2) RuMas, (3-4) KMac, (5-6} KExC
C Hote: AGLine is used to get the real magnitude in AMP of the Field Qurrent
In principle any value can be used here

C
|4
c o AD 1< AD2< A1 A2 POLIOHC 510< 520
C If 5.M. is not saturable (AGLine >= (), leave 51 - S2Q blank

[

C Manufacturer supplied p.u. data (if PARAMETER FITTING is used)

C When transient data not available for Q axis, make: X'og=¥g, T'gl=0
C This will eliminate the G winding fram the S.M. model

C Ra< X1< KA Her< 3 X e K X'q
0.001096 0.15 1.70 1.64 .£38324 1.64 .184690 L285504
C =——=T'd< T' o< T*d0< THq0< RO Bi< K< M
6.194876 0. 0.02871c 0.074960 1.40 9599,
[
C Mechanical parameters for the shaft system {Mass card)
C < o ExTrs< HICO< DSR< DS H5E< DSED
1 1. .181128%

C col: (1-2) ML
BLANK card terminates mass dakta
C

C Cutput requests
0 GAC=~»C——N1C~——N2C —-NIC— N <~ —=NS =N L~ ——NT < NI —NI<—N1 (< —N1 1< —N12
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10 1 2 3 1 11
31
C col: (3) Group, (4) All
BLANK card teminates synchronous machine output requests
o
C TACS input cards
C
C Exciter (EMIP assumes that the exciter is regulating to Ip.u. => VE-TACS = 1)
C Bug=-i<————<KI
FINISH
BLANK card terminates source data

£ ittt ienaenanrsnsarsnnnnnainans Curput requestd ... ieiieiivatiraircanaaaaas

¢ Bus==>»Bus—>Bus——>Bus—->Bus-—>fus—>Bus—>Bus—>Bus-->Bus-—>Bus—>Bus—>Bus—>
GEN A GEN B (EN C

BLANK card teminates ocutput requests

BLANK card temminates plot requests

BLANK card teminates EMTP solution-mode

(a) Input data. Capacitance value changed.
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Figure 7-3-4:  Generator with large subtransient reactance in the ¢ axis. No
resonance.



7.4 A Transient Stability Study

Another interesting typc of study that can be made with the generator model avaitable
in the EMTP, is & Transicnt Stability Analysis. There are many programs tailored 1o
exccule this kind of study. All of them use a simple one-phase model of the
synchronous machine, which makes them wuseful for analyzing the effect of balanced
faults {thrce phase [aults) in the system. The completc model of the generator available
in the EMTP allows us to study the impact of different unbalanced faults in the sysiem,
s0 a better level of understanding and design can be achieved.

Figure 7-4-1 depicts an cquivalent of the 13 bus system that is going to be used 0 make
bhasic Transient Stability Analyses, where voltage and speed regulation have noi been
taken into account, These two controls will be included in a later section.

Two examples are presenled. In both cases a three-phase fault is applied at 30 ms on bus
12, and it is clearcd by opening the line between buscs 1 and 12, Figure 7-4-2 shows the
input data end the results for a stablc case, obtained when the breaker opens at 100 ms.
Figure 7-4-3 depicts an unstable casc obtaincd when the breaker opens ai 300 ms.

Bus 1
200 MYA 138KV
Infinit : E E
nﬂu‘“; e Bus 3 Bus 12 Bus 13
(:)—I—Th"‘—l—::——}‘— | jE—I—-zmwp"'
Equiv, S0 i A 2 0.95 pf
Bus Th Bus 7
230KV Fault
Figure 7-4-1:  Reduced equivalent of the 13 bus Power System f(or Transient

Siability Siudics. The Thevenin ecquivalent was obtained wiih
line 1-2 open.

These studics also illustrate a new type of [leature within the EMTP:; 1thc wse 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 vollage as may be obtained by a voltmeter in the system rather than ithe
usual instantancous values,

In order o 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
{Figurc 7-4-4) was run, This case dcals with the cffects wpon the system of a single-
line-to-ground fault at bus 12 a1t 30 ms, and that was removed by opening line 1-12 at 300
ms. Notice that the system is still siable, whereas for Lhe three-phase fault that was not
the case.



C Transient stability analysis for test system. Stable case.
BEGIN NEW DATA CASE

O ittt i aaaaa e Miscellaneous data ........... eeresiaeieneaas e
C DeltaT<—TMax<(—X0pt<-——-{0pt<-Epsiln<-TolMat<-T5tart
200.E-6 1.
C —Itut<—TIFlot<-IDoubl <-KS50ut <tMaxOut<— IPun<—MamSavd—ICat <-NEnerg<- TP Sup
101 1 1 1
TACS HYBRID
C Node V
SOGENIA &0,
SOBUS1A 60.
C RMS_Value
BAVL A 66+GEN3A 6.
88Voms LARGHBUS1A 60.

C TAZS outpat
3V A Vomsla
BLANK card terminates TACS data

c
et te v i Ceeaas Circuit daca............ et bemaae et a e
C Bus—-—>Bus—>< o F: 1 R [———R< L
S1THEVA BUSTA .13 23.71 ¥}
SZTHEVE BUSTB .06 39.99 0
53THEVC BUSTC 0
C Bus—>Bus-—>Bus—>Bus—r<—R{——I— C<—~—R<——[— C<{—R<——I«C—~ C
1BKR1A BUS1ZA 2.914240.834.26247
ZEKR1B BUS1ZB 2.370719.587-.06032. 993440.714.27339
3BKRIC BUS12C 2.317816.307=-.01532.370719.5687=-.06032,914240.834.26247
C Bus——>Pus——>Bus—>Bus—>(—=R'C—e ], (o=l C==]len 0 D K Rlank >0
—1BUS?A ELJS1RA 0.3167 3.222.007687 144.4 0 0 0D v}
-ZBUS7B BUS1B 0.0243 ,9238 .0126 144,400 0 0
=3BUS7C BUSIC 0
C Bus-—»Bus==>Bug==rBug==>rC==m=Rmea—LL— [
BUS122BUS1IA 70.16 0
BEIS1Z2ERUS1388US 1 2RET51 38 0
BUS12CAIS1IACRIS1I2ARIIS] 3A 0
BUS13AR 221 .41 36,26 0
BUS13B BUS13A 0
BUIS13C BJS13A 0
C Saturable transfoower components.
C ——— PC=Bg = I Phi<Bus St <~ Rmag< >0
TRANSPORMER DELTAR [}
o4 —CUrrent< £lux
999%
¢ <-Busl<-Busi< e e S — =R e Ll —— R G
1GEN3A EN2DR .1263  13.8 Q
280518 35.08132.79
C Note.—- These leakage values were calculated assuming a 10% p.u. reacrance at
C 200 MVA for the transformer, divided in half between the two windings.
O L— > ~-Bug3< »BusSt
TRANSFORMER, DELTABR DELTBC
C <-Busl<-Bus?Z
IGEN3IB GENIC
2BUS1B
TRANSEFORMER, DELTABR CELTCA
1GEN3C GENJA
2EUIS1C
BLAMK card terminates clrcuit data
<
e ettt ittt Switch dara. .. i et e e
C Bus—>Bus——><¢——Tclosex~——Topend<-———Ia ]
BUS1a BER1A -1.E-3 100.E-3 0 1
BUS1P BKR1B -1.E-3 100_E-3 0 1
BUS1C BERIC -1.E-3 100.E-3 0 1
BUOS12A 30.E-3 9999, 0 1
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BUS17B 30.E-3 9999. o 1

BIS12C 30.E-3 9999, ¢ 1
BLANK card temminates awitch data
o
VI Source data._....
C Bus-—><I<Amplitude<Frequency<—T0 |Phil<--—0=Phil <—Tatart<——Tatop
14THEVA 187.79E3 60. 0. 0. -1. 9999,
14THEVB 187.79€3 60. -120, 0. -1, 9999,
14THEVC 187.7983 60. 120. 0. -1. 9999,

C Dynamic synchronous machine
C Terminal connecticn for phase “a©
C Bux—>» <L-——-Volt<——-Freq<-—-Angle

S59GEN3A 11267.65 60. -28_00

C Commection for phase "b" and "c¢". Column 1-2 should be left bhlank

C Bus—> < Volt< >mmmuhngla
GEN3B
GENGC

C Machine parameter cards {Optional)

C > ™

C Electrical parsmebers of machine

C NP SMuE P <——-5MDut Q< RMVA< —REVC ARG e 51< 52
11 2 1. 1 200. 13.8  935.016 1000. 1440,

C Col: {1-2) HuMas, (3-4) EMac, (5-6) HExc

C Note: AGline is used to get the real magnitude in RP of the Field Current

c In principle any value can be used here

C = —3kmmmm e AD ] == mm = A2 —— AQ <————RO2< BGLOK 810< 520

C If 5.M. is not saturable (AGLine > 0), leave S1 - 520 blank
C Machine parameters (no PARRMETER FITTING) ***Diagunal elements cannot be zerc

C HExC Xaf< KER 2 fa ki Kaberke Wed*< XL
1.65 1.55 1.5% 1.70 1.55 1.605 .15
< NgH< Xag< Hgkep< X kg Weey
.000001 1.64 1.45 1.526
c Ko, Ra: REC ik P Rlog< R Xt
1.4 0.001096 0.000742 0.0131 0.0540
C Mechanical parameters for the shaft system (Mass card).
C < > ExTra< HICO< DSRLC D5 HEP< DSD
I 1. .181128

C col: {1-2) ML
BLANK card rerminates mass data
C Qutput requests
C GAC— N1 =2 — < —D 4 C—— NS ——N b — N —NH—NGFC—N1L 0<— 11 <—N22
10 1 2 3 4 i1
21
31
C col: {3} Group, {4) ALl
BLANK card temminates synchronous machine cutput requests
€ TACS input cards
C Exciter (EMIP assumes that the exciter is regulating to lp.u. => VE-TRCS = 1)
C Bug—-1<——=<KI

FINISH
BLANK card termminates source data
C
£ i ecieissiianvansnissanrirssnOUEPUL Rerquest Data.....vivranranrrnsmransn-

C Bus--»Bus—>Buy—->Bus—-->Bus-->Bus—->Bus-->Bus-->Bus—>Bus—>Bus—>Bus-—>Bus -—>
GEN3A BUS1A BUS1ZA

BIANK card terminates output requests

BLANK card terminates plot requests

BLANK card terminates EMIP solution-mode

(a) Input data. Notice implementation of a "RMS meter" using TACS.
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C Transient stability analysis for test system. Unstable case.
BEGIN NEW DATA CASE

i iereaneararansareananne Miscellaneous daa .....eieervenrsoronnroscaasnnn
C DeltaT<-——THax<—~XOpt <—={0pt<-Epailn<-TolMat<-TStart
200.E=6 1.
C —-IDut<——IP lot <-IDoubl<-KSS30ut <-Mayut<---TPun<-MemSaw<—ICat<-NEnerg<-IPrSup
101 1 1 1
TACS HYERID
C Node V
90GEN3A &0,
90BUS1A 60.
C BE Value
BBV A 6H+GEN3IA 60.
88VIIS1AGG+BUS 1A 60,

C TACS output
3L A Vmmsla
BLANK card termminates TACS data

c
O it it R, BT o T T o
C Bus-->Bug—>n>< et R LR L . L
S1THEVA BUSTA 13 23.71 i
S52THEVE BUSTB .06 39.99 0
S3THEVC BUSTC 4]
C Bus—-»Bus—>Bus——>Bus——><¢—-R<——1<¢—— CC———R{——-I—— (C{———R&——I—
1BHR1A BUS12A 2.914240 .834.26247
ZBKR1B BUS1ZB 2.370719.587-.06032,993440.714.27339
3EERIC BUS12C 2.317816.307-.01532.370719.587-.060232.91424G.834.26247
C Bus——>Bus—>Bus—>»Bug—><—-RT<—L'¢—C'<——1en 0 0 0< Blank >0
-1BUS7A BUSLA 0.3157 3,222.00787 144.4 0 0 O ¢
-2BUS7B BUS1B 0.0243 .9238 .0126 124.4 0 0 0 0
=-3BUS7C BUS1C {}
C Bus—>Bus-->Bus—>Bus——><——R<{——-[L—- o]
BUS1ZABUS13A 70.16 V]
BUS12BRLFS1 IBBUS12ABUS T AR a
BUS12CBUS1 3CRUS12ABUS1 3R 0
BUS13A 221.41 38.26 0
BUS13B BUS13A 4]
BUS13C BIJS13A 0
C Saturable transformer components.
T —— > ~Bu 5 3C——2¢ ——-I<—Phi<BusSt <-Rmag< >0
TRANSFORMER DELTAB 0
C ————current<{—————7>Fflux
9949
C <-Bual<-Bug2<——————>¢—Rk<——L}<——Nk< >0
1GFN3A GENGE L1263 13.8 0
ZBUSLA 35,08132.79
C Note.- These leakage values were calculated assuming a 10% p.u. reactano: at
C 200 VA for the transformer, divided in half between the two windings.
C == -Pus3<———————————————<Pusitc
TRANEECRMER. DELTRB DELTBC
C «<-Busl<-Busz
LEENZB GENAC
2BU51B
TRANSFORMER DELTAB DELTCA
1GEN3C GEN3A
2BUS1C
BLANK card temminates circuit data
c
£t et eeeeaaaaeaaarn Switch daba. .. .ivviiiiian s srsarananran earen-
C BPus—>Bus—=><~—-Tclose<——Topen<— Te o}
BUS1A HKRLA -1.E-3 300.E-3 0 0
BUS1E BERID -1_E-3 3006.E-3 4] 0
BUS1C BERIC ~-1.E-3 30G.E-3 V] 0
BUS12A 30.E-3 9999 V] 1




BU512B 30.E-3 9999, 0 1

BUS12C 30.E~3 §999. 0 1
BLENK card teminates switch data
C
G et e i ttasst s Source data........... e rrebareerer s
C Blmﬂxlmrplituia-@reqaerx:y(—mIPh.lO(--—O-‘Ph.LO <-—-—’Ist.art<—'1‘stop
14THEVA 187.79E3 60. 0. 0. -1, 9999,
14THEVB 187.79E3 60. =120. 0. -1. 9999,
14THEVC 187.79€3 60. 120. 0. -1, 9999,

 Dynamic synchronous machine
C Temminal connection for phase "a®

C Bus—>» &———Volt< Freq<———angle

SOGENGA 11267.65 60. -28.00

C Comnecticn for phase "B” and "c". Colum 1-2 should be left blank

C Bus==> < Volb< > ————pngle
GENIB
GENIC

C Machine parameter cards (Qprional}

Cc > {34}

PARAMETER FITTING 1.

