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(ABSTRACT)

The objective of this research project was to develop and implément a modcl for
an A.C circuit brecaker in the Electromagnetic Transients Program ( EMTP ).
Various modcls for the arcing process were evaluated, and the modificd Mayr
cquation was chosen for the model. Other equations were added to demonstrate

the generality of the algorithm developed.

Since the Electromagnetic Transients Program was not designed to accommodate
directly clements whose resistance varies with time, such as an electric arc, scveral
strategics for interfacing the model with the program werc studied. The compen-
sation method was selected, and was uscd for interfacing the circuit breaker

modcl with the program.

After implementation of the modecl, it was validated by comparing it’s perform-
ance with experimentally verified results reported previously. In order to render
the model more practical, an auxiliary breaker parameter cstimation routine was

developed and tested.
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Chapter 1. Introduction

The objective of the research project upon which this thesis is based was to dc-
velop and implement an accurate arcing model of a High Volitage A.C Circuit-

Breaker, and to install it in the Electromagnetic Transients Program ( EMTP ).

The EMTP is a large ( almost 100,000 FORTRAN statements ) computcr pro-
gram for the analysis of transicnt phenomena in power systems. It contains dc-
tailed models for typical power system components such as synchronous
machincs, transformers, transmission lines and surge arresters. The program al-
lows the uscr to connect these and other components, along with basic elements
such as resistanccs, inductances, capacitances and switches to rcpresent his sys-
tem. The models for thesc and other clements have been enhanced and tested
over the last two decades, so that EMTP is now the most widcely uscd tool for

analysis of powcr system transicnts.
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Until now, the program has lacked the capability of simulating the arcing proccss
in a circuit-breaker. This deficiency nceded to be remedicd since a significant
proportion of the transicnts occurring in a power system originate as thc consc-
quence of a circuit-breaker switching operation. Apart from thesc switching
surges, current chopping and restrike phenomena also cause dangerous overvolt-

ages, and the ability to modcl these is of interest to the EMTP user.

Another area in which the breaker model would be useful is circuit breaker tcst-
ing. With the increase in short-circuit capacity in modern power systcms, the re-
quirements on the interrupting capability of circuit breakers has also riscn.
Conscquently the direct testing of such large breakers, especially multi-break
units is prohibitively expensive and difficult. Synthetic testing has been proposed
as a cheaper alternative to dircct tests, but it’s validity is still under question.
The EMTP breaker model could be used to supplement synthetic test results by
simulating an equivalent direct test without the actual cxpense or risk associated

with such a test.

Having established the necessity for a circuit brcaker model in EMTP, the
question is how best to satisfy that need. Modeling techniques developed during

the course of this rescarch are described in the succeeding chapters of this thesis.

In Chapter Two, various modcls for the arcing process in a circuit breaker arc
reviewed. The suitability of thesec modecls vis-a-vis EMTP implemecntation is ex-

amined, cspecially with regard to experimental testing and model validation.
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Chapter Three consists of an introduction to the EMTP, and a review of it’s
basic solution technique. In particular, the effect of this technique on the model-

ing of nonlinecar and time-varying clements is discussed.

Chapter Four deals with the details of the actual implcmentation of the equation
chosen as a complete model for a circuit breaker. The algorithm for the itcrative
solution of the nonlinear differential equation is described, along with an expla-

nation of the data requirements of the model.

Chapter Five addresses the subject of model testing. Previously reported results
are described and are used as benchmarks to establish the validity of the EMTP
model. Good agreement was found between the explicit methods used hitherto

and the model described here.

Chapter Six treats the alternate equations for which suitable test results were
available. To establish the generality of the solution technique, these equations
were also implemented along with the main modecl, providing the user with a
choicc of three differcnt models. The differences between the various models are
discussed from a thcoretical and practical viewpoint. Test results and model val-

idation dctails are also given.

In order to makc the modcl casily usable, the breaker parameters have to be
available. At present these arc not standardized, and arc not supplicd by the

manufacturer. In Chapter Scven, the subject of breaker paramcter estimation
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from experimental data is dealt with. A procedure is described by which a sct
of breaker parameters can be chosen optimally from oscillograms of the arc volt-
age and currcnt. The chapter also discusses the validity of the parameters, which
were tested by re-using them as input to the breaker model and comparing the
interruption performance using the original parameters against that with the es-
timated ones. In order to obtain more exact parameters, guidelines are given on

how to choose the data input to the estimation program.

Chapter Eight presents the conclusions reached, and suggests possibilitics for
future activity in the area of computer modcling of circuit breakers, with partic-

ular refcrence to EMTP modeling.
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Chapter 2. Circuit Breaker Arc Modeling

2.1: Introduction

The subject of high temperature arc modeling has been an active rcscarch topic
for over six decades. Despite this, complete understanding of the physical proc-
csses involved has not been achicved, and to this date, the design of a circuit
breaker cannot be done entirely from first principles. Most of the modecls de-
scribed in this chapter were derived on a purely empirical basis, and often were
designed to describc only one particular aspect of the arc behavior. This makes
their usc in a general purpose simulation program rather dubious, and thereforc
a carcful review of the cquations was nccessary before choosing the modcl for

implemcntation in EMTP.
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2.2: Model Selection Criteria

Since the objective of this initial stage of the research was to select a model for
use in EMTP, a program designed for the Electric Utility Industry, some con-

straints on the type of model were imposed. These are summarized here :

1. The model should have been tested extensively, and the results of such tests
should be available for comparison. Preferably, the model should have been
verified both experimentally and by computer simulation of the experimental

set-up.

2. The model should be fairly simple, and numerically robust.

3. The model should be as general as possible without excessive complexity of

the cquations.

4. The modecl should not require data regarding thc mechanical features of the

breaker, such as the number of nozzles, the materials uscd, ctc.

The reasons for the first three constraints arc fairly casy to sec, since an accurate
and useful computer model was to be developed. Numerical stability of the al-
gorithm is esscntial since the main usc of the model would be in simulation of the
opcning of the breaker, when the resistance changes from zero to infinity in a few

milliscconds. The modcl must be robust cnough to handle very large numecrical
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values without convergence problems. Simplicity is desirable, not just for the
sake of modeling ease, but from the standpoint of computation time. The breaker
model when complete, will be used as a part of a complex system and should
therefore not take an excessive amount of computer time to simulate. This is cs-
pecially important considcring the very small time-step necdcd to solve accurately
the differential equations described later. With a small time-step, a large number
of steps would bc needed to complete a simulation, and therefore a computa-
tionally simple model for the breaker would make the overall simulation consid-
crably faster. The last requirement was nccessitated by the nature of currcnt
rescarch in arc modeling. Many recently developed models usc plasma dynamics
and turbulent boundary layer theory to predict the breaker performance, and
require knowledge of the mechanical aspects of the arc chamber and nozzles, ctc.
These models are extremely complex, perhaps theoretically more justifiable than
the older, more empirical models, but are not casy to use, and are certainly not
suitable for a general program such as EMTP. In addition, the input data necded

for such modecls is not likely to be available to the uscr of EMTP.

2.3: The Mayr and Cassie Models

These two models are the oldest in the arca, and form the basis of many of the
ncwer models developed later. Both were derived from experimental evidence.

