THE UNIVERSITY OF CALGARY

Synchronous Machines Parameter Estimation Using Artificial Neural Networks

by

Mariano Calvo

A DISSERTATION
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING

CALGARY, ALBERTA

APRIL, 2000

@ Mariano Calvo 2000



i+l

National Library Bibliothéque nationale
of Canada du Canada
Acquisitions and Acquisitions et .
Bibliographic Services services bibliographiques
395 Wellington Street 395, rue Wellington
Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your e Voue référence
Our Sie Notre réMrence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.
The author retains ownership of the L’auteur conserve la propriété du

copyright in this thesis. Neither the droit d’auteur qui protége cette these.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

Canadi

0-612-49485-3



ABSTRACT

Economic factors are constantly pushing the operation of power systems to their op-
timal capacity. For this to be possible, sophisticated models and accurate parameters of the
electric components of the systems are required. This work presents an alternative approach

that can be used to deal with the parameter estimation problem.

This thesis presents a new on-line based method to estimate the electric parameters
of synchronous generators. The solution has been devised similar to that of solving a pat-

tern recognition problem but in a manner which is an entirely new concept in the field.

The strategy is based on the following concept. A synchronous machine operating
under different boundary conditions will have a unique response determined by its physical
characteristics, which in mathematical terms are expressed by its electric parameters. Al-
ternatively, given the behaviour of the synchronous generator, expressed in currents, volt-
ages, and rotor position, it is possible to think of the existence of an inverse model that will
be able to provide the parameters of the machine under consideration. This is a pattem clas-

sification problem.

The inverse model is obtained using a feedforward artificial neural network which
has excellent properties as a pattern classifier. Artificial neural networks have been used in
many areas of power systems, but this is the first time that they have been applied for pa-

rameter estimation purposes.

The proposed method has the capability to estimate all the electric parameters of a
synchronous generator that govern its steady state and dynamic behaviour, including the
saturation characteristics. The method has been extensively tested in a salient pole micro-
alternator. On-line data from a round rotor generator has been used to successfully estimate

the steady state characteristics of the synchronous machine and simulation studies have

iii



confirmed that the proposed method can also be applied to estimate the dynamic character-

istics of round rotor synchronous machines.
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CHAPTER 1

PARAMETER ESTIMATION OF SYNCHRONOUS MACHINES

1.1 Introduction

Parameter estimation has drawn the attention of the research community for many
years and, from an engineering perspective, the topic can be considered far from over. In
this chapter the question of why it is still necessary to perform tests on the actual synchro-
nous machines (SMs) in order to obtain their parameters is discussed first. In the rest of the
chapter, an overview of the methods available for parameter estimation is given, and the
problems and advantages of each method are discussed. The focus is on the Standard

ANSVIEEE 115 [1].

1.2 The Parameter Estimation Problem

In this section some of the problems associated with parameter estimation of syn-

chronous generators are discussed. They can be summarized as:
* Data that does not correspond to the physical machine.
* Consistency of the data.
* Systems analysis impact.

* Economic impact.



* Accuracy of data versus models.

¢ Costs associated with the measurements.

1.2.1 Accuracy of the Parameters

[§S]

A comparison of the measured or adjusted parameters obtained using standstill fre-

quency response tests with the data offered by the manufacturer for a 555 MVA turbo-gen-

erator unit is given in Table 1-1[2]. It can be seen that huge differences in the values of the

parameters can be expected for any generating unit for which the parameters have not been

adjusted.
Table 1-1: Manufacturer’s and Adjusted Parameters for a 555 MVA
Turbo-Alternator
Constants Manufacturer Adjusted Error(%)
Ly 1.970 1.810 8.840
L, 0.270 0.300 10.000
L," 0.175 0.217 19.355
L, 1.867 1.760 6.080
L, 0473 0.610 22.459
L," 0.213 0.254 16.142
lq 0.160 0.160 0.000
Tao' 4.300 7.800 44.872
Ta0” 0.031 0.022 40.909
Tgo 0.560 0.900 37.778
Th0" 0.061 0.074 17.568
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An interesting point that follows is to analyse the effect that these errors can have
on the actual behaviour of a synchronous generator. A numerical example can illustrate the

problem.