C Electrical parameters of machine.

€ <—<—-NP<—-SMut PC—— SOt O —— RMVRC—————REVE —AGLi ne 51< 52
11 2 1, 1. 200. 13.8  935.016 1000, 1440.

C Col: (1-2} MuMas, (3-4) KHMac, {5-6) KExc

 Note:; AGLine is used to get the real magnitude in AME of the Field Qurrent

C In principle any value can be used here

C s AD] < RD2< ROL< RO2 < BETOH 510 520

C If 5.M. is not saturable (AGLine >= 0}, leave S1 - 520 blank

¢ Marmfacturer supplied p.u. data (if PARAMETER FITTING is usad)

C When transient data not available for O axis, make: X'g=Xq, T'g(=0
C This will eliminate the G winding fram the S.M. model

c Pa< X< i Ko< X'd< xrge X'dc XTg
0.001056 0.15 1.70 1.64 .238324 1.64 .184690 .185151

C ——-T'd0< T o< T™d0< T™qo< X< Rrr<: ¥ Xe
6.19487¢ 0. 0.028716 0.074960 1.40

C Mechanical parameters for the shaft system (Hass card}

C < > oS EXTES< HICH DSRL DM HSP< —D50
1 1. .181128

C cel: (1-2) ML
BLANK card temminates mass data
C Qutput requests
C GRC=——I—N1<=—N2 ¢ —N2C— N4 <N~ ——NEC~—NT =N —N G —N10< —N11<—~N12
10 1 2 3 4 11
21
31
Ccel: {(3) Group, (4) ALl
BLANK card terminates aynchronous machoine cutbput requests
C TACS input cards
C Exciter (EMIP assumes thab the exciter is regulating to lp,u. => VE-TACS = 1)
< Bug—-a———<KT
FINISH
BLANK card terminates source data

C Bus——>Bus——>Bus——>Bua -—>Bu.3-—)B‘u5——)Bu.3-->Bu5-—-)Ble—-)Btls——)B'le——>Bl.Js—>Ba.ls--)
GENZA BUSLlA BUS12A

BLANK card temminates cutput requests

BLANK card terminates plot requests

BLANK card teominates EMIP solution-mode

(a) Input data. Longer clearing time.
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Figure 7-4-3: Unstable case. Results obtained with the EMTP.
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C Tranaient stability analysis for test system. Unbalanced fault {Single-line-to-

C ground) .
BEGIN NEW DATA CASE
5 Miscellanecus data ..... e
C DeltaT<—-—TMax<—-rpt <—C0pt<-Epsiln<-TolMat <-TStart
200.E-6 1.
C —=I0ut<—-IFlot<-IDoubl<~KSSOut <-MaxCut<—-I[Pun<-MemSaw<-—ICat<-NEnerg<-IPrSup
101 1 1 1
TACS HYBRID
C Node V
90GEN3A 60.
Y0BUS1A 60.
C RMS Value
B8VL A 66+GENIA 60.
B8Voms1AG6+BUSLA 60.

C TACS oubput
33Vt A Vrmsla
BILANK card termminates TACS data

[
ettt ettt e Clrcuit data. ... ovein it iiaeiiiaacnrarnnns
C Bus—-—>Bug——i——— e — =R L R Lei——~hic L
S1THEVA BUSTA 213 23.71 4]
S2THEVB BUSTB .06 39.99 ]
S3THEVC BUSTC Q
C Bus——>Bus—=>Bus—>Bus-=>¢—==R===elame C<omeeR—[— CC——RE——-I<~— C
1IBKR1A BUS1ZA 2.914240.834.26247
2BKRIB BUS1:ZB 2.370719.587-.06032.993440.714.27339
JBKR1IC BUS12C 2.317816.307-.01532.370719.587-.06032.914240.4834 .26247
C Bus——>Bus—>Bus-->Bus—i<—-R'<¢=—L1<~—C<—]en (0 ¢ O« Blank, ¥
-18Us7a BUS1A 0.3167 3.222.00787 144.4 0 0 0 4]
-ZBUS7B BUS1B 0.0243 .9238 .0126 144.4 00 © 0
-3BUSTC BUSLC a
T Bus—>Bus==>Bus==rBluse=iC=——aeR{ amen] o m——-C o]
BUS12ABUS134A 70.16 0
BUS12BBUS13IERUSI12ZRHIS1IAA 0
BUS12CRUS13CHUSIZ2ARIS AR a
BUS13A 221.41 38.26 4]
BUS13B BUS13A 4]
BUS13C BUS13A 0
C Saturable transformer catponents.
C = w3 § JCmm = G~ [ =P | <BUS S < ~RTEGC >0
TRANSFCRMER DELTAR U
¢ ————urrent<{——————7flux
9935
C <~Busl<=-Bus2< o O R e [ —— K< >0
1GEN3E GENIB L1263 13.8 4]
2BIS1A 35.08132.79
C Note.- These leakage values were calculated assuming a 10% p.u. reactance at
C 200 MVA for the transformer, divided in half between the two windings.
C Cm——— >C-Bus3< BusSt
TRENSFORMER DELTABR DELTB™
C <-Busl<-Bus?
1GEN3B GENGC
JBUS1B
TRANSFOFMER DELTAB DELTCA
1GENZC GENIA
2BUS1C
BLANK card temminates circuit data
c
C ittt aamimaeaaaaas SWILEN AL, . it ireenonnrosrossansnonassaansnns
C Bus—->Bus—><——Tclose<—Topen<—-—TIe Q
HUS1A BERIA -1.E-3 300.E-3 0 0
BUS1E BERIB -1.E-3 300.B-3 0 ¢
HUISIC BKRIC -1.E-3  300.E-3 4] 1}
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BUS12A 30.E-3 9999, 0 i

BUS12B 9959, 99949, 0 1
BUS12C 9999. 9999 0 1
BLANK card terminates switch data
C
G e it r i SourceE dAka. ... e cs e e
C Bus—-KI(Arrle.twje(E‘ral;uency(—-TG |Phil<———{=PhigQ <———Tatart<—--Tstop
14THEVA 187.79E3 60. 0. 0. -1. 9999.
14THEVE 187.7983 60." -120. 0. -1. 9999,
14THEVC 187.79E3 60. 120, 0. -1. 9999,

C Dynamic synchronous machine
C Terminal connection for phase "a”

C Bus—=» <=v—=\plt<——-=-Fregt--—~Aingle

S9GEN3R 11267.65 60. -28.00

C Cannecticn for phase "™»" and “c¢". Colum 1-2 should be lafr blank

C Bus—-—>»> < Volt< > Angle
GEN3B
GEN3C

C Machine parameter cards (Qoticnal)

C ot L]

PARRMETER FITTING 1.

C Electrical parameters of machine

¢ €——<NP<—— Mt PC——EMNIE O~ —— —RMVAC————REKV<———AGLine< Sl< 32
11 2 1. 1. 200. 13.8 935.016 1000. 1440,

C Col: (1-2} NMuMas, (3-4) KMac, (5-6) KExc

C Note: AGLine is used to get the real magnitude in BMP of the Field Current

C In principle any value can be used hore

c o -AD1< -AD2< AQL< A e NG LD 51 520

C If §.M. is not saturable (AGLine >= 0}, leave 51 - 520 blank

C Manufacturer supplied p.u. data {if PARAMETER FITTING is used)

C when transient data not available for Q axis, make: X'g=Xg, T'g0=0
C This will eliminate the G winding from the 5.M. model

c - Ra< KL< >7a 0 ey Xt e Xige X xg
0.001036 0.15 1.70 1.64 238324 1.64 .1B46%0  .185151

C -——-T'di< T'0< Trd0< Tgl< M0 < Rn< X Xo
6.194876 0. 0.028716 0.074960 1.40

C Mechanical parameters for the shaft system {Mass card)

C < > ExTrs< HICO< DSRC DS HSP< DSD
1 1. .1Bl128

C eol: (1-2) ML
BLANE card temminates mass data
€ Qutput requests
£ GRAC—C—=N1{~—N2 {——=N3 =N =5 = —H === N7 = ——NB €~ —H I — N1 § < ——N1 1< —=N12
10 1 2 3 1 11
21
31
C col: (3) Group, (4) A1l
BLANK card verminakes synchronous machine output rexuests
C TAZS input cards
C Erxiter (EMIP assumes that the excirer is regulating to lp.u. =» VE-TACS = 1)
C Bus—>»¢——»KI
FINISH
BLANK card terminakes scurce data

£ i it rtaaeinteasrsnassancnonnen Qutput requests .. ....civin-anann

C Bus——>Bu.'5-—>B:.13--‘>Bus——?Bus——>Bl.ls——>Bus—->Bus——>Bu3—>Bus——>Bus-->Bus-->Bus-—~‘>
GEN3A GENZB GEN3C BUSLA BUISIE BUSIC BUSIZABUS1ZEBUSLIZ2C

BLANK card teminates output requests

BLANK card teminates plot mexuests

BLANK card terminates EMIP soluticn-mode

(a) Input data. The fault is a single line 10 ground faull
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Figure 7-4-4: Transient stability study for an single-line-to-ground fault,
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SECTION 8

SYNCHRONOUS MACHINES: REPRESENTING THE CONTROL SYSTEM

8.1 Exciter Control Models Using TACS

Generators have always an aulomatic way of controlling the voltage at their tcrminals.
Changes in the electric system conditions, such as variations on load or faults that arc
clcarcd by tripping lines and/or load, produce a severe change in the machine voltage
that can be controlled by changing the field wvoliage of the pgenerator exciter, This
changed is made automatically by a contro] circuit that measures the terminal yoltage
and compares it against a preset value, if there is a difference the field wvoltage is
changed to keep the lerminal voltage constant,

Typical voliage regulators arc the ones defined by the IEEE. The IEEE Automatic Voltage
Regulators (AVRs) depicted in figures 8-2-1, 8-2-2, and 8-2-3 were taken [rom ([1].

Vg Saturation
Specitied -
gt eltege Regulntor Limiter Se = {(ED)
vt Fil;u Amplifier Va max Exciter

— o ——— . CEEN 1 > B
Terminsl i+Trs 1+4Ta s Ke + Te §
Valt

a a(e va mln
Vo
K{s
1+Tfs |
Feedbeak loop
Figure 8-1-1: IEEE AVR 1ype 1.
Vs Swturstion
Specitisd Se = [{EI)
Imput ~ voltade Regutster Limiter
vt Fil;u Amplifier Vagay Exciter
*

o ——— __Ka N > 1 Ef
Terminal 1+TrS 1+Ta s Ke+Te§
Voitage vamin

Vo
KfS
1+TIS

Figure B8-1-2

Feadbeck loap

IEEE AVR 1ype 2.
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gt Synaiticd Limitars
vt Tilrar Ve
—1 .
tomsat | 17705 T+ 15 <Dmax*f > Er
Yoliage vamin
Vo
1 KIS
— ——
1+7458 1+TfS Type 1

Tandback loap

Figure B8-1-3: Composite IJEEE AVR with edditional limitcr and feedback.