The equations arc :
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d(lng) -] y?
i R [2.1]

which is the Cassie equation reported first by Cassie [1,2], and :

d(In - j

dt 0P
the Mayr equation [3], itself an extension of the Cassie equation. In both the
cquations, g is the arc conductance, v and i are the instantancous arc voltage and
current respectively, 0 is the arc timc constant. V is the steady state arc voltage,

and P the steady state power dissipation in the arc.

These two models are extremely simple, and continue to bc the basis for many
practical modeling methods. Due to their simplicity however, they are not uni-
formly valid throughout the entire arcing process. Experimcntal cvidence of this
was presented by Ricder and Urbanek [4.5], and this has causcd rencwed interest
in the development of more detailed realistic modcls. Basically, it was shown that
neither equation is valid in the critical period, the last 20 microscconds before the
current zcro. The Mayr modecl is valid before this interval, and the Cassic modcl
from the last 10 microscconds onwards. Duc to these shortcomings, there is no
published record of experimental verification of these cquations in a form suitable
for usc as a basis for comparison with EMTP. Thercfore these two equations

were not considered for use in the EMTP implementation.
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2.4: The Browne and Frost Models

This equation was developed at Westinghouse by T.E.Browne, one of the pio-
necrs in the area [6,7]. It is based on the assumption that during the critical pe-
riod, the current can be represented by a linearly decreasing ramp function, until
the current zero. This is a valid assumption at power frequencics, and leads to the

cquation :

d1/RY 2

2,102
= 5{(=) [2.3]
dt 0R2 vty

where R is the arc resistance, and i, V and 0 are as defined previously. This
equation can be solved analytically when the current is assumed to havc a con-
stant slopc. The solution is that the arc resistance at current zcro is cqual to
v where [ is the r.m.s value of the sinusoidal current becing interrupted, and

Now
o the angular frequency of the system.

Another development from the Westinghouse group is the Frost model rcported

[8] at the samc time as the Browne modecl. It is a switching modcl bascd on the
scquential use of the Cassic equation, the Mayr equation and then the Cassie
cquation again. It is dcfined by :

dg

ot

£ v2
=g - Ty>e>0
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d .
2 _E M)y Tse>T, [2.4]

dg g
— — >
2l Aoyl t>T

where g is the arc conductance, E the arc extinction voltage, and I the r.m.s cur-
rent and Ty is the instant of occurrcnce of the current zero. T is the instant when
the rate of increase of the arc resistance bccomes zero. This model neglects the
possibility of subsequent dielectric breakdown, as do the other models discussed
till now. The model is therefore valid for the thermal interruption failure, which
usually occurs just after the current zero. This modecl has becn tcsted to some
extent for the simulation of short-line faults, and the rcsults were in general

agrcement with experimental data.

2.5: The Habedank-Kugler Model

This model was also developed [9] to simulate a short-line fault, and is an cx-

tended version of the Mayr equation. The equation is :

dg 1
" R ) (2.5]
¢ P + IlE()I
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where P is the steady-state power dissipation, and E, a constant fraction of the
stcady arc voltage. This model was also tested against experimental results, and

was found to be in recasonable agrecment for short-line faults.

2.6: Unconventional Models

In general, the models described in the next two sections are not very practical.
They use methods adopted from conventional modeling techniques for clectrical
devices, such as the equivalent circuit and the transfer function. Data availability

is a problem for most of these models, and only a few will be described here.

2.7: The Srmuth-Colclaser Model

This modcl, developed by the block diagram method [10], results in a “system”
model for the entire system including the arc and the power network. The arc is
modeled by the Hochrainer-Grutz model, an elementary cquation for thermal

decay of the arc plasma. There are 4 assumptions made, namely :

1. The arc is a dipole with conductance G(t).
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2. For any current I, there exists a static conductance SG(I) towards which G(t)

tends.

3. G(t) and SG(I) are continuous functions of their arguments.

4. G(t) tends to SG(I) according to the relation :

dG(1) _ SG(I) - G(t)
da ()

[2.6]

where T(I) is a current dependent arc time constant. SG(I) and T(I) vary from
breaker to breaker, and are to be obtained from oscillograms of interruption tests

on the breaker.

Since the model was based on a thermal model of the arc, it has becen found to
be valid only for thecrmal breakdown. It is incapable of simulating current chop-
ping, and was found to be morc realistic in cascs of severe TRV ( Transicnt Rec-
covery Voltage ), than in less scverc situations. Therefore it could bc used for

short-line faults, but not for bus faults.
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2.8: The Rizk Model

This model was developed to simulate the interaction of the arc and the circuit
[11], especially the oscillations and overvoltages caused by the interruption of

small inductive currents. The model results in an equivalent circuit for the arc.

As the arc resistance increascs, a larger proportion of the fault current is diverted
into any parallel path across the intcrrupter, such as the capacitance of the
breaker. This decreasc in the arc current may cause a premature current zero and
interruption, or as has been obscrved in some cascs, oscillation of the current
magnitude in the arc due to cyclic charging and discharging of the capacitance.
These result in significant over-voltages, and have a definite impact on the inter-

ruption. The Rizk model is relevant in the investigation of such phenomena.

The equivalent circuit that results is a R-L circuit, with 2 parallel branches. One
branch is purely resistive, with a resistance equal to the static arc resistance. The
other branch is a series conncction of a resistance R, and an inductance L, whose

valucs are :

RoR4

R = —2d_
"Ry - Ry

(2.7]

where Ry is the arc resistance and R, is the dynamic or incremental arc resistance,

and
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0R2

L= e [2.8]

where 0 is the arc time constant.

Data requirements for this model have also proved to be a problem, but it has

been used, especially in the simulation of current chopping.

2.9: Practical Models

The main drawback of the models described above is not their lack of validity or
their complexity, but the lack of sufficicnt test results which could be simulated
with EMTP for validation of the new model. Three models were found for which
this is not a problem, and these arc rcvicwed now. The test results cover a range
of brcﬁkcr types, such as air-blast, oil-fillcd, sulfur-hexafluoride and gencrator

circuit-breakers.

2.10: The Kopplin Model

This is a simple cquation, which has bcen tested for generator circuit breakers

[12]. It is an extension of the Mayr model and consists of the cquation :
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g & , v.i
= — -1 [2.9]

dt — +(g)" P(g)
where 1(g) = k, X (g +0.0005)°% and P(g) = k, < (g + 0.0005)°¢ . This model
is one of a family of recent models [13], which are derived from the Mayr model
by making the arc time constant and the arc power constant functions of the arc

resistance.

2.11: The Urbanek Model

This is perhaps the most comprehensive medel developed for the arc recently, and
is also thc most complex. It is capable of simulating both thermal and diclectric
breakdown, as well as current chopping and restrike phcnomena. It has becn
tested by various researchers [14,15] and breaker parametcrs are available for the
simulation of test cases. There has also bcen a computer program developed to

cvaluate the breaker paramecters from test oscillograms [14]). The cquation is :

a1, i P V2 200 v
ar ()(Vz g 7(1 () 2 x ) (2.10]

where the variables have the samc mcaning as before, and v is the diclectric
brcakdown voltage for a cold arc channcl. The equation was intcgrated by

Blahous [14] to yicld a semi-analytic expression for the resistance as a function
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of time. The method of estimating parameters is a standard nonlinear estimation

problem and is described in more detail in Chapter Seven.