The phenomenon of subsynchronous resonance (SSR) on alternating current power
systems was first reported in the literature in 1937 [3] as strictly an electrical phenomenon.
It was not until the early seventies, when two shaft failures occurred at the Mohave Gener-
ating Station in Southern Nevada, that the theory of interaction between a series compen-
sated transmission system in electrical resonance, and a turbine-generator mechanical

system in torsional mechanical resonance, was developed [4,5].

In order to be able to compare the results obtained using different techniques and
models, the IEEE SSR Task Force developed a standard test case for SSR [6]. The plots of
Figure 1-1 show the results of using the two sets of parameters in the first SSR benchmark
model. The solid and dashed curves represent the responses obtained with the adjusted and
manufacturer’s parameters, respectively. Plots (a) and (b) show the voltage of the capacitor
used to compensate the transmission line and the instantaneous current of the SM, both for
phase ‘A’. Plot (c) is the electrical torque and plots (d) and (e) are the mechanical shaft tor-
ques between the low pressure masses (LPA-LPB) and between the field and exciter mass-
es. The curves for each of the variables are substantially different and the adjusted
parameters show a much better response for this specific case. However, the opposite could
be true as well. The attention should be focused on the uncertainty that inaccurate electric
parameters can introduce in the results of studies where interactions with mechanical oscil-

lations are involved.

A comparison of the peak values, as given in Table 1-2, shows that these kinds of
discrepancies are unacceptable because they could hide potential damage to the turbine
generator shaft or cause reduction of its life expectancy due to torsional fatigue. From a sys-
tems perspective, the overall stability can be seriously affected. This is also true out of the

realm of the SSR problem [2].
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Figure 1-1: Response Curves for Transient Case 1-T[6]




Table 1-2: SSR Benchmark Results - Peak Values Comparison
Variable Manufacturer Adjusted Error (%)
Capacitor Voltage, Phase A 1.40 1.14 22.37
Generator Current, Phase A 2.67 235 13.77
Generator Electrical Torque 2.87 249 1545
Shaft Torque, LPA-LPB 3.58 291 23.24
Shaft Torque, GEN-EXC 0.93 0.46 103.69

1.2.2 Consistency of the Parameters

It is not necessary to perform actual measurements to put in doubt the accuracy of
a given set of SM parameters. Appendix A presents an accurate transformation between cir-
cuit and standard parameters and this relationships are used in Appendix B to develop a
consistency test. The foundation for this study is very simple: the data provided by the man-
ufacturer, to be correct, should be consistent with the relationships derived from the math-
ematical model. If this is not so, it cannot be expected that the model will offer a good

representation of the actual physical device.

The studies presented in Appendix B are conducted using data obtained from man-
ufacturers. In one of the results, it is shown that only 45.0% of the overall data, or 55.0%
and 35.0% for the d and q axis respectively, can be considered consistent with the model.
These results are impressive and provide evidence, once again, of the lack of reliability of

the provided data.



1.2.3 Model Complexity Versus Accuracy of the Parameters

Over the years, the increase in computing power has made it possible to work with
complex models. It is accepted, and intuitively expected, that with more accurate models
better results will be obtained. Table 1-3 [7] shows the commonly accepted model for a
synchronous machine with many of the possible variations of complexity according to how
many damper windings are associated with each axis. According to this, it is expected that

the best results will correspond to the model "3.3".

Surprisingly, studies conducted in the early seventies by the Northeast Power Co-
ordinating Council [8] showed that, in general, in stability analysis it is more important to
use accurate machine data than to use more elaborate machine models. In some of the stud-
ies, the less sophisticated models were even able to outperform the more accurate ones

when both were supplied with inaccurate parameters.