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

Table B-1-1: Typical Parameters [or the IEEE Type 1 Exciter

Ka 25 - 400
Ta 0.02 - 0.05
Ko -0.17 - 1.0
Ta 0.015 - 0.95
K¢ 0.03 - 0.03
Tr 0.5 - 1.0
T 0 - 0.06
Vanin -3.5 - -7.3
Vamay 3.5 - 7.3

As a general rule the bigger the amplifier gain (K3} and the smaller the time constants,
the faster the AVR. One has to be carelul on picking tbe wvalues of these coastans,
because if the AVR is too slow or too [ast the system can become unstable. There are
several control lechniques that allow us 10 chose these parameters so the system s
stable, bul they are out of the scope of this book.

8.2 Governor Control Models

Another control device of the gencrator is the govemor. This element regulates the
input power to Lhe 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 AVR. As
we alrcady mention in the previous section, this device would start to affect the
behavior of the generator after one or two seconds, depending on the 1ype ol generator.

The IEEE Thermal and Hydro govemors with valve are illusirated in Figures 8§-2-1 and 8-
2-2 [11.

Syeeilind Pr
Fownr
+
1+T,8 * ], Onriaxe Pmax Pav
2ntoReg {1+ Ty 8) kL cnax [ Penin Geverner
Tawwr
info 5 B,
pack

Figure 8-2-1: IEEE thermal governor and valve.
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Specilizd Ps
Yower

2o Reg (1 + Ty 8){1 + T35)

Frraax Pgv
e
P

min Covernar

Hashing
Fyeed Powr
2l & Iref.
apeid
Figure 8-2-2: IEEE hydro govemar and valve
Ini il Ballar
nlwigs G or wnler Ph
pealthan rowRr
1418 X 1 . %* Omax [1 % Py
210 Reg {1 + Ty 5) Tl 1vTss emux [ Lo Govarnor
Tawer

!}t;l
Figure 8-2-3: Generalized model ol a speed govemaor and valve.

For hydro units the timc constants of the governor are rather large (scveral scconds),
while for ithermal units these time constants are small (0.1 to 0.5 scconds).

The turbines, hydro and thermal, cap be represented, according to Arrillaga {1], by the
simple models shown on figures 8-2-4 and B-2-5. These represeniations are valid for
siudies with time spans of 1 or 2 seconds, typical in transient stability studies. During
thcse analyses just the High Pressurc (HP) turbine has any important effect on the
responsc of the system due to its relative small 1lime constants. The Intermediate
Pressure (IP) and Low Pressure (LP) turbines have large time constants that makc them
ol linle interest for these kind of studics.

ng 1 ‘Tw S Pm

Power delivered "7 S Mechanical
trough valve Power
Figure 8-2-4: Model for a HP hydro turbine.
K +
" — 1+'r—15 P
4 .
Power delivered + H;chamcal
wer
trough valve P & LP b o

turbine power

Figure 8-2-5: Model for a HP thermal turbine.

Typical values for the govcrnor-turbine models are shown in the tables below. The
valucs where extracted from Anderson and Fouad {2].

8-3



Table §-2-1: Typical Parameters for Govermer Control in Hydro Turbines

Reg (pu) 0.03 - 0.056 (0.05})
Proax {MW) MVA-3 -~ MVA+46
Ppin (MW} 0
T, (&) 0 — 124.47 (34.69)
Ty (8) 0 - B.590 (3.872)
Ty {8) 0 — 0.92 {0.495)
T, (8) 0.3 - 1.545 (0.645)
Ty {3) 2T4_

Table §-2-2: Typical Parameters for Grovernor Control in Thermal (Fossil
Steam) Turbines

Reg {pu) 0.05 - 0.078 (0.05)
Prox (MW) MVA-91 - MVA+17.7
Pnin {MW) 0
Ty {8) .08 — 0.22 (C.134)
T2 (8) 0 - 0.03 (0}
Ty (@) 0.04 - 0.4 (0.231)
T () 0 - 0.3 (0.135)
Ep; {pu} 1

On these tables the maximum power that the turbine can deliver (MW) is determined
bascd on the rated MVA of the generator.

8.3 Studies with Voltage and Speed Repulation

The casc that we are going to analyze corresponds to the same pgencrator as in the
previous chapter. In this example we are interested in study the effect of a large
change in resistive lead on the terminal voltage. The load will change from open
circuit to 1 pu. We use a 1EEE type 1 AVR of (ast response in order to be able 10 see, in a
rclative short period of time, its effect on the terminal voltage. The constanizs choesen
[or the AVR are:

K, = 400 T, = 0.02
Ke = 1.0 Te = 0.015
Kf=0.03 Tf=0.5 Tr= 0.03

The 1erminal 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 he ecasily simulated by
the following equation:

n/6

Vie = (IV] + [Vl + IV /———
By ¥2/3 Vllms
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e
f

Figurc ¥-3-1: Mcasurement of the terminal voltage by a three phase AC-DC
rectifier bridge.

These equations allow us to represcnt the AC-DC conversion with TACS. 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 onc of the blocks of the control circuit were represent by a TACS S_Block, and
initial conditions where given to avoid difficulties with the initiation of the system,
which is a problem to be considered due 1o the fasl response of the exciter. Ncither
limits nor saturation were included in the simulation.

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 incrtiia, but this could produce
wrong results il the value is too large).

Another classical example of the use of voliage {AYR) and speed {governor) controtlers
in synchronous machines is the typical Transient Stability Analysis. In this case
detailed models of an AVR and a hydro govemor-turbine have been added 1o the
unstable power system analyzed in the previous section. It is clear from the resulting
plots that the system has become stable due 1o the presence of the voltage and speed
regulators.

For this specific problem the EMTP does not present much advantage over a typical
Transicnt Stability program, but one has to be clear that this is just a small example of
the kind of analysis that the EMTP allows us to do. For instance, this example could be
easily changed 1o make siability analysis with unbalaced faults, an impossible task for a
iraditional stability program.
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C Similation of the complete loading of a Synchronous Machine with the corplete
C representation of an IEFE AVR type 1.
HEGIN NEW DATA CASE
C oiniiiinannnnann e Miscellaneous data .. ...vorerrnnrrmrnrsnrscrranss
C DeltaT<=——THax<—-XOpt<—O0pt<-Epsiln<-TolMat<-TStart
300.E-6 2.
C —I0ut<—TPlot<-IDoubl<-KSS0ut<-HaxQut — IPum<-MemSa v =-=-TCat <-NEnerg<- IPrsSup
51 1 1
TACS HYERID
C 2 block
Vr +2 1-
vE +AvE HINTTY 1.
C 5 block
12 -vi HINITY ~V3 400.
1.
1. .02
w1l +Vdc 1.
.52359878
1. .03
1dvE +r 1.
1.
1. .015
1v3 +dVE 1.
0. .03
1. .5
C Nede V
90LOAD A 60.
90LOAD B £0.
90LORAD_C 60.
C RS Value
BAVt_A 66+LOAD A £0.
C Similation of an ideal three-phase Transformer-Rectifier arrange
88vac =(ABS (LOAD_A}+ABS (LOAD B)+RBS (LOAD C)} "SQRT(3/2) /13800
€ TACS outpat
33vt A VI
€ TACS_IC
TIVa: 1.732051

V2 V3 Yr v vdc

TILOAD A
TILOAD B
7T7L0AD T

0.
-9758.074
9758.074

TIVE 1.
TFiavE
TV2
Fit 4
TVl
TIV3
BLANK card terminates TALS data

o QOO

o Circult data ... eenririarrsenm s
2 Busl-rBus?=->Busl->Busd—»{——RC(C——1C— ]
LOAD A 10000.
LOAD B 10000.
LORD C 10000,
BUS3A .9522
EBLIS3B L9522
BUS3C .4522
BLANK card terminates circuit data

€ et SWATER GALA 4ottt iiananae e aeanes
€ Bus—>Bus——><-—Tclose<—=-Topen<———Te 0
GEN A LOAD_A -1 9999. 1
CEN B LOAD B -1. 9999. 1
GEN C LORD C -1. 9999. 1
LOAD_ABUS3A .5E-1 9999. 0
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1LOAD_BRUS3B .5E-1 9999. 0

1oaD CEUS3C .SE-1 9499, 0
ELANK card terminates switch data
C
C ittt itianensaranrarnenas Source data DI .

C ynamic synchronous machine
C Teminal connection for phase “a*

C Bus—> < Yolt<—=---Freqe--—-Angle

SO9GEN A 11267.65 80. =50

C Cannection for phase "b" and "c". Colum 1-2 should ke laft blank

C Bus—> < Volr< »<———-Angle
GEN B
GEN C

C Machine parameter cards {Qpticnal)

[ > 12y

 PARRMETER. FITTING i.

C Electrical parameters of machine

C << NP<— MUt P<—— SOt Qe ———FRMVAC REKV<—ACLine< §1«< 52
11 2 1. 1. 200. i3.8 935.016 1000. 1449.

C Col: (1-2) NuMas, (3-4) KMac, (5-6) KExc,

C Nete: AGLine is used to get the real magnitude in BP of the Field Currenc

C In principle any value can be used here

C e A0 1< BD2< A< P2 e BT S10< 520

C If S.M. is not saturable (AGLine >= 0), leawe 51 - S2Q blank
C Machine parameters {no PARAMETER FITTING) ***Diagonal elements cannot be zero

C W Kaf< Kfhd< ya*< ki< W * < n
1.65 1.55 1.55 1.70 1.55 1.605 .15
c Aoyt < Xag<——-XgKa< g <———Xakq<——Xk*
.000001 1. 64 1.49 1.526
c X Ra< RE< Rkek< Rg< Ri< R< xn
1.4 0.0010%96 0.000742 G.0131 0.0540
C Mechanical parameters for the shaft system {Masa card)
C < E EXTrs< HICO DSR< ~DEMC HSP< -DSD
1 1. 9999.

C col: (1-2) ML
BLANK card termminates mass data
C Qutput requests
C GAC==2<———N1<——N2<—NI<—-N4<——WE<—NEC—— N7 === B L ~—NH<—N10<—NLL<—N12
10 1 2 3 4 11
21
31
C col: (3) Group, (4) ALl
BLANK card terminates synchronous machine cutput requests
C TACS irput cards
C Exciter (EMTP assumes that the exciter is regulating to lp.u. => VE-TACS = 1)
C Bus—><—~—-><KI
TIvE
FINISH
BLANK card temminates source data

B i titatrsrrn e QUERPUE PeqUBSES  .i.uveveerencsnestnnronrinnan

L Bus-—>Bu3——>Bus——>Bus——)B.:s—)Bu.s—->Bus—>Bus—>B|m——)Bus-->Bus—>Bus—>Bus-—->
GEN A GEN B GEN C

RLANK card terminates cutput reguests

BLANK card temninates pict requests

BLANK card terminates EMTP solution-mode

(a) Input dala.
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Fast voltage regulation of generator at bus 3. Sudden change in
load from open circuit to 1 p.u.
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C Transient Stability analysis of the unstable redpced Power System, including
C an IEEE AVR type 1 and a hydro govermnor—turbine mechanical speed control.
C The system is rendered stable due to the voltage and speed comtrollers,
BEGIN NEW DOARTA CASE
Miseellaneous datd ...ovvrcveniensrererrersanenns
¢ DeltaT<——TMax<——iDpt<———COpt <-Epsiln<-TolMat<-TStart
200.E-6 1.5
¢ --TOut<—-IPlot <-TDoub] <~KS50ut <-MaxQut <-—-TPun<-MemSav<—ICat<-NEnerg<-IPrSup

121 i 1 1
TACS HYBRID
C Z_block
Vr 2 1.
VE +aViE HINTTY 1.
Pgv HINITY +dPs 1. 0.1.0324
C 5 block
1v2 -vi HNITY -V3 400.
1.
1. .02
1wl +dc 1.
.52359878
1. .03
1dvE +Vr 1.
1.
1. .015
1v3 +avE 1.
a. .03
1. .5
1Pl - +wref .05305
1. 3.872
1. 34.69
ldes +F1 1.
1.
1. 0.495
iPm +ng 1.
1. -1.29
1. 0.645
C Node V
S0GEN3A €0,
90GENIB 60.
90CGENIC 80.
¢ BMIP machine variables
2w
C RS Value
B8vi_A 66+GENIA 60,
C S_Function
a8vdc = (ABS {GEN3IA) +ABS {(GENIE) +ABS (GEN3C) ) *S0RT(3/2) /13800
B88wref =2*pI*&0
C TACS outpat
vt A V1 \% w Pl des Pgv  Pm
C TIN5 IC
Tive 1.732051
TIGEN3A 5548.747
TTEN3B -89555.512
TIGEN3C -393.235
TV 1.
TIvE 0.
T2 0.
FIVL 0.
Tl 1,
T3 0.
TiPm i.
T7Pgv 1.
T1des 0.
TTu 376.99112
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TThuref 376.99112