2.12: The Avdonin Model

This is the main equation used in the implementation of a breaker model in
EMTP [15]. It is also a modified version of the Mayr equation, with the various
constants of the Mayr equation being replaced by arc resistance dependent func-
tions. It is very good for simulation of thermal failure, and has been tested for

this, as well as for current chopping. The equation is :

dr _ R”C

. Rl7e-B
-y x [ x

dt A AxB [2.11]

In this expression, the Mayr time constant 0 and power P have bcen replaced by

AR™ and BRP respectively.

This equation has been extensively tested at Hydro-Quebec [15] and therefore
test circuit and brcaker paramecter details are available for usc as a benchmark in
comparison with EMTP. This is the brcaker model that will be referred to as the
modificd Mayr ecquation in the rest of this thesis, and is the main modcl imple-
mented in EMTP. Somc more references are provided which give a more detailed
cxplanation of arc modcling, in particular, and circuit intcrruption in general

[16,17,18].
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Chapter 3. Introduction to EMTP and Nonlinear

Element Modeling

3.1: Introduction

The purpose of this chapter is to provide an overview of the EMTP problem
formulation and solution techniques, with spccial reference to their effect on the
modeling of nonlincar devices in the program. Some problems are encountered
due to EMTP practiccs, which are bascd on considerations which were pcrhaps
more relevant when the program was written ( 1968 ) than they arc now. These
and other issucs rcgarding nonlincar clement modeling are discussed in this

chapter.
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3.2: EMTP - The Electromagnetic Transients Program

The EMTP is a general-purpose program for the simulation of transients in clec-
trical nctworks, ecspecially power systems [19]. It allows the usecr to specify his
system configuration as an interconnection of typical components, models for
which already exist in the program. The type of elements ranges from simple re-
sistances and inductances to complex devices such as synchronous machines and
transformers. The program has grown steadily over the last 15 ycars, duc to the
addition of models for other devices, thus enhancing it’s capabilitics. Howcver, a
transient model of a circuit breaker was not incorporatcd, for various reasons,
chiefly the lack of a validated model with reasonable data rcquircments and
availability. Such models have recently become available, as described in Chap-

ter Two, and the devclopment of a breaker model has become feasible.

The program solves a network by forming it’s admittance matrix, and solving the
resultant voltage-current relationship. To do this, the admittance or [Y] matrix
has to be cvaluatcd. Since the use of complex arithmctic was not desired at the
time, because of the slowdown in the solution time, the program converts all
inductances and capacitances to cquivalent resistances with a time-varying cur-
rent sourcc in parallel. The [Y] matrix thus obtained is real and symmetric, and

the system is described by the cquation :

(Yle(r) = i(r) = [/] (3.1]
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where [I] is the vector of the current injections due to the equivalent current
sources from inductances and capacitances. Since the program is meant prima-
rily for power system simulation, the [Y] matrix is assumcd to be extremely
sparse. Thercfore in order to solve the above equation most efficiently, optimal
ordering techniques are used [20]. In addition to these, for reasons of memory
saving, a crucial factor then, the [Y] matrix is not stored directly but is factorized
into two parts, one upper triangular and the other lower triangular. Thesc can
be stored more efficiently in a list form. The factors remain constant throughout
the simulation except in certain special situations. Switching operations affcct
them, but the effects of these can be pre-calculated and can be made easily. More
difficult to handlc are elements whose impedance varies with time, sincc thesé
would causc a change in the [Y] matrix at every time step. Such clements are very
common in power systems, for example surge arresters, circuit breakers, and

saturation-depcndent devices such as synchronous machines and transformers.

There were two possible ways to solve this problem, either to re-factorize the [Y]
matrix at every step, or to kecp the factors constant and somehow computc the
effect of the nonlinear clements on the solution derived with the original factors.
Since re-factorization would be cxtremcly time-consuming, the second alternative
was chosen. The next issuc was then the computation of the effect of nonlincar
clements. Scveral methods for this were reviewed, and the compensation method

was sclected for usc in EMTP.
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3.3: The Compensation Method for Nonlinear Element

Modeling

The problem with nonlinear elements was recognized very early, the first paper
on the subject [21] appearing about two years after the first paper on EMTP [19].
Reference [21] discusses various means of interfacing the elements with the rest
of the program, and indicates that the compensation method [22] would bc the
best. Since then, the compensation method has been the main one used in EMTP
for nonlinear clement modeling. Therefore, in implementing the circuit breaker
modcl, the existing routincs for the compensation method were used, making the

modecling simpler.

The compensation method is based on the application of Thevenin’s thcorem at
the terminals of ecach nonlinear element. Let nodes k and m be the two nodes
between which a nonlincar branch is connccted, and let Z,,, be the Thevenin
impedance calculated by open-circuiting the nonlinear branch k-m. If an analyt-
ical expression for the voltage-current characteristic of the nonlinear branch is

known, such as :
ek(t) - cm(’) =ﬂik'm) [32]

then the net voltage across the branch can be calculated by solving the cquation
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ei() = em() = fixm) = € — em = Zimeikom [3.3]

where e and e are the potentials at nodes k and m when the branch k-m is
open-circuited. The solution of the nonlinear equation can be done by any itera-

tive procedure, the Newton-Raphson technique being used very often.

The routines already available in EMTP calculate the Thevenin impedance and
voltage, and handle the superposition of the nonlincar element solution on the
Thevenin voltages. Therefore the breaker routine was written to take input from
the Thevenin calculation routines, and to dircct it’s output, the arc current to the
superposition routine. The use of these inbuilt routines simplified the work, and

made the breaker model morc reliable.

3.4: Limitations of the Compensation Method

The compensation technique is simple and clegant, but naturally has somec
drawbacks. The most important of thesc is a constraint on the number of non-
lincar clements in a simulation. Suppose there were two nonlincar branches in a
circuit, and this was solved by the compensation method. The open circuit sol-
ution would be obtained by open-circuiting both the clements, and the branch
currents by solving the individual nonlincar equations separately. The superposi-

tion would not be valid however, duc to the cffect of the branch current in one
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clement on the open-circuit voltage of the other. Thercfore only a circuit with just
one nonlinear element can be simulated, except in the following situation. If the
two elements were separated by a transmission line whose travel timec was greater
than the time-step uscd in the simulation, then the effect of onc nonlinear element
on the other would not be experienced until after the travel time of the line, which
is at least one time step later. Therefore the calculation at each element is dccou-
pled from the other, and is valid despite the presence of other nonlinear elements.
This artifice makes it possible to simulate several nonlincarities, but would re-
quire the addition of many artificial transmission lincs, which may not cxist in the
actual system, to the simulated system. This would slow down the computation,

as well as make the system modeling inaccurate.

The problem can be circumvented by the use of a multi-dimensional Thcvenin
cquivalent, in which Thevenin’s theorem would be applicd to all nonlincar cle-
ments simultancously, thus forming a vector of open circuit voltages and a matrix
of Thevenin impedances. This procedure would rcquire the simultancous solution
of several nonlinear cquations, as many as there arc nonlincaritics. Though this
is theoretically feasible, it would not be practical for use in EMTP in all cascs. It
can be uscd easily to simulate a multi-phase nonlincarity, in which the governing
nonlincar equations in cach phasc are solved together, but would not be uscful
for more general situations. This is because it would require interfaces between
various modcls, such as those for the synchronous machine and the breaker, to

solve their equations together. This runs counter to the EMTP philosophy of
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making each device model totally independent of the others, and would be com-

putationally very complex to handle.