1.2.4 Economic Impact and Costs

Having good parameters to complement complex models of the synchronous ma-
chines can have other benefits. In developing and applying more detailed saturation models
[9,10]. it was found that an economic benefit could be obtained from the increased capabil-
ity to transmit power generated at a lower cost site. Obviously. in a deregulated environ-

ment, studies like this one can be extremely important.

The importance of having reliable data is related to the importance of the generator
and the negative impact that bad data could have on the associated systems. Although some
advances have been made on parameter estimation using constructive detailed information
of the machines [11,12], the uncertainty associated with the parameters forces the electric

utilities to perform actual tests on the generators when accurate data is required.



Table 1-3: Definition of Generator Models of Varying Degrees of Complexity

AXis

DAxi1

No Equivalent
Damper
Circuit

One Equivalent
Damper
Circuit

Two Equivalent
Damper Circuits

Three Equivalent
Damper Circuits

Constant
Flux
Linkage

Model 0.0

Field
Circuit
Only

Model 1.0

Model 1.1

1
NN

Field
Circuit
Plus One
Equivalent
Damper
Winding

Model 2.1

1T
KX

Model 2.2

R
NEE

Field
Circuit
Plus Two
Equivalent
Damper
Winding

Model 3.2

Nl

Model 3.3

Performing tests on generators has its own related problems. The specialized equip-
ment involved, the engineering costs of obtaining technical specialists and in some cases,

the cost of having a generating unit not generating power, are some of the problems that
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highlight the economic impact of performing tests on synchronous generators. It is not a
surprise then that even today there is abundant work being done on this topic [1,13-15], al-

most three quarters of a century after the first publications in the area appeared [16,17].

1.3 Available Methods for Parameter Estimation

This section deals with the parameter estimation methods most widely used as well
as some of the methods that have received considerable attention in the research commu-
nity. The mathematical model of the synchronous generator is developed in the next chapter
where all the background necessary to understand the specific parameters, that are referred

to here, is given.

1.3.1 Slip Test

This test is part of the ANSI/IEEE Std 115-1995 [1]. The slip test is conducted by
driving the rotor at a speed slightly different from the synchronous speed with the field
open-circuited and the armature energized by a three-phase, rated frequency source.
Steady-state analysis is valid because the slip is very small. It can be found [17] that the
magnitude of the armature current is modulated between a maximum and a minimum value
proportional to the inverse of X, and X, respectively. Because of the limitations of the
source, the applied voltage also varies inversely to the amount of the current being drawn

from the voltage source. Then, X, and X, are finally obtained as:

(1-1)
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Although conceptually very simple, the implementation of this test is by no means
trivial. For an accurate determination of the quadrature-axis synchronous reactance, it is
difficult to maintain the speed constant when the slip is sufficiently small because the ef-
fects of the salient poles and the currents induced in the amortisseur windings produce a
pulsating torque. Also, the induced voltage in the open field circuit may reach dangerous

values when the slip is large.

1.3.2 Short-Circuit Test

The short-circuit test is probably the most well known test for parameter estimation.
Its importance is not only due to the number of parameters that can be determined but also
because it provides the theoretical background for the actual definitions of the standard pa-

rameters.

This test is based on equation (A-16) rewritten here for convenience and adapted

for the direct axis:

L Lttt} LZp (1 1) Lp (1-2)
L(p) L, \L, La|(U+T,p) \La La)(A+T,"p)

When a synchronous machine under no load is subjected to a sudden three-phase
short-circuit, and assuming that the speed remains constant with a value of 1.0 per unit dur-

ing the test, the armature current, in per unit, will be given by an expression of the form:

It)=E, L L—L e’ + —l—-l e (1-3)
L, \L, La La La
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where /(1) is the ac rms short-circuit current, E,, is the ac rms voltage before the short-cir-

cuit. and ¢ is the time in seconds measured from the instant of short circuit.