7Pl Q.
BLANK card terminates TALS data
)
o it aeismt s ssasasiarisaasnas Circuit data. .. .viiirineeerronnenanarconnnsnnn-
C Bus-->Bus——>i=¢ o e 1 F: L 13 L
S1THEVA BUSTA .13 23.71 0
52THEVE BUSTB .06 39.9% 0
S3THEVC BUSTC 0
C Bus—>Bus—->Bus—>Bus—>C——RE——1—— CC———Re=mm=lmmm Cl=m—RE——-L<—— C
1BKRIA BUS12A 2.914240.834.26247
2BKRIB HJ512B 2.370719.5%87-.06032.993440.714.27339
3BKRIC BUSI2C 2.317816.307-.01532.370719.587-.06032.914240,834 . 26247
C Bus——>Bus—-»Bus=—>Busg-=>C===R'{==aL C==e(  C==lem § 0 0< Blank >0
=1BJS7A BUSLA 0.3167 3.222.00787 144.4 0 0 0 0
=2BUS78 BUSIR 0.0243 .9238 0126 144.4 0 0 O 0
-3BUSTC BUSIC g
C Bus—-»Bus—->Bus—>Bug——>———R{~——~L———-C o
BUS12ABUSL3A 70.16 0
BUS1Z2BBUS] IBEIS128BUS 134 0
BUS 1 2CBUS1 3CEUS12ABUS 1A 0
BIS13A 221.41 38.26 v
BUS13B BUS13A 0
BIS13C BUS13n 0
C Saturable transfoomer components.
C ———————emw>C-BUs I == ———~ T C—-Phi <Busst < -Rmag< >0
TRANSFORMER DELTRB 0
C —————current<~————————Fflux
9935
C <Pusl<-Bus?¢——————3d— Rk =Tk C—=NK <. >0
1GENIA GEN3B L1263 13,8 0
2BUSLA 35.08132.79%
C Note,- These leakage values were calculated assuming a 10% p.u. reactance atc
c 200 MVA for the transformer, divided in half betwesn the two windings.
C
C ¢———————<-Bus I ————————><Bus it
TRANSFORMER DELTAB PELTH?
C «<-Busl<-BusZ
1GENIB GENIC
Z2BUS1B
TRANSFORMER DELTAB DELTCA
1GENGEC GRNAA
2BUSIC
BLANK card teominates circuit data
)
O i tiieresssrsasnsanraciannen Switch data.. . vireerenroninncnnansosnacssancenas
C Bus——>Bus—><—Tclase<—Topen<——-—TIe o)
MIS1A BERIA -1.E-3 300.E-3 0 1
BUS1B BKRIP -1.E~3 300.BE-3 v} 1
BUSIC BERIC ~1,E-3  300.E-3 0 1
BUS12A 30.E-3 9959. 0 1
EIS1ZB 30.E-3 9999, 0 1
BUS12C 30.E-3 9989, 0 1
BLANK card teminates switch data
[
€ it it i it a s Source data. . .....iiersriasrarracarasasaaana
€ Bus——><T<Amplitude<F requency<=-T0 | Phi0<===0=PhiQ <«—Tstart<-—-Tatop
14THEVA 187.79E3 60. 0. 0. -1. 9999,
14THEVB 187.79E3 60. =120, 0. -1, 99589.
14THEVC 187,793 60, 120. 0. -1. 9999,

C Dynamic synchronous machine,

C Temminal connection Eor phase “a"

C Bus—> <——Volt<——Freqi-—-Angle
S9GEN3A 11267.65 60. -28




C Connection for phase "b* and "c". Colum 1-2 should be lefr blank

€ Bus—> < Volt< ><——~Angle
(EN3B
GEN3C

C Machine parameter cards (Optional)

C o M

C

C Electrical parameters of machine

C <—<—-NP<———SMDut P<{——SMut O ———FMVAC—REKV<——AGLine=< 51< 52
11 2 1. 1. 200. 13.8 935.016 1600. 1440.

C Col: {1-2) NuMas, (3-4) EMac, (5-6) KExc

C NHote: AGLine is used to get the real magnitude in AP of the Field Curremtc
C In principle any value can ke used here
C

c

et AD 1< RO < BOL< P2 < AGTIO 510 520

C If §.M. is not saturable (AGLine > (), leave S1 - 520 blank
s
C Maching parameters (no PARRMETER FITTING) ***Diagonal elements cannot be zero

cC HE* Kaf< KLk iie Ll ¥akd< X< X1
1.65 1.55 1.55 1.70 1.55 1.605 .15
c Hgha Xag< Rl (s o X< Xakg< e
000001 1.64 1.45 1.526
C Ko Rat——————RE< Rk R ~————RK< RN< Xn
1.4 0.001096 0.000742 0.0131 0.0540
c
C Mechanical parameters for the shaft system {Mass card)
C < o ExTr5< HICO< OSSR —DEML HSP«<———D5D
1 1. L181128

C col: (1-2) ML
BLANK card terminates mass data
[
C Qutput rexquests
C GAC——C——N1C—N2€ —HIC~— NI C——=NGC——=NEC— N —NBC—— NI —NL0<—NL 1 <—N12
10 1 2 3 4q 11
21
31
C col: (3) Group, (4 All
BLANK card terminates synchronous machine output requests
C
C TACS inpaat cards
c
C Exciter (EMIP assumes that the exciter is regularing to lp.u. => VE-TACS = 1)
C Bus——s<———>HKI

TIVE
TZ2Pm 1
7w 2
FINISH
BLANK card terminares source data
C
o AP CUEDUL FEQUESEB oot iieicnvanrrivrornnnnnnn

C Bus——>Pus——>Pus——>Bus—>Rus —>Bus——>Bus ==>Bus-=>Bus—-->Bug——>Rus—>Bus-—>Rug—>
EUS1A BUS12A

ELANK card texminates cutput requests

BLANK card temminates plot mquests

BLANK card temimates EMIP solution-mode

(a) Input data.
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Figure 8-3-3: Transient stability siudy for the power system of Figure 7-4-1.
An AVR and a hydro turbine-governor have been added 10 the
system,
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SECTION 9
SUBSYNCHRONOUS RESONANCE

9.1 Describing the Phenomena

Any Power Syslem having compensaied transmission lines with series capacitors, has
natural frequencies of oscillation below the synchronous frequency of the system (50
or 60 Hz). Generators conncected to the nciwork are made up of scveral mechanical
masses, i.e. the generator itself, the exciter, and the different pans of the prime mover,
having also modes of oscillation at subsynchronous resonant frequencics, due to the
clasticity of the shafts connecting them. When these I[requencies of the eleciric and
mechanical system are close 1o cach other, a disturbance, such as a fault in the network,
can create unstable conditions of operation that will increase the torgques on the shafis
and, if no corrective action is laken, Lhese oscillalions can destroy the generator. This
phenomenon is knewn in the technical literature as SubSynchronous Resonance (SSR).

in order to analyze ihe SSR effects in Lhe system, a detailed model of the mechanical
systicm has to be introduced into the system eguations. This model has to consider all the
masses that conform the mechanical part of the generator, and also the elasticity of the
shafts. A briel description of the equations for the mechanical system can be found in
section 6.2. The cquations for a general system of n spring-connccted rotating masses
has the following matrix fomm:

[J] %[m] + [D] [(.I.)] + [K] [B] = [Tturbjne] - ITQEHJ’EKC]

j+3
'5;[9] = lw]

Where the wvectors [8] and |w] are the angles and speeds of each one of the masses that
conform (he mechanical system. The vector (T.yrpine} stands for the torgues applied 1o
the wrbines. Torqucs are directly related to powers (Pyyrpine = @ Tryrbine) delivered 10
cach onc of the turbincs of the prime mover. The vector of electromagnetic torques
[Tqensexc), and the rotor position of the generator link the mechanical and clectric
systems:

E
aqen 5 = PBeec

P . .
Tgen = 5 Ay ig - Ag i)
=V if + 144 Re)(c
Onech

TEKC

The matrices appearing in the differential equation of the mechanical sysiem, can be
easily explained based on the system shown in Figurc 9-1-1,
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P P L

Figure 9-1-1: Prime mover (High Pressure, Low Pressure, and Intermediate
Pressure turbines), exciter and generator for a typical turbine-
gencrator  unil.

The inertia for each one of the masses of the system [orm the diagonal of the incrtia
matrix [J]1:

JL0 00 0 0
6 J» 0 0 0 0
6 0 J; 0 0 0
Wl =19 0 03,0 0
0 0 0 0 J5 O
0 0 0 0 0 Jg

The damping matrix (D] has a tridiagonal form, because each one of lhe masses has a
sclf damping (p;), and each shaft connecting these masses has also a damping term
(D} The matrix js:

D1+D;; D1 p 0 i} 0 0
=D1z Dy2+Dp+Dp3 -Dzs 0 a 0
0 -D23 Dz3+D3+D3q —Dig 0 ¢
o] = 0 0 -D3g D34+D4+Dss —Dys 0
0 0 0 =Dyg Dy3+Ds+Deg;  -Dsgg
il 0 o} #] —Dsg Dgg+Dg

The clasticity matrix [K]1 has 2 tridiagonal ferm oo, The terms off the diagonal
represent the elasticity constant of each shaft connecting masses § and j (ki 3j), and ihe
diagonal terms arc just the lwo elasticity constants of the shafts connccted at the
corresponding masses.  The matrix is:

-Kiz Kiz+K2z  -Kg3 0 0 0

0 -Kz3 Kp3+K3qs  -Kau 0 0

(K1 = 0 0 =Kaq Kyg+Kag =K 0
4] 0 0 -Kg5 Kig+Rge —Kop
0 0 0 0 -Ks5 Kng

The eigenvalues of the matrix differential equation determine the subsynchronous
resonanl frequencies of the mechanical system alone.  These eigenvalues are always
stable (in the left hand planc}. However, they are quile close jo the imaginary axis
because damping is usually quite low. ‘When the machine is connected te the network,
the eigenvalucs for he connected system are not exactly the same as those of the stand-
alon¢ shaft system. Its eigenvalues for incremental operation can become unstable.
This instability can be physically explained by considering the induction motor
opcration of 1the generator whenever ils [frequency deviales from the synchronous
frcquency:  al the machine accelerates, under certain conditions of the ac system, the
cffeet on ihc generator can be a net accelerating force. And as it decelerates, a net
additional decelerating force may develop. The mathematical medels used within the
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EMTP are, wilhout any modification, capable of capturing this effect in time domain
simulations.

9.2 Systems with Possible SSR

The most SSR-prone systems are those where large generators are relatively close 1o
series compensated transmission lines, a usual case in the Wesiern United States.  Series
capacitors in the neiwork introduce subsynchronous resonant frequencies. These
[requencies can interact with those of the turbine-generator unit to produce unusually
large torsional torques on the machine shaft that can destroy them. This happened in
1970 and 1971 at the Mohave units.

When the possibility of SSR is suspected because of the confliguration of Lhe system, an
cigenvalue analysis of the mechanical system is helpful in detecting the mechanical
subsynchronous resonant [requencies. A complete set of wvalues for the elasticity
constants of the shafts, shaft dimensions and inerlia consiants of the {urbine-generator
unit are nceded in order to do any kind of analysis. Also desirable but not esscntial for
prcliminary  studies are measuments or calculations of expected mechanical system
modal damping lime consiants, The presence of mechanical subsynchronous
frequencies in itself does not necessarily signal the presence of SSR. To consider the
effect of 8SR frequencics on the mechanical system onc must also include the electric
nctwork in the analysis. The EMTP is a very wscful teol to perform these siudies, as we
shall see on the next scction.

9.3 A Classic SSR Example

The set of EMTP input cards shown below correspond to a SSR Test Case as set up by
Vladimir Brandwajn in August 1982. This is a 6-mass mcchanical sysiem analyzed with
and withouwt generator saturation. The data comes from a case reporied in [1] and shown
bhere in Figure 9-3-1. The S5SR cveni 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
subsynchroneus resonant frequencics of the cleetric network, which exist due to the
presence of scries capacitors.

X Irfiniter
Fime Gen. Compensated
Mover OFEm. NV 5¢ AV lremssionlne T2 1V Bus
]
s il
M) )C reer |
{4 massea) AY 39 KV
26 KY Fout
Load

awr

1

.,H

Figure 9-3-1: System studied for SSR extracted from [I10] and carrcsponding to
the Navajo Project.