There are other problems with the compensation method, none of which are too
serious. It fails when no solution exists for the network with all nonlinear elc-
ments open-circuited. Another problem ariscs in the solution of the nonlincar
cquation. If the solution is not accurate, there would be a small diffcrence be-
tween the device voltage as calculated from the nonlinear characteristic and that
from the Thevenin equivalent. Since this cannot exist in practice, lecading to vio-
lation of Kirchoff’s law, some other voltage would change in order to correct this
apparent error, creating an actual error. This error would accumulate as thc
simulation progresses, and cause scrious deviations from the true solution. This
problem was encountered during the implementation of the breaker modecl, and

is discussed in more dctail in Chapter Four.
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Chapter 4. The EMTP Circuit Breaker Model -

Implementation

4.1: Introduction

This chapter is devoted to the dctails of thc implementation of the Mayr equation
as part of a complete model for an a.c circuit breaker in EMTP. The cquation
itself is described in Chapter Two, and is not the main focus of this chapter.
Rathcr, in this chapter, the question of how to fit this cquation into a complcte
model for a circuit breaker is examined, along with some practical issucs that

arose during the implementation.
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4.2: Circuit Breaker Operation

As explained in Chapter Two, the modificd Mayr equation was chosen for the
description of the arcing process. However, the period during which the arc be-
havior can be modeled by the Mayr equation is but a small fraction of the total
time-to-opcn for a breaker. In order to model the device fully, it was necessary

to represcnt the breaker throughout the opening process.

The typical sequence of events during the opcning of a circuit breaker is as fol-

lows :
1. The relay detects the fault and sends a trip signal to the circuit brecaker.

2. After a small delay, the contacts of the circuit breaker start to scparatc from
each other, and a voltage develops across the gap. The arc is now formed

between the two contacts.

3. As the current in the arc deccreases towards the current zecro, the nozzle of the
breaker unclogs and from now on the arc behavior can be represented by the
Mayr cquation. This is the period in which the rate of rise of the arc resist-
ancc is very high. Depending on whether or not the interruption is successful,
this period ends when the current becomes zero or when a restrike occurs. The

current then increases in magnitude and is of the opposite polarity.

Chapter 4. The EMTP Circuit Breaker Model - Implementation 25



From the EMTP user’s standpoint, this implies that apart from the breaker pa-
rameters themselves, some timing data and the value of the voltage in the pre-
Mayr period is necessary to spccify the device operation. In the modcl
implemented, three time instants are to be specified by the user; namely the in-
stant of parting of the contacts, the instant of the expected current zero at which
interruption is being attempted, and the duration of the Mayr arcing, specificd

as a period before the current zero.

In EMTP, it is assumed that all nonlinear elements are open- circuits in the ini-
tial condition, so as to simplify steady-state calculation. This assumption, though
suitable for surge arresters, is not appropriate for circuit breakers, which arc
closed initially. Therefore, in order to obtain sensible results, the circuit brcaker
must be short-circuited externally. This can be done by placing a closed switch in
parallel with the breaker, and forcing the switch to open as soon as possiblec after
the beginning of the simulation. To force the opening, a large current margin is

set for that switch.

Until the time when the contacts part, the breaker is closcd so that the voltage
across it is zero. Once the contacts part, it is known from ficld tests that the
voltage across the gap riscs to a fairly stcady value and remains there until the
Mayr equation is valid [15]. It has been observed that the value of the steady
voltage depends on the type of breaker, ranging from about 10,000 Volts for an

oil-filled breaker to about 1000 Volts for a sulfur-hexafluoride breaker.
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During the early stages of this work the breaker voltage was sct to the constant
value immediately after the parting of thc breaker contacts.This was found to
crcate an artificial step voltage change in the circuit, leading to undamped oscil-
lations. It was then decided to let the voltage build up in a linear fashion, with
the rate of risc determined by the total duration of the steady voltage period. This
solved the numerical oscillation problem, and is also more realistic physically.
The polarity of the steady voltage is so as to oppose the driving voltage in the
circuit, consequently hastening the current zero. Usually in a high-voltage power
system, the fault current being interrupted is predominantly inductive. In this
case the system voltage is at it’s peak when the current is near zero, and hence the
arc voltage would not have much cffect on the instant of the current zcro. In the
case of load current interruption, or in the case of generator circuit breakers
where the systecm voltage is inhcrently lower, the current zero may be significantly
deformed by the arc voltage. In such cases the arcing interval specified should
be large enough so that the current zero does not occur during the constant volt-

age period.

The actual solution of the nonlincar differential equation is performed in an iter-
ative fashion. The program saves the valuc of the breaker voltage at the previous
time stcp, and the current is predicted by assuming a constant slopc in the period
just prior to the current zero. The resistance at the beginning of the interval is
known, and this is uscd to predict the voltage. The slopc of the current is tracked
throughout the constant voltage period, and is updated at every time step. Using

the predicted current and voltage, an approximatc value of the resistance can be
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found. This is uscd to determine the rate of change of resistance from the Mayr
equation.Using the trapezoidal rule the value of the resistance at the next timec
stcp can be evaluated, and hence the breaker current. This is then compared with
the initial predicted current; if they agree, the iteration procedure has converged,
otherwise the new value of the current is taken as the next prediction for the
current and the whole process restarted. A graphical description of the procedure

is shown in Figure 1.

4.3: Iterative Algorithm for the Solution of the Nonlinear

Equation

A step-by-step description of the iteration procedure is given now.

1. The initial value of the arc resistance is the ratio of the voltage to the current
at the previous time step. The initial voltage gucss is the previous voltage,

since this docs not change as rapidly as the rcsistance in the Mayr rcgime.

2. The value of current is cstimated from the slope and the previous value from

the relation :

KT + At) = (T) + At ZIL; [4.1]
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3. From the Mayr equation, the rate of change of resistance %, is calculated.
The values of current and resistance just obtained are used as inputs to the

equation.

4. The resistance at the next time step is found by using the trapezoidal rule, as

follows :

mT+Ao=Ra)+ax%§l+%§mm [4.2]

where ﬂ, is the ratc of change of resistance just calculated, and —dj—o the

dt dt

value saved from the previous time step.

5. The new current is obtained from the Thevenin cquation :

Vv
KT + AD) = o [4.3]
Zk,,,, + R(T + Ab)

6. This is the end of an iteration cycle. The current and resistance have been
evaluated as /(T + At) and R(T + At) and the arc voltage is their product.
At this stage a convergence check is made, by comparing the last two valucs
for the currcnt. If this is within the specified deviation, the iteration has con-
verged. Otherwise the program returns to step 3 above, calculating the rate

of change of resistance again from the Mayr cquation, ctc.
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It was found in practice that the overall success of the scheme was significantly
dependent on the tolerance used for the convergence check. By relaxing the cri-
terion from 0.000001 amperes to 0.001 amperes, which does not appear crucial
considering the current itself may be of the order of a few hundred to a few
thousand amperes, the result of the simulation was found to change in many
cases. That is, a casc which would be decmcd a successful interruption with the
tight criterion would be a failure to break with the retaxed one. To make the
scheme more general then, the convergence criterion was changed to a voltage
related condition, where a tolerance of 0.005 volts was found to be adequatc. This

procedure is described here next.