Because of the exponential terms involved, a graphical analysis allows the identifi-
cation of both exponential tertns and measurement of the direct axis transient and sub-tran-
sient short-circuit time constants. In a similar way, the direct axis transient and sub-
transient reactances can be identified. Once the steady-state is reached, the direct axis reac-

tance X, can also be measured.

The above test also gives information of the direct axis open-circuit transient and

sub-transient time constants [18,19] (see Appendix A) through the relationships

. L, . L
T =—.d-T ' T =—.1'T 1-4
d Ld d . Ld d ( )

Improved methods of utilizing results from sudden short-circuit tests to determine
more accurate d-axis parameters have been developed [20-22]. The most important feature
of these methods is the utilization of rotor current measurements during the short-circuit

tests to identify the field-circuit characteristics more accurately.

The main disadvantage associated with this test is the severe mechanical and elec-
trical stress that is imposed on the machine. Although similar parameters are defined for the

quadrature axis, this test does not provide any information about those parameters.

1.3.3 Load Rejection Tests

These tests are similar in approach to the sudden short-circuit tests in that the time
responses of the machine variables following a sudden disturbance are measured to identify

machine characteristics [23,24]. After certain initial conditions are set up, the response of
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the machine to a load rejection is recorded. The initial conditions determine the axis on
which the parameters are derived. In this way, with operating conditions arranged in such
a way that the current is flowing only in the direct axis (i4=0), the unit is tripped and the
resulting terminal voltage and field current decay are used to extract parameters for the d-
axis model. A similar test is performed with current flowing only in the quadrature axis

(i4=0) to obtain q-axis data.

These tests provide data for the direct and quadrature axes. However, they are
somewhat difficult to conduct. For most machines, it is difficult or impossible to attain un-

saturated conditions which certainly complicates the testing and the analysis of results [25].

1.3.4 Frequency Response Tests

Frequency response methods represent the state of the art in parameter estimation.
Over the years, extensive work conducted by a wide range of research groups has given
these tests a solid basis for their practical implementation that has even displaced the most

conventional "short-circuit” approach.

1.3.4.1 Standstill Frequency Response

It is widely accepted that present day stability studies require both direct and quad-
rature axis synchronous machine characteristics. Alternative procedures that provide both
direct and quadrature axis stability parameters are specified in the IEEE Std 115 [1], called
the Standstill Frequency Response (SSFR) tests. Through these procedures it is possible to

obtain the rates of change of stator or field quantities over a wide range of frequencies.



The theory behind these tests is given by equations (A-11) and (A-12) derived in

Appendix A, rewritten here for each axis:

¥, =L,(p), +G(p)v,
(1-5)
\P'l = Lq(p)iq

Applying different boundary conditions, it is straightforward to obtain the following quan-

tities.

* Z4p) - The synchronous machine direct axis operational impedance. With
the rotor short-circuited and aligned with the phases used to conduct the

experiment, it is possible to obtain

Z,(p)="2 (1-6)
1, v[ =0 _

* G(p) - The armature to field transfer function. G(p) can be measured in two
ways as shown in (1-7). The first expression can easily be derived from
(1-5). The second one makes usage of the fact that the factor G(p) is what

relates the field current and direct axis current in expression (A-7).

G(p) = —4 ; pG(p)='_Ll -7
ld vf :O

pvrli, =0

* Z,p) -The synchronous machine quadrature axis operational impedance.

With the rotor in quidrature to the phases used to conduct the experiment,

it is possible to obtain:

Z (p)=—

L

(1-8)
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All tests are conducted with the unit at rest (rotor stationary) and disconnected from
the system, and with the stator excited by a low level source (+60A, +20V). The tests are
performed over a range of frequencies that varies from a minimum at least one order of
magnitude less than that corresponding to the transient open-circuit time constant of the
generator, to a maximum that should be somewhere between two or three times the rated

frequency of the generator.