The results obtaincd for this system are depicted on Figure 9-3-2, that includces

saturation effects on the sysiem, and Figure 9-3-3, which is the same case but without
saturatioo. On both cases we can sec that thc shaft torques, i.e. the difference between
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the mass torques, widely oscillate due to the SSR between the mechanical sysiem 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 resenant frequency,
but we are close enough to one of these frequencies to produce large oscillations that
cventually will destroy the shalts either of the prime mover or the generator-exciter
pair. The same kind of oscillations appear on the mass speeds. Generally, only onc of
the mechanical modes is excited during SSR. As a resul, those specific oscillations
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 shalt will be subjected to larger proportional stresses than others.

The celectric network also experiences large changes on voliages and currents during
the SSR oscilations, as do the ithe fOeld current in the e¢xciter,  Saturation tends 1o
increase the field currenis for any given level of volitage. As saturation increases, the
apparcnt 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.
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[
C Subsynchronous Pesonance Benchmark Case
C This is a &-mass SSR case WITH saturation

cC

BREGTN NEW DATAE CASE

C o e emaeranaean vee. Mimoelianetus data ... ... .ociaiic e iiiir i

C DeltaT<—TMax<——-A0pt<——C0pt <-Epsiln<-TolMar<-TStart

T .0002 1. 60. 60.

C ——I0ut<—-IPlot<-IDoubl<=KSS0ut < —HaxOul <===TPun< =tanSav<~——ICat<-NEnerg<-IPrSup
1 1 1 1 1 -1 1

€ ——Chg<—Mult <—-KChg<—~—Mult <—HChg<—-Mnl b <——HChg< —Mul t<———-KChg<-—PFhlt
3 3 20 20 100 100 500 500 2000 2000

C

i v ear s ra e anar ey Circulb daka ... i iiciarareanrssonononnas

C 3-phase coupled RL branch.

€ Busl->BusZ->Busi->Bus4-»<———-R{————-1,

S1INAVE AMOCL A 162.67 507.51

S2NAVE BMOC1 B 6.51 162.97

S53NAVH CMX1 C
¢ Series RIC hranch.

C Busl->»BusZ-»Busi-»Busq-»< R: Lol <
M1 AMCZ A 8285
Ml 8412 B 5285,
M1l M2 C© 8285,
MXC22 AEQV A 19.52
M2 BECV B 19.52
MIZ2 CEQV C 19.52
C Saturable transformer components.
C —rrrrsmerse s IS 3 —— T <—=Ph i Ru§SE ><-Rrag<. >0
TRANSEFORMER TREN A
C —— —current <———————~Ff lux
9599
C Busl-»Bus?-»(——————>C——Rk<—Li< ——Nk< 0
1INAVL ANAVL C .1 26.
2MNAVH A 31.23311.08
C >Bus3—»<———————————->Bussit>
TRANSFORMER THAN A THAN B

C Busl->Bus2->
INAVL BNAVL: A

ZNAVH B
C C———>Bus3->< >BusSe>
TRANSFORMER. TEAN A THRAN

C Busl->Bus2->
INAVL CWNAVL B
ZNAVH C
C Series RLC branch.
C Busl->BusZ->Busi-»Busd-><——R—[—C

NAVL A 2500. 1.13
NAVL B 2500, 1.13
MEVL C 2500, 1.13
SWI BMOC2 A 4830.
SWI BMOCZ B 4830.
SWT M2 C 48390,
MIC2 ASWT A 13.01
M2 RSWT B 13.01
MIC2 CSWT C 13.01
BLANK card temminates clrcuit data
C
B i iccics s n i s e Switch data ........ b e r e ar s e eieaseaea
¢ Bus—>Bus—>»<——7Tclose<~——Topen<——-——Iea u)
SWI A .01661667 08161607
SWT B .01661667 09161667
SWT C .01661667 .09161667

BLANK card terminates switch data
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O i s Source dakd ... .. iei i ie o i eiaa e iaaareans
C M——HI@platude(ETequmy(—Tﬂlek—O#mo <—-Tstart<—-Tatcp
1480V & 369997, 60, -93.81293 -1.

14BN B 389997, 60.-213.81293 -1.

BN C 389997 60, 26.18707 -1,

C

C Dynamic synchroncus machine
C Bus—>» <—Volt<——Freqg<—-Angle

S9NAVL A 21229, 60,-44.096562
C Bus=-> < Vol >———Angle
NMVL B
NARVL C
C Machine parameter cardsa
€ ——————>C~—EDSihAC——EPOmEg<——EPDGE 1 <> ——N I(Max
TOLFRANCES 20
c > M
PARAMETER FITTING 1.
C Electrical parameters of machine
T =N == BMOLu E P = SMOuL Q< —~—— ~—RMVAL ~ ~————REV<———RGELI e 51 5
€56 2 1. 1. 892.4 26. -1B00. 1907, 3050,
C Col: {1-2) MuMas, (3-4) KMac, (5-6) MExr—.
C > -AD1< RD2< PO 1 P2 DT O SiQ< 520
~1.
C If 5.M. is not saturable {AGLine >= 0), leave §1 - 520 blank
C Manufacturer supplied p.u. data
c Rac 1< Kede X< SATe X< s alls ¢ Xt
.13 1.79 1.71 169 .224 .13504 .20029
C —T'd0< T qO< T"d0< ‘T A< R X b ired
4.3 .B5 .03z .05 .13
C Mechanical parameters for the shaft syscem (Mass card)
C < s EXTrac HICO ISR DM HEF< DSD
1 30,0276 33.68B13
2 .26 .046379 60.9591
3 .22 .255958 50.81822
4 .22 .263573 123.6634
5 .258887 4.325036
6 .0101995

C ecol: {1-2) ML

BLANK, card temminates mass data

C Machine output requests

C R@<——>——N1<——N2<——NI<—-NI<C—NSC— NG N T —NBC—HN I —NL < —N11<—=N12
14 1 2 4 8 9 10

5 [

5 o

s

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

BLANK card terminates synchronoua machine output requests

C TACS input cards.

C Blig=—5rmmmeK]

C ecol: (1-2) KK — either 71, 72 , T3 or M4

Lo PR (N

FINISH
BLANK card terminates source data
C
O it ineniaans et e m e OQUEPUE TEOQUESES . .ii it tancnrrrnrnnns

c Bus--—)Bus——)Bus—)Bus——)Eus--)Eu.a-)Bus--)Bus-—-)-Bus-)Bus—-)Bus—)Bus——)Ba.ls——)-
NAVH RMARVH BMAVH O

BLANK card termminates gutput requests

BLANK card teminates plot requests

BLANK card tepgniantes EMTF solution-mode

{a) Input dala.
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(e) Speed variation at masses 5 and 6.

Figure 9-3-2: SSR swdy for the benchmark case shown in Figure 9-3-1,
Saturation has been considered in this case.
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C SubSynichronous Resonance Benchmark Model.
C This is a 6-mass SSR case with a synchronous machine WITHOUT saturation
BEGIN NEW DATA (CASE

C it iieiarasiasanisanaensann Miscellaneous dat@ ..oiveericiiacnovssornonsnsasn
C DeltaT<—THax<—-XOpt<{—-pt<-Epsiln<-TolMat<-TStart
.0002 1. &0 6l.

C —I0ut<—IPlot<-Doubl<-KSS0ut <-MaxOut <---IPun<-MamSav<——ICat<-NEnerg<-IPrSug
1 1 1 0 1 -1 1

¢ —HKChg<——Mul t<—-KChg<——Mul t<——KChg<——-Mul t <——Khg<—Mu Lt C~—KThg<—#ulb
5 5 20 20 100 100 500 500 2000 2000

C

C ittt iesiasitaroaiaaaan Circuit daba ... iicuinceioinsasrronsoncnannns ..

C 3-phase ocoupled RL branch

C Busl->Bus2->Bus3->Busd->(——R{——-—-L

SINAVH AMICL A 162.87 507.51

5ZNAVH BMCCL B 6.51 162.97

S3MNAEVH CMOC1 C
C Series RLC branch
C Busl->Bus2-»Bus3->Busd->(—RC—-L{——-C

M1 AMOCZ A B285.
I B2 B 8285.
M1 402 C 6285,
M2 REQV A 19.52
MIZ2 BEQV B 19.52
MIZ2 CEQV C 15.52
C Saturable tranaformer components
0 ———————a— HBUE3 - —— > —— I C—PhiBusSt ><~Rmg< >0
TRENSFCORMER TRAN A
L ——curreng{—————————fIux
9859
C Busl->Bus2 =>f=er————u= D, R o e LI e N il
1MAVL AMARVL C .1 26.
¢NEVH A 31.23311.0%
C < ———>Bus3->< >BusSt>
TRANSPCRMER, TRAN A TEMN B

C Busl->Bus->
INAVI, BMAVL A

2NAVH B
C o« —->Bus3->¢ ————————————>BusSt>
TRANSEFORMER TREN A TRAN C

C Busl-»>Busl->
INAVL CHNAVL B
JNAVH C
C Series RLC branch
C Busl->BusZ2->Busi->Busd->< R ———T1C C

NAVL A 2500. 1.13
NAVL B 2500, 1.13
NAVL C 2500. 1.13
SWI AMDZ A 4830.
SWT B B 4830,
SWT M2 C 4830.
M2 ASWT A 13.01
MIZ2 BSWT B 13.01
MIZ2 CSWT C 13.01
BLANK card temminates circuit data
C
| b erceemaacaaaaaaan Switch data  ........ i eaiisiaiseraasansanan
C Bus——-»Bus—><~—Tclogsed-——Topen<-———Ie o]
SWT A 01661667 09161667
SWr B 01661667 .09161667
SWT C .01661667 .09161667
BLANK card terminates switch data
C
C ittt treinanaaracanarmannas Source data b emsasaasanaasnan esr it enennen .




C Bus——><I<Arp]litude<Frequency<——T0 | Phi0<-—0=Fhil <-—Tstart<———Tatop

14ECW A 3685997, 60. -93.81293 -1.
14V B 389997, 60.-213.81293 -1.
14EQV C 389997, 60. 26.18707 -1.

C Dynamic synchronous machine
C Bug—>» <——— Voltd-===-Freq<-——-angle

SONAVL A 21225. 60.-44.896562
C Bus—> < YVolt< s -hngle
HAVL B
MAVL
C Machine parameter cards
C > 13,1
PARAMETER FITTING 1.
C Electrical parameters of machine
L <= —C-NP<~—5MOut P<——— S0t O ————RMVAC————-| FIV<-—AGLIne< 51« 352
656 2 1. 1. 892.4 26. +1800. 1907. 3050.
C Col: {1-2) MuMas, (3-4) Kdac, (5~6) KExc
C P ADI< PD2< BO1< B2 < o E A S10< 520

+1.
C If 5.M. is not saturable {AGLine »= 0), leave 51 = 520 blank
C Manufacturer supplied p.u. data

c Ra< X1< < K< Rt Xt Wt X'q
A3 1.79 1.711 .169 .228 .13504 .20029
C —T'did< T g Td< T X0 R K< X
4.3 .B5 032 .05 .13
C Mechanical parameters for the shaft system {Mass card)
[ Pk ExTrs< HICH< DIRL DS H3P< 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
G .0201595

C eool: {(1-2) ML

BLANK card temninates mass data

C Machine ocurput requesta

C ARC——>C——-NI<—— N2 — N3 ——Nd - NG = e NG = =N T N <——HNI<—N10<—NL1<—N12

1 14 1 2 4 8 9 10
2 3 b

3 5 b

4 5

C eol: (3) Gooup, (4) All
BLANK card temminates synchronous machine output reguests
C TACS inpat cards.
C Bus—>{———>¥T
C col: {1-2) KK - either 71, 72 , 73 or 74
FINISH
BLANK card terminates source data

O OULPUL YEUESES L. iarsnvirramsamamarnennses

C Bus-—-»Bus—->Bus—>Bus-->Bus-->Bus~-->Bus-->Bus——>Bus—->Bus-->Bus——>Bus——>Bus—->
NAVH ANAVH BMAVH C

BLANK card teminates cutput requests

BLAMNK card temminates plot requests

BLAMK card terminates EMIP scluticn-mode

(a) Tnmput data.
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(f) Speed variation at masses 5 and 6.

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

Scveral countermeasures have been developed during the years in order to aveid or
solve the SSR problem. We discuss briefly some of them.

SSR can be reduccd by filtering and damping technigues to detune the electric network
{from the mechanical system. A shon description of some techniques to accomplish
detuning follows:

. Static Blocking Filter: A static blocking filter, tuned at subsyn-chronous
frequencies, is inseried in serics with the generator step-up transformer
winding. This isclates the machine from the sysiem at resonant
frequcncies.



* Line Filter: A reactor 1s connccled in parallel with the series capacitor in
the compensated line. The reaclor is properfy sized so that interacls with
the capacitor to block the SSR currents.

. Bypass Damping Filier:  This Ffilter, a resistor in series with a parallel
connection of a capacitor and an inductor, is added in shunt to the series
capacitors in each phase of the transmission line. It is tuned so that the
SSR currents in thc network do not flow through the series capacitor, i.e.
short circuils the capacitor at SSR frequencies.

