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ABSTRACT

This paper describes a novel proposal for synchronous
generator, time domain, parameter estimation, The research
is orienied towards defining a genertor mathematical model:
structure and parameters, suitable for power systems dynamic
swdies. Manipulating a standard set of differential and
algebraic equations for the machine, a time domain,
paramerric linear model is obtained for parameter estimation.
Basic results, derived from digital simulaion work, show a
suitable linearized algorithm for on-line parameter
estimation, which aside from further simulauon work, needs
a better handling of the estimation error model, lopic very
much linked with further research into real data processing.

1 INTRODUCTION

The analysis of power systems (O determine design and
operating limits for stability purposes, constitutes not only
a major computational effort but also an impornant issue.
The accuracy of these swdies has, as one of its main faclors,
the quality of the modeis of the generators: structure and
parameters {1,2}. Published studies comparing transient
stability test results with simulations, have shown actual
power swings damped more quickly than the simulated ones,
concluding that the major factors 1o affect the accuracy of
stability simulation, are paramelers of generalor, control
sysiem and load, and \herefore the utilization facwor of Lhe
facilities could be improved considcrably [3,4]- As such, the
requirement for improved stability models for synchronous
machines has increased considerably m the electric power
industry during the past decade. The analytical structure of
synchronous machines modeis is well accepied and is almost
always based upon d-q-0 variables obtained by transformation
from a-b-c phase quantities (1,5,6]. Regarding parameters,
according o standards long ago defined, design values or
factory test values of generators are used for simulation and
validation purposes {7]. In general, most of these values are
pased on the data of no load factory 1ests. But a generator
under operation is also affecied by eddy currents and magneuc
saturation and due 1o this complex phenomena, parAMELErs
vary considerably (8,9]. Ideally, in order to validate these
transient parameters, field tests must be conducted on the
equipment, which until now have not been endorsed by most
utlities. Things are changmg nowadays and industry needs
can be identified as: determining the simplest form of model
that will adequately represent the machine it system dynamic
studies and the development of standard methods and test
procedures to determine and validale machine parameters
directly from field tests (most preferably on line)
[3,10,11,12). Within these, much effort has been devoted
towards the refinement of conventional methodologics or the
application of new proposals like freqguency-domain
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technigues, finite element evaluation and load-rejection Lests.
Of these the favorite seems 10 be the stand-still frequency
response (SSFR) tests. The principle of SSFR 1ests consisis
of supplying the stator or the field winding with a single
phase variable frequency sinusoidal source over a frequency
range of 0.01-100 Hz. Thus, pertinent frequency-response
curves of magnitudes and phase angles of the generator as
viewed from the stator can be determined and from there
parameters are estimated using curve-fiting techniques
[13,14,15]. Although SSFR tests are much easier 0
correlate in presence of noise and drift, it places a severé
demand on the excitation source o obtain a well defined
input function. Also for the smal! magnitudes of stator
currents used in these tests, the mutual inductance can be
expected (o be different at different levels of current. Thus int
a slep response test the mutual inductance would be Lme
variant during the test interval which might make analysis
more difficult. On-line FR tests are now being proposed (0
cope better with saturation. In this paper a new approach 10
generator parameter estimation is presented, while still
linear. it works on Lhe time domain and can theoretically

_cope better with saturation through successive linear

approximations for different operational conditions.

Section 2 presents the proposal’s theory, which oses a
highly standardized generator model. It describes a novel
digital algorithm, for estimating the machine's well known
and used parameters. Section 3 shows preliminary
simulation resulis. Remarks are also made regarding its
application to on-line machines. Finally, section 4
summarizes the experience so far gained with the algorithm.

2 PROPOSED METHODOLOGY

The procedure proposed for generior parameier identification
assumes a model structure, as indicated in Appendix, since it
fits the physics of the whole dynamic process for which itis
meant. Ideally this structure shouid have sufficient degrees of
freedom to accommodate all significant transient,
sublransient and some approximation 10 nonlinear effects
(i.e. eddy currenls and saturation). This model includes
differential and algebraic equations and 15 well accepied
within the power community. Although mechanical
equations should be included for stabitity studies, dunng this
research they will be omited. The algorithm being proposed,
as will be shown, considers a linear esumauon model. First
of alt the set of electrical equations is linearized around an
operaung point, thus revealing an identical expression of it
(i.e. same notation but incremental vanables). Due 10 this,
\he model needs o be applied only 0 gradual changing
variables, which make small excursions around a parucular
gperating point. Considering ¢qualions as given in
Appendix, they can venerally be wnuen as!
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where matrices A, B and D are functions of the synchronous
generator parameters {such as reactances and ime consiants),
which are 10 be estmated. Vectors "x" and "y", denote the
suate and output variables respectively. Finally and most
importantly for the esumation algorithm, vector "u” denotes
the potential input variables which could be used for
excilation purposes, making the parameters identifiable. This
of course being a key issug tn paramerer estimation, since a
reiiable and persistent excitation signal is required for
estimation feasibility.

