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ABSTRACT

As systemg have increased in size and complexity,
and as the number of firm-power tles between systems
have increased, the nature of the system stability prob-
lems has changed. Furthermore, there isalsoa demand
for more accurate engineering analysis of these com-
plex problems, Although much effort has been devoted
to searching for alternate methods, the practical and
effective method for large-scale studies is still the
simulation of the system response, with time, follow-
ing a prescribed disturbance. This emphasis on gimu-
lation necessarily requires system and equipment
models which adequately represent their behavior over
some time span, usually less than 20 seconds.

Thig paper describesthe modelingusedina large-
scale stability program which incorporates detailed
models of synchronous machines, excitation systems,
prime-movers, loads, relays, serles capacitor pro-
tection devices, and DC systems and controls. The
equations or block diagrams for the representation of
the equipment are presented for those models which
either have not been used previously in a large-scale
program or which have been altered from that pre-
vicusly used.

I, INTRODUCTION

Power systems have grown in both size and com-
plexity, and, consequently, the nature of system gta-
bility problems has changed. Furthermore, there is
a demand for more accurate engineering analysis of
the system stability problem. And to compound this
situation, there is a trend towardthe use of the control
systems associated with the excitation system, the
prime-movers, and the dc systems to improve the
stability margins of power systems.

The practical and effective method for large-
gcale stability studies is still the simulation of the
gystem response, with time, following a prescribed
disturbance. This emphasis on simulationnecessarily
requires system and equipment models which ade-
quately represent their behavior over some time span,
usually less than 20 seconds, Furthermore, the repre-
sentation of the automatic operation of equipment,
such as relay action, may be a desirable part of such
a gimulation,

This paper describes the modeling used in a
large-scale (2000 bus) stability program, which in-
corporates detailed models of synchronous machines,
excitation systems, prime-movers, loads, relays,
series capacitor protection devices, and de systems
and controls. Some of these models have been pre-
viously used and described. These in¢lude the repre-
sentation of composite system loads! and the repre-
sentation of de systems and their controls,1,2 The

principal changes in these representations have been
to make the composite system load characteristic a
function of bus frequency as well as bus voltage, and
the addition of a model of the de system and controls
which uses only algebraic equations to represent the
equipment during a stability anglysis. The represen-
tation of induction motor loads® has been included in
this program in order to provide a model of large in-
dustrial loads when desired.

There are, however, models included in thispro-
gram which either have not been used previously in a
large-scale stability program, or which have been
altered from those previously used. In this category
are the models of the synchronous machines, the ex-
citation systems, the prime-mover systems, and the
simulation of automatic relay operation. The represen-
tation of relays has been incorporated in other pro-
grams,4’5 but the specific assumptions or detailsmay
be different.

The representation of synchronous machines in
stability programs should be as simple as possible to
minimize computer costs. But, at the same titne, there
are situations where an accurate representation is
required, Furthermore, there may be uncertainty as
to whether a simpler model will be adequate, For
these reasons, modelsof the synchronous machine have
been included which involve the representation of be-
tween one and three rotor-iron (or amortisgeur) cir-
cuits. These models are discussed in Section II and
their equations are given in Appendix L

The representations of the excitation systems have
been slightly altbered from those proposed bythe IEEE
Working Group,® andthe current representations being
used are described, along with the model provided for
a supplementary stabilizing signal.

The prime-mover models provided are generally
much more detalled than those previously usedina
large-scale stability program, This is particularly
true of the model of a steam turbine, which can include
boiler effects and can also represent boller controls.
These models are discussed, and *‘typical’’ valuesfor
certain of the parameters are given for the steam
turbine-boiler representation.

The special relay types represented in the pro-
gram, and desgcribed here, include impedance relays,
out-of-step relays, over-current relays, over-power
relays, and under -frequency relays.

II. SYNCHRONOUS MACHINE MODELS

During any given system stability study, itiscom-
ton to have synchronous machines inthe systembeing
represented by models of varying detail, For example,
the machines near the disturbance may be represented
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by a very detailed model, whereas machines remote to
the disturbance may be represented by the simplest
model. Furthermore, the machines at intermediate lo-
cations may use still ancther model, Therefore, one
requirement for a sophisticated stability program is
that it have models available to the user which en-
compass the range of representation required.