. Dynamic Filter: 1s an active device connected in series with the generator
to climinate the subsynchronous voltage generated by the machine.  This
isolates the SSR wvoliages produced in the generator from the eleciric

nelwork.

. Dynamic Stabilizer: A Thyrisior Controlled Reaetor is connected at the
generator terminals with an  appropriate firing circuit to detect the
mechanical oscillations in the rotor. At SSR frcquencies the TCR s

activated to detune the generator from the network.

. Excitation System Damper: This device modulates the exciter output when
torsional oscillations appear in the rotor.

Another way of preventing SSR is by means of special relays and detecting
instruments. The most eommonly 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 detects subsynchronous
frequencies in the armature current, opening the breakers when such
frequencies appear on the terminal current.

. Torsional Momitor: This device monilprs vibrations in the machine shafts,
without taking any corrective action. It is up 10 the operator 1o delermine,
based on the information given by this instrument, the procedures to be
followed 1o avoid permanent damage to the mechanical system.

SSR can also be avoided by tripping lines with scries compcnsation when a fault,
alrcady known to produce subsynchronous resenant frequencies, occurs in the system,
This procedure isolates Llhe generator from he series capacitors. Unit tripping is
snother way of reducing shaft torques. Both technigues imply that the sysiem
vonditions which produce SSR and the ripping scheme have already been determine
from previous stodies.

Modifications to the prime mover and/or generator can also rcduce, or avoid, the
problems induced by SSR. Shafts and masses of the turbin¢-generator pair can be
alicred in order 1o change the resonant frequencies of the system for specific network
configurations.  This approach has the problem that any future changes to the network
could also shift the resonant points. Connccting scries reaclances at the gencrator
terminals for detuning the resonant frequencies is another way 1o avoid SSR.  Another
technique is to introduce pole-face amortisseur windings to reduce Lhe subsynchronous
vpltages induced in the ammature windings of the generaltor, 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 oflcrs 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
its windings as a sct 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 the model and concentrate entirely on
the use of the model,

10.1 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 1o the values
of 1he internal parameters used by the modcls. Induction motors in the EMTP can be
represenied  using the universal machine model. The universal machine requires
knowledge of a few quantities for proper opcration. The model is based on the “"two-
axis” theory of machines, in which we represent “direct” and “guadrature” axis
gquantitics. In order for the EMTP to operaie, it needs o consiruct ils intemnal
mathemaiical model. This internal model ultimalely requires knowledge of the
following quantities:

. Armature and rotor resistances for each winding.

. Magnetization reactance of the magnetic circuit for the d and g axis,
which arc usually the same flor a symmetric three-phase induction motor.

. Leakage reactance of cach coil in the d-q equivalent circuits. The power
side is represented as one coil for each axis, while the excitation side is
simulated by as many coils as the user wants to define. Saturation is
intrecduced as part of the leakage reactances. Each coil is assumed linked
by the common {Jux in addition to its own {lux,

. Moment of inenia of the motor shaft,
. Any exiemnally applied mechanical torques or load tordques.

The wuniversal machine model of the EMTP can represent mechanical characteristics in
dciail. Mechanical torques can hc contrelled by means of TACS hlocks. The dynamics of
the shafi can also be represented, bul the user mus creale an electric circuit analog of
thc mechanical shaft system. That is, consiruct an clectric circuit that bhehaves like the
mcchanical shaft system.

There are twe ways in which we can apply specify these paramcters to the EMTP, The
first way is to enter their values direcity. The second is to enter "nameplate data” for
the motor and let the EMTP 1ake care of the intermal conversion. We illustrate here
both options but note that the sccond option (entering of nameplate data) is only ai the
proioiype stage and was not lested. Instcad, we rteporl on its use by others. Thus, a
direct comparison was not possible.
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As [ar as solution techmiques, two options exist. The eguations for the machine can be
fully intcgrated and solved simultaneously with the network equation wusing
compensation, or thcy can be solved by a "prediction" technique, where at every (ime
step the network solution uses predicted rather than actual values for the machine
variables.  The pros and cons of these two altermative ways of incorporating the
machine model into the rcst of the network are;

. The compensation based approach is likely to bc more accurate,
particularly when saturation is considered.

. The prediction based approach is hkely to be faster.

. The compensation based approach is less likely to result inm numerical
problems, including possible numerical instabilities.

. The compensation based approach limits the use to a single machine in
any poriion of the system not separaled by at least ome time step delay
{such as a distributed line). The prediction based approach lets the user
specily as many machines 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 porlion of the system.

Users are [ree 1o select among these (wo approaches (o macbine internal
rcpresentation.

10.2 A Motor Starting Study Setup

The example shown in Figures 10-2-2 and 10-2-3 is based on an 11000 HP (8.2 MW)
induction motor given in reference [1], with cemain assumptions about the mechanical
system {not all the mechanical system data was available from the paper). The case to
be studied is the cold start-up of a fully loaded induction molor using the universal
machinc model of the EMTP. The first test uses input given in terms of the machinc
namecplate data; a processor inside thc EMTP transforms these data to a sel of resistances
and inductances ne¢eded by the universal machine. This model could not be tested at this
timeg, but is included here because we expect that it will be operational in the near
futarc, A dctailed explanation of the way the transformation [rom nameplaie data to
inlernal data is done can be found in [1]. The nameplate data for this induction motor is:

Prated = 11,000 HP
Vigrmina:r = 8.6 kV

Full Load Specifications

m= 0,585
cosd = 0.906
5 = 0.00622

Starting Specifications
Isvarty = 8%Irates (AU Vraced)
Tsrarn; = ©.03%I 5000 (av 0.738 Viageq)
Tarart = 1-47%Trarea (3T Veared)

Tmax = 3.53*Traten
Design Ratio = 0.55

The mechanical system was simulated based on the assumption that the Ioad can be
represcnted by a mass with damping D, and inenia J., attached to the motor by a siiff
shalt (K = =g. On the other hand the machine rotor is simulated hy another mass with
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damping Dy and inenia Jy. This mechanical system can be represented by a electric

circuit as shown in Figure 10-2-1. The switch is used to guarantee Lhat the mechanical
circuit is energized at the same time as the terminals of the motor.

)-i

Te ? DL+DM /‘""""—\\ JL‘FJ M

Figure 10-2-1; Modelling of the mechanical system as an electric circuit. The
masses representing the load and the rotor can be lumped into
one by assuming thal the shafli is stifl.  The electromuagnetic
torque T, is represented as a current source, and the speed of
the rotor-load pair is the nodal voliage.
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C Cold start-up of an Induction Motor using ctype 40 Induction Machine model.

C The information given to the EMIP is the MEMA standard data printed in the
machine plate. This data is transformed by an internal processor to standard
data needed by the type 19 U.M. rodel for a 3-phase doubly-fed Induction Motor
(UM, tyoe 4).

This exanple is extracted from:
G.J. Rogers and D. Shimmohammadi, *Induction Machine Modelling for
Elecrramagnetic Transient Program, " IEFE Trans. on Energy Conversion,
Vol. BC-2, No. 4, Dec. 1987.

nononoDonoonn

BEGIN NEW DATA CASE

C Universal machine table space allocation
c >, 1, J, K, L
PBSCLUTE UM, DIMENSICNS, 20, 3, 20, 20

£ it etiasaasracanasianans Miscellaneous data o ... .. ..veerrnnnnnrnnnransenn
C DeltaT<—TMax<-——X0pt <—C0pr<-Epsi lir~TolMat<-TStart
2.E-3 14.
C ——Iout<--IPlot<-IDaibl<-K550ut <-Maxut <—--IPm<-MamSav<—-— ICat <-NEnerg<-IPrSup
81 i 1
C TACS data
TACS HYRRID
C Node V
90BUSA 60.
91EKRA 60,
201D 0.
C RS value
BEVE A GEHEISA 60.
B8IL_A 6G+EKRA 60,
C Slip
BaSlip =1 - IM/{(377/2)
C TACS cubpur requests
33w A It A Slip
BLAMK card terminates TACS data

C
O e icieiactia e veva-n Clronit datd@ oL iiiieieeirerearraneeaans
C Ideal woltage scurces always loaded
C Busl->Busl->Busi->*Busd -»<{——-R{——[«—-C o)
SRCA 1.
S5RCB SRCA
SRCC SRCR
C Small reaistance cormected at thw rotor temminals
BUSRA 1.E-5
BUISRB BUSEA
BUSRC HUSEA
C Source impedances
SRCA  BHERA 0.005 1.

S5RCB BKRR SRCAR BKRA

SROC BRRC  SRCR HKRA
C Mechanical system represented as an electric network
c C = J*1E6 R =1/D L =1/K*1E3

puyic 1.2E9
iy 4,3E-3

BLANK card terminates circuit data

[

C tererenanrnearnnaen PR Switch data ...... L ih s are et eetananessonennean

¢ Bua——>Bus--><-——Tclose<——Topen<————7TI& 0
BKRA BUSA 0.2 4999, 0 1
BKRB BUSR 0.2 9999. 0 i}
BKRC BUSC 0.2 3999, 0 0
™ Mp 0.2 99949 0 1

BLAMK card terminates switch data

c
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£ ittt it e Source data ......

C M**ﬂ@@lltmr@erm{—ToIPh:LO(——-O"Ph:LO <-—-’I‘start(-———Tstop
14SRCA 5388.877 50.0 0.0 -1. 5999,
145RCB 5384.877 60.0 =120.0 -1. 9999,
145R0CC 5388.877 60.0 120.0 -1. 99499,
[
C Universal machine
C
C Miscellanecus universal machine data
19
C col: (1-2} source type 19: universal machine
c <

0
C col: (1) InPU {blank means SI units), (2) InitM (1 means initialize machine)
Cc {15} IComp (0 means use campensation, 1 means use prediction)
BLAMK rcard terminates miscellansous universal machine data
C

C Induction machine data (type 40 source = nameplate data ia usexd)
C Phase a, b and ¢ data
C Bus——> <———— 51lip<——Freq
40BUSA 100. 60.
C col: (1-2} JType
C Bus—>
BUSE
BUSC
C Design ratio {Optional)
< Zas FMin
DESK®Y RATIC 0.55
C
C Nameplate rating data
C Full load rating
C —PFla<———VFLd<~——PFFLO<—EFFLa——8F1d
-11000. 6600, 0.906 0.985 0.00622
C Starting information {in pu)
C CSta< TRAat< VRed< CRad
B. 1.47 0.758 6.03
C Leakage saturarion data (in pu)
C ———{Sab———TMax

2, 3.5
c
C Mechanical paramters
C C————HInitLBus=->
2 60000. ™
C col: (1-2) NP
cC

C Induction machine output requests
C ITITITIITI
T <S<R<E<N<AQ
111111
C col: {1-2) IF
BLANK carpd terminates universal machine data
BLANK card teomninates scurce data

ittt e e utput requests ......

C BUS— DS > BUS——>BUY —>BUS—>BUS——>Bus—>Bus—>Bus— >Bus->Bus—>Bus—>Bus——>
BUSA BUSB BUSC ™M

BLANK card teonirates outpuf requests

BLANK card terminates plot requests

BLANK card tenminates EMIP solution-mode

Figure 10-2-2: Input data for the simulation of a cold siart-up of a fully loaded

11000 HP, 6.6 kV induction motor using a universal machine.

type 40 model, including saturation. EMTP Version 1 does not

recognize this model.
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We could not run this case in Version 1.0 of the EMTP (Apollo Version), because Ihe
program did not recognizc the uwniversal machine type 40.

The sccond alternative to the 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 arc
illustraled in Figore 10-2-3 which uses wuniversal machine type 4 model without
considering satoration. For this type of universal machine, all the impedances have 1o
be given explicitly to the program. When only the nameplate dala of the machine is
known the data must be converled from nameplate data. Thesc converted data are also
given in reference [1], and can be transformed to thc required form for universal
maching type 4 mode! by assuming the base values of §2 MW and 6.6 kV . Details of the
conversion process are given in [1]. The resulis of this conversion are:

Lng = Lpg = 0.04413 H
rs = 0.02453 0
Lig = 0.0009132 H
rr = 0.10948 Q
Lig = 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 expecled for a cold start-up of a rather large indoction motor. The
terminal current shows a large value when the motor is energized, and after several
seconds it setiles down o its steady-state value, The voltage shows a drop from its rated
value due 1o the source impedance and the large start-up line current. The
eleciromagnetic torque shows an initial oscillation that is typical of the sta-up of any
induction motor, then it increases steadily until it reaches its maximum just before the
rotor gets 1o its rated speed. When this speed is attained, all the machine variables
attain their steady-state value. This motor bas very large time constants due 10 its size,
thcrefore, and it takes & long time {(about 12 seconds)to reach steady state operation.
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C Cold start-up of an Induction Motor using type 4 Induction Machine model.
C The input date are impedances according to rules given in EMIF Rule Book,
i.e. in the following order:

- d,g matual inductances,

- 0,d,q leakage inductances for stator {in this order),

- d,q,0 leakage inductances for rotor (in this order).

