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INTRODUCTION

AN

Ahis paper is being produced as a follow-up to the
. $ymposium on "sSynchronous Machine Modelling for
. power Cystem studies', (IEEE 83 THOl0l-6-PWR). In
“'the symposium publication, discussed at the IEEE-PES
{ater Power Meeting in 1983, the Joint Working
Group, through a series of individual papers, gave
an overview of various approaches which have been
used, ot are currently being developed, to produce
" parametecs for stability models. The complexities
“possible in model availability were covered oaly
“priefly. Furthermore, the limitations in parameters
obtained from data, obtained using either "Standard"

aot! -~ important factor, not given much treatment
the Symposium, was how saturation should be
Prreated in stability studies. It has been customary
“to consider a "total" saturation during ‘the
{aitialization stage of stability studies, and also
s - during subsequent step by step calculations in time
‘_'ﬂonnin simulations. However, the application of
saturation factors to "Unsaturated Models" had not
3 #bcon clearly demonstrated or fully justified in any
%" of the Symposium articles. Also the effects of
_incremental changes in permeability (or saturation)
Bave been covered in very few publications. The
consicZecation of such effects in small signal or
‘lines-‘zed stability analyses has been given limited
-recognition or study.

_The Joint Working Group feels that the above issues

welcome comments from both "producers” of
stability data, as well as from the many "users" of
such data. It is the Joint Working Group's
objective, in accordance with its
.eventually produce a recommended set of Guidelines

" .for using various models in different types of

. 3tability studies, along with concordant procedures
'3‘°f obtaining data for such models.
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As a prelude to discussing some of the issues of
prime interest to those concerned with the
appropriate use of stability models, the Task Force
believes the principal areas of interest for
generator electrical modelling can be categorized
into four general areas (I) thcough (IV) noted
below: (Only two of these areas, ie, II and III
will be covered in detail in this current paper).

(1) Short circuit, faults, and relay application
studies. parameters are required to obtain
initial R.M.S. current values or R.M.S. values
of current after subtransient currents have
decayed. More complex studies can be
performed including determination of de offset
values for specifying breaker ratings more

precisely.

(II) Stability Studies (Large Disturbances,
Non-Linear). Such analysis can include
various types of time domain stability

studies. Included are such examples as:

. First angular swing, no exciters, no
saliency (constant voltage behind a fixed

reactance). This approach, once common, is
now used infrequently for particular
investigations of generating station

stability limits. However, it is often used
to approximate the transient time-angle
response of machines or groups of machines
electrically remote from the principal area
of investigation. The inertial effects of
such remote machines are important.

. First angular swing, with saliency
represented, both in the steady state and
transient state (constant field flux
linkages in the direct axis). This is an
extension of the more commonly used approach
described above. It is seldom used, since
the approximations made for the "constant
voltage" approach provide acceptable results.

. Two or three time-angle rotor swings are
often calculated principally of dominant
machinery frequency, including subtransient
effects in each axis. Exciters, with
varying magnitudes in the value of their
main time constants (> 0.1-1.0 seconds) are
usually simulated. Saturation has Dbeen
represented in the d axis. With the advent
of digital computers, this type of
simulation became popular, even for large
scale studies where the stability of one
power system, or large area, with respect to
its interconnected neighbours, was of

concern.




.l complete stability representation of many
! machines for  multi-machine multi-swing
! cases, where accurate representation of all
system damping is necessary. Separate d and
i''q axis saturation can be used for studies of
‘power system oscillations in the 0.1-10 Hz
| range.

.‘.Accurate values of rotor self and mutual
. inductances are important, especially with small
i.time constant, (< 0.1 second) exciters, which
require additional stabilizing signals. Up to 3
| 'rotor windings can be represented in each axis.
| 'This type of investigation is used to determine
. inter-area power oscillations, as well as to
more precisely determine the effect of
" _!l'excitation systems and power stabilizers in
. improving inter-system and intra-system damping.

(III) Stability Studies, (Small Signal-Linear)

" 'In general, the same requirements apply for
i ‘modelling as in the previous paragraph. The
,f“>number of state variables to be considered
"7 will increase in going to larger power
i 'systems, and more detailed model
i!'f representations. Saturation = in linear
analysis is important and has usually been
ihandled as an incremental concept, about some
'initial operating point on the direct and
‘quadrature axis saturation curves.
/ Eigenvalues and eigenvectors are the outputs
of . solutions to the state space equations.
From these eigenvalues and elgenvectors
several types of wuseful information can be
wextracted. For example, time responses can be
‘obtained on the effects of a stepped input to
‘the error summing junction of an excitation
'system. Frequency responses, in which
synchtnnous‘ machine stator outputs such as
‘'voltage or the variations in speed of the
"'rntor, both as a function of field voltage
perturbations, can be plotted over a range of
ﬁrequencies from, for example,_ 0.1 to 10 Hz.

gignal stability loci of constant damping for
a&arious .mesawatt _outputs of a generating
Reductions in 'such stability limits
'Mn function . of external system reactance,
fo:' flxed 5enetator terminal voltages s a
fhaaful guide in determining stabllizqr and
‘axcitation aystem gains and time constants.

—

i_‘n § |

f§u —Synchronous Resonance (SSR) studxes

Gt
A

typicnl SSR study must deal "with.! two

i diffetent ,machine-system interactlons. The
first j'is_ the.  interaction ; between ' the

iy electricnli system and  the  machine-shaft
tors ' | system, The, second is = the

‘'motor" or "induction . generator"
{‘of . the synchronous machine. In
these' phenomena are coupled and
thetefore must be treated together

thB range of frequencies of interest is fairly
i/l broad. '// Rotor ' frequencies due ‘to series
!l ' resonance in the system electrical network are

tithe sum of the system frequency plus or minus
_f%ha resonant frequencies. (A specific example
. might be 60 Hz up to + 50 Hz that is, from
1110 Hz up to 110 Hz).
tiron 'eircuit’ and amortisseur responses as a
‘function' of frequency is 'vital in the above
| noted frequency ranges.

N

AThe eigenvalues can be used to plot small ~

A knowledge of the rotor:

Only issues of concern relating to items (II) and:

(1II1) above will be dealt with here.

In spite of the wide range of situations which can
arise in stability studies, there 1is a Ffairly
limited set of machine model structures from which
to choose. This is particularly true for ‘the
present variety of "Standard" large-size stability
programs currently available. 1In such programs, the
use of fixed parameters to describe the dynamic

performance of nonlinear devices, such as
synchronous machines, has generally been
recognized. This statement applies to hydro

machines, and much more to solid rotor turbine
generators.

The Task Force, for the purposes of the current ]

paper has decided to categorize their ensuing
comments in four broad areas: '

Practical availability
(Section B).

ranges in  model

Obtsining data from which parameters may be

derived for several of the models categorized
above (Section C). :

Limitations in data obtained by test procedures
or through analytical means (Section D).

Rationale for recommended model selection, and
saturation algorithms to be considered
(Section E). A

\
A fifth area in Section F deals briefly with various
computer programming approaches to model structure
representations, and the associated power system
interfacing computational routines. However, a

complete coverage of the two principal programming f
constants plus
reactances”, or utilization of Resistances and §

approaches either "time

Inductances from models, would require as much space

as__the suggestiOQs regarding model structures, or

the associated © parameter
e \

outline of the two programming approaches will '\ be

noted, but IEEE technical. paper references are given

to aid those interested in further pursulng this §

sapect of stability simulations.

B. PRACTICAL RANGES IN MODEL AVAILABILITY

Consider the matrix shown as Table I, which can be

conveniently chosen for describing models ranging g

from first order to third order in terms of the
roots of the characteristic equations which describe
their transient performance. In this complete
matrix there are 12 possible combinations of direct
and quadrature 2
"eonstant flux linkage" d' axis model. ' The most
complex (model 3.3) would have a field winding and
two equivalent rotor iron (damper) circuits in the
direct axis, and three quadrature axis equivalent
(damper) windings. Somé combinations of d and
q axis winding configurations are not considered in
Table I, and equivalent circuit structures are not
drawn or discussed. Based on the experience of the
Task Force, as well as on general intuition, we
believe there are seven model structures which could
be serious candidates for inclusion in large system
stability simulations. _..Six of these models are
drawn in Table I, and the' seventh is the constant
flux linkage (or constant ;voltage back of transient
reactance) model. ol |

i limitations = or §
requirements. As ‘a consequence, only a_  short §

axis © representations, _plus one Jf
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DEFINITION OF GENERATOR MODELS OF

VARY £
TABLE |
a-AX1S NO EQUIV. ONE EQUIV. TWO EQUIV. THREE EQUIV.
— DAMPER DAMPER DAMPER DAMPER
D-AX1S | CIRCUIT CIRCULT CIRCUITS CIRCULTS
CONSTANT
L MODEL 0.0 —_ —_ —_
LINKAGES
MOOEL 1.0 HOIOEL 1.1
x
FIELD ¥ ,_? é
CIRCUIT 1.2 1.3
3 x
ONLY
L} x
- ] i
JUEE
MRl 251 MODEL 2.2
FIELD i x
CIRCUIT + " i ,.‘? 3 é
ONE EQULV. 2.9 —— 2.3
4 Xy
DAMPER % % — T —
x
- x
ney L% CIRCUIT 3 w? 3
tegorizel 'y
E fll'..: ‘_‘ MODEL 3.2 MODEL 3.3
g FIELD ; -
rocedurs CIRGUIY-> l“% i j ’.‘? g i
?
TWO EQUIV. 41 - - - .
DAMPER t
-1on, CIRCUITS ‘«? g '-.i g ;
onsideredy . !

The possibility exists, theoretically, in the direct Therefore, model 3.3, including the one differential

:t::::u axis, when discussing the most complex models, for leakage branch as shown in Figure 2 is the most

g %" eonsi‘ -ing two additional "differential leakage" c?nplex w!:xif:h we feel needs to be_ coded for laFge

s resctaices. These reactances represent fluxes which 'sue _st;blhty programs. .the q axis representation

»gra link the field and the equivalent rotor body paths, in Figures 1 and 2 are identical. It should be
“:. but do not link the stator windings. The structures noted that one differential leakage reactance could

:es Pi: are shown in Figure 1 for model 3.3. The exist in models 2.1 and 2.2 in Table I, for the

ch specil _hlonnnclnture for _the elemefzts of the' models in direct axis structures as well.

ucak .‘g'lsureil lnd? is a 1logical extension of the

. ’ “55__‘olamnt desc.t‘lptions in Figure 4. For the

P " quadrature axis, of course, the subscript 'gq' has

will bl r:_:lpltced the subscript 'd'.