In the development of the modelsused in this pro-
gram, it was decided to identify three basic models,
and it was noted that by the proper selection of the
numerical values used in these models, one could
represent two additional models. The detailed equa-~
tiona of the models are described in Appendix L. In
the order of increasing detail they are:

1. The classical transient stability model, which
uses a constant voltage magnitude behindtransient
reactance (MODEL ). When represented by a
Norton Equivalent, the transient reactance (Xj)
is represented by a reactance to ground at the
machine’s terminal, and a current is injected at
this node equal toe /Xj) where €' is the complex
voltage behind Xcll'

2. The second model (MODEL II)allowsthe repre-
gentation of the stator circuits and two rotor cir-
cuits. The rotor circuits are the field circuit in
the direct axis and an iron circuit in the quadra-
ture axis. This representation can be used to di-
rectly include a substantial portion of the damp-
ing effects which arise in a steam-turbine gener-
ator due to the presence of rotor iron currents,

By setting the quadrature-axis transient re-
actance (X'} equal to the quadrature-axis syn-
chronous réactance (¥} in the equations, this
model may also be use% to represent the stator
circuits and only the field circuit in the rotor.
This particular representation has been widely
used in stability studies, and is the simplest model
which includes the direct representation of the
effects of the excitation system behavior,

When represented by a Norton Equivalent, this
model uses a reactance to ground equal to the
transient reactance (Xj) and an injected current
equal to (e'/X4) where &' is the complex voltage
behind X4. In this case, the magnitude and the
angle of ¥ is a function of both the known in-
ternal conditions of the machine and the terminal
conditions. Therefore, an iteratlve procedure is
necessary to solve for the proper value of &',

3. The most detailed model (MODE I, II1) repre-
sents the stator circuits and four rotor circuits.
The rotor circuits are the field circuit, oneamor-
tisseur circuit in the direct axis, and two amor-
tigseur circuits in the quadrature axis. In thecase
of a steam-turbine generator, these amortisseur
circuits repregent the rotor iron current effects.

This is the most detailed model that can be
used where standard machine data are supplied
by a manufacturer. Studies now underway suggest
that this degree of detail of representationis suf-
ficient for anaccurate representation in a stability
program.

The second amortisseur circuit in the quadra -
ture axis is intended to represent a rotor iron
circuit in a steam-turbine generator. In the cage
of 2 laminated rotor machine (such asa hydraulic
turbine generator or synchronous motor), data for
only one amortisseur cireuit in the quadrature
axis may be available. The representation for this
type of machine may be made by setting the quadra-
ture-axis transient reactance (X)) equal to the
quadrature-axis synchroncus reac%ance (Xq)-

When represented by a Norton Equivalent, this
model uses a reactance to ground equaltothe sub-
transient reactance (X4)and an injected current
equal to (E'/X ) where 8" isthe voltage behind Xg.
The magnitude and the angle of &' is known from
the solution of the machine’s differential equations,
and no iteration is necessary for this model.

In terms of the numbers of the various machine
types that may be needed in a stability program, it is
common for all of the machines representedina study
to be either MODEL I or MODEL II; whereas, it is
likely that only a few MODEL Il machines will be used
in a study. Therefore, it is a common practice in sta-
bility programs to limit the number of MODELIII ma-
chines to some relatively small number, such as 25
machines.

The amount of machine data required increases
as the detail of representation increases, and, gener-
ally, the computational costs also increase (particu-
larty for MODEL III machines), But at the same time,
the more detailed representations presumably permit
a more accuraie evaluation of system behavior and
stability limits. Studies have been made in an attempt
to define the effects of added detail inthe representa-
tion (sometimes with conflicting conclusions), but there
is a continulng need to define the simplest model which
will meet the needs of system planners and operators
in a glven situation.