This example is extracted from:
G.J. Rogers and D. Shiomwchammadi, "Induction Machine Modelling for
Electramagnetic Transient Program, ' IEEE Trans. on Energy Canversicon,
Vol. FC-2, Mo. 4, Dec. 1387.

OO0 aOaOoOnan

et et a e Mispellaneous data .......... . e
C DeltaT<-—TMax<-—X0pt <—-COpt <-Epsiln<-TolMat<-TStart
2.E-3 14.
C --Iout<--IPlot<-IDoubl<~-KS50ut<-Maxtut <==--ITPun<-MemSav<---ICat<-NEnerg<-IPrSup
B1 1 1
C
C TACS data
TAZS HYBRID
C Node V
90BUSA 60.
91BKRA 60,
9014 0.
C RS value
BBVE A GGHEUSA al.
BRIt A GR+BKRA 60.
[
C Slip
883lip =1 - ™/ {377/2)
C
C TAIS outpub requests
I3ve A It A Slip
BLANK card terminates TACS data

C
£ ottt rirmernennannarsaasrans Circudt data . iieriiriineinrnsenrsanarsranenan
C Ideal wvoltage sources always loaded
C Busl->»Bus2->Busl->Busq-><——R{-—L<—C 8]
SECA 1.
SRCR SRCh
SRCC SRCh
C Small resistances connected at the rotor terminals
BUSEA 1.E-5
BUSEB BUSREA
BUSFC BUSEA
C Source impedances
SECA BERA 0.005 1.

SHCB BKRB SRCA  BERA

SROC BHKRC SRCA BRRA
C Mechanical system represented as an electric network
[ C=J*E6 R=1/D L= 1/K*IE3

P 1.2E9
P 4.3E-3

BLANK card terminates circuit data

ol

G oiiititieniianaininananns PR < S5 N oo o0« = ) oF- T P

C Bus—->Bus—»<—Tclose<-——Topan<————-— —Te Q
BKFA BUSA 0.2 3939, u] 1
BKRE BUSB 0.2 99393, v] 0
BHRC BUSC 0.2 9999, 4] a
™ P 0.2 9999, ¢ 1

BLANK card tepuninares switch data

C
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¢ Bus—><I<Anpl ltude<Frequency<——T0 | Phi0<-—0=Phi0 < Tatart<-——Tstop
145RCA 5388.877 £0.0 0.0 -1. 9999,
148RCR 5388.877 £0.0 -120.0 -1. 5995
145R2C 5388.877 60.0 120.0 -1. 9959,
o

C Universal machine
¢ Miscellaneous universal machine
19
C col: (1-2} source type 19: universal machine
cC <
i}
C col: (1) InPU {blank means SI units}, (2} InitiM {1 means initialire machine)
[t {15} ICamp (0 means use compensation, 1 means use prediction)
BLAMNK card temminates miscellaneous universal machine data
C
C Machine table data
C =< <Node> TACS - <—< R< DCoef< Epsaic —Freq
4 111 2
col: (1-2) JType, (3-4) NCID, (5-6) NCLO, {7} TOOut, (8) OMDut, {9) THOut,
{22-23) NPFair

Initial speed, unsaturated d-axis inductance, saturated inductance and point
(e LMD LMED F1aS0x F1xRD
0.0 0.044130 0

[oNa N NN

C col: {29) JSatD {Blank if saturation is to be ignored)
C
C Initial position, wnsaturated g-axis inductance, saturated inductance and point
C ~Thet akc LMK TMSOC F1aS0< F1xRQ
0.0 0.044130 0
C col: {29) JSatQ {Blank if saturation is tc be ignored)
&
C Coil table data
c Resis< LLeakBus1->Bun2-»XTALS rC—————Uur
C Armature
0.02453 0.0009132 BUSA o 0.0
0.02453 0.00059132 HUSE 0 0.0
0.02453 0.0009132 BUSC 0 0.0
C Raotor

0.10948 {.0009130 BUSRB 0
0.10948 0.0009130 EUSRC 0
0.10548 0.0009130 EUSRA 0 .
C col: (47) CurCut (1 if you want to output this coil currenm
BLANK card temirates universal machine data
BLANK card terminates source data

i iienenarenannasannantnraans Dutpull requestS  ...eeiierarerasanssana

£ Bus—-—>Bus—->Bu§=-=>Bus==>Bus=->Bug=->Bus-->Bus-~>Bus-=>Bus-->fus-->Bus—->Bus—>
BFRA BKRB BEKRFC IM

BLANK card tewminates cutput requests

BLANK card terminates plot requests

BLANK, cord terminates EMTE solution-mode

(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

simutated with a universal machinc type 4 model. Sawration is
not included in this analysis.
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APPENDIX A
TEMPLATES

This appendix contains templates useful for the preparation of inpul data and
understanding the organization of data for most of the EMTP capabilities described in
this workbook. The short templates provided in this sectrion are praciical and concise.
You must Ffirst select the desired templale from the following list, then locale and use
1tis template.

The following ilemplates are included in this section;

. Template for general EMTP case studies.

. Template for ideal itransformer (type 18 source),

. Template for single-phase two-winding staurable transformer.
. Template for siongle-phase N-winding staurable transformer.

. Template for three-phase A-A connected saturable transformer,
* Template [or three-phase A-Y connected saturable transformer.
. Template for three-phase Y-A connected saiurable transformer.
. Template for three-phase Y-Y connecled saturable transformer.
. Template for XFORMER study.

. Templale for TRELEG study.

. Template for BETRAN siudy.

. Template for CONVERT study.

. Template for HYSDAT study.

. Template for pseudo-nonlinear reactance (lype 98 branch}.

- Template for pscudo-nonlinear hysterelic reactance {typec %€ branch),
. Template for using BCTRAN {R] and [L] matrices.

. Template for using BCTRAN [R] and [L] ! matrices.

. Template for synchronous machine (lype 59 source).

. Template for universal machine (type 19 source).

. Template for induciion machine {type 19 source, UM 1ype 40}.

All of these templates are provided in the diskeite that accompanies this workbook.



€ Tamplate for general FMIP case studies.

£ it iieeranssrsssansannennn Miscellanerus data ... .o cimrnic i i ae e
C DeltaT<—-—THMax<-——XOpr <-—00pt <-Epsiin<-TolMat<-TStart

C —IDut<—IPlot<-IDoubl<-KSSOut <—MawDut <———ITPun<-MemSav<——ICat<NEnerg<-IPrsSup
c

£ it iiraar i snronsnns Circuilt data ...eiicvnennornreercansacnsnnans
C Distributed parameter line

C Busl-»Bug2-»Buai->Busd-»<—-R'<—L'<=—CT<==1on 0 0 O Q
C

€ RLC branch

C Busl->Bus2->»Busi->»Busd-»<——RL—[k=———C o
C Mutually-copuled branches {zero and positive sequence}

C BPus=—->Bus—> L———R—— -L

51

52

53

C Mutully-coupled branches

C Busl-»Bus?->Bus3-»Busd - ———R{——— [ mmeni{ o e Rt s T o] e R ———] ==
51

52

53

BLANK card temminates circuit data

e e as Switch dAata .. ..vivvuieinsnnmvasesinsnanisnssiasa,
C Busl->Bus?-»<—Tclosel-——Topen<—-——Ie Q

BLANK card tepninates switch data

o

it iisren s ... Source data .......... et erebtee e
C Bus—><I<Anmplitude<Frequency<—-T0|Phif<—0n0=Fhi) <——-Tatart<———-Tatop
BLANK card termminates source data

C

Y Output ToqUBSTE L. .. veinssarnsnsarsarsassranasnss

£ Pus——>Bus——>Bus——>Bus—-=>Bus=->Bus—>Bus——>Bus—>Bus—->Bus—>Bus—-—>Bus—->Bus—=>

BLANK card teminates output requests
BLANK card terminates plot requests
BLANK card terminates FMIP sclution-mode




IDEAL TRANSFCRMER (type 18 source) — Ideal transformer belongs to source
data group.

c

C

c

C +——— X Voltage sourte
C k [ | —A—{~)—- 3
C

C

C

C

| 1:n |
m i ) 1
et

C Busj—> <Amplitude<Frequency<-—T0|Phil<-——0=phil} <——-Tatart<-—-Tstop
14 .001 60. 0. 99849, 9959,
C Busl-> <———RaticBusk—>Busm>Busx—>

18 hode

Busx is the internal node x, must be unigue for each transformer.

Cantarary to the Rule Book, the amplitude and frequency mast be non-zero,
However, a value of Tstart > Tmax will prohibit the voltage acurce becomes
active,

aoaan

SINGLE-PHASE TWO-WINDING SATURABLE TRANSFORMER —— Saturable transformer
belongs to circuit data group.

BusTo is a name for internal bus at the top of the magnetizarion branch which
uniquely jdentifies the transfomrer.

———————— >Bus3-» <—Iss5<PhiasBusTo><-Rmag e]
THANSFCRMER

¢ ————ruwrrent¢—————— flux

OO nNnn

9599
C Busl—->Bus?—>» <——Rl<——Lk<-—Nk ]
1HIGH
21w

C SINGLE-PHASE N-WINDING SATURABLE TRANSFORMER —-- Saturable transformer belongs
C to circuit data group.

C

C BusTo is a name for intermal bus at the top of the magnetization branch which
C uniguely identifies the transformer.

C ———————>Bus3-> <—Tas<PhissBusTo><-Rmag o
TRANSFORMER

C —————ourrent<-———————flux

9899

C Busl->Busi-> <——Rl<——Lk<-—Nk (o]
1RE1

2BUI52

3BUS3

4854
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C 3-PHASE SATURABLE TRANSFORMER (delta—delta connected) — Saturable

C vransfoomer belongs to circuit data group.

C

C BusTo is a name for internal bus at the top of the magnetization branch which
C uniquely identifies the transformer.

L ——— »Busi-—> <-—Iss<PhissBusTo<~Rrag 8]
TRENSFCORMER INTAB
C current < flux
5999
C Busl-»Bus2-> < — Rl ——LkC——HNk o]
1LOWR  LOWB
2HIGHA HIGHB
g —-———r- >Bus3-—> BusTo>
TRANSFCURMER INTAB INTBC
C Busl-»BuaZ->
LLOWR  LoWC
ZHIGHB HIGHC
C >Bus3i-> BusTo>
TRANSFOFMER INTAB INTCA
C Busl->Bus2->
1L0WC LoWR
2HIGHC HIGHA
C 3-PHASE SATURMARLE TRANSFORMER (delta-¥Y connected) — Saturable transfoomer
C belongs to cirmuit data group,
C

C BusTo i3 a name for internal bus at the top of the magnetization branch which
C uniquely identifies the transformer.

¢ —————>Bus3i—> <—I55<FhissBusTo><-Rmag Q
TRANSEORMER INTRB
¢ —————current<————————flux
59493
C Busl->Bus?-> L——-Rk<——Tk<——Nk Tl
1LCWA LoWR
2HIGHA
c——— >Bus3-> BusTaxr
TRANSFURMER INTAB INTBC
C Busl->Bus2—>
110w LOWC
2HIGHB
C ———— = >Bus3-> BusTaoxr
TRANSFORMER INTAB INTCA
C Busl->Bus2->
1L04C  TOWR
ZHTGHC




C 3-PHASE SATURARIE TRANSFORMER {¥-delta connected) — Saturable transfommer
C belangs to circuit data group.

C

£ BusTo is a name for intermal tus at the top of the magnetization branch which
C unieuely identifies the transformer.