T %, When discussing the order of a model one should also
ing th*' ¥}, consider the electromechanical "swing" -equations.
{2 Mowever for the purposes of this section, which
i" deal: with the generator electrical aspects of
o fgn . Stability models, No. 3.2 or No. 3.3 are third order
il Z'*'* models, and No. 2.1 or No. 2.2 are considered second
\¥.=- ovder models.

rangint v
d::cr:: _‘Il practice, as noted above it is often appropriate

- to consider just one differential leakage reactance
complet¥° in any of the models as noted in the direct axis

) f12d t2d fd fa

T s o—— 1

qu;”r:s ::'Pﬂset}tntion of Figure 2. These reactances are L
s & ntrinsically the differences between field to rotor 2
5ins “‘; mutual reactances and field to stator mutual S0 :
" te el Feactances. Such mutual reactances are, in the
s teciprocal (X,q) system of Rankin, relatively L
uivales*#@ largs and close to each other in value. Use of L L,q 29 Laq f
d end Le2q wr Lgpq implies that current and associated aq :
eced 100§ flux paths between the #1 and #2 direct axis r r r ¢
are not *quivalent rotor body circuits can be easily 1q 2q 3q i
of thegg: dentified. This is not usually the case, so that {
ion, weig:. the flux paths and the associated mutual and leakage ;
h could 4 T°tctances between these equivalent circuits and the T f
' 3¥8 fleld winding cannot be readily singled out. ) FIGURE 1 4
21s Fucthermore, most model identification studies to }
OB date, based on fitting model 3.2 or 3.3 to direct COMPLETE, THIRD ORDER REPRESENTATION [
‘ansiefi®{§ 813 operational inductance data, yield very small BOTH AXES ;
*

S Velues for Lgyy or Xeag- ‘




f12d i-fd Rfd
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L
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r1d r?d
d-axis
FIGURE 2
MODIFIED THIRD ORDER REPRESENTATION
FOR D-AXIS

‘\ A popular and widely used structure in many current
programs can be described, based on model 2.2, and
. which considers two windings in each axis, including
' the direct axis field winding. This model structure
il‘P so-called "state of the art" version, for which
data has  been, by and large, supplied by
? manufacturers of synchronous machines, or has been
i obtained by tests described in IEEE Standard No. 115
| (1983). Iwo time constants and three reactances

. (X4, ' X'q, X"q) have been employed to describe
thej response of model 2.2 in each of the d and gq
a;eq; The model is shown here in Figure 3.

Liig
OO0
i
ifg s L1
Mg
d-AXIS rTan
J: izq
Ilq qu Lk;
f r.l.q rzq
| gq-AXIS
FiGURE 3
PLETE SECOND ORDER REPRESENTATION
‘ i BOTH AXES
f JHet ods of' calculating or testing for data for
-j“model 2.2, for both d and q /axes, are described in

Sactlon C.
i

.-IEEE

"The changes Tin

Models 3.3 and 2.2
limits of complexity
detail with turboalternators,

embrace the wupper and ' lower
in dealing in any degree of
although model 2.1 has

sometimes been employed for such purposes.
Models 2.1 and 1.1 are widely wused in hydro
generator stability studies. More discussion on

model application follows in Section E.

Model 1.0 is
no second

the other model in popular use,
order or ‘"subtransient"
considered, in either the d or q axis.
often used in conjunction with
excitation system representation,
for field flux 1linkage changes
the so-called «classical model, "voltage behind
transient reactance"” (E' = constant) is utilized,
saliency is neglected. This is a variation of the
constant flux linkage model No. 0.0, where E'q is
constant.

where
effects are
Model 1.0 is

some type of
where accounting
is required. When

C. OBTAINING DATA FROM WHICH PARAMETERS
MAY BE DERIVED FOR SEVERAL OF THE
MODELS DESCRIBED IN SECTION B

C.1 General Testing

Since 'the most widely recognized model is that of
2.2, which requires parameters corresponding to a
second order characteristic equation, discussions on
the historical methods of obtaining test data for
this "two rotor-winding"” model are noted below.
some ‘of the material in this section 1is a
condensation of the IEEE publication 83TH0101-6-PWR-
"Symposium on Synchronous Machine Modelling for
Power System Studies". Two considerations, exist
here -- direct calculation of parameters, and'as an
alternative, performing tests to obtain data from
which parameters gre derived.
either approach will follow in Section D.)
will be discussed first.

Testing

A

C.1.1 Testing for Data - Short Circuits

] Standard No. 115 (1983) describes in some
detail the short clrcuit tests which have formally
been in place sinte 1945, commencing with AIEE Test
Code No. 503, June 1945. This latter document, was
replaced by the standard 1n 1965 which 'in turn was
revised in 1983. e e

A typical test from the Standard would consider a
three phase short circuit, applied to the terminals
of a synchronous machine which is running at rated
speed, on open circuit. The voltage on open clrcuit
can be chosen at any value consistent with machine
specifications. For reactance determination, the
test generally is performed for several open circuit
voltages, in a range typically up to about 0.5 to
0.6 pu of rated terminal voltage.

peak to peak armature current
magnitudes are noted from some form of oscillograph
record, as a function of time. These magnitudes are
then usually plotted on semi-logarithmic paper, and
generally two slopes’ can be identified. The
projection of such slopes to zero time (the
application of the short circuit) will then identify
an initial magnitude of current, which, when divided

into the voltage magnitude before the fault, gives
an inductance or reactance. A second, decaying,
linear component from the semi-logarithmic plot

gives a second reactance,
zero time. The initial, smaller value is the
subtransient ‘reactance, ;and the second, larger value
is the transient reactance.

when projected back to

(The limitations of '
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§° femoved from, the power system.

O

s -i:thlas e,

gives 3
cayingas

1EEE Standard No. 115,
slopes of the
circuit" time

p:ocedures noted in
= ia 180, based on the
,-,_1psarithmic plots, two "short
pants: - I'd, T"d.

ejrcuit as described in model 2.2 is chosen to
ysent the machine response in the direct axis.
e is no description of similar test procedures
1EEE standard No. 115 which will produce
Sarpesponding quadrature axis values. Measurements
F:4 axis quantities can be further refined by
fng changes in induced field current, after the
1ication of the three phase fault. This has been
ated on in a paper Dby Shackshaft.® Note that
is basic model, derived from a short circuit test,
pcesumed to be acceptable for & broad range of
tem or machine transient situations.

cond approach to obtaining data for models such
2.2 1is ‘the vdecrement” approach described Dy
110}+2, and also described by Shacksheft and
3 ,n IEE publications in Great Britain. The
in general involves the sudden interruption
current in a synchronous machine
sected to the power system. In the De Mello
the machine currents must be interrupted
initial operating conditions (i) ig = 0,
(ii) iy = 0. The conditions can be achieved
by underexciting or overexciting the machine at some
percentage of full load. Achieving an exact loading
‘eondition for either ig = 0 or iq = 0 appears to
“be unnecessarcy providing an accurate measurement of
Totor angle is available.

P

k

testing methods, in use at the
jmglisi Central Electricity Generating Board, the

chine is at or very close to zero MW load. This
gero MW load condition can be achieved when the unit
-pas just been synchronized to, or is about to be
Field excitation is
reduced to zero to obtain an initial value of ig-
For the tests involving the direct axis, with the
!ltld shorted, or at zero voltage, the synchronizing
or reluctance torque is proportional to

Epl (Xq- Xg) Sin 28

2(Xg + Xg) (Xq + Xg)

£where § is the angle from the quadrature axis to
some external point Eb. When such & point is the
low voltage side of ‘the step-up transformer
¥ fe, generator terminals), Xg would be neglected

This expression results in small values of torque
Bear zero degrees internal angle, and the stator
corresponding to Ev/X4, are then

to obtain the decrement plots of
voltage and any desired field quantity
=y For tests involving the quadrature axis,
.dth tne field preferably open, steam conditions are
‘8djusted to increase the internal angle. It is

':,:;;irable to go beyond the peak MW electrical output
o - ch occurs (under zero field voltage conditions)

;; ‘z desrees.internal angle, up to a value of about

.t‘tOQSrees internal angle. With this situation,

lntegr currents corresponding to Ey/Xq are then

el tugted to obtain quadrature axis decrement
ues.
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c.1.3 Testing for Frequency Response Data

tests

A third approach to obtaining models by
involves standstill or on-line Frequency Response
Testing. Such testing yields a range of models from

1.1 through 3.3, depending upon the interpretation
of the data. The details of the testing method are
also covered in IEEE 83 TH101-6-PWR, as well as in

an EPRI Report.6

Since this is a relatively new approach, some brief
comments on standstill frequency response testing
methods, and the interpretation of the results are
first noted. The models so obtained are small
signal models because of the magnitude of the
measuring signals. The behaviour of the generator
at standstill is most nearly described by the

incremental permeability of the rotor iron. As
such, the wvalues of Lgg(0) and Lgq(0) obtained
from the 'zero-frequency’ intercepts of the
operational inductance curves will be incremental
values. For such conditions, the incremental
permeability at zero biasing flux density is
substantially coincident with the normal

permeability at the toe of the normal B/H curve.
The "patching in" of Lagqy from the air gap line in
the d axis model results in a relatively minor
value of

correction being made to Lag(0). The
Lgqy from the air gap line |is substituted for
Lgag(0).

At the time of publication, this increase, based on
test results from eight or nine machines, has
amounted to somewhere between 8% to 18%, and the
average is about 12%. These values of Lagqy from
the air gap line are subsequently corrected for
steady state saturation in most stability programs
in the initialization processes. This correction is
a function of the generator MV.A loading, power
factor, and terminal voltage. The same comments
also apply to the values obtained for L‘qto). It
is currently assumed that the correction factor for
the quadrature axis is proportional to the
Ladu/Lad(0) correction factor. This correction
for variations in incremental permeability is also
discussed in greater detail in IEEE Standard
115A-1984.