NI. EXCITATION SYSTEMS

The basic representations for various types of
excltation systems was proposed by an IEEE Working
Group,® and its recommendations have been adopted
for many stability programs. Generally, these have
been satisfactory and flexible enough to represent a
wide range of excitation system types. However, ex-
perience has indicated the need to modify the repre-
sentation for Type I and to addthetime constants T Al
and TA2 shown in Figure 1,

There are two principal reasons for making this
change in the representation: (1) Theanalysisof some
actual excitation systems has indicated that a more
accurate representation of the excitation system be-
havior might require these additional constants. There-
fore, where such tests have been made, this altered
representation may be desirable. (2) In high initial
response excitation systems, a reduction in transient
gain may be physically attained by the use of series
functions rather than by feedback functions. Therefore,
to represent thistype of equipment, the use of the func-
tion including Ty and Tpq is desirable. One can, in
effect, simulate the gain reduction by using only the
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feedback function, but this is undesirable if it can be
avoided,

The two principal types of prime-movers that
will be discussed are the hydraulic turbine (and con-
trols) and the steam turbine {(and controls),

1. Hydraulic Turbine
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Fig. 1. Block diagram of excitation system
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Fig 2. Block diagram of stabilizer

The representation of supplementary stabilizing
has not been standardized, Therefore, it is necessary
to use as general a representation as posgsible. The
representation shown in Figure 2 isintendedto repre-
gent a general function, and inputs from machine
speed, bus frequency, electrical power, and terminal
voltage may be used separately or in combination,

IVv. PRIME-MOVERS

The prime-mover models used in the program
are more elaborate tlian those used in many large-
scale stabllity programs, The use of such detailed
models was prompted by two considerations: (1) In
some studies, particularly those that involve the loss
of generation or load, the response of the prime-
movers have an important effect upon tle-line loading
and frequency variations.® The effects which are now
more directly modeled have beenapproximated before
by empirical methods, {2) Surprisingly enough, there
are times when it is more difficult to establish the
proper data to be used with a simple model than with
a more detailed model. Obviously, this is true only
up to a certain point, but it has been noted that the
manufacturers who must supply this data are more
likely to be familiar with a representation where many
of the important elements of the prime mover control
system are separately ldentified. If only a simple
representation is allowed, either the manufacturer
must attempt to fit his transfer functions tothe model
or the program user must attempt it. Therefore, it
seems that there may be actually anadvantage in pro-
viding a certain amount of detail in a prime-mover
representation.

The model of the hydraulic turbine andits controls
are ghown in Figure 3, If there is a surge tank asso-
ciated with the hydraulic turbine, its representation
is shown in Figure 4. These representations have been
in use inthe FACE Multi-Machine Power System Simu-
lator Program,” andthey include the effect of the surge
tank and water-hammer effects in the penstock on
either side of the tank, as well as speed and head
effects on the turbine runner. The model is non-linear
and can be used for a variety of studies, Each syn-
chronous machine being represented by the program
may have a hydraulic turbine represented with this
degree of detail.

2, Steam Turbine

The representation of the steam turbine and its
controls are shown in Figure 5, The model represents
the effects of boiler pressure changes due to any
changes in the steam flow which may occur in the
turbine. If desired, a simplified representation of the
combustion controls is available which includes a
throttle pressure regulator control (Figure 6), Each
synchronous machine being represented may have a
steam-turbine represented with this degree of detail,

All values used with this model are in per-unit
of the turbine rating. For crogs-compound units, the
combined rating of the high-pressure, infermediate-
pressure, and low-pressure turbines is the base.

Governor dead-band may be represented, and a
distinction can'be made betweena mechanical-hydrau-
lic control system and an electro-hydraulic control
system (a8 applied to General Electrie turbines.)

The speed relay, valve, and steam bowl effects
are separately represented by linearized models. 10

“The limit on the rate of-change of valve position may

be represented as well ag the limit representing the
maximum valve position, When a change in the high -
pressure turbine flow oceurs, the effect upon the high-
pressure turbine throttle pressure due to the change
in the pressure drop and the boiler pressure may be
modeled.