The proposal here made, is to develop a discrete modet (from
equations (1) and (2)), suitable for use with efficient digital
estimation algorithms. There are several ways 10 represent a
discrete version of the generator equations, depending upon
the assumptions on the continuous model. In this paper, v'¢4
(equivalent ficld voitage) is assumed as the "controlled™ input
and as "uncontrolled” input ij-and iq (direct and quadrature
axis currents), which are kept constant over the sampling
period T (i.e. equal to At). Analytically this means:
u(t) = up = ukT) when kT £ < (k+1)T @
Considering such input, it can be shown that an exact
discrete form, for this model wms out to be:

y(k+1) = Ix(k) +Duk) ()

x(k+1) = Fx(k)+Gu(k)
where F = eAT and G = A-1(eAT . D)B. It can be
demonstrated that, in this case matrices F and G are given
through the following elements (the rest being null):
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Therefore as long as v'gq (as well as other input variables)
heolds constant through each sampling period, no
approximation is involved in this representation, and the
discretz model so-obtained is theoretically exact,

Although there is no difficulty in calculating these matrices,
the expressions they hold are rather complicated functions of
the parameters, at least for estimating purposes. In order to
work with a more simple and flexible discrete structure, a
second order approximation of these equations will be
considered from now on. The reason to adopt this second
order approximation, comes from replacing these matrices
with typical synchronous machine reactances and time
constants, and évaluating the matrix coefficients as more
terms are included in the series expansion of each exponential
term. Al the end of the process, a rade off between accuracy
and complexity must be reached in order 1o obtain a simple
but hopefully reliable model structure. In any case this has to
be tested, both in a simulated and a real-life environment.

Thus, considering this second order expansion for each
exponential function of equations (6) and (7), leads o eqs. (8)
and (9). Notice that neglecting the quadratic terms in F(2) and
G{(2) gives a first order approximation (i.e. F(1) and G{1)),
Let the sample time be denoted by "k", then the 2nd order
discrete model of equations, ums out 1o be as expressed in
egs. (10) and (11). For the sake of notation simplicity, the
"dash” sign of the equivaient field voltage and cumrent has
been dropped, it is implicildy meant.
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The latter 1wo equations, aithough approximated, constitute a
solid discrete-time state space model for the synchronous
generator. These expressions, although adequate to study
discrete time-evolution of variables, are not suitable for the
purpose of this research, mainiy because they are not in the
form of an easily or directly measurable input-output model
(i.c. daw). Therefore they will be manipulated in order to
obtain an output-input model, suitable for synchronous
machine parameter estimation,

In order 1o atain such an objective, equations (10) and (11)
are worked through in such a way 1o get rid off the internal,
unmeasurable, voltages (i.e. Eq. E 4 and E g4). Therefore
considering only measured variables (whether directly or
indirectly}, the proposed model of egs. (12}, (13) and (14) can
be oblained, where it has been defined AxK = xk+1 . xK for
any stalor or rotor vanable.

As can be seen, although the model is not linear in terms of
single "isolated”™ parameters (reactances, time constants and
resistances), it can be grouped forming three independent

linear estimation models of the type: [Z]t = (8 wI*[UIL.
In this case:

Z)t = (Aigg)t and Uyt = (Aig, veq - igg"
Z' = (avg)t and Upt = (Aig, Aig, ig, vq , ig)* as
Z3'= (Avg)t and Ust = (Aig, Aig, ig. ifd - vq» iq» Vid - ifd)"

and [5(u)) represents a matrix, whose elements are function
of the machine original parameters "u", which are also
independent of each other (i.e. a diagonal matrix),
Theoretically, [8(i1)] expressions are easily related to the
original parameters, thus imposing no great restriction upon
their solution. As such, this overall expression can be taken
as a linear relationship between output {Z]! values and input
(U]t values, that is [Z]1' = [8]*[U]t. Whereby for
simplicity "8" represents the parameters to be estimated.
This makes it possible to use very simple but powerful
algorithms for parameter estimation.,

I_t can be noticed from equation (15) that only variable vgy
(Le. v'g4), can be taken or considered as a truly (i.e. in

Pracuce) controllable input, through the real field voltage.
This research assumes this fact, and this excitation signal

"viq" 15 considered to be a Pseude Random Binary Sequence
(PRBS) signal, externally applied to the model as an input
variable (i.e. vgq). In a real-life on-line environment, the
PRBS can be considered to be injected to the field voltage
reference set point, which in tumn will affect the field voliage
or equivalently the simulated value of vgy4. In other words, in
a real size power station, this can be done at the summation
junction, usually available for other signals (i.e. power
system stabilizer) to be added to the field reference set point