Expressions (1-6) to (1-8) allow one to plot L{p), G(p) and Lq(p) from where the
polynomial representation of each value, as it is explicit in expressions (A-11) and (A-13)
of Appendix A, can be found with a curve fitting process. This is an excellent feature of the
method because it allows a very detailed representation of each axis just by adding more
poles and zeroes to the model. This is equivalent to including more damping windings in
the model [1]. On the other hand, this can be a relevant problem by itself because of the
variety of different models that can be fitted according to how many mutual effects are con-
sidered. This has generated extensive discussions on the physical meaning of the models

themselves [26,27].

There can be problems related to the lack of consideration of rotational effects be-
cause the damper windings may not form a good connection at standstill, and the extent to
which rotation causes the slot wedges to form a low impedance path to the rotor is largely

unknown [25,28].

This technique has been extensively tested [29-31]. First introduced as a trial use

standard of the IEEE in 1983 [32], it was incorporated in the [EEE Std.115 in 1995 [1].

1.3.4.2 On-line Frequency Response

The On-line Frequency Response (OLFR) tests are a variation that tend to over-

come the problems associated with the SSFR tests. Here, the machine is tested under the



14

same conditions as those under which the model is expected to perform, although over a
restricted operating range. The machine can be operated near rated or at reduced load. The
frequency response is obtained by applying sinusoidal signals to the excitation and meas-
uring the steady-state changes in field voltage and current, rotor speed, terminal voltage and

active and reactive power.

In this approach, the on-line frequency response of the power systems is first com-
puted using estimated values for the parameters of the synchronous machine. Then, an it-
erative technique which attempts to minimize the differences between measured and
computed responses at specified frequencies by adjusting the parameters of the machine
model is applied. The dynamic behaviour of the power system is simulated with different
degrees of modelling, the representations varying in detail according to the importance of

the specific elements and influence on the tests.

On the studies carried out [28,31,33], this technique proved to complement the re-

sults of the SSFR tests for generators with actual damper windings.

On the other hand, what makes this technique so distinctive is probably its main
drawback. To perform a test of this type on an operating unit connected to the system is an
extremely delicate topic [25]. Also, this technique involves the simulation of both the ma-
chine and the system to which it is attached and it is not clear how uncertainties derived

from the power system side could affect the estimation process.

1.3.5 Using the Reactance Operators

This method uses a hybrid approach, combining SSFR tests with short-circuit tests
[34]. SSFR characteristics are used to fit the reactance operators X p) and X,(p) defined

by expression (B-13). Once this is done, an exact transformation is used to obtain the circuit
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parameters [35], where the mutual inductances of the direct axis are adjusted using the

measured value of the field current following a short-circuit test.

Although no results showing the performance of the parameters have been provid-
ed. it is clear that this approach is able to incorporate the best qualities of both the SSFR

procedures and the more conventional short circuit test.

1.3.6 Analysis of Design Data

Improved generator models developed from design information is not a new area
[36]. More recent work, applying finite elements analysis seems to be a promising field of
work [37]. Extensive work applying this technique to obtain steady-state solutions [12],
frequency response characteristics [11] and to derive saturation functions [9] from design

data. has shown good agreement with measured results.

More work needs to be done though, in order to prove the consistency of the method
‘to any particular design. Also, the significance of the rotational effects and the effect of dis-

turbance amplitude on the model require additional investigation [25].

1.3.7 Other methods

The amount of work that has been done developing new methods or improving ex-
isting ones is vast. This makes very difficult, if not impossible, the task of trying to sum-
marize many of the approaches without understating them or being unfair to their
importance. The intention has been to follow to some extent the standards [1,7,19], present

important literature in the area [31,37] or developments that, in the author's opinion, repre-
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sent a landmark [31,35] in the evolution of parameter estimation field. However, this does
not mean that other works [15,38-47] cannot be more effective or even provide much better

results than the ones mentioned here.

1.4 Objectives

The following are the main objectives of this dissertation.