The actual derivation of the model elements values,
from frequency response testing results, is
discussed in limited detail in Section A.5 in the
Appendix of IEEE Standard 115A-1984. That section
in general deals with obtaining models from
standstill test data. Oone approach used in
Section A.S, but not the only one possible, starts

with a choice of circuit form for both axes.
Figure 1 or Figure 2 in this paper would be an
example of this. Ly is chosen and Lggq(0) is

then calculated. Regq 18 calculated from the
armature to field transfer impedance measured at
standstill. More precisely Rggq is determined from
the slope of sG(s) as 's' tends to a zero value.
The remaining elements are calculated by assuming
some starting value for them, and calculating the
error between the frequency response of the
resulting equivalent circuit and each measured test
point. The value of each undetermined element is
then changed by a small amount, and if the error
between calculation and test is reduced, the process
is continued until the error begins to increase
again. The process is repeated for all other
undetermined elements until the error at each test
point between calculation and test cannot be reduced

further.
k]
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The process of adjusting models based on OLFR
testing has been reported from EPRI® and in the
literature.14 This '+ work concerns two Ontario
Hydro generators at Lambton and Nanticoke generating

'stations. A summary of these procedures is also
contained in the Symposium proceedings referred to
_earlier. One conclusion arrived at so far is that
‘the SSFR model 1is a rational starting place for
. verification of the OLFR test procedures. As
reported in Reference 6, the SSFR model for Lambton
required very little adjustment to match the OLFR
test data for that generator and the SSFR model gave
accurate simulations of line switching tests. Some
significant adjustment was regquired for the other
test generator at Nanticoke. As reported elsewhere
the type of rotor construction and pole face
configuration varied considerably between these two

. 500 MW units. It is felt that further investigation

! into

this area 1is necessary before definite

| recommendations about OLFR, or open circuit, rated

! | speed, frequency response test procedures can be
These are currently underway.

| 'made.

C.2 Parameters Derived by Calculation

S

‘c.2.1 5Standard—3ased" Parameters

Most manufacturers provide parameters for d and
! q axis models based on model 2.1 or 2.2. North
" American manufacturers of turbogenerators,

(principally Westinghouse and the General Electric
|| Company) provide calculated values of reactances and
time constants which characteristically or
‘traditionally have been called transient or
'subt:ansiqnt constants (in addition to the "steady
.étate" constants).

Such values of the direct axis reactances and time
'conatants are based on tests which are described in
| 'Section 8 ‘of IEEE Standard No. 115 (1983). These
¢onducted under open circuit or short
and the calculated vdlues of
these pdrameters provided by the manufacturers
¢! ‘should duplicate, under computer simulations, the
| "decay or decrement of voltagesor-.currents.
‘| cttcult conditions in the field or stator have been
: ﬁuddenly changed. values, so provided are also
§ ,{ subclassifled  into ‘rahed voltage' or ‘'rated
| i
4
1}

Eifcult conditions,

(1]

Fhfrent‘ quantihies
Al

fﬁilﬁeb similar to those in IEEE Standard No. 115
i(1983) | for the direct axis, are impractical to
conduct, ' and are .not even described in that

{Standard.| It should be noted that both direct and
g qhadrature axis open circuit, short circuit,
lsubtransient 'and transient quantities are defined in
EEE Standard No. 100 (1984) (IEEE Dictionary). The
efinitions so 1listed do not necessarily lead to
practical 'methods of conductln; tests to determine
Bbeclflc ‘values or quantities associated with the
| Hefinltions !

Zw

¥

K For turbogenerators. manufacturers mentioned above
H derive or calculate a value of transient quadrature
i nxis reactance based on an assumed excitation of the
i|/stator with the resultant armature magnetic (£lux)
if v nx{s ,aligned with the rotor interpolar space. The
L exciting frequency is somewhere between 0.6 Hz and

1 0 Hz, with an assumed 1.0 pu armature exciting

after -

The impedance so derived yields values described in
terms of x'q and T' Other values of
quadrature axis ‘'open circuit' and short circuit
time constants and reactances are derived from the
above knowledge of X' and T',, and some
designers assume as well that X", = X"g. This
manner of derivation, in relating the transient
values to the subtransient values, and open clrcuit
values to short circuit values, is analagous to that
used in the direct axis, the latter formulations
being described in Section 8 of IEEE Standard
No. 115 (1983), as noted above.

Since in hydraulic machines there is often a well
defined electrical path in the interpolar space, due

to the presence of continuous metal amortisseur
bars, the calculation of quadrature axis
subtransient quantities can be more clearly
accomplished. Due to the absence of any second

electrical path in the interpolar space, the concept
of transient quadrature axis quantities in hydraulic
machines is often ignored. The direct axis hydro
machine quantities are calculated based on the tests
described in IEEE Standard No. 115 (1983) in more or
less the same way as for turbinegenerators.

C.2.2 Calculations of Operational
Impedances or Inductances

Calculated values of operational inductances can be
used in the same manner as test data to provide the

values of the elements 1in the various model
structures.

EPRI  project RP12B8 showed that operational
inductances can be calculated using finite-element
magnetic fleld analysis of the generator. The
operational inductances S0 calculated | are

éssentially the same functions as would be measured
in a frequency response test. This means that the

generator Fircuit model constants can be derived
from the analytical operational inductances using
the same statistical fitting techniques presently

_used to process frequency response test data.
Y

)
The calculation” procedure uses the finite element
formulation of the- phasor form of magnetic diffusion
equation. This computation includes induced
currents in the rotor body and other parts, such as
amortisseur circuits. From & set of such
calculations at a series of frequencies the
operational inductances are derived. This method is
at present limited to linear problems and cannot
represent saturation directly. It is used in a
small signal perturbation  sense; the operational
inductances so calculated represent excursions
around a particular operating point. The operating

point is characterized by using, as input to the
frequency response calculation, a .set of
petmeab1litias corresponding to the _steady state

- condition of the generator magnetic clrcult at that

operating point. For small perturbations, these are
called incremental permeabilities. The incremental
permeabilities are assigned according to the local
steady state flux density. The steady state flux
density is  obtained from a prior nonlinear
magnetostatic calculation of the operating point, i

Results of these calculations have been validated in
detail by comparison with ‘test data from one
generator; while the agreement was satisfying in
this case, it remainq_g gsingle validation.
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method are that the calculation

‘gfantl&es of this

a be performed for any operating point, including

s gt load; for special purposes, the rotor
varied at will (such as

£ cteristics can be
g an amortisseur circuit); and,

the generator need not be

as with any
disturbed, or

Lhe calculation procedure for determining the

ace

iong
dars ,bg;.tiansl inductances is  new, and requires
ysticated computer technology, these kinds of
Eventual

not now available on request.
de ‘vnilability will depend partially on the
,golution of and the demand for more accuracy in

‘.norntor modelling.

IN EXISTING *STANDARD" TEST

. LIMITATIONS
R IN PRESENT CALCULATION METHODS

... PROCEDURES O
Vi
;1 Limitations in Interpreting Test Results

-4ort Circuit Testing, and
¢irrent Decrement Testing

#%'1 1n examining model 2.2 for both the direct and

‘3. quadraturce axes, the question arises as to how the
‘results of short circuit current decrement tests can
“be correlated to these 'two winding' models. This
‘has been discussed to some degree in a previous
}hrting Group paper, particularly in the Appendix

£ the paper.

p.1.1

wWith the machine represented (in the direct axis for
gample) by the circuit and elements as noted below,
the actual open circuit response of the machine
‘ in the d axis will be characterized by two
.~nstants, obtained from the roots of a second

3 characteristic equation. Referring to
t the , and noting that
rived
using Lfd + Lsd' and Llld = le + Lad’ this
ently

a (Lig + Lig) +labiay=0
ngrqd

1+ (Lo sbne) +52 ( L
Ry fa

iduced
ch as 4
such B
the. It is shown by Slnr.'ur.slufl:."l and in the Appendix of
od it "tho ﬁoqkins Group paper’ that these roots can be
:annoE “simplified by assumptions regarding the values of
in 4 rjq4 and Rgq, Dby assuming Rgq 1s zero during 2
.t onil subtransient” or initial period, and further
celotl ssuming g is sufficiently large ‘that the
-ating smoctisseur or rotor body currents decay much faster
o th :thnn _the field cucrrents, and do not influence the
of transient during subsequent decrement periods. The
statlf _Invers? of these roots are, using the above
. that approximations
| (I) Lﬂd |(0R T'do)
Rug
t. i )
M 1 {Lig+ Lg-lag 1} .(om T"d0)
r
1d Lig + Lag

::::e ?;sie assumptions, as noted by authors such as

“uitzz in England, and Concordial in the

i, States, have been generally accepted as
isfactory for two winding models.
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Lag

d-AXIS

L!' STATOR LEAKAGE [NDUCTANCE Lfd' FIELD LEAKAGE INDUCTANCE

L?d’ DIRECT AX1S ROTOR 1RON SoUIVALENT LEAKAGE INDUCTANCE

Lad= sTATOR TO ROTOR AND FIELD MUTUAL [NDUCTANCE

?hfd- £1ELD RESISTANCE rtd- 4-AX1S ROTOR I[RON EQUIVALENT RESISTANCE

FIGURE 4
“STANDARD" SECOND ORDER MODEL
- D AXIS
Existing second order programming approaches,

Section F, such as used by
Deuello.2 account for the fact that a reasonably
exact machine transient response is obtained in

terms of defining the roots of the characteristic
basis of the

referred to in

equation (listed above), on the
assumptions noted in the above paragraph. An
examination of the block diagram (found in

Reference 2) would indicate that the equivalent time
response orC principal mode of the flux in the
transient regime in the direct axis is governed by

the expression

Legg  “iad
R.. Tt
£d 1d

Thus the time constant and ceactance approach used
in this way is quite valid, where the values of
T'do and T"do» etc, are as defined above and on

p 1626 of Reference 2

constants in the quadrature axis, when

The time
defined in the same way as (for example) noted by
Adkins and Concordia for the direct axis, are

considerably different from the roots of the two
element equivalent circuit. This happens because
the values of ryq and T2q (for example in the
quadrature axis representation of Figure 3) are much
closer to each other in value. The block diagram in
Reference 2 1is based on the definition of the two
time constants as noted in the preceeding paragraphs
and is structured to produce the modes of response
corresponding to the real roots of the equivalent d
or q axis circuit. It is possible to derive the
above defined time constants from knowledge of the
roots, and use the time constant data to correctly
represent the g axis. We believe it is important to
know, when using the block diagram of Reference 2,
whether data on g axis relates to the roots of the
operational inductance oOT to the ratio of
inductances to resistances of the equivalent
circuit. If it is known that data on T'go and

- correspond to the coots of the second ocder

o
approximation of the operational inductance, it is
to these values should be

suggested that adjustments
made when using this particular programming approach.
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i Other limitations in the short circult tests are
3 1j ' whether the reactances for the direct axis are
i it i either "saturated" (rated voltage) or "unsaturated"
i | (rated current). Thié depends upon the voltage
R ! level on open circult from which the short circuit
' tests  are run, or the operating conditions under
| which decrement tests are carried out. IEEE
' Standard No. 100 (1977) suggests that for rated
current values the open circuit voltage be adjusted,
pre short circuit, to a value which will produce
rated armature current at the 1instant of short
circuit, The present IEEE Standard No. 115 (1983)
'tests also ignore the fact that vital information
' about the identity of the field winding can be
obtained by using the values of induced field
current to obtain, in effect, a stator to field

transfer function.