A reheater {or pipe volume) between the high and
intermediate turbine and a reheater (or pipe volume)
between the intermediate and low pressure turbines
may be separately modeled. The intercept value posi-
tion for each reheater is identified, but inthis program
these are maintained at a constant value. The functions

1 +s8T 14+5sT
4 ]
1+ sT5 1+ E'.T,z
water heaters.

and represent the efiects of feed-

The combustion control representation includesa
limit before the representation of the combustion ele-
ments, This is a limit which may exist in a given con-
trol scheme. In any case, it also affectsthe maximum
power that the boiler may produce even after a long
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Fig. 3. Block diagram of hydraulic turbine

PU. WATER YELOCITY
AT TURBINE

RATIO ©F LOWER PENSTOCK

Ky AREA TO SURGE TANKK AREA.

FU. YELOCITY

Bs M SURGE TARK
L
- 1
€) lag!
J 5%s (ot
+
'5
pgltugt)
RATIO OF UPPER PENSTOCK
Kps | AREA TO SURGE TANKX |
AREA, £
7 1a (posiTive) [ORFICE
\F DROP
frz{nesiTive)
WATER
1 2
STARTING fh Py
sz | e
-+
¢ Hs (%
PUHEADAT +

SURGE TANX I
TO TURBINE
REPRESENTATION
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period of time. Therefore, if such a limit does not
exist in the control, the value used should be the maxi-
mum available boiler output in per-unit of the com-
bined turbine rating, This value would ordinarily
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neglect any effects which could not oceur without
manual intervention.

The values for the representation of the turbine
are either obtained from the manufacturer for specific
machines, or fromtypical values provided by the manu-
facturer. Since reheat time-constants depend upon the
equipment used outside of the turbine, these are usually
computed by the user.

In order to provide guldance to a user as to the
typieal numbers that might be used in the representa-
tion of the boiler and feed-water heater effects, the
responses of a variety of boiler types were examined,
and the following constants appear to represent aver-
age responses (see Figures § and 6 for the meaning
of the symbols used): .

K?. 0.08

TD T seconds for gas and oil-fired boilers

T 25 seconds for fast responding coal-fired
D nite ,

680 seconds for slow responding coal-fired

units

% seconds for gas and otl-fired boilers

30 geconds for coal-fired units

29.4 geconds

30.0 seconds

29.4 seconds

30 seconds

W non

3
o

e el icicie
amowe®
L (20 | N | B | I 1

For units less than 300 MW:

Ky = 0.5% 1072
For units more than 300 MW:
Ky = 0.8% 1072
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SET be affected for time spans less than 25 seconds.
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tLmMT type boilers if controlled in the boiler-follow mode, In
actual practice, there will bea wide range of long term
' 1T response characteristics of once-through boilers, de-
H € 1 TIME DELAY OF Tp SECONDS pending upon the method of control; however, again,
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Fig. 6. Block diagram of boiler control

The pressure conirol settings are tabulated as
follows:

B OO5 9
0il, gas> 300 MW 3.33 .045 6
0il, gag< 300 MW 5.0 .05 6
Fast coal > 300 MW 1.67 .02 36
Fast coal <300 MW 3.33 022 24
Slow coal > 300 MW 1,05 L0105 60
Slow coal < 300 MW 2.20 011 36

Although the values given are considered to be
typical, it should be recognized that there could be
gignificant variations from these foraunitina station.

There have beenthreetypes of responses included,
one for gas and oil-fired boilers, one for fast coal and
one for slow coal. However, since the effects of com-
bustion control will not be felt for anything less than
T, seconds, a study which 1s concerned with a time
period of less than 10 seconds will not be affected by
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unless the investigation covers more than 10 to 20
seconds, these effects will be negligible.

While the effects of boiler controls may be ne-
glected in a stability analysis, it should be noted that
the effect of the boiler pressure change and pressure
drop upon the throttle pressure is important when there
has been a loss of generation and where the response
of the system to this loss is important,

V. RELAY REPRESENTATIVES

There are four lfeislc types of transmission line
relay characteristics'* which have been incorporated
into the stability program, These are discussed in
detail in the succeeding sections.