To present an original on-line approach for synchronous machines
(SMs) parameter estimation. From the introduction, it is clear that there are
many very well tested choices when referring to off-line methods for
parameter estimation. The same assertion is not valid for the on-line coun-
terpart. The reasons are both technical and practical. There is agreement
that an on-line method that retrieves information of the machine working
under normal operating conditions has all the components required to get
the best possible parameters for that machine. So far though, just a few
approaches in the area have shown their viability. Working on-line is a
problem by itself because it will always face practical restrictions and innu-
merable concerns about the possibility of undesirable side effects. To over-
come this barrier, the idea is to present a method that is both conceptually
clean and as non-intrusive as it can be when referring to on-line methods.
To achieve this, the goal is to reformulate the parameter estimation prob-
lem as a pattern recognition problem. The idea is to offer a versatile
method that can be adapted to many of the practical restrictions that can

arise in any on-line application.

To develop an original, practical and viable application of Artificial

Neural Networks (ANNs). The objective is to explore the ANN ability to
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recognize patterns from on-line data in order to extract the parameters of

the synchronous machines.

1.5 Thesis Contributions

This thesis makes the following main contributions:

e A new on-line based method for SMs parameter estimation is presented,

introducing the estimation problem as a pattern recognition problem.

* A new application of ANNs has been developed being the first time that

ANNSs have been applied to parameter estimation of SMs.

Other contributions are:

* It is shown that field perturbations are not effective to fully excite the
dynamics of the SMs, hence they impose a strong limitation on any method

for parameter estimation that is based on these disturbances.

* A consistency check of the standard characteristics to analyse the validity

of the parameters offered by the manufacturer.

e A deductive approach that shows the equivalence of the standard character-
istics and circuit parameters has been developed. The procedure has been
extended to consider the equivalence between the parameters when the

field resistance is known.

* The classic representation of saturation has been redefined to avoid con-

flicts with the linear parameters.
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* A general purpose data acquisition system to be able to measure on-line

instantaneous variables from the SM has been developed.

1.6 Outline

This work is organized in seven chapters and six appendices with the following

structure.

The first chapter presents an overview of the problem and some of the methods cur-
rently available for parameter estimation. The chapter ends with the objectives of this work
and is complemented by the development of a consistency check for the standard charac-

teristics obtained from manufacturers in Appendix B.

The model of the synchronous machine is described in Chapter 2 following a clas-
sical and conceptual approach. Appendix C offers a note on the adopted per unit system.
An accurate transformation between circuit and standard parameters is presented in

Appendix A.

Presented in Chapter 3 are the basics of Artificial Neural Networks with the differ-

ent learning methods that have been applied during the development of this work.
Chapter 4 describes and formally presents the theory behind the proposed method.

The new method for parameter estimation is applied to obtain the steady-state pa-
rameters and saturation factors of synchronous generators in Chapter 5. Appendix D and
Appendix E have the measurements done on a micro-generator and the data obtained from

a turbo-alternator used in the studies.

In Chapter 6 presents the application of the proposed method to obtain the parame-

ters that govern the transient behaviour of the synchronous machine. Appendix G gives an
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overview of the data acquisition system developed to measure the on-line data and corre-

sponding measurements.

Conclusions and suggestions for further work are given in Chapter 7.



CHAPTER 2

SYNCHRONOUS MACHINE MODEL

2.1 Introduction

The purpose of this chapter is to introduce the most common and well known model
of the synchronous machine. The idea is to define the basic framework over which the pa-
rameter estimation will take place. This is just a summary of the topic that will present all
the required concepts and useful extensions used in the following chapters. For a more
comprehensive understanding of the topic, there are many introductory [25,48-50] and ad-

vanced [18.51,52] references that can be consulted.

2.2 “a-b-c” Frame of Reference

Figure 2-1 shows the model of the synchronous machine most closely related to the
actual physical device. The stator circuits consist of three armature windings carrying al-
ternating currents. The rotor has a field winding on the direct (d) axis connected to a source
of direct current and windings, one on the d axis and two on the quadrature (¢) axis, that

represent the effects of the actual damper windings or the eddy currents in the iron.