]

}

De Mello's stator decrement test proceduresz as

‘" 'well' as Shackshaft,% also provide data for

' calculating values for the field structure since

these tests involve measurements of the stator and

field quantities. Ideally the test procedure
‘requires that iy and i, are respectively equal

: to zero before interrupting the armature current.
{17 To' obtain the d axis response, ie, with i, egual
1 to zero, the machine is absorbing purely reactive
(¢ | load. The steady state phasor diagram for a machine
junder these conditions shows that the armature
voltage phasor lies along the q axis and the current
'phasor is on the d axis. 1In case rotor angle cannot
' be ' measured and the axes cannot be precisely
,defined, the transient change in igyq will indicate
the amount of 14 component in the stator current
il prlor to interruption. Analysis for the quadrature
Lk axls] could then account for the change in total flux
' ¥ 'due to changes in ig to obtain ¥, from the
armatura voltage. A major disadvantage of these
tests! is that for machines in normal operation the
voltage level cannot be reduced substantially so
that '/ saturation effects cannot be avoided. This
fact'' requires making an analysis for a first
estimate of  machine parameters, and then running
simulations adjusting these parameters until

i, simulations.

BIRAEV IR :
Theq”processz is "one of trial and error and the
i de;rea to which the model can'duplicate test results
i depands on the model structure chosen, including

| treatment of saturation ! “‘ /

! Hodalb212,‘shown in Flsure 3, which is a tradxtlonal
raprasentahion. seems to be adequate to duplicate
fluf éransient response to abrupt changes in stator
currenﬁs. However, to obtain 'accurate duplication
_‘ofpfieid current transients and response of flux to
f1ald%voltage. a third equivalent winding seems to
e ’ This equivalent winding
Pi,f'trlal and - error is deemed to

{ Limi ntions descrlbed above , do . not’ apply to the
CbntrsL Electricity Generating Board (CEGB). approach
‘ deéctibed . by, Shackshaft and Poray.3 However,
i otherdlimitntlons do occur when the machine terminal
i volhage. :at’ zero MW output, cannot be lowered beyond
! that;vglue available from the maximum high voltage
=i|t0,P10w voltase turns ratio in the main step-up
i trnnsformars ., In the CEGB, step-up transformers
i |haveiunder load taps available in addition or as an
(11 alternative to fixed no-load taps.

(This usually occurs around 0.70 to 0.80 pu

)
.

qurve'ﬂ

agreemeht is made with the” measured data and . with the

Desirably, the‘
terminal’ voltage should be lowered to the straight
‘line ! ‘air gap  line) portion 'of the saturation

of normal voltage.) The method also requires a
nearby generator on the system to supply lagging
current to the test generator. For a 555 MV.A
machine, with an Xq as high as 2.0 pu, this would
require about 225 Mvar at 0.90 pu of normal terminal
voltage, assuming the high side voltage was
maintained at around 1.0 per unit. The same remarks
apply to the underexcited portion of the DeMello
tests.

Most of the tests described above usually require
the machine to be at partial or zero load for
various periods of time, with the possibility of
increased energy production costs. The same remarks
on increased production costs also apply to rated
voltage, open circuit frequency response testing and
to a lesser extent they apply to on-line frequency
response (OLFR) testing. These tests are discussed
in Section D.1.2.2. Some of the on-line frequency
response tests may have to be performed at less than
full load, if excitation system stabilizers are
taken out of service for the duration of the OLFR
tests.

D.1.2 Frequency Response Testing -
Limitations and Other Considerations

Frequency response tests deliver data in the
frequency domain rather than the time domain in
contrast to the other test methods described. Also,
they are small signal tests and hence, resulting
models calculated directly from frequency response
test data are inherently 1linearized about some
operating point. Two types of Ffrequency response
test have been described in the 1literature on
generator modelling, standstill and on-line.
Although generically similar, the two methods 'are
quite different in the required test conditions and
in the type of data that they produce.
D.1.2.1'Standstill Frequency Response Tests

Standstill frequency response tests can provide data

in as much detail and over as wide a frequency range

as desired. They are done at low flux levels and

generator rotor stationary. These

conditions raise thekfollowing issues:
it AN -

(1) The SSFR model eélement parnmefers calculaéed
directly from the frequency response test data
are applicable to small flux changés associated
with incremental ' permeability. The normal
practice is to increase Lad(0) and L,a(0) to
a value that corresponds to the air gap line of
the open circuit saturation curve, and then use
the model in whatever manner is customary. The
validity ‘of this adjustment has been questioned;
however, the evidence so ' far ‘supports the
approach. :

1
]

(2) The generator is not saturated during standstill
frequency respanse. tests; in fact, "the flux
~ densities are below those on the more 1linear
part of the permeability characteristic that is
commonly referred to as "unsaturated".
Accordingly, the applicability of SSFR-derived
models to saturated = conditions is often
questioned. This is a valid point, but not one
that is peculiar to SSFR models. Any generator
model in the form of an equivalent circuit, with
constant parameter values, is valid only for a
single operating point and a single magnitude of
disturbance. The problem of adjusting those
models to different, operating points and
different signal levels in the context of a
highly nonlinear iron characteristic is
challenging but alsoc general to all such models,
whatever their origin,
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that rotational forces
act! on the rotor components during’' normal
. operation are not present during standstill
‘ tests.  Since contact resistances: are highly
" nonlinear and functions of contact pressure,
there 'is a valid concern that the resistance of
the, path through the  rotor slot wedges may be
different during standstill and running
i/ conditions. This effect is complicated by the
{ | fact that the contact resistances are nonlinear,
and .require 'a minimum voltage/contact to
" establish a low impedance current path. This
| means that slot wedge conduction depends on the
magnitude of the end-to-end voltage induced on
‘ the ' rotor body reaching a certain threshold.
. This threshold might be the voltage needed to
|| break down two contacts multiplied by the number
; of | wedges per slot. 1In one machine with full
| length slot wedges, the combination of these two
-phonomens was important. T

D.1.2.2 Rated Speed Frequency Response Tests
Fab g abs

' measurements means

IS iRy %
Oh—l_ine_*'and open-circuit frequency response tests,
by virtue of the rated speed test condition, avoid
the uncertainties regarding the rotational forces on

totor | components.  They are still small signal

itests,’ although not as small as the standstill
‘i tests; ‘the signal levels used are sufficient to
; 15 produce 'slot wedge current in at least some
. machines, | Any given rated speed test is also done
3;)‘;5.[; a single operating point (saturation level),
je_millthough it 1is possible to repeat the tests at

~different operating points and measure the effect of

d.iffe;'ent conditions on the resulting models. The

neasurements are usually made by perturbing the

fleld' | voltage and measuring various transfer
!

tunctions

th tests are limited to approximately 10 Hz at the
per! ‘end since beyond this, the inductance of the

eld winding makes it impossible to change the
; Hald cu'rrent significantly. The on-line test is
“!)IIID {1imited at ' the low frequency end to
approﬂmahaly 0.05 Hz; below this, the -signal_to

noiu| rat‘«io ‘is too low for accurate measurements of
power' ! 'and ' shaft ‘speed. Useful open-circuit
puau:-aments can be made to quite ,1ow frequencies.

¥ : |

Both téstn' are capnble of | providing' usaful
Informatlon from which to check the validity of SSFR
ﬁrinclpally in the direct/'axis, or to make

i i

! i ! \

(2! LILITATIONS IH PARME‘I‘ER CALCULATION METHODS !
i 3 \

.princlpally by manufacturers, do . not ‘seem
to'hava,.been cause for' concern for many stability
ppli;ati ns. . 'However, ‘it should be  pointed 'out
) ‘direct-axis values of! transient  'and
ubtransient | ‘reactances and time ' constants' are
llically derived from conditions' which involve a
udden || ishort +icircuit at the terminals 'of a
ynchronous, machine. Such values of calculated
'tuctnncea and:/ time constants ' should reproduce,
i nnd&r' computer 'simulations of a stator terminal

3—phua fault, accurate values of armature currents
and| their rates  of decay, until steady 'state
ondltions are reached. i

that
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The fact that such time constants and reactances
(principally the transient values) have been widely
used over the ' years to obtain power angle
relationships for transient stablility studies,
indicates that this heuristic approach has basically

been satisfactory for many traditlonal
applications. There are no corresponding standard
test procedures available to obtain quadrature axis
stability data or parameters. The existing
procedures used to calculate quadrature axis
stability parameters are therefore open to some

question. The latter factor does not appear, in the
past, to have been a serious hindrance for the
simple and more basic types of analysis discussed in
Section A.

However, the applications of high initlal response
(or 'zero' time constant) solid state exciters, and
the need to carry stability simulations for extended
periods of real time has focussed attention on the
need for higher order models. The electrical
damping produced by turboalternators during angular

perturbations is also a function of the quadrature
axis quantities. This question  of damping
representation in  both axes has also  been

accentuated when performing small signal linearized
stability analyses. It is the opinion of the Task
Force on Definitions and Procedures that the present
"calculating" methods described herein, as well as
in IEEE Standard 115 (1983), and which are used for
determining direct and quadrature axis time
constants and reactances, for turbogenerators in
particular, do have some noticeable 1limitations,
particularly for acceptable quadrature axis
information. This statement holds, especially when
applying and studying advanced excitations controls
to synchronous machines, and when using higher order
models which involve a third time constant and'
reactance; or a "third winding" in each axis. Such
additional parameters are extremely difficult .to
derive from stator or field decrement data, but are
easily identified from operational parameters
involving frequency response techniques.