¢ ———=—-—->Bus3-> <——-I83<PhissBusTo><-Rmag o
TRENSFORMER INTA
C — CUrrentC————————————— £ 1lux
9999
C Busl->Bus2-> Cmmr Rk == Ll ===k O
1LOWA
ZHIGHA HIGHB
L —————>Bus3i-> BusTox>
TRANSEDRMER INTA INTB
C Busl->BuszZ->
11LOWB
ZHIGHB HIGKC
C — >Bus3-—» BusTo>
TRENSFORMER, INTA INTC
C Busl->BusZ->
110w
ZHIGHC HIGHA
C 3-PHASE SATURABLE TRANSFORMER (Y-Y connected) =-- SBaturable transformer
C belongs to circuit data group.
cC

C BusTo is a name for intermal bus at the top of the magretization branch which
C uniquely identifies the transformer,

¢ ————————>Bus3-> <—Isa<FhissBusTo<-Rmag a
TRANSEORMER, INTA
C ————current<——————flux
9599
C Busl->Bus2-> L——Rg =Lk <———HNK 2
11OWA
2HIGHA
L ———— >Bus3-> BusTo>
TRANSFORMER. INTA INTB
C Busl->Bus2->
1LCWBR
2HIGHB
g ————— »Busl-> BusTo>
TRANSFORMER THTE INTC
C Busl->Bus2->
1LWC
ZHIGHC
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C ¥XFORMER - Calculates [R] and {L] matrices for single-phase two-winding and
C three-winding transformers.

o

HEGIN NEW DATA CASE

C XFORMER card C-N
KEORMER

c

C Branch card (Optional)

C High (51) Medium (52) Lo {53)
C =~——->Busl->BusZ->Busl->Bua?->Bus]l->Bus2->
BRANCH

C

C Electrical parameters
C —agn<-—--PBour  <-TPunch

0
Cecol: {1) MW, (2-10) Magn
C
C Winding data
C ===Voltl<-~PLossl2<=-———28C12<----PBZ12

C ~=Volt2<--PL0ss]l3<————-Z5C13<-—-PBZ13
C ——Volt3<—PLags23<——Z25(23<-——-PB223
C Repeat fran branch card for additional cases

BLANK card teminates XFORMER data
BLANK card teominates EMIP solution-mode
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C TRELEG -~ Calculates [R] and {L} matrices for single-phase and three-phase
C transformers.

C

BEGIN NEW DATA CASE

C XFORMER card =N
KEORMER 33.

c

C Branch card {Opticnail)

cC High {51) Medium (52) Low {53}

C >Busl->Bus?2—>Busl->Bug2-»Bus]-»Bus?->
BRANCH

C Data for all ¢lasses starts at celum 2.

c
C Electrical parameters {class #1)

C N Fregd SBVA

C col: {2-3) N, (4-5) Npelta

c

C Class #2 (present ordy if NDelta = 2)
c TPEMA TEHKMX

C _—

C col: {2-3) IDT

c T2KMRC TZHMX

C

C Measurement data {class #1)

C 4 of cards = (N-1}*N/2 + 1 for NDelita < 2

C (N-1}{N-2)/2 + 1 NDelta = 2

C I<J< TP R TPX< TZR< TZX
C ool (2-3) I

BIANK card temminates measurement data

[

C Qutput units (class #4)

C -

C ool: (2-3) KZO0ut

C Winding data (class #5)

C  # of cards = N+1

CJ< < VRI< RiMAL-=>NBLi-—>NAL1->NBil->NAiZ->NBi2->»

Ccol: (2-3) J, {5) DODD
BLENK card terminates winding data

c

C Magnetizing impedance specifier (class #6)
C -

C col: (2=3} NT

C

C Magnetizing impedance (class #7)

C #of cards =1 for NT < 1

C N NT =1

c XFOs< ¥Hiero

BLANK card terminates magnetizing impedance

c

C Repeat from branch card for addirional cases
BLANK card terminates TRELEG data

BILANK card tenminates EMIP sglution-mode
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C BCTRAN — Calculates [R] and inverse of [L] matrices for single-phase and

C three-phase transfoomera.

C

BEGIN NEW DATA CASE

 MFORMER card N

*FOPMER 44,

C Bxcitatiaon data

Cc

c pos =S s Zaro Zero Zero
C Freq I 5 Loss I 5 Los3

C excit rating excit excic rating excit
C < <

Ceol: (1-2) B

C

C Windirg data

C #ofcards =N Winding &

C Phase 1 Phase 2 Phase 3
C k<-VEkrating<-————-] Rk Busl->Bus2->Bual->Bus?~>Busl->Bus?->
Ceol: (1-3) k

C

C Short circuit rest data

C # of cards = N{N-1} /2 1
C oI
C pos pos 2810 2210 el
C k P 2 5 Z 5 lo
[od ik ik rating ik rating Lt s
C <— <ass
C epl: (1-2) 1

BLANK card terminates short circuit test data
BLANK, card terminates BOTRAN data
BLANK card temminates EMTP solution-mode
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C ONVERT (Vors va. Imms) — Convert RMS voltage-current saturaticon curves inmto
C flux-current curves.

C

BEGTY MEW DATA CASE

SATURATION

¢ —Freq<--VBase<—pPRase<-TPunch<-KThird
0

¢ ——-Imms (pu} <——-Vmms (pu)

9993,
C Begin with the point claosest to the origin {excluding origin} and then move
C cantinuously away fram origin.
BLANK card terminates OONVERT data
BLANK card teminates EMIP solution-mode

C CANVERT (Current vs. incremental inductance) — Convert current-incremental
C inductance curves into flux—current curves,
C
BEGIN NEW DATA CASE
SATURATION
C —-Freq<--VBase<--PBase<-IPunch<-KThird

=-1. 0
c ke Lk

8999,

€ ik must b= monotone incrsasing. Lk must be greater than zero.
BLAMK card temminates CCONVERT date
BLANK card terminates EMIP sclution-mode

C HYSDAT —- Generate flux—current curves for specifying major hysteresia logp
C characteristic in type-96 branch.

C
BEGIN NEW DRTA CASE
SATURATION
C —Freq
B8.
C =Itype<=-Level<-Ipunch
1 o

C —Cusat<-FlxSat

RIANK card terminates hysteresis curve requests
BIANK card temminates HYDAT data
BLANK card terminate EMTP solution-mode
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{ PSEIDC-HINLINERR. REACTOR {type 98 element} - Psewlononlinear reactor belongs
C to circuit data group.

C
C Busl->Bus2->Bus3->Bus{-><—izss<Fhiss o]
96
C —Current <~———————-—Flux
9999,
C

C Specify current and flux in monotone increasing order. The origin is an

C implicit point. Usually, the first point eguals to {iss, Phiss) in order to
C provide continuity between steady-state and transient solution at time zero.
C Note that Phiss andd i35 are used te define the slope of the curve for

C steady-state solution.

C PESEUDO-NNLINERR. HYSTERETIC REACTOR (type 96 element) — Pseude-nonlinear
< hysteretic reactor belongs to circuir data group.

C
C Busl->Bus2->Rugd-»Busd-><~—~ig5<Phiss<FhiRe
96
C ———=Current<{————Flux
95499,
C

C Specify iss = 88B8. for EMIP to calculate iss ami Phiss.

C The current flux curve rust Specify the bottom half of the hysteresis loop.
C The first point specifies the point after negative saturation point. Then
C the other points are specified in order, up to and including the first

C point after the positive saturation point.

C USE RL - Uses BCTRAN (Rl and [L) matrices in EMIF study. USE RL is belong
C to branch data group.
c
C Busl->»
USE AL
SVINTAGE, 1
C Busl->Bus2-> < R L

SVINTAGE,

C USE AB -~ Uses BCTRAN [R] and inverse of (L] matrices in EMIP study. USE AB
C is belong to branch data group.
c
C Busi->
USE AB
SVINTAGE, 1
C Busl-»Buaz-> <

M

b
w

$VINTAGE, 0

c

C WNote: Colum A corresponds to the inverse of [L] matrix amd B correspords to
£ the (R} matrix.




C DYNAMIC SYNCHRONGUS MACHIME - Synchronous machine belongs to source data
C group.

c

C Teminal connection for phase a

C Bus—> <——Volt<——-Freg<—Angle

59
C Connection for phase b and ¢ (leave column 1-2 blank)
C Bug=--> < Valt< >¢~——Rhnqle

€ Machine parameter cards {Optiaonal)
C Only non-blank fields redefine the default parameters

€ ~—————>¢=——FPSubh<=——EPOreg<~—~EPDGEL< SC———NIMax
TOLERANCES

C Fat 1391

PARMMETER FITTING

c >

DELTA OCNNECTION

C

C Electrical parameters of machine

C << HNPC—— Rt Pe—— SOt O ———— RV A ———— R —AGLiner< —51< 52
C Cnl: (1-2) MuMas, (3-4) KMac, {5-6) KExc

C e AD1< AD2< A1 < B2 < BT 510« 52Q
C If 5.M. is not saturable (AGLine >= () leave 51 - S20 blank

c

C Manufacturer supplied p.u. data {if parameter fitting is used)

c Ra< i< Ned< X< Kl K< Xk Xg
C —=T'd0< T'ql< Trdf< Tl H0< Rn< Krre e
C Per unit inductance and resistance matrices {no parameter fitring is used)

C WE < -Xaf< Xk WA~ Kakd< Kk X1

c K< Xag< X< My Xaka< Hg

C K< Ra< RE< R Rp< Rk Rn< Xn
cC

C Mechanical parameters for the ashaft systen {mass data)

< > EXTra< HICO DER< DS ———H3P<—-D3D

C col: {1-2) ML

C Repeat this card for masses specified by NuMas

c

C Old style synchronous machine cutput requests

C AERRERERER<-—-Angles<-——Speeic-Tomues

C col: {1) JPAR, (2) JMIC, (3) JIdg0, (4) JFI, (3) JD2, (6) JQl, (7) 302,

C {8) JFV, (8 JEM, (10} JETE, {1l) JIABC, ({12} JSAT

C If the "old style" ocutput is hegin used, remove the blank card that terminates
C mass cards, otherwise, remove the "old style" cutput card.

BLANK card teminates mass data

o

C Synchroncus machine output requests

¢ ERC— N1 C~—N2 C—HNIC— NI <—NG<NE<—NTL—NBC— NN 0 —N1 1<—N12

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

C Repeat this card for each output group as necessary
BLANK card terminates synchronous machine ourput requests
C

C TACS inpur data

C Bug-—><~——>FI




C eol: (1-2) KK - either 71, 72, 73 or 74

FINISH PART

FINISH
C Terminate TACS imput by special teminator card EINISH PART or FINISH. If
C there is more than one dynamic synchonows machine connected to the same bus,
C use FINISH PART to indicate the 5.M. data is only partially completed.
C Repeat from "machine parameters™ card and temminate with for each S.M. data
C as mentioned aboved. Terminate the last {or the only} §.M. machine with the
C card FINISH.

A-12




C UNIVERSAL MRCHINE - Universal machine belongs to source data.
C
C Miscellaneous universal machine

19
C col: (1-2) source type
C <

C col: (1) InPU, {2) InitM, (15 IComp
BLANK card terminates miscellancous wiversal machine data

C

C Machine table data

C €=C=—<<pode > TROS - Rj< ICoef< Epsai————————Freq
C col: (1-2) JType, (3-4) MCID, {5-6) NCIQ, () TQOut, (B) (MOut, (H) THOur,
c {22-23) NPPair

C Heqh LD TSR FlaSIn FlxFD

C col: {29 J3atD

C Thiat aM—————— =T M TS FLRS0= FLxRD

C cal: (29) JSatQ

C

C Steady state initialization (includes next two cards only if InditiM = 1)
C ————Amp UM< ——————Angl UMBusF->BusM-—>

c— BusM->¢———DistAF

C col: (1-4) More

C
¢ Coil table data
C ———— Res i§<¢=-—---—LLaakBuy1->Bus 2 ->XTACS 3¢ —————Cur

C col: {41 Curdut

C

C Include other universal machines here,
BLANK camd terminates universal machine data




C TNDUCTICON MACHINE (TYPE 40 SOURCE) - Inducticn machine is part of the
C universal machine model and it belongs to source data group.

C

C THE FOLLOWING DATA SHOULD BE PLACE AFTFR "BHEGIN NEW DATA CASE" CARD
C Umiversal machine table space allocation

c > I, J, K, L
ABSOLUTE U.M, DIMENSICNS, , , .,
ol

C THE FOLLOWING DATA SHOULD BE PLACE IN SOURCE DATA GROUP
C Miscellaneous wniversal machine data

15
C col: {1-2) source type
C <

C cal: {1y InPU, (2) Initd, (15} IComp

BLANK card terminates miscellanecus universal machine data
o4

C Induction machine data {type 40 scurce)

[

C Phase a, b and c data

C Bus——>» <———§lip< Freq
40

C col: {i-2) JType

C Bus-—>

C

C Design ratio {(Optianal)

C > FMin
DESIGN RATIO

C

C Nameplate rating data

c

C Full locad rating

C —PFld«< VELOS PEELAC FFFLAC SF1d

C Starting information (in pu)
T —(CSta<———TRat« VRed(———Rexl

C Leakage saturation data (in pu)
€ ——CSat<————T0Max

c

C Saturation data (Optional)

c > < VLin< VFlag< {CLin< (Flat
MARNETIC

cC

C Mechanical parameters

<———-HInitBus——>

9]

col: (1-2) NP

<
c
C Indurtion machine output recuests
cC ITIIITI
£ CS<R<E<NcA<Q
C ool: {1-2) IP
C valrage request {(includes only if IQ = 1)
£ -——VLIQI< VIIGZ2< VLT3 ULTOA < VITQO< VILTEC VLI T<——VLTQH

C Include cther induction machine or other universal machine here.
BLANK card tenninates universal machine data