1. The initial value of the arc resistance is the ratio of the voltage to the current
at the previous time stcp. The value of current is estimated from the slope

and the previous value from the relation :

KT + at) = IT) + At x % [4.4]

2. The voltage is gucssed to be the product of the initial resistance and the
current /(T + Ab).

3. From the Mayr equation, the rate of change of resistance Ldlf—l is calculated.

The values of current and resistance just obtained are used as inputs to the

Mayr equation.
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4. The resistance at the next time step is found by using the trapezoidal rule, as

follows :

R(T + At = R(T) + 0.5(%’5—1 " %O)At [4.5]

where d—R, is the rate of change of resistance just calculated, and -dio the

at dt
value saved from the previous time step.

5. The new current is obtaincd from the Thevenin equation :

%
KT + At) = o (4.6]
Zym*+ R(T + AD

6. This is the end of an iteration cycle. The current and resistance have becn
evaluated as I(T + A¢f) and R(T + A¢) and the arc voltage is the product of
I and R. At this stage a convergence check is made, in this case by comparing
the two estimatcs of the clement voltage from the Thevenin equation and the

product of arc resistance and currcnt. That is :

Vi=Voe = Zgm > (T + AY) [4.7]

Vy= R(T + ) » (T + ab) [4.8]

If ¥, and V, are closc cnough, the iteration procedure is complete. Otherwise the

program returns to step 2, and continues from there on.
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It was also found that the method worked better with a two-step resistance
evaluation rather than the single-step method described above. In this scheme the
initial resistancc is used to calculate the resistance after half a time step, and that
value used for the next half time-step. With thesec modifications, the number of
iterations required for convergence was reduced, so that usually 7 or 8 itcrations
were enough. A further reduction was made by making the slope predictor fairly
damped, so that it would not respond to fast changcs in the slope near the current
zero, which could often be misleading.With this change, convergence was usually
attained in 3 or 4 iterations. This is important, sincc a medium sized casc simu-
lation could last for about 1 millisecond, with a time-step of about 0.1 to 1
microsccond. In such a case, the total number of time steps would be about 5000,
of which 1000 or more would be in the Mayr regime. Thus a reduction of I iter-
ation on the average per time stcp would result in about 1000 or more itcrations
saved overall. The saving becomes more significant in the casc of a three-phasc
brcaker, when morc than one phase current is being interrupted, or in the case
of currc‘nt chopping simulation where the arcing pcriod may be very long, in or-

der to allow interruption at rclatively large currents.

The two-step algorithm is as follows :

dR

—(-jt—O)At [4.9]

r . At dR

The ratc of change from this resistance is now evaluated from the Mayr cquation.

Let this be -d[—lfnj. Then the final resistance is calculated as :
¢
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R(T + at) = R(T) + 0.5( ‘gf 05+ ‘g;‘ DAt [4.10]

This algorithm uses an approximation to the average resistance over the interval
to calculate the average rate of change of resistance and hence the next resistancc

by the trapezoidal rule.

Although a single-phase breaker model would have been adcquate to satisfy the
requirements of the rescarch project, for the sake of generality, a thrce-phasc
breaker modecl was implemented. It should be noted that in a three-phasc bal-
anced power system, the thrce poles would open over a period of one third of a
cycle, or about 5 milliseconds. This would require immense computer time, since
the EMTP time step is fixed, and cannot be incrcased in the period betwcen the
actual Mayr regimes for each pole. The three-phase breaker modcl should there-

fore be used with caution.

Once the arc resistance, and hence the arc current and voltage, have been calcu-
lated, the breaker routinc is ready to return these values to the main program for
processing, as explaincd in Chapter Three. Bcefore this however, the routine is in
a position to calculate the status of the breaker for the next time-step. This is in
fact essential. If the breaker is still in the constant voltage period, there are no
further calculations nccded. Once the breaker is in the Mayr period, there arc

three possibilitics, namely :

1. The interruption has failed.
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to

3.

2
4r 2o [4.11]

dr?

This is signalled by a decrease in the rate of change of the resistance.If al-
lowed to continue, thc Mayr equation would then lead to negative rcsistances
very quickly, and hence the rate of change is monitored in order to avoid
negative arc resistance. Once failure has occurred, the breaker is assumed to
have a constant voltage across it, duc to the re-established arc across the
contacts. The polarity of this constant voltage is opposite to that in the pre-
Mayr constant voltage period. The decrease of the rate of change of the arc

resistance can be secn in Figure 10 in the case of unsuccessful interruption.

The interruption has been successful.

This is indicated by one of two conditions, namely cither the arc resistance
or it’s rate of change exceeding a preset value. This value, theoretically infi-
nitc, has to be set at a large finite valuc to prcvent numcrical overflow in the
computer. Once the breaker is decmed to have interrupted the current, the
current is sct to zero from the ncxt time step onwards, and the normal re-

covery voltage builds up across the contacts.

No change in breaker status.
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In this case no decision can be made, based on the criteria described in the
paragraphs above, on the outcome of the interruption effort. The program
then uses the Mayr equation in the next time step to determine the voltage

and current.
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Figure 1.

Graphical Illustration of the Solution Procedure
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Chapter 5. The EMTP Circuit Breaker Model -

Validation

5.1: Introduction

Having discusscd the practical issucs that arosc during the implementation of the
Mayr model in EMTP, the next logical topic of interest is the validation of the
new modcl. This chapter describes the test circuits uscd, their simulation and the
testing criteria uscd, and compares the results obtained with EMTP simulation
of thesc circuits to the results presented in the reference [15]. The chapter also
contains plots of the variation of arc parameters such as voltage and resistance

with timc during the simulation.
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5.2: Test Circuits and Parameters

Three test circuits were used, all taken from the paper by St-Jean and Wang [15].
These circuits are all “ direct ” test circuits, in that if the test were to be actually
conducted, there would be a large power capacity requirement on the source. The
other type of test circuit is the ” synthetic ” one, where the voltage is applicd by
one source and the fault current injected by another. This technique demands
considerably less power than an equivalent full-power interruption tcst. The
EMTP simulations were conducted for three different direct test circuits. All
three test circuits have the same topology, differing only in the valucs of the cir-
cuit elements. Figure 2 shows the basic test circuit configuration, while Figure 3

gives the component values for each circuit.

Each circuit was uscd to test three differcnt types of brcaker, namcly air-blast,
oil-filled and sulfur-hexafluoride. Paramecters for a typical breaker in cach class
were also taken from [15], and are presented in Figure 4. In all, nine diffcrent
configurations were tested, resulting from thc combination of three circuits and

three types of breakers.
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Figure 2. Basic Test Circuit Topology
Circuit Number R, L, C, Co

(ohms) (mH) ( nanoFarads)

1 57.38 6.90 1.055 0.0
2 60.34 6.90 1.037 22.56
3 62.77 6.90 1.029 44.26

Figure 3. Test Circuit Componcnt Values
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Parameter Air Oil
A 6 x 10 6 x 10
B 16 x 10¢ 10 x 107
a - 0.2 - 0.15
B - 05 - 0.60

Figure 4. Breaker Parametcrs for the Mayr Equation

SF;

13 x 107
1 x 108

- 0.15

- 0.28
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5.3: Test Criteria

The type of simulation carricd out was interruption testing at high fault currents,
in order to establish a limit on each breaker. The test was conducted by gradually

raising the source voltage V, in the circuit until at some value V, = V, , the in-

terruption is a success while at a value ¥, = 1.01 x V, the interruption fails. The

results arc presented as the value of V, for each breaker-test circuit combination.