=D.2;2 Limitations in Producing Operational Data

From Frequency Response Calculation Methods
\ \
As mentioned in Secgio_n C.2.2," finlte element\
frequency response calculations. have bgan well
validated by comparison with test data. -However,
this validation, having been made by only one
contractor and on only one generator, is subject to
the following qualifications: ' 3

1. The 'accuracy of the finite-element results is
‘dependent on the use of a finite-element grid
which has a large enough number of appropriately
located elements to properly represent ' Lthe
magnetic characteristics of the generator.' This
is especially true in the ' frequency-response
part of the calculation, where rotor skim effect
is important. At higher frequencies, the grid
must be sufficiently fine near the surface of
the rotor to represent the large gradients in
flux density that can  occur. Even in the
magnetostatic form of the solution, grid effects
" have been shown to affect the accuracy of the

steady state load point representation. The
prescription of a “sufficient"” grid is not
compactly stated ' and may ' require  some
experimentation for each machine modelled. The

tendency to use a relatively coarse grid for
economy in c‘omputatioﬁ*murt be resisted. :
i

I




The incremental permeablilities used in the above
\:g . study were specially measured on a sample of
R rotor iron from the machine being studied. Tt
{ is not known whether these are sufficiently
' universal to be used on other machines, although
it is suspected that this would be the case.
Manufacturers wusually have available a normal
B-H relation which is well enough characterized
for the magnetostatic part of the calculations.

3., The frequency response part of the calculation
| is  inherently based on the assumption of

; infinitesimal signals. Limited test data are
i available (RP997) to ~show that signal
H ] strength affects the measured results, and the

el | (il magnitude of the test measuring currents may
H ", affect the agreement between test and calculated
1ty results.

No well developed analytical procedure is yet
i i available for calculations where the a-c¢ signal
b 1l li1s large enough that the local permeability of
il ot i the  generator iron depends on the signal
L4 strength.

. Many turbine generators are

! conducting rotor slot wedges;
wedges are not always continuous. Some
assumption about the electrical continuity of
these rotor '"circuits" must be made Ffor the
analysis.

constructed with
however, these

RATIONALE FOR SUGGESTING OR SELECTING MODELS
| FOR_VARIOUS TYPES OF STABILITY ANALYSIS

"E.1 Detailed Médels

When considering the response of any model,

‘ | or on
| ! ;.checking its applicability to system stnbility
1/ istudies, it should be noted that in large scale

‘4 'studies there are
i an be encountered

several oscillatory modes which

the modes are classified as follows:-

:Inter gystem or inter- machine modes in the 0.1
to 2 Hz Range, fid ‘
A R ! T : i P
)3Control modas. for exciter stabilizers (for

iexnmpla) in ‘the 2-10 Hz Eange.

both liﬁear.

rhe \Above remarks apply to small
.diaturbance .. stability enalyses, and  to 1large
Ididturbance studies on large interconnected system

;simulatlons The latter types of disturbances, in
large size system studies, are concerned mostly with
Y ilow Eraquency osclllations and local modes noted in
\ i) ]

In.,general

the number  of 'rotor circuits deemed

} adequate may | ultimately . depend on rotor
i constructlon. in the case of turbogenerators. If a
il detniled rstudy is being made of the stability
‘peffurmance ‘of ' such generators . with relatively
ﬂ fcnmplax :demper assemblies in both axes, the (most
complex) model ' (3.3) is suggested for ' use, |if
4parameters.,nre. available. Basically, the higher

{order 'the model, the better the results will be for
special applications, ' provided that good values for
tha parameters or elements of the advanced models
cap be obtained!

““there is,

For most turbogenerators,
damper windings (per se), model 2.2 is likely to be
more than adequate for ' studies involving either
linear perturbations, or Ffor large dlsturbance
(fault) type studies.

For excitation system stabilization studies, small
signal analysis is recommended for determining the
correct damping of the system, and preserving the
identity of the field circult is recommended and
necessary. By fleld winding identity we imply a
representation of the field such that field currents
can be accurately calculated during system transient
conditions. As a corollary, we are
interested in just the overall effect of induced
rotor body currents, as viewed from either the rotor
or stator terminals.

This field circuit identification 1s also necessary
for field forcing or high initial response studies,
with thyristor exciters in particular or in diode
excitation systems which have an appreciable voltage
regulation. The effect of system fault currents on
inducing currents in the field circult is sometimes
important, and retaining the identity of the field
terminals under such study conditions is vital. The
same remarks also apply to modulation of the field
current when utilizing many forms of power system or
excitation system stabilizers. In the above
studies, a differential 1leakage reactance is
appropriate and useful in model representation.

E.2 Reduced Order Models

Damper circuits, especially those in the qhadrature

axis provide much of the damping torque. This is
particularly important in studies of small signal
stability, where |conditions are examined about some

operating point.

The q axis amortisseur (damper) effects may be
approximated be considering only one g axis rotor
circuit, as 'in model 2.1. This model is also much
in use for representing hydraulic generators, as
I pirticularly, even with continuous
waterwheel rotor" amortisseurs, only one physically
identifiable circult in the area between the salient
poles

The "classical" model, which is a Vafiation of model
"0", assumes in essence a constant voltage behind
transient reactance. It often offers a significant

improvement ~in computational simplicity,
particularly in large systems, where the voltage |
depression during, and subsequent to, Ffaults are
small. It is frequently used, as noted above in the
introduction,  along with the generator inertia
constant, where the approximate response  of
electrically remote machines is ' considered
adequate. This is often the case : where the

~electrical "distance" from the study area is greater

than 0.5 to 1.0 pu reactance on the
base. The user  is not

study MV.A
interested in local

oscillatory control modes of these remote machknes,‘t

and their dominant effect on the stability problem
being examined .can be principally reflected in their
inertia.

The second order direct axis models of Figure 3 also
includes a differential leakages reactance. In
certain situations for second order models, the
identity of the field. winding is also considered
important, in order to accurately determine field
current transients. 4 Alternatively, the field
circuit topology can alter by the presence of an
excitation system,’ with its associated nonlinear

particularly those without §

usually 4
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features. The inclusion of the differential leakage
reactance pefmlta, in programming algorithms,. a
\precise retention of the fleld structure {Rgq and
Rgg) in the direct axis. It follows that tests
@t ‘analytical methods should be appropriate for
detarmining the rotor elements, including stator to
fleld | transfer Cfunction data and fleld to stator
operation impedance data.

i 15y

| 1f such data is not available, as is often the case,
i lor if the identity of the field winding is not a
35?réclse and specific modelling requirement, the
differential leakage reactance can be set
acbitrarily to zero, and the remainder of the second
‘order model parameters can then be determined either
. | by stator winding derived data, or by adjusting all
' | the direct axis model elements by a factor K, which
anéludes the value of Xgj4.- See Reference 8 by
&% LM, Canay.

AN

i3 }

fihg

saturation Algorithms (Current and Proposed)

£.3
;§Ziim:2§ ‘Since | the inception of mahy large scale computer

programs, the manner of accounting for saturation of
the rotor and iron paths in generators has been to
determine an operating point lon the direct (and
jometimes quadrature) axis open circuit saturation
ystcg ° curves, and from this some form of saturation factor
I ogil; 2 qegived.

s sometimes customary to calculate & voltage
k of leakage reactance’. |

LI
en' a saturation factor 'k' is determined by the
itio ! of the actual pu excitation on the curve to
| the excitation required to produce the same voltage
lon the air gap line. The value of k is ‘used to
lsdjust Xpq, |thus giving a saturated value of
ynehronous reactance, where

lso much
ors,:  Aas
ntinuous
ysically
salient L i :
DR e - B+ TG Kaaa?
{ it g fed RN BH i s
of m°¢31; : ) M?approach; ' when consldering the véctor
e b?hipd d!n;tdm of  the /machine, in the steady state, is
nificant dotecmined from the relationship. /
hplicityd Wl ‘ i
voltage

J i
il 1 B /

'\ Xgsat = Kadsat * X

\

38400 1 ' |
{in b + 14 (ld‘— X'g) + AEy 1
The || alue of | BE; 1is calculated as the difference
between the ‘excitation calculated for an operating
nt !l (at; | VEg{ the ' voltage '~ back of leakage
.| cpactance) and the excitation required for the same

\ivoltage' on| the air gap line.| . The various methods
a1l ligive | values of . Ep which' 1lie falrly close
( et! r,, particularly for hydro machines. Some of
the| above methods disagree with the IEEE Standard
115-1983 ' approach, particularly for ‘calculating
;h?ﬁoﬁénérator oxcltation requirements. Some of the
cecomménded IEEE methods use the Potler Reactance.
The!! Potier = Reactance method  has not had much
application in large scale stability programs. Some
of the advanced methods discussed below resulted in
more!/| | accurate methods for calculating
urbinegenerator excitations over a wide range of
wer | factors = and MW  outputs,  but their
‘computational ~ efficiency has not | been  fully
essed, compared to existing methods.

Al

sgtﬁration voltage is“uiﬁéh“determined;':"'

. Kg, the leakage

" considering 1incremental saturation.
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Recognition has been given by shackshaft? to the

fact that the direct axis flux and quadrature axis

flux cannot be arbitrarily separated, for saturation

calculstions, particularcly in turbogenerators. He

has proposed a method of accounting for saturation

differently in each axis and also recognizes &

coupling between the axes. The requirement for

different d and g axis saturation data is recognized

in work performed under EPRI contracts RP997 and

RP1288, and in IEEE Power Apparatus and Systems

Transactions publications.lo An important factor

in the representation of saturation, in the

quadrature axis, is that the accuracy of —many

stability simulations is influenced by the initial
steady state internal angle of the synchronous

machine. This internal angle of course is directly
influenced by Xq and particularly the degree to-
which Xq saturates under loaded conditlons.

A new approach to saturation algorithms has been
developed under EPRI RP1288. 1In this approach, the
basis for saturation is an array of reactances
calculated from finite-element steady state,
nonlinear load points covering the full operating
range of the generator. Empirical saturation
functions have been found which correlate the

variation of the reactances with load point.

Separate saturation functions are used for Xq and
Kad - Xg is found by addinp a constant leakage
reactance to Xgq. The leakage reactance has been
found, from the finite element results, to be
approximately constant. Each saturation functlon is
related to a flux behind an empirically found
internal reactance. The saturation function is the
product of two functions. The first has the' total
flux as its argument and the second has the q\axis
component of that flux as its argument. This
approach has been validated against test data from
two, two-pole generators; close agreement between
predicted and measured load angles and excitation
has been shown.

All of the above approaches relate to the techniques
used for obtaining a total saturatlon, either at the
initialization stage of stabllity studies (ie, at
t=0-) 'or during ‘the step by step calculating
process. It is thewopinion of some analysts that
during severe system “disturbances, ~when generator
currents are usually two‘to“threé times normal, that
reactance, should-—"also, be

adjusted.1l

In small signal studies,l? several approaches have
been used. The value of Xggat used to obtain an
operating point 1is performed 1in one of the ways
described above. Then Xggap 18 further ' adjusted
for incremental (not total) permeability.