From a complementary point of view, it is worth
mentioning that another truly controilable excitation signal,
can be the mechanical power reference set point (i.e. "Pp,").
This can be considered through a similar discrete version of
equations (1) and (2), which would additionally include the
mechanical equations. This signal would theoretically help o
excite other dynamic modes of the synchronous machine for
estimation purposes, in case "vgg" is not sufficiently

persistent by itself.
3 DIGITAL SIMULATION: COMMENTS &
RESULTS

The simulated algorithm is assumed to start from d-q axes,
thus there is ne need to apply Park's ransformation (i.e.
from a-b-c to d-g). Nevertheless, this is a problem which
must be deéalt with when making real life generaior parameter
estimation, which for this proposal requires the load angle,
besides measuring time phase voltages and currents, fGield
voluiage and current. With available equipment this is already
being done for other purposes.

Initially data is generated to obtain equations (12), (13) and
(14}). To do this, the continuous model described in secdon 2
(linear expression of the Appendix equations} was
implemented and evaluated using Matlab's software
simulation facilities. This actually means solving a lincarized
version (i.e. around a sieady-state operational value) of the
Appendix equations, which includes the set of differential
equations with (assumed) zero starting conditions {i.e.
subtracung D.C. steady-state values). During the simulation,
as previously described, the only input variable is the field
equivalent voliage "vgq" (i.e. v'gq), considered 1o be a 6th order

maximal length PRBS sequence of magnitude 0.5 p.u. A
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reasonable sampling time for d-q variables, considering
standard parameter values, was set to 0.01 seconds (i.e. T =
0.01 seconds). Although this is adequate for the transformed
direct-quadrature variables, it is o0 large to be used in real
1ime phase variables, since A.C. variations require a much
higher sampling frequency (i.e. greater than 2 kHz).

Preliminary simulations tests carmried out, showed that the
estimation of the stator resistance ra, caused a lot of
numerical instability to the estimation algorithm, based on
off-line, recursive Ieast square and instrumental variables
estimation methods [16]. This problem stems primarily from
the low value which ry has, this in wm even lowers the
estimaied "8;" values, when multiplied by the output veciors
{i.e. [8}*[UTY). On the other hand, contrary to the reactances
and time constants, in practice resistances can be measured

2

with relatively high accuracy, and even more they are usually
neglected during dynamic power system studies. Ultimately,
most of the new algorithms being proposed in the literature
(including the earlier proposals), considered this value given
or at least an easily measurable constant. Strictly speaking,
the resistance really depends on the load point (i.e. due to
temperature). Finally, from a theoretical point of view, using
fewer parameters has some positive effects on the estimation
procedure: the variance of the parameter estimates will
decrease,

For these reasons and unuil further refinements can be made,
to the proposed algorithm, r, will be assumed known. Some
minor medifications to the original model (equation (15)),
establishes a new input-output set of equations:

k vaa K T T k Kk
Alﬁ: (Xd-xaéld"' ‘.r—(ﬁ-' 2)(Vﬂ-lﬂ)
T
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Or otherwise written as: parameter T" o, seems o be very sensible 1o the SP's, maybe
. because the corresponding output vector is not sufficiently
Zy =(iggt and U t=(Aig, vg-igg) excited. More precisely an answer 1o this seems (o lie in the
L(A it (Al i it suctural error behind the model, therefore a logical next step
Zy'=(avy + raig)! and Up=(8ig.iq: vd * Fald) (19 Lould be to consider this fact not only within the model itself

Z3L=(Avq+ra.ﬁiq)‘ and Us'=(aiy, igsifd -vq-raiq.\'fd-i it

Worthy of mentioning at this stage, is that initially a first
order approximation of equations (6) and (7) was simulated.
Results were not encouraging and as a conseguence a second
order model was developed as shown above. Table !
summarizes the results obtained up to date. They represent
average values obtained using either off-line or recursive
algorithms. It can be seen that this 2nd order expansion,
provides reasonable results. Besides, it makes the whole
procedure more robust (numerically), since reliabie values can
be obtained from all input-output sets (contrary to 1st order).
Stll and anly for theoretical purposes, a third-order expansion
was developed for certain ¢lements, but their complexity
discouraged further research in this area.

Table 2 shows the paramelers oblained when using a least
square recursive algorithm, with different starung points but
the same covariance matrix. From these resulls 11 can be seen
that, except for the third vector, the estimated parameters are
almost the same, revealing numerical robusiness of these
vectors, On the other hand the third one. partucutarly

but most important, in the estimation procedure. That is with
sufficient excitation signal, or maybe through the use of
robust estimation techniques like the Unknown But Bounded
methodology [17], which could overcome this numerical
problems. ' :

On the other hand, the PRBS signal was widely vaned in
magnitude and length to analyze its influence on the
algorithm. No radical conclusions were reached. The reason
for this may be found in the fact that no explicit noise was
ever considered, and any inaccuracies detected in the model] are
thought to come from the approximaied model deveioped.
This is now being studied.