Physically, the arc resistance would have to become infinite for the interruption
to be a success, and become zero for a failure. Since infinite valucs would not
be feasible in a computer simulation, a different criterion for success was used.
It was taken from [15], so that those results and those from EMTP could bc
compared dircctly. The criterion is that the interruption succeeds if the arc re-

sistance R cxceeds 10'°Q or if% exceeds 10'8Q /sccond. In the case of a fail-
[4

urc, the % would become negative and the resistance would dccrease. Duc to

the discrete nature of the simulation and the large numerical values for R and
dR

TR it was found that the resistance would become ncgative very soon after

AR became negative. This, apart from being physically absurd, would also causc

dt
numerical problems in the program. Therefore failure detection before the occur-

. . . o {
rence of a negative resistance was nccessary. This was done by monitoring %
[4

and deeming the intcrruption a failure when this starts to dccreasc. To test this

condition, many simulations werc carricd out, and in no casc did the intcrruption

proceed to be successful after a decreasc in 6711?'
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5.4: Numerical and Graphical Results

In this section the numerical results of the simulations described in the previous
sections are listed. They are given in Figures 5, 6 and 7 as the peak value of the
a.c voltage V, in Figure 2, and expressed in a per unit system taken from [15], in

which 1 p.u is equal to 106.1445 kV.

As can be observed from these figures, there was excellent agreement between
the EMTP simulations and those in [15]. In 8 out of 9 cases, the diffcrence is less
than 1.5 %, with the deviation being 2.6 % for the ninth case. This is in spite of
the fact that the results in [15] were derived using a variable step-size routine for
solving the differential equation more accurately, and that the arc resistance
could be directly incorporated into the circuit, eliminating the interfacing prob-

lems encountered with EMTP that were described in Chapter Three.

The next set of figures show the variation of arc current, voltage and resistance
with time. They are from the EMTP simulations for the air-blast circuit-breaker
in test circuit 1. The current and voltage graphs, Figures 8 and 9 are for a casc
of successful interruption, while the resistance graph, Figure 10 shows two cascs,

a success and a failure to interrupt.

One variable that is of interest is the duration of the Mayr period, as-specified
by the user. It must have a certain minimum value in order that the arc resistance

have a chance to increase. On the other hand, the longer this period more is the

Chapter 5. The EMITP Circuit Breaker Vodecl - Validation 4?2



computation required. The Mayr period must therefore be kept as short as pos-
sible. The value finally reached for this interval was 40 microseconds. It was ob-
served that there was practically no influence of variation of this duration on the

interruption limit. This is in agreement with the conclusions reached in [15].
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Circuit Reference [15] EMTP

1 3.55 3.542
2 3.82 3.825
3 4.13 4.145

Figure 5. Results of the Interruption Tests on an Air-Blast Breaker

Circuit Reference [15] EMTP
1 5.04 5.040
2 5.27 5.294
3 5.59 5.615

Figure 6. Results of the Interruption Tests on an Oil-Filled Breaker

Circuit Reference [15] EMTP
1 5.52 5.445
2 7.35 7.160
3 8.70 8.573

Figure 7. Results of the Tests on a Sulfur Ilexafluoride Brecaker

Chapter S. The EMTP Circuit Breaker Model - Validation

45



105.00

90.00

'Eom

A
00

x10'
60.

45,00

CURRENT

30.00

5.00

1

o.m

——

15.00

- ——— —

1.00 1.10 1.20 1.30 _, 1.40 1.50
TIME %107 s

Figure 8. Arc Current Variation with Time
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Figure 10.  Arc Resistance Variation with Time
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Chapter 6. Alternate Breaker Models

6.1: Introduction

Although the modified Mayr equation is a valid and useful model for a circuit
brcaker, some of the other models reviewed in Chapter Two arc also uscful in
particular contexts. In this chapter, the implcmentation and testing of two other
models is described, and an explanation of their advantages vis-a-vis thc Mayr

model is given.

6.2: The Urbanek Model

This model has advantages over the Mayr modcl in two respects, namely, it is

capable of reprcsenting both thermal and diclectric failures, as well as current
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chopping and restriking phenomena, and that it can be expressed in an intcgral
form, thus reducing the possibility of numerical instability. This model also needs
4 parameters to describe the breaker, and these parameters can be obtained by
cstimation methods from test data [14). The equation itself is more complex than

the Mayr equation, and would therefore use more computer time.

6.3: The Kopplin Model

This modcl was developed at Siemens, and is popular among Europcan authors.
As implcmented in EMTP, it is used to rcpresent generator circuit brcakers.
These are breakers located between the machine and the step-up transformer,
and therefore operate at a relatively low voltage, ranging from 11 to 30 kV. They
have an extremely high current brcaking capacity, in the range of a hundred
kilo-amperes. A pcculiar problem has been found to occur in practicc with these
brecakers, the ” missing ” current zerocs. Since the breaker is electrically adjacent
to the generator, it interrupts the fault current at the terminals of the machinc.
This is offsct by a d.c componcnt, whose value is dependent on the instant of
occurrence of the fault. The naturc of the fluxes in a synchronous machinc may
causc the current zero to be delayed, often by a significant period. The breaker
operation must not be affccted by this delay, and the simulation of missing zerocs
is thus a practical problem. Another complicating factor is the cffect of the arc

voltage ncar the current zero. In E.H.V systems, the magnitude of the arc voltage
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is not important in comparison to the system voltage, and hence has littlc influ-
ence on the current zero. This is not the case for generator circuit breakers, where

the opcrating voltage is much smaller.

6.4: Implementation and Testing

One of the reasons for implementing the new models, apart from the technical
factors described above was to test the gencrality of the algorithm used to imple-
ment the Mayr equation. In particular, the convergence of the iterative proccdure
uscd to solve the nonlinear differential equation and the accuracy of the two-step
resistance evaluation method was of interest. It was found that the implementa-
tion of the two models could be carried out in exactly the same manncr as the
Mayr cquation. The same techniques were used, along with the same convergence

criteria, etc and performed well.

The Urbaneck model was tested using the three circuits that were used to validate
the Mayr model, as described in Figure 3. The source voltage in each circuit is
raiscd gradually, until a value is reached where the interruption is successful and
it fails at a voltage 1 % higher. This is the interruption limit shown in Figure 12,
and is cxpressed in a per unit system, with 1 p.u = 106.14 kV pcak. The results
obtaincd with EMTP are compared with those in the paper by St-Jean and Wang

[15] from which the breaker parameters arc taken.
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The Kopplin modcl was tested in a somewhat different manner, with the modcl
parameters being varied and the test circuit voltage kept constant. This is the
procedurc used in [12], from which the model data and the test circuit config-
uration are taken. The tests were carried out by keeping the value of K, at 4 MW
and varying the value of K, to find it’s critical value. The results are cxpressed in
terms of the value of K, for which the breaker is able to interrupt the fault current
with a source voltage of 29.4 kV. The circuit was similar to the test circuit uscd
in the previous tests, with the source voltage value as above. The constant arc
voltage was chosen to be 100 Volts, a low value being used due to the decrcased
system voltage. There was an external resistance in parallel with the main arcing
chamber; this scrves to reduce the recovery voltage across the breaker contacts

after interruption. The circuit is shown in Figurc 11.
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Figure 11. Test Circuit Configuration for the Gencrator Breaker Tests.
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Circuit Reference [15]
1 2.79
2 3.24
3 3.61

EMTP
2.779
3.101
3.495

Figure 12. Results of the Interruption Tests with the Urhanek Equation

K, Reference [15]

( microseconds )

13 Success
15 Success
17 Success
18 Failure

EMTP

Success
Success
Success

Failure

Figurc 13.  Results of the Interruption Tests with the Kopplin Equation
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Chapter 7. Circuit Breaker Parameter Estimation

7.1: Introduction

Having implcmented a model for the circuit breaker in EMTP, it must now be
ensured that the model can be used with as much ease as possible. The main
problem likely to be faced by potential uscrs is the lack of data on the circuit
breaker itsclf. Breaker design has always been an empirical process, and in the
absence of a definitive equation for the electrical performance of a brecaker, therc
arc no standard paramcters spccified by the manufacturers to predict the clec-

trical performance analytically.