For the values of Xggat 8and Xggepr used in many
stability programs, to determine initial ‘excitation
and internal -angle-—quantltids, ‘applicatlon of
saturation factors would result in ,a reduction from
the given unsaturated values. Typical reductions
for hydraulic machines have been found to be as much
as 25% (from 1.0 pu to 0.75 pu ls typical), For

turbogenerators the reduction could range from 15%

to 25%, where a change from 1.90 pu down to 1.50 pu
is typical. The latter comments apply to normal
ovérexcited conditions.

some investigations have indicated that Xgggar @nd

Xaqsat values for small signal applications, could
be 50% or less of the unsaturated values, when

(1.80 pu down
to 0.90 pu for a change in Xgq could be considered
typical). K ;
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F. FORMULATION OF MACHINE EQUATIONS FOR COMPUTATION

“Iwﬁ‘baslc approaches can be cited in utilizing data

or | parameters corresponding to first, second, or

third order models. One approach formulates the
machine equations in terms of time constants and
reactances. Reference 2 provides the basic

equations and corresponding block disgram for this
method.

The second approach, cited in Reference 13,
formulates the equations in terms of the basic
elements (Resistances and Reactances) of the

equivalent circuits. Except for the differences in
the way saturation is represented, either of the two
approaches may be effectively used for implementing

second order models into time domain stability
_programs, and should be expected to give similar

iresults.

For a more detailed model, with three rotor circuits
in 'each axis, or in one axis, including the effects

' of the differential leakage reactance in the direct

| axis,

' 'demonstrate the basic

the
flexible.

second approach appears to be more
Reference 13 also shows equations which
concordance between the two
approaches.

|- CONCLUDING REMARKS

i
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Discussion

tpg Concordia (Consulting Engineer, Venice, Florida): This paper
< r] 2 bringing together in one place an informative discussion of
he aspects of the several synchronous-generator models now
for use in power-system stability studies. However, I was
% disappointed, since, from the title, I had expected to find in
m,,commcnded practices'’’, or “‘guidelines’” for model selection,
5 ] now find from the ‘‘Concluding Remarks’’, are still to come.
 [act, 1022 is a little discussion of the appropriateness of some of
madels, DUt in general 1 felt the reader might be more confused, by
nch unevaluated information, than guided. (Perhaps I am really
ointed at not finding any dogmatic recommendations with which
4 disagree.) It may be of interest, and perhaps even helpful, to
¥ 102 1975 paper | which discusses more generally the detail of system
enitation appropriate for a range of study types.

ng are a few comments on specific points.

& §E Regarding the statement in Section A - II (Stability Studies) that
Meonstant voltage behind a (single) fixed reactance—provides accep-
results,”’” we have found this generally true only if the generator

S excited,”” (i.e., if it is supplying reactive power to the network).

’ Lifitis ““ynderexcited,” (i.e., absorbing reactive power), then
-, +-ransient saliency’’ is necessary to provide acceptable results.

& < Section A - IV (SSR Studies) seems self-inconsistent, speaking first

- B R *ywo different machine-system interactions’’ and then stating that

“': 2 ” vmust be treated together”’. It would be more nearly correct to ad-

&7 B8 gt that, in real life, with an excited machine there is only one interaction.

%> 3. It was impossible for me to find any meaning in the statement (in

A% 1Y) that, in large stability programs “the use of fixed parameters—

i \as been recognized’’. What does it mean?

#¥:: 4 1n Section B it would be more precise to discuss ‘‘constant rotor-

i pircwit flux linkage'’ models rather than simply ‘‘constant flux linkage”

. This is not just a quibble, since a model with constant flux

e in ail circuits is often used in short-circuit calculations.

-8, The statement that “Models 3.3 and 2.2 embrace the upper and

finsr~ of complexity in dealing with any degree of detail with turbo-

.- .. is misleading. It would be much clearer to omit the phrase

gree of"’.

egarding Section C.1.3 - ““Frequency response tests’’, we should

o mention, again, that, about 45 years ago we found that very good

: pesults, corresponding to the incremental permeability as measured with

3 biasing d - ¢ flux density, could be obtained by applying some direct

§ current 10 the field winding during the standstill tests, and we herewith
recommend considering such a test. (This comment applies also to the

¥ discussion in Section D.1.2)

e 7. In section C.2.1., as a comment on the assumption that x&=x&;

¢ we noted a few years ago, in an IEEE paper 80 SM 541 - 3, ratios of

Ex2/xJ of about 1.5. The following year we noted that paper 81 SM 428

&= 2 reportad xg/xd = 1.0, but checking with the authors of both of these

Phaners -25.lted in confirming the first ratio of 1.5 but modifying the

~--- toxg/xd=1.1t0 1.2. Thus we question seriously the assumption

and

of
ncy
00,

ory
ok}

In Section C.2.2 it is stated that the EPRI finite-element approach
not represent saturation directly’’ and is *‘limited to linear prob-
f 3. Whll; both these statements may be strictly true they are very
Pmalsleading, since in fact this approach represents saturation more directly
Han any o'ther method so far considered, and can be used in nonlinear
. ' ms just as well as any other method so far considered.
i Spgardmg_ Section D.1.1, we point out that the possibility of separa-
roots discussed here was in fact suggested many years ago by
and even before that by Doherty and Nickle. Further, the equivalent
5 ax.: transient time constant shown is definitely not based on ‘‘the
i m’-‘F“_- C-f separation of roots”’, as implied in the paper, but is rather
NS s ne-- -i_fl::sely t_he opposite gpproximation. namely lumping together
10 earoy roots, i.e., paralleling the field and lowest iron resistances.
. It is stated that *“for rated current values (of reactance) the open-
the V°ltagc should be adjusted to produce rated armature current at
o o ant of short circuit.” 1 had understood that the adjustment was
o nq:':v ¢ rated transient current (i.e., neglecting the subtransient compo-
s @Pe). Which is correct?
In Section E.2 (Reduced-order models) the ‘“classical” model seems
:::rmm.ended for distant machines. However, very often the tie-
7 1o SOmch;Mng dampl_ng is important so it becomes necessary to repre-
: gt b“’ _Ihe contribution to dax_npmg of even very distant machines,
“Baudy <. f I:-l:t as, or even more, important than those in the so-called
30 not a;-- -‘:‘:.:rwxsc, it is possible to be fooled by study results which
<. it correctly for all aspects of system performance, and real
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life may show a problem in an unexpected location. In fact, we know
of cases where this has occurred.

12. In regard to Section E.3, we should like to mention that, ina 1938
AIEE paper2, we found that, using resultant (total) air-gap flux, modified
by field current (MMF), we could determine the corresponding air-gap
(mmf) and the field excitation rather accurately. This is very similar to,
but not exactly the same as, the “‘new (EPRI) approach” described. The
rationale appears to be identical.

REFERENCES

1) ‘““Appropriate Component Representation for the Simulation of
Power System Dynamics”’ by Charles Concordis and Richard P.
Schultz, in IEEE Publication 75CHO0 970-4-PWR, ‘‘Adequacy and
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2) “‘Stability Characteristics of Turbine Generators”’ by C. Concordia,
S. B. Crary, and J. M. Lyons, AIEE Trans., Yol. 57, pp- 732-743,

1938.
Manuscript received February 19, 1985.

Claude R. Desrosiers (Hydro-Quebec, Montreal, Quebec, Canada): This
paper is very well documented and, from my point of view, is directed
towards ‘‘users’’ of stability data.
Being part of the “‘producers’” of such stability data,
bring out one specific point to the authors.
Thirty-four out of thirty-seven synchronous machines have been com-
missioned at our Hydro-Quebec La Grande hydroelectric complex in the
last few years and the average measured value of Xd of these machines
is greater than the calculated values announced by the suppliers. The
test results were produced in accordance with the IEEE no 115 test code.
Our technical specifications required that ‘‘the direct-axis synchronous
reactance (Xd) should not exceed 1.0p.u."" Ina particular powerhouse
equipped with 12 units, one generator has a measured Xd value of 1.14
p.u. and the average measured value of Xd in this powerhouse is 1.11 p.u.
The parameters *‘Xd’" in stability simulations is, I believe, mainly used
for establishing the initial condition of a stability run. The [EEE Stan-
dard no. 115 does not specify any acceptable tolerance from a specified
Xd. Why? Should there not be a definition of an acceptable tolerance
between the supplier calculated values of the different reactances and
time constants of a generator Versus those measured on as installed units?
1 would appreciate your comments on 2 “larger than calculated” Xd
versus the stability of such a machine, electrically distant from the load
center. Finally, what is being perceived as an “acceptable tolerance’ for
the electrical constants of a synchronous machine would be well receiv-
ed by a “‘producer’’ of stability data.

I would like to

Manuscript received February 28, 1985.

P. Kunder and G. J. Rogers (Ontario Hydro, Toronto, Ontario, Canada):
This paper provides a good summary of work done during the last ten
years in North America and elsewhere on the modeling of synchronous
machines. While the paper provides much information, we were a little
disappointed to see that no specific recommendations were made regar-
ding test procedures and model selection. In this discussion, we would
like to give our experience and focus attention on some of the considera-
tions in the selection of synchronous machine models for use in present-
day stability programs. We also wish to bring out some of the basic issues
which still need to be resolved.

1. Ranges of Model and Model Selection

In reality what we have is only one model, based on Park’s transfor-
mation with an arbitrary number rotor circuits. For power system stability
studies, it is sufficient to limit the number of rotor circuits in each axis
to 3, as shown in Fig. | of the paper and identified as Model 3.3 in Table
1. All the other models are simplifications of this basic model obtained
by either neglecting rotor winding branches or by making other simpli-
fying assumptions such as constant flux linkages. In any study the com-
plexity of the model used is governed by two factors:

o availability of data;
e effect of the particular machine being modelled on the problem being
investigated.

Before the advent of digital computers, there was considerable incen-
tive to minimize the number of differential equations. This is no longer
necessary and, from a computational point of view, there is little justifica-
tion for using some of the reduced order models. In fact a higher order
with no dynamic (transient, sub-transient or sub-subtransient) saliency

A
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could be computationally more efficient than a lower order model with
dynamic saliency. J

It is our opinion that Model 2.2 should be used for representing most
of the machines. Even if all the parameters are not available, it is more
accurate to use estimated values than neglect them altogether [A]. With
parameters chosen so that there is no subtransient saliency, such a model
is also computationally efficient. Very remote and equivalent machines
could be represented by the classical model (Model 0.0) with a suitable
value of damping coefficient. Except for machines with unusual rotor
construction modelled for use in special studies, it is unlikely that it will
be necessary to use Model 3.3.