1. Impedance Relays

The impedance relay characteristic isintheform
of a circle on the impedance plane (Figure 7). This
circle is defined by its center coordinates (Rcr Xe) and
its radius (r1), and the relay isidentified, by input, as
being located at one end of a particular transmission
Tine. The blocking relay characteristic is assumed to
be a concentric circle, with a specified radius (ry).



The apparent line impedance (Z,) 18 calculatedat
each time step, and when the impedance enters the
outer circle, but not the inner circle, the blocking
logic is initiated. If the impedance Z stays in the outer
circle for three cycles or more before entering the
inner circle, tripping is blocked. If the impedance Z
leaves the outer circle, the relay is assumed {o reset
instantaneously.

If the impedance enters the interior cirele, andif
tripping is not blocked, the logic is initiated to trip
the line, When Z leavestheinterior circle, if the time
inside was less than one cycle, the relayis assumed to
reset instantaneously, X the time was more than one
cycle, the tripping is continued,

The choice of three cycles for the blocking relay
and one cycle for the operation of the tripping relay is
arbitrary and canbe changedforallrelays of this type.

The user specifies, as part of input, the total line
tripping time (relay plus breaker time) and the dead-
time between the tripping point and the time when line
reclosing will be done. Single-shot reclosure is
allowed, '

This same_relay maytrip severaladditional lines,
each with its own:trip time and dead-time for reclo-
sure. :

2, Directional Over-current Relays

‘The directional element of an over-current relay
is represented as shown in Figure 8. The angle of

X

rz

[ReXe}

N \_/ '

Fig. 7. Impedance relay characteristic

maximum torgue (@) is an input value. When the line
current It is in the tripping region, the overcurrent
relay 1s allowed to operate.

When I is out of the tripping region, the relay is
reset at a fixed rate (alsogivenbyinput), or is held at
the reget position if it has not moved.

Hne
\ e
yd
AN /
i 8 (ANGLE OF MAXIMUM TORQUE)
i '
N " VRELAY BUS
. /REGION OF TRIPPING

N

Fig. 8. Directional over -curvent velay chavacteristic
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Fig. 9. Quer-current relay time characteristic

The relay time-current characteristic (Figure 9)
is curve fitted by a third-order polynominal, The
specific time-dial setting for the relay is used to
formulate this curve. The pick-up current (in per-
unit on the system base) is given as input data, to-
gether with four relay operating times as functions of
specific multiples of the pick-up current.

The following logic is used:

(1) I the current is in the proper direction, the
relay operating time (t,) is calculated from the
polynominal fit of the current-time characteristic.
If the line current is greater than 1.5 times the
pick-up current, the change inthe per-unit position
of the relay (Dp) is:

+ ADR

When Dy = 1.0, line tripping is initiated, and the
line is removed at a fixed time later {equal to the
breaker time, and read in as part of the input).

If the direction of the current goes outside of
the tripping region of the directional unit, or if the
line current becomes less than 1.5times the pick-
up current, then the relay begins to reset:



~At

AD_ = B
RESET

R

DR = DR + ADR

The action is hated when Dy reaches zero.
The tripping and relcosing logic for the line

and for remocte lines is identical to that for im-
pedance relays.

3. Out-of-Step Relays

The relay characteristic for the Out-of-Step Relay
is shown in Figure 10, The slopes and intercepts (on
the R axis) of the two curves are given as input.

Once the starting zone is identified, ihe logic of
the unit causes the line to trip if the apparent line
impedance {Z¢) goes from zones A to Bto C, Also,
If the impedance goes from zones C to Bto A, the
line is tripped. Otherwise, no tripping occurs.

The tripping and reclosing logic is the same as
described for impedance relays,
X

\ J
=

Fig. 10. Out-of-step velay characteristic

4. Over-Power Relays With Time-Delay

The transmission line power (Fy)1s compar ed with
the relay pick-up power (with power direction con-
sidered as well as magnitude).

When Pg exceeds the pick-up power, with the
proper direction, the overpower relay begins to op-
erate:

where tpu ig the relay operating time (assumed
constant),

DR = DR + ADR

and line tripping is initiated when DR = 1.0,

Whenever Py is less than the pick-up power or
reverses sign:

=-At

AD = -—{—-—-——‘
RESET

R

The tripping logic is the same as for impedance
relays,

For all relay types, the relay can be usedto
initiate the tripping of a number of remote lines, where
each line has its individual breaker time and reclosing
time.