It was felt therefore that in order to make the model more uscful, an auxiliary
program should be provided to cvaluate the paramcters requircd by the EMTP

modcl from breaker test data. This chapter describes the method uscd for this
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purpose, the type of experimental data required and the tcsting that was per-

formed to verify the validity of the estimated parametcrs.

7.2: Problem Formulation and Solution Methodology

Sincc the main breaker model implemented in EMTP is based on the modificd
Mayr equation, the estimation program was designed to evaluatc the paramcters
rcquired for this model. From the description in Chapter Four, it can be scen that
five paramcters are necdcd, namely the constant voltage before the unclogging
of the nozzle and the values of the four paramcters A,B, a and f§ in the Mayr

cquation.

dr I-a . plmo-B
-y X [ X —
dt A A x B

[7.1]

The constant voltage can be choscn directly from the oscillogram of the arc volt-
age, and hence the program objcctive is to cvaluate the paramcters 4, B, a and
B from the data supplicd. Thc first step was a lcast-squares polynomial fitting
algorithm to obtain an analytical expression for r(t), the arc resistance. This
polynomial is then differentiated, and the derivative cvaluated at all the sample
points. The ncxt stage is to choose the paramcters of the Mayr cquation opti-

mally, so that the values of the derivative from the polynomial and the Mayr
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equation agrec as closcly as possible. This is done using a nonlinear least-squares

cstimation technique.

7.3: Detailed Description of the Algorithm

Assuming that the input consists of N simultaneous samples of the arc voltage
and current, we can directly calculate N values of the arc resistance. This sct of
points is uscd as input to a variable-order lcast-squares polynomial fitting pro-
gram. The fitting algorithm tries various degrees for the polynomial depending
on the value of N and the accuracy of the fit, before choosing the final degrec.
The initial gucss for the degree of the polynomial is taken as -/—;’— approximatcly.

Having cvaluated the optimal polynomial, it’s derivative can also be calculated

directly.

The problem then reduces to that of finding values of the set X consisting of
A, B, a and B such that the function D(t,X), the time derivative of resistance ob-
taincd from the Mayr equation evaluated at the sample points and the derivatives
d(t) derived from the polynomial fitted to the test data agree as closcly as possi-
ble. This is a standard nonlincar cstimation problem, which can be solved by an

itecrative procedure.
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Let the initial guess for the parameters be denoted by the set X, and let AY be
the vector of the difference between d(t) and D(t,X) at each of the sample points.

Then, the correction to the guess for X, AX is :
AX = (H'H)"'H'AY [7.2]

where H is the Jacobian matrix, consisting of the partial derivatives of D(t,X)
with respect to each member of the set X at each of the sample points. Since thcre
arc four parameters that make up X, the matrix H will have four rows and N
columns, where N is the number of samples. The new estimatc for X is then
X, + AX. At this stage thg estimatc just obtaincd is checked to sce if it is an ad-
equate fit, by calculating the ncw residual vector AY and evaluating it’s norm. If
this is less than a pre-specified tolerance, the estimation is deemcd to be over.
Otherwise the new Jacobian is formed, and a correction to thec most recent esti-

mate calculated. The entire process continues until convergence is reached.

The procedure just outlined appears to be a straight-forward onc, where a rca-
sonable answer can always be expected. In practice however, quite a few prob-

lems and issucs exist, and these arc described in the next few sections.
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7.4: Voltage and Current Sampling

The whole process is based on the samples from the brcaker test, and hence these
are crucial to the success of the estimator. Since the arc is to be fitted approxi-
mately by the Mayr equation, the samples must be chosen from an interval in
which the Mayr equation is valid. It is known from experimental evidcnce that
the Mayr equation can only be used from about 50-100 microscconds before the
current zero. Therefore the samples should be chosen fairly close to the current
zcro, in order to be certain of their validity. If the samples are taken too far be-
fore the current zero, the rate of change of resistance in the sampled period will
be relatively small, and therefore the order of the polynomial uscd to fit the curve
will also be low. In such a case there is a danger of a loss of accuracy duc to the
lack of a sufficient number of terms in the dcrivative calculation. If a higher or-
der fit is forced through these points, in order to retain accuracy, the derivative
will be inherently flawed, and the estimation will most probably converge to cr-

roneous values, or will fail to converge at all.

On the other hand, if the samples are taken well after the current zero, that is,
in the period of maximum rate of change of the arc resistance, other problems arc
likely to be encountered. Duc to the large values that will occur in the Jacobian
and in the polynomial cvaluation, numecrical problems are quite probable. Nu-
merical overflow is likely during the fitting process. and there may be difficulty

in inversion of the matrix term in the iteration procedurc.
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Bascd on the two factors discussed above, a general rule has becen formulated,
that is, the samplcs should be taken so that about 70 % of them arc from thc pre-
current zero period, and the rest from after the current zero. The samples must
be spaccd at a regular interval, which should be fairly small, in the order of a half

of a microsccond.

7.5: Number of Samples

This is another crucial choice which has a bearing on the accuracy of the esti-
mated parameters. From an instrumecntation viewpoint, one would desirc that
there be as few samples as possible, while retaining a valid cstimatc. The same
objective is desirable from a computational standpoint, since a larger numbcr of
samples implics a higher degree polynomial fit, and also greater dimensions of the
matrices in the estimation algorithm. However a sufficiently large number should

be taken so that the samples represent adequately the actual behavior of the arc.

Trials were carricd out with various values for N, the number of samples. It was
found that at Icast 10 samplcs, spaced at intervals of a microsecond would be
nceded to provide a rcasonably usable estimate. This was increased to 30 points
at a spacing of half a microsccond, yiclding much better cstimates; at this stage,

it was fclt that a rcasonable balance had been achicved between the two con-
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flicting prioritics of accuracy ( demanding more data ) and spced ( demanding

less data ).

7.6 Implementation

At present, since there are no readily available records of circuit breaker tests,
some improvisation was done to obtain input data for the estimation program.
The breaker simulation program was run with the parameters specified in the
testing and validation procedures of the model, as given in Chapters Five and
Six.The outputs from these simulations were uscd as input to the estimator, as
“pseudo- mecasurements”. This, though a very convenient alternative in the ab-
sence of actual expcrimental data, is not totally realistic, for the rcasons explaincd

next.