Finally a comment regarding equadon (19). A numerical
inconsistency appears in the third esumation block Z3t Inig,
one of the machine parameters, T"gq, can be obtained from
two different sources, thus giving two solutions. This
situation, so far, has been tried to be solved in a rather
iterative way (i.e using variations 1o the recursive least-square
atgorithm, extended tike). Unfortunately the numerical
sensibility is high and at the moment no (acceptabie)



slupon has becn obtair]cd. It scems _Lhis informative sgt is
0 sufficiently persistently excited. A third order
«;mation for this block gave much more accurate
but this makes the model more complex. It is

al
I,I\llr[l.'(]
L aiues.

suggested that this could be seived considering an average
value for the parameter or including another additional
paramcter 10 be estimated (i.e. torgue angle, damping
coeflicient), or the use of robust estimation techniques.

mf_ Estimated Values (1) Esumated Values (2} Simulated Valyes*
|

=" notestimated not cstimated 0.001096
R 180974 18081 1.81
T 030 0.2981 0.30
”“i""'—_ 0.2347 0.15-0.29% 0.217
—;"L"—_ 1.7598 i.7598 1.76
Tg“"__ 0.3494 0.3491 0.254
“';OL 7.8 7.8041 7.8

‘T’d; 0.02079(0.02522)**  0.019-0.026# 0.022
T 0.0785 0.0732 0.074

i1 straight Jeast square and instrumental variable

Table 1 Results of Proposed Algorithm

{2y recursive least square, very much dependent upon the initial starting point in case of the third block 2.3[. Starting points are

hased on standard values

# range of results obtained * reference [1] ** two solutions are obtained, an average value can be used

IParameter Estimated Vatues (1) Estimated Values (2) Simulated Values*
SP = [0] SP = [simul. values]

N not estimated not estimated 0.001096

” 1.8101265 1.809929 1.81

X 0.301226 0.301029 0.30

g 0.2216 0.1915 0.217

X 1.759811 1.760784 1.76

Xy 0.3488 0.3493 0.254

Tdo 7.806401 7.806401 78

T 4o 0.089392(0.092083)**  0.022987(0.0271398)** 0.022

T 4o 0.07306407 0.07306407 0.074

Table 2 Results using recursive lcast square algorithm with different Starting Points (SP}

(1) Starting Point equal to zero for all values
* reference [1]

4+ CONCLUSIONS AND FUTURE WORK

Some critical comments, conclusions and suggestions can be
made regarding the proposal presented:

a) the numerical results obtained, even in this much
simplified proposal, are robust only when there is sufficient
excitanon signal on each variable {i.e. iy, iq, Vs vq). Only in
those cases can all parameters be obtained [airly accurate, no
matter which estimation algorithm is used. This was
¢xpenimentally proved using an additional, exaggerated non-
controilabie, excitation signal: the generator terminal voltage
magnitude. The last statement is even true when a first order
model 15 used. Thus, this leads the responsibility to find
another controllable and usable input vanable, besides vy,

(2) Starting Point equal to simulated vaiues
** two solutions are obtained, an average value can be used

b) the proposed model for generator parameter estimation
behaved linearly correct during simulation. In theory, an on-
line application of it seems feasible, once numerical
problems are solved. Critical problems appear when rather
small forced-variations in the d-q axis variables are opmjncd.
This problem comes about in trying to estimate T 4, the
solution so [ar adopied has been to use average values of
those obtained or if a further refinement is desired, a third
order expansion can be used.

¢) undoubtedly another excitation signal would be highly
welcome, particularly for the g-axis, early simulation results
have shown so. This is currently been studied through
exiensions 1o the algorithm which include the mechanical

3%
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€quauons. Also it can be expected that,random variations,
coming natwrally from the System, will be of benefit 1o the
algorithm, of course as long as they are smaj] (i.e. linear),

€) It is suggested 1o estimate parameters keeping the
Structure as close as possible to the theoretical one. This
Means to estimate the parameters using a non-linear
Opuimization algorithm (ie. Levcnha.rdt-Marquadl), together
wiih some restrictions on the parameters (i.e. non-negative,
bigger than a certain value, bounded valyes, eic.). On the
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APPENDIX

A model based on ransient-subtransient reactances and time
conswants is used. It is possible 1o express the synchronous
machine equations, from the original expressions as
developed through Park's transformation, into what is known
as a conventional set of equations:
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