2. Sources of Data

" Several test procedures to determine the model parameters arc described
in the paper. In our experience these have all had mixed success. The
combination of SSFR to give a good initial model, followed by OLFR
to refine the model parameters has been most successful. However, these
tests are expensive to perform and difficult to justify in cases. Moreover,
for system design and planning studies, the data is required before the
' generator is built and placed in service. Therefore, there is a real need
for methods of deriving adequate models from design data. We believe
.. that attempts should be made to refine methods of determining the ‘‘stan-
dard’! data by the manufacturers rather than discard them as being in-
adequate. In fact, there have been several reports of satisfactory ex-
perience with models based on manufacturers design data [B, C, Dl
We feel that there is sometimes a tendency to overemphasize the need
! for modelling synchronous machines very accurately. Except for some
! special protection and control design studies a very accurate generator
/'« model may not be essential. Unless we have models of comparable level
.\ of accuracy for other system elements, the results of studies with better
' generator models are not likely to be more accurate. For example, many
'} utilities still use typical data for excitation systems which may not reflect
actual settings, and our ability to model loads accurately is also very
limited. There is a greater need to improve these areas of modelling than
Fiilito overly refine generator models. We are not suggesting that further
< 011 work on synchronous machine modelling should not continue; there is
Jhptistilla need for better understanding of some of the aspects of synchronous
3 ‘machine transient characteristics. What we find difficult to justify is the
| ' use of complex and expensive tests as a standard procedure for obtain-
ing data. Such tests are likely to be justified only for systems which de-

'pgnd on special excitation controls for maintaining stability.

{Higi 3. Important Parameters
1111 I For transient stability studies, with slow exciters, Xd and Tdo have

i 11 ceiling voltage are important.

LU T do determines the per unit field resistance which in turn affects the
i "l)‘»a!;é field voltage. If this does not correspond to the voltage base assumed
in the exciter model, the error introduced could be considerable, since
|| both ceiling voltage and gain will be affected. The value of field resistance
i qsed;should correspond, as closely as, possible, to that under actual
| operating  conditions. This should be appropriately reflected in the
i i generator and exciter models. : { [ -
il [ 1For small sigrial stability the phase characteristic between field voltage
1t and_i:lcctrical torque over the normal range of oscillatory frequencies
11 (0.1't0 2 H2) is important. This determines the effect of the excitation
U1 system on the synchronizing and damping torques of the generator.

1 11"The phase characteristic is significantly affected by the amortisseur

i Ici'r'c'ﬁi‘t,s of the generator. The damping introduced directly by the amor-
' 1] tisseurs {s usually small but their influence on the interaction between

1] exciter and generator may be large.| f

1111 .1 l] The generator saturation characteristic is important in transient as well
il -as| small disturbance stability studies. There is a need for improved
. {\~methods of saturation representation, particularly for q-axis. Thests sug-
| 1) 'gested so far determine only the steady-state saturation characteristics
| and there is need for validating saturation representation under transient
| conditions.” v ¢ ¥l \ :

/| The methods used for representing saturation are largely empirical and
theré is a need for a fundamental examination of the process of satura-
tion in generators. One of the problems is that an accurate representa-
tion of saturation may conflict with the fundamental assumption of super-

iposi;ion assumed in the d,q axes model.

|4, Model Validation '
Bt Validation of generator models has been mainly through comparison
| with the results of specially tests. Of necessity these tests have been design-
" il ed to impose as little stress as possible on the power system. This restricts
| their value. Disturbance monitors are now available which can record
\  the response of generators to actual system disturbances. Validation of

" 'most gignificance. With high initial response exciters T’ do and exciter -

generator and other system component models against such recordings
should be encouraged. ) b

In the previous section we discussed the importance of reflecting ac- &
curately the correct value of field resistance in the generator and exciter &
models and the need for checking the saturation representation under §
transient conditions. A simple test for validating these aspects of generator §
modelling is to force the field voltage of a loaded unit to its ceiling for
about a second and monitor terminal voltage, active and reactive power,
field voltage and current. At Ontario Hydro we ar¢ proposing such a &
test on a 270 MV.A unit due to be commissioned in March 1985. :
5. Definition of Model Parameters

Standardization of model parameter definitions is also an important §
aspect of generator modelling. As implied in the working group paper, §
most currently used computer programs assume the simple relationships £
between the time constants and circuit parameters given in Section D §
(i) and (ii). In addition it is assumed that the time constants specified &
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are based on unsaturated reactances. Values of time constants obtained § Lk
from open or short circuit tests on the machine do not conform to this &
definition. Great care must be taken in their use to ensure consistency §
with the programmed models. Depending on the manufacturer, the sup- 2
plied model data may correspond to the given definitions or to calculated k-
test values. It is not a question of which definitions and using them con-
sistently. The stability analyst should not be put in the position of hav- i 50
ing to query the origin of data to be used in studies. While this problem ¥
has been recognized for some time, it is disappointing that the Joint Work- §
ing Group has not, so far, proposed a definitive standard.
In summary the following items remain to be addressed:
\ Fip
- The most suitable value of field resistence for the defintin of generator &
models and exciter models. : 3
_ A better understanding of the nature of saturation in generators and ¥
its influence on generator transient response.
_ Standardization of model parameter definitions.
In addition the working group should work towards the development £ |
of a standard method by which adequate synchronous machine model £/
can be derived from design data. \ f constant
: , accuracy
! ¥ axis mo«
f three re:
5 seven po
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K. Reichert and E. Thaler (Swiss Fed. Inst. of Technology, Zurich): Th b b) the:
authors have presented an excellent paper on modeling arid parameter clecr
identification of synchronous machines. It can be considered as a sta quai
dard for future work in the area of power generation and transmissio Itisc

stability simulation.

With regard to the issues of interest, I would propose to add the desi
and evaluation studies required to determine the torques and stresses it pessimi:
generator-turbine sets resulting from the interaction between the elec): power
tromagnetic and the mechanical systems following large (e.8. faull-g‘;&.
clearing) and small disturbances (e.g. converter or control interaction}ﬁgphcnon
Even if the modeling of the mechanical system (turbine-gcncrator-shaﬂ}?* It ca
is beyond the scope of the task force, it is important that the modeling for lar

and simulation of the electric fpart does result in realistic torques and. simulat
i : ¢+ Inca

currents. 3 i §

The identification of the d-g-models (0.0 - 3.3) is a complex issue, It of inter
has to be based on the fact, that the dentification of n model parameten small in
requires at least n independant measurements or typical data (e.g. tim Hon, c
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fita




steady-state stability limit

iy g e, e — ——
~

transient stability

limit = P
max

Model 2.2 with transformer
terms d¥/dt

Model 2.2
without

transformer
terms d¥/dt

o

- critical fault clearing time
L + +
3 4 3 5 7 8 cycles

Effect of system equations on transient

stability limit

X¢=0.15 (machine base)

Xp=0.2 prefault, =0.3 postfault (500 MVA base)

Pmex g
. ants ~ad reactances). It might be possible to describe with some
cy the response (e.g. short circuit current) of the second order d-
odel 2.2 (Fig. 3) by means of two time constants (T'd, T’4) and
Miffec reactances (X4, X'd, X'/g). It is yet impossible to determine the
rven parameters of the d-axis model 2.2 from these five data without
7 @lurther assumptions or additional values. The popular and widely used
- g approach to neglect Lfid and to provide a value for the stator leakage
ductivity L is a solution to the problem as long as modelling of Ld
oaly and not of G (s) is of importance.

Our last comments concerns the formulation of machine equations
Modesly h'c?mputati.ons, e.g. for the simulation by means of numerical methods.
reuit” fll'i s equations for the d- and g-axis stator quantities:

j‘" Rsig + d¥d - w¥q
3 dt

® consisting of two terms resulting from Faraday’s law:
) the rotational voltages w¥q and w¥( are responsible for the power
transfer
the transformer voltages d¥d/dt and d¥q/dt are responsible for the
~d¢!r0?rzaguetic transients i.e. the dc - components in the stator
quarntitics,

Itis common practice to disregard the transformer terms d¥4/dt and
q/dt in the stator equations and in the network for stability simula-

- Pe'tzuled studies (1) have proven, that this approach gives more

Seistic transient stability limits (critical fault clearing time for a given
'er transfer) than the complete one as the braking torque due to the

b} components in the stator currents resulting in the backswing

omena is neglected (see Fig. I).

can be concluded, that for smaller generators with a large inertia,

8¢ fault clearing times and for remote faults the approximate

Tl method prc_}vildes sufficient information on the stability limits.

int:reﬂs th':'e realistic va!uc§ of generator torques and currents are

senall incer. ue 3s fault application and clearing at large generators \w‘nth
b0, et | -\!f‘s;a_mts, SSR, asynchronous operation, false synchroniza-

. t¢. th< uirailed model 3.3 and the complete set of Park’s equa-
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Fig. II. Simulation of fault application and clearing at a synchronous
machine, with and without transformer terms d¥d/dt,d¥q/dt

tions (including the transformer terms) has to be used. Fig. II is provid-
ed to support this. It shows the behavior of a synchronons machine during
fault application and clearing, simulated with and without transformer

terms.
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Baker, Hannett, Jones, Edmonds, Lee, Salon, Minnich, Umans and
Dandeno: The Task Force thanks the discussers for their comments and
the interest they have indicated in our mission and activities.

Mr. Concordia expresses some disappointment in our title — we had
considered a stronger title such as ‘‘guidelines’ or “recommended prac-
tices”. However the Task Force felt at this stage that such a revised title
could be used eventually when we approach the standards board with
a revised document, which will also have been subjected to the criticisms
of the members at large and the discussers in particular and which also
spelled out some recommendations, rather than a few conclusions. We
also note with thanks Mr. Concordia’s reference to the 1975 paper ‘‘Ap-
propriate component representation for the simulation of Power System
Dynamics”*, authored by himself and R. P. Schulz. This symposium paper
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will be appropriately reviewed by the Task Force when preparing the
revised document for Standards consideration,

We shall next consider Concordia’s individual points, and comment
on them where we feel it is necessary: |

1.; Ttis likely true that including transient saliency would be appropriate
for stability investigations of underexcited generators. It has been
our experience that if "'remote’ machines are being studied, where
the voltage depression is 0.10 pu or less during the initiating distur-
bance, a constant voltage behind a fixed reactance representation
would be adequate regardless of whether the machine was underex-
cited or overexcited.