In addition to the representation of conventional
transmission line relays, the representation of the
automatic operation of the series capacitor protective
equipment can be useful, It is necessary to provide a
current setting which will operate the protective gap
in terms of the fundamental frequency symmetrical
RMS current. When the line current exceeds this value,
the shorting of the series capacitor is simulated. As
part of input, the time between the gapclosing and re-
ingertion is provided, and it is used to determine the
time at which the capacitar is reinserted, Any number
of removals and reinsertions is allowed.

5. Under-Frequency Relays

The representation of under-frequeny relays pro-
vides for the modeling of either a static type relay or
an induction cup type relay. In either case, when the
relay at a busisrepresented, the bus frequency is cal-
culated, and the load can be shed in three steps. Each
of 200 buses may have an under-frequency relay with
different characteristics, and different load shedding
gchedules, The breaker operating time is identified
geparately from the relay operating time.

For a static relay, the input data required is the
relay trip time, the breaker trip time, the values of
the three frequencies at which load shedding will be
done, and the amount of bus load to be shed at each
frequency. The principal consideration here is that if
the frequency recovers, the correct decision will be
made either to reset the relay (if the time since the
relay begantooperateis less than the relay operating.
time) or to proceed totriptheloadas scheduled (if the
time since the relay began to operate is more than the
relay operatingtime but less thanthe combined breaker
and relay time).

The representation of an induction cup type of
under-frequency relay is more complicated, The
repregentation agsumes that there is a unique relay
characteristic which describesthe relation between the
rate-of-change of frequency and the relay operating
time, This characteristic is represented in the pro-
gram by two straight-line segments.One extends from
a point, where the maximum rate of {requency (MAXR)
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and minimum time (MINT)} are defined, down to a
‘‘preak point”’ with BRR and BRT defining the point.
The second segment extends from the break point to
the point that defines the minimum rate of frequency
(MINR) and maximum time {(MAXT),

When the bus frequency drops below a particular
relay setting, the time (8T) is stored. Then, at subse-
quent times, where the frequency continues to be less
than the set point, the average rate of change of fre-
quency is calculated:

RELAY SETTING ~ FREQUENCY
TIME - ST

AVR =

H AVR is greater than MAXR, then the shed time is
the sum of MINT and the breaker time. H AVR is less
than MINR, the shed time is the sum of MAXT and
the breaker time. Hthe value of AVR is between MAXR
and MINR, then the appropriate straight ling segment
must be identified, and the value of the relay operating
time calculated, This time is added to the breaker
time in order to calculate the shed time, and the shed
time is recalculated at each time step.

It the bus frequency rises above the set point, the
relay is agsumed to reset instantaneously, unless the
time since the relay began to operate is more than
the relay operating time but less than the combined
preaker and relay time. In that case, the load is
tripped at the scheduled time.
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APPENDIX
MACHINE EQUATIONS

Each of the mathematical models used to repre-
sent a synchronous machine in a stability study con-
sists of a set of simultaneous algebraic equations and
a set of simultaneous differential equations. The phasor
diagram assoctated with each representation is a way
of degcribing the algebraic equations which relate the
machine’s internal and terminal conditions, In some
cases, additional algebraic equations may exist, Inall
cases, the differential equations are expressed sepa-
rately from the phasor diagram.

The equations which are not represented by the
phasor diagram are describedinthis appendix for each
of the representations considered.

A, MODEL I

Model I is the ‘‘Classical’’ stability representa-
tion for the synchronous machine (Figure 11). The only
differential equation to be solved is the acceleration
equation.