Effectively, since computed results are being used, the assumption is being madc
that therc is no measurement error at all. This is not true, espccially sincc the
measurcments will be taken in the electrically harsh environment of a high power
switchyard. To tcst the algorithm for it’s sensitivity to noise distortion of the data,
a random number gencration program was used to add noise to the samplcs.
. Tests were conducted with different levels of maximum distortion, but it was
found that the estimator is sensitive to the noise, and the estimates would be very

poor for noisc amplitudes of more than 1 % of the data samplc. Hence filtering
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of the input data would be nccessary if it were suspected that the mecasurements
are noisy. A more detailed description of the filtering technique is given in the

next section.

Another characteristic of the computed results is their smooth nature. The cur-
rent decreases monotonically in both experimental and computed cascs, but the
arc voltage measured often contains a lot of spikes and irregularitics which are
not present in the case of the computed results. If the samples also contained
these spikes, the effect on the polynomial fitting algorithm could be very severe.
This would be especially true if the algorithm kept trying to increase the order
of the polynomial, in a futile attempt to follow the input. To prevent this from
happening, an upper limit on the order of the polynomial has been built into the
program; the value of thc limit being related to the number of samples in the in-
put. In order to completely alleviate this problem, the samples would have to be
filtcred before being input to the fitting routine. The current could be filtered by
a predictor based on the average slope of the current, which would correct any
deviations. This would be a valid process only in the pre-current zero pcriod,
since the slope of the current changes dramatically after the zero. The voltage
data presents more problems, since there is no simple predictor available. Work
on both these issucs is going on, but at this stage, without access to actual data,

the filtering algorithms have not been tested fully.
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7.7 Validation of the Parameters Estimated

Two different techniques were used to evaluate the performance of the estimation
algorithm. Both methods rely on a comparison betwecn the interruption limits
obtained with the actual parameters and those obtained with the cstimated pa-
rameters. The difference between the methods lies in the data input to cach of
them. In one case the input to the estimator is the output of a simulation carried
out with the Mayr equation used as the governing equation for the arc. Since the
estimator produces parameters for this model, it’s output can be used dircctly in

the simulation to calculate thc interruption limit.

The other case is a much more intercsting one, in which the concept of an
cquivalent modecl is uscd. Assuming that the simulation is carricd out using cither
the Urbanck or the Kopplin equation, an equivalent set of parameters for the
Mayr model can bec obtained by using the output of the simulations as input to
the cstimator. In this case, to verify the validity of the cstimaté, the interruption
limit from thc original simulations with the Urbanck or Kopplin model is com-
parcd to that obtained from simulations using the Mayr equation. The paramc-
ters for the Mayr model are the output of the estimator when it’s input was the
results from the original modcl. In this way, an cquivalent Mayr modcl can be
fitted to the Urbanck and Kopplin models. In the following scction results arc
presented for three types of estimation results, namely input from the Mayr

model, the Urbanck model and the Kopplin modcl.
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7.8 Numerical Results

Reference [15] Estimated

Parameters Paramcters
6 x 10 6.046 x 10
1.6 x 107 2.098 x 107
-0.2 -0.19527
-0.5 -0.5255
Simulated Interruption Limit
Parameters from [15] Estimated
3.55 3.69

Input from Mayr modcl to Vayr Parameter Estimator

Figure 14.
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Reference [15] Estimated

Parameters Parameters
P= 30KW A = 2865 x 10
V= 8kV B = 1.0447 x 107
v =450 x 103 = —0.085
0=2x10"° B = —0.5679

Simulated Interruption Limit
Parameters from [15] Estimated

2.78 2.56

Figure 15. Input from Urbanck model to Mayr Parameter Estimator

Reference [12] Estimatcd
Parameters Parameters
k, =4 x 10 A=151x10"°%
k=15 x 1078 B = 4.043 x 10°
a= -0.253
B= -0514

Simulated Interruption Limit
Parameters from [12] Estimated

34.5 kV 35.5kV

Figure 16. Input from Kopplin model to Mayr Parameter Fstimator
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As can be scen from the above figures, the estimation program produces param-
cters that cause interruption limits to vary by less than 8 %, even in the case of

the equivalent model fitting simulations.
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Chapter 8. Conclusions

8.1: Introduction

This chapter concludes the thesis, and consists of a brief review of the work dc-
scribed more fully in the thesis, and a survey of possible future applications of thc

work and the modifications that will be required for such usage.

8.2: Review of the Thesis

Three different validated modcls for the circuit breaker arc were implemented in
the Electromagnetic Transicnts Program ( EMTP ). These modcls were chosen
after a review of available modcls, and allow the user to simulatc intcrruption

failurc in both thc thermal and diclectric regimes. The default options provided
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with the program give the user data for air-blast, oil-filled, sulfur-hcxafluoride
and generator circuit breakers. Computer simulation of test cascs from published
literature was performed, and the results compared with the original oncs. There
was excellent agreement between the EMTP simulations and the benchmark
cases. A routine was written to estimate the brecaker parameters nceded for
EMTP usage of the Mayr model from experimental circuit breaker intcrruption
test oscillograms. The algorithm was tested using the output of EMTP simu-
lations, and performed very well. Guidelines are provided in the thesis for the

best choice of input data to the estimation program.

8.3: Future Applications and Research

As this was the first research projcct aimed at implementing a circuit breaker
model in EMTP, a variety of improvements and features arc vet to bec added. For
example, the capability of simulating current chopping and diclectric restrike is
yct to be tested due to a lack of test cases. There is a possibility of numcrical in-
stability in such situations, and modifications to the algorithm may bc nccessary
to surmount this difficulty. Thc estimation routine has to be interfaced with
EMTP, and it's opcration fullv automatcd. More cxtensive testing of the csti-
mation algorithm is nccded, especially with actual test data. The filtering tech-
niques in the program at present will have to be enhanced to handle the spiky

naturc of measurcd samples with noisc.
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Simulation of multi-step resistance and capacitance switching in parallel with the
breaker may be useful for users to improve the interruption performance of thcir
breakers by damping the Transient Recovery Voltage ( TRV ). Such a simulation
would not be possible with existing EMTP components, and the switching dcvices
would have to be incorporated into the breaker model. With the implementation
of the Kopplin model for generator circuit breakers, investigations into the possi-
bility of ” missing ” current zeroes due to the effcct of the synchronous machine
fluxes and the transient fault current offset are of interest, especially considering
the effcct of the arc voltage in the pre-Mayr period. The program will have to be
changed to accommodate the delayed current zeroes, and this may rcquirc
changes in the basic modeling of the breaker for better utilization of computer

time.

Another likely extension of the algorithm would be dirccted towards the modeling
of a H.V.D.C circuit breaker. Preliminary designs for such a device have ap-
peared, and they are expected to be used in multi-terminal networks. These posc
a special modcling problem, since there is no inherent instant of cxpected current
zcro, nor is there the linear decay of the current towards the zero, which enabled
the implementation of a relatively simple iterative algorithm for the solution of

the nonlinear equation in the work reported here.

Finally, enhancement of the cxisting algorithm is always possible. Arcas in which
this is likely arc the convergence propertics of the iteration scheme, and increasing

the minimum time-step size needed for adequate modeling of the arc. At present
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this is about 0.1 microsecond, and an increase in this would save considerable

computer time and make the routine more efficient.
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