2. The Task Force feels that an alternative way of stating this concept
raised by Concordia is ‘‘the use of fixed parameters in stability studies
has been common practice, and has been widely accepted’’. What
‘'we were also trying to say in this instance was that an clectncally
non-linear device such as a turbogenerator with a solid iron rotor

- is usually treated in stability studies as a linear piece of equipment
by the assumptions of fixed values of d and q axis parameters, with
the exception perhaps of Xad, which is often adjusted to account
for iron saturation. This also is implied in the notion of (1 + sT)
functions in the numerator and denominator of the operational ex-
pressions describing the fit of the machine to some kind of data over

' 'arange of frequencies. This assumption would be opposite to using
a function such as (1 + s'4T). The latter expressions in the opera-
tional inductances would indicate that some eddy current dependence
existed over part of the frequency range, but might yield a better
fit to test data. The use or application of such a sophisticated ap-
proach would be extremely difficult, and inefficient, as well as
!impractical.

| 3. ! We agree that the concept of constant rotor-circuit flux linkages is

. 'a 'more precise way of describing the effects discussed here.
4. The Task Force agrees with this statement.
'The subject of biasing flux density was also treated in EPRI reports

A ' |EL1424, volumes 2 and 3, and is also discussed in EPRI Report

‘
it
‘|| represent ‘‘large-signal rotor response”’

' | 1EL3359, volume 2 (RP1288). The findings from the latter are sum-
i !marized in [1]. According to the reasoning developed in [1], in srnall-
'signal tests the incremental permeability varies so slowly with bias-

ing flux density that essentially the same response will be obtained
1 for all biasing field currents along the airgap line including zero.

i It is the general feeling of the task force that DC biasing flux tests
'are more appropriate during runnmg-opemclrcuxt frequency response
,tests. Even here, the small-signal response is quite similar to that
‘at standstill, except for depression at the low frequency end when
\.the .DC field bias is that for rated voltage._ The_incremental
ch?iracter:sncs of the rotor iron are not so important as possible rotor

f a.momsseur circuit changes in producmg different characteristics bet-

! wccn running and standstill. 1|
All that the Task Force was trying to do here was reflect in a non-

i * comroversmj way, some, (but not all) of the assumpuons made by
| some (but not all) turbogenerator designers, when attempting to pro-

I duce calculated values of subtransient reactances and time constants,

. | particularly for values in the quadrature axis of a solid iron rotor

| || turbinegenerator,
|| The use of the word *‘saturation’’ in the context that Mr. Concor-

||/ dia refers to was an unfortunate choice, in violation of the plea in
‘ ‘r [1] for specificity in wording. What was meant is that the present
. form of the finite-element diffusion equauon formulation cannot

. However, Mr. Concordia’s

i “f comments seem to refer to the finite-element magnetostatic, or steady-

state fi ormulauon, which represents saturation quite accurately. The

wordmg in the referenced paragraph seems clear enough in stating
| that it is the diffusion equation  formulation being discussed.

I} As discussed above, it is evident that the lumped parameter models

i uscd in transient stability analyses are linearized models. In addi-

‘: uon the finite element analyses devcloped to obtained frequency

1! l response type data for the representation of turbogenerators are
r ! linearized rcprcscmatlons In each case saturation effects can be in-

o cluded in an approximate fashion; in the lumped parameter models,

1§ I magnetizing reactances can be adjusted to account for saturation
. | effects, while in the finite element analyses, incremental permeabilities

.| are similarly adjusted.

8./ The separation of roots ‘question’ is a vexatious one. It seems to
i ‘! those in the Task Force (who are not manufacturers’ representatives)
| that the quoted value T’dq is not necessarily the lumping together
of two nearby roots of the characteristic cquat:on This is something

| that will be discussed in some future user’s guide. We only wished
m highlight thls issue in any case, and not “‘rule’’ on it. The ques-

~that X’/ =

"given definitions or to calculated test values”’.

tion boils down to: ‘“Can agreement on the ‘‘definition’’ of T'¢o & So‘mc

be reached”’? ¢ ¢ are giver

9. Task Force stands corrected. The statements in both IEEE Std. No, ff  ductanc
100 and IEEE Std. No. 115 do state that it is the transient compo- ¢ the actu
nent of short circuit current that should be used when calculating £ the elem

the transient reactance of a synchronous machine for rated current § = ©0 Ph§ w
conditions. i their list

10. As discussed previously in our comments on section 1, ‘remote’ § dard gui
machines do play some part in the study of system stability reac- & =)
tions. The use of a damping factor is always some kind of approx- £ =B
imation. If damping is considered to be a deciding or important fac- sa

tor, then the frequency (or speed) excursions, particularly post-fault, § 1
must be more than minimal, and the machines should then not be § Mr. D
treated as remote (simplified) machines in the electrical sense. &Tt?n}:

‘ at th

We turn next to the discussions submitted by Messrs. Kundur and§ (504 stabi
Rogers. They have provided the Task Force with many useful insights & 10,0 oop)
and comments, which should be of considerable help to us in transfor §  definitio
ming this present Transactions document from a ‘Current Usage’ con-§ o rrent
cept into firmer, more rigid ‘recommended practices’, or users’ guide, § that the 1
In their section #1 (Ranges of Model and model selection), they state § higher th
that there is only one model, with an arbitrary Number of rotor circuits. £ yalyes of

Specifically, if a lower order model is used in place of, for example, the
“‘complete’’ third order model (#3.3 form Table I) its constants must £
be obtained by fitting frequency response data (for example) to the lower
order model. We do not believe they mean to imply that one can go from
the higher order to the lower order simply by arbitrarily removing ot &
reducing (through paralleling the branches) the number of Resistance®
and Reactance elements representing the rotor iron body and amortiss
circuits. The lower order models, if they correspond closely in fitting
procedures to on-site test data, have often been considered the simplest &
to use. As the discussers point out, the reduction in the model order (orf
in the number of differential equations) is today no longer justified on
computational grounds. Kundur’s and Roger's comment on this is cer-
tainly not valid when borh model structure and the associated element
constants are considered.
The same discussers also point out the computational advantage inf;
assuming (for example) that X'yq = g
We do not believe they meant to imply that complcte elimination off/
dynamic saliency was a practice to be recommended, ie, that X’d would
be assumed equal to X’q. The assumption for X”"d = X'!q is usuallyg
acceptable and would appear to have a minimal impact onthe magnitude
of the remaining parameters of a third order model, for example. The E
same comments also apply to some extent to the practice of assumingé
X’'q in a second order model.
We agree that Model 3.3 would be principally used for machines with$
rotors which had d and/or q axis dampers, and where high ceiling, highi
initial response static type cxcuallon systems are utlhzed Model 2.2 couid o3

tity of the field circuit is retained. The above comments are also.reflected ‘ ‘

in their section 2 (Sources of Data). It is agreed that, in the long term &
improved methods of calculating stability parameters, probably based#
on some in some part on finite element methods, will be required for
complex rotor body construction situations, along with the applicationf
of (zero time constant) static type excitation systems. .
The discussers’ section 3 (Important parameters) is extremely useful§

in highlighting some of the issues which we missed or which we were§f

unable to include due to space limitations. A note of caution should b
inserted here regarding the determination of Rf( (rotor field resistance)§ -

We believe all will agree that it i5 consistent to use the value of R{{}
given by measuring the field resistance, or by determining Rfd as noted®
in 1EEE Std. No. 115A, and then correcting it to the **hot’’ value recom%
mended in C50.10 Table I. It then must be converted to a per unit valu§
for simulation purposes. The calculation of Rfd from a given value offf |
X’d and T"dp, according to the custom of some users, is not recommend§
ed. We also appreciate the remainder of their comments under their secf |
tion 3, and concur with them. -

The above comments regarding R also apply to the question of defini
tion of model parameters which they refer to in their section 5 (Definiff -
tion of Model Parameters). It was difficult to reach a consensus on their#
concern about such definitions. They quote, in the middle of the firs
paragraph on their section 5, a sentence which reads as follows. ‘‘Depen
ding on the manufacturer, thc supplied model may corrcspond tot
As noted again in o
comments on Concordia’s point #9, this is a vexatious question. We may*
still try to resolve it when approaching the standards board with somd?
kind of recommended practices which would be directed to generatior:
designers. B

X'""q, or that X/'q = X”q, etc. @




pers of the Task Force feel that if the model parameters
o in LErmS of Resistances and Reactances, Of Resistances and In-
e (all in PeT unit), for linear air-gap i
R¢d, then all the effective time constants are implied from
_ats of the d and q axis models. In concluding our comments
" .presemed discussion of Kundur and Rogers, we agree with
< §sting of three items which must be addressed in any future stan-
= - 1aiines, OF recommended practices:
suinaole value of Rfd which ought to be used.
or saderstanding on the nature, application and effects of
tion (incrememzl or total) in synchronous machines, relating
in particular to dynamic analysis.
Pesrosiers addresses the question of the unsaturated synchronous
“Dace, and refers to the fact that it can be higher than design values.
s the effect of Xdu OF (Xadu + X¢ would be on the more impor-
e e bility parameters, such as the transient reactance or the open circuit
nts is difficult to say (once again the question of parameter
¢ arises.) It also depends on whether one is talking about rated
ot or rated voitage values. It does not appear to the Task Force
'the values of the measured Xdu which he quotes as being up to 14%
than specified or quoted is serious when one considers the saturated
s of X 1 likely to be encountered under loaded conditions. Inciden-

general’
. |
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tally we would consider Mr. Desrosiers a «yser” of such data rather than

a *‘producer”’.
We wish to thank Konrad Reichert and his associates regarding the
comments he makes on correct machine representation to be used dur-
ing studies of machine torques and stresses under disturbances condi-
tions. The subject is also one which should be addressed more fully than
this Task Force could hope t0 do in the present document. Their point
about retaining the concept of stator flux linkage changes (p¥d, P¥q)
is well taken, and certainly will have an impact in stability studies con-
cerned with critical switching times, of in the study of the correspon-
ding sudden “shock” torques under (for example) three phase faults near
or at the terminals of turbinegenerators. Such studies are often limited
presentation of system effects by one or (WO im-

in scope, through re
pedances. We appreciate the information they have provided in remin-

ding the industry of these important considerations.
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