B. MODEL II

Model II is the representation of the machine
which includes the field eifects and represents the
effect of a single iron circuit in the quadrature axis.
In addition to the equations implied in the phasor dia-
gram (Figure 12) other equations are:

~ ;0
e'={at ifar - r oW YT J
e {eq+3[e d (Xq Xd)iq]}<
It should be noted that & is a phasor, but &'y, B'y,
and iq are the magnitudes of these variables.
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Fig. 12, Model II phasor diagram

C. MODEL 1IT

Model IV is the representation of the machine
which includes the field eifects and the effects of
amortigseur circuits in both axes, The equations
given here {in addition to those of the phasor diagram
(Figure 13)) are for the case where there is one
amortisgeur circuit in the direct axis and two amor-
tisseur circuits in the quadrature axis, and X4 equals
X .

q

N
“~ REFERENCE
AXIS

Fig. 13. Model Il phasov diagram
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APPENDIX 11

SYMBOLS

Angle between the q axis and the reference
axis (degrees}

Time {seconds)

Base frequency (hertz)

Inertia constant (MW-seconds/MVA)
Damping coefficient

Mechanical torque (per-unit)
Electrical torque (per-unit})

Stator leakage reactance (per -unit)

Direct-axis subtransient reactance {per-unit)

Direct-axis transient reactance (per-unit)
Direct-axis synchronous reactance (per-unit)

Quadrature-axis subtransient reactance {per-
unit)

Quadrature -axis transient reactance {per-unit}

Quadrature-axis synchronous reactance {per-
unit)

Potier reactance (per -unit)

Direct-axis subtransient open-circuit time-
constant (seconds)

Quadrature-axis subtransient open-circuit
time ~constant (seconds)

Direct-axis transient open-circuit time-con-
stant (seconds)

Quadrature-axis transient open-circuit time-
constant (seconds)

Quadrature-axis component of stator current
{per —unit)

iy Direct-axis component of stator current (per-
unit)

g{d Direct-axis amortisseur current (per-unit)

!

Quadrature-axis amortisseur current (per-

Lkq unit)

_I'f[ Field current (per-unit)

E_Iq Quadrature-axis iron current

AEI Correct to field current for saturation (per-
unit)

T’ Phasor voltage behind transient reactance (per-
unit})

Té" Phasor voltage behind subtransient reactance
(per-unit)

:;'q Field flux-linkages (per-unit)

%'d Quadrature-axis iron-circuit flux-linkages
{per-unit}

Efd Field voltage (per-unit)

fp Potier voltage (per-unit)

'a,ﬁk q Direct-axis amortisseur flux-linkages (per-

unit)

Quadrature-axis amortigseur flux-linkages
(per -unit)

b d Direct-axis component of rotor subtransient

flux-linkages {per-unit)

P a Quadrature-axis component of rotor subtransi-
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ent flux-linkages {per-unit)

NOTE: Wherever a variable is a phasor, it may ap-
pear in two forms. For example, the per-unit field
current may appear as a phasor, wherethe symbol

Ej is used to designate this form; or, its per-unit
magnitude may be used in an equatxon, where the
symbol Ej is used to designate this form.



Discussion

K. R. Padiyar and R. S. Ramshaw (University of Waterloo, Waterlco,
Ont., Canada): In the section Il of the paper, the author has presented
three different models of the synchronous machine. It is of intetest to
note that the number of models given in this paper, is one less than the
number presented earlier by the author in reference [7] of this paper.
This shows that there is no basic difference between the various models
presented. Actually, all these models can be dertved from one common
framework which does not put any restriction on the number of rotor
circuits to be considered in the analysis. Present methods of analysis
consider not more than two rotor circuifs per axis and the different
models apply for the particular cases of specified number of rotor
circuits,

We have shown the general nature of the machine model (appli-
cable to any arbitrary number of rotor circuits) in our paper presented
in PICA-T conference!. The ‘dynamic saliency’ is also taken into
account in this approach,

Ra

la

ig*Iq

L= Lnd =an Yo

Fig. 1.

The author states that the Norton’s equivalent circuit of the
machine can be derived from the voltage source model given in the
paper. This is not strictly correct, since the current source model shown
in Fig. (1) and derived in reference [1] is the exact representation,
while the voltage source model of the paper is not. The Thevenin’s
equivalent of the current source of Fig. (1) is given by '

eTh = L”p Ia
where

[, = Iqcos+1gsin8, Ig = of ¥ras Iq = Y ¥g tEig

direct axis and quadrature axis flux linkages.
Differentiating I, we obtain

o Ja dq n §(-T, sin 8 + 1 cos 8
efm—L (?cosﬂ+ I sin 8+ L ds q

¢y and ¢y are constant vectors, g and y'grq are respectively rotor

Ignoring the first term in comparnson with the second term in the
above equation and ignoring the variation of @, we get the voltage
source model of the paper.

Hence the voltage source model is inexact in comparison with the
current source model and the correct conversion of the voltage source
into a current source model

1
Iy = ﬂc)

will yield wrong resulits. However the transformation of the sources
presenled in the paper is valid only for steady-state conditions of
the network at constant {(nominal) frequency.

It would be interesting to know the integration method used by
the author. The time-step for Runge-Kutta routines is determined by
the smallest time constant of the system. Thus, the step size may be
determined as much from the small regulator time constants as the
damper circuit time constants.

Finally, we would like to compliment the author for this excellent
wo}r(k in the field of system modelling, which still remains a difficult
task.
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{11 K. R. Padiyar and R. 5. Ramshaw, “A Generalized Synchronous
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Machine Model for Large Scale Power System Dynamic Studies”,
Conference Proceedings, PICA-7, pp. 261-268, May 1971,

C. C. Young: As system problems, the methods of analysis, and the
characteristics of computing devices change, it is important to periodi-
cally examine the different models that one might use for system
equipment, and to select those that are best suited for a particular
situation. Therefore, T am always interested in discussions and technical
papers on the subject of synchronous machine modeling for power
system studies.

Although T have been directly involved in the modeling of synchro-
nous machines in system studies for 20 years, | am continuaily amazed
at just how many different ways one can write Park’s equations.
Professor Ramshaw and Mr. Padiyar have developed an inferesting
form of these equations that uses an injected cutrent plus an inductance
to ground to represent a machine. In compating the discussor’s model
with other models which have been developed, there are two important
facts to be recognized: First, if all of the various models start with
Park’s equations and then make the same simplifying assumptions, and
if the mathematic process of manipulating the resulting equations are
rigorous, then the models developed will all be equally accurate,
regardiess of how different they may be in their form. Considering
the assumptions implicit in Park’s equations, none of these models
should be considered “exact”™, although they may be entirely adequate
for a particular type of analysis.

Second, because of the practical problems of obtaining data and
because of the computing costs that are involved in the stability analysis
of a large power system, it is very important to avoid superfluous detail
in the modeling of equipment which adds to the cost without con-
tributing significantly to the accuracy of the results. Experience has
indicated that it is not desirable and is not necessary to attempt to
represent all of the synchronous machines in a system by a single, de-
tailed model. Only a relatively few machines may actually require an
accurate simulation. It is this situation that led us to define three
distinct models of varying complexity.

The discussors seem to be confused about the differences between
their model and the models described in the paper. Comparing the
assumptions used in deriving these models (7) with the assumptions
used by the discussors (12), they are identical except for two dif-
ferences: (1) the discussors represent stator transients (fundamental
and harmonic currents and fluxes arising from the presence of the
ped, peq terms in the stator voltage equations), and (2) the discussors
represent the effect of speed upon the generated terminal voltage of
of the machine. While there are some types of studies which require
that one or both of these effects be represented, it has been found that
these effects do not have to be directly represented in large-scale stabil-
ity studies. (13,14} In fact, since the system connected to the machines
will very rarely have its transients or speed effects represented, the
representation of machine stator transients is usually inconsistent, and
is therefore not as accurate a simulation as one might suppose. In any
case, if the stator transients are represented, the size of the time step
required for numerical integration is considerably smaller than that re-
quired by models where these effects are omitted. Therefore, the cost
may become prohibitive for large system studies.

[f the stator transients and speed ef fects are negiected, the
machine stator equations become algebraic equations, and can be repre-
sented by phasors, as are the system equations. This leads to the forms
shown in the paper. The Norton Equivalent discussed in the paper is an
exact equivalent of the voltage form.

In the stability program, the methods used for numerical integra-
tion are predictor-corrector methods, and dual time steps are allowed
where it is approptiate.
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