Depending upon the nature of the studies involved and the specific physical design,
more amortisseur circuits can be added to the direct and/or the quadrature axes to obtain a

more accurate representation of the machine.
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Figure 2-1: “a-b-¢”” Model of the Synchronous Machine

The assumptions behind this model are [25]:
(a) The armature windings are sinusoidally distributed along the air-gap.

(b) The stator slots cause no appreciable variation of the rotor circuit induct-

ances with rotor position.
(c) Magnetic hysteresis is negligible.

(d) Magnetic saturation effects are neglected.
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Assumption (d) is just for convenience in the analysis. Otherwise, one has to deal

with non-linear coupled circuits. The effects are important and are discussed in section 2.5.

In a general form, the instantaneous terminal voltage v of any winding is given by

a combination of the Ohm and Faraday’s laws [52]

v==ri + (:i—'l 2-1)
4

where r is the winding resistance, A its flux linkage, and i its current.

Then, the equations that relate the circuits of Figure 2-1 can be summarized in a ma-
l

trix form as
[ vd ] ] ’;I iﬂ ] —Aﬂ i | ]
Yo Ty As \TA
v, Il Ac
_________ ) — a — - —
Ve || Talu “E Am|+] O (2-2)
V2q(=0) g by Az 0
qu(: 0) rlq ilq Alq 0
v.,q(= 0) rq L’q_j _Alq_ L 0 i
where the neutral voltage is given by
1 L1 L
V,=v|l|=—(n+L,p)|l 1 1] 2-3)
I 1 1 1]}

(o

1. Throughout these developments and to avoid special considerations, all magnitudes and parame-
ters are assumed to be in per-unit (pu) values. Refer to Appendix C for a note on the adopted per-
unit system.
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The inductance matrix of equation (2-4) is composed of the variable terms ({0))

* Stator self-inductances: L, . Lyp, L.

* Stator mutual inductances: Lgy(= Lp,), Lype (= Lep), Leg (= Lgc);

e Stator to rotor mutual inductances:

Loga (= Lga) Lpga (= Ligp). Legy (= Lgge)s

La2da (= Ladg). Lp2a (= Lagp). Leag (= Lage)s

Lalq (= qua)- Lblq (= qub)v Lclq (= quc);

La2q (= L2qa)’ Lb.?q (= Lqu)' Lc.?q (= L2qc) ’

and the constant terms

* Rotor self-inductances: Ly, Lygoq L 1q1q L2g

¢ Rotor mutual inductances: Lded (= Lded)' L/qzq (= Lquq)'

2q°

The response of the electrical machine can be obtained by solving the matrix equa-

tion (2-2). However, the number of parameters which vary with the angle 6, which in turn
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varies with time, introduces considerable complexity in solving machine and power system
problems. This time-varying feature of the parameters is a major drawback of the model

when considering the parameter estimation probleml.

2.3 “d-q-0” Frame of Reference

The solution of the equations becomes much easier if the armature variables are
transformed to new variables related to a frame of reference fixed to the field system. The
transformation used is usually referred to as the Park transformation [53,54]. The Park
transformation defines a new set of stator variables (currents, voltages, and flux linkages),
obtained from the projection of the three-phase quantities on the direct and quadrature axes
of the rotor, and a third variable corresponding to a stationary axis. The new variables with
the frame of reference attached to the rotor are known as the d and g axis components. The
third variable is proportional to the zero sequence component. This new model is represent-

ed in Figure 2-2.

The properties of the new stator windings are the same as those possessed by a com-

mutator winding in which the current passes between a pair of brushes [18]:
* acurrent in the coil produces a field which is stationary in space;
* avoltage can be induced in the coil by the rotation of the moving element.

Although it is simple and straightforward to derive the equations that represent the
circuit of Figure 2-2 [49], a more rigorous mathematical approach, using the Park transfor-

mation, also offers a direct solution.

I. In fact. there is no reference in the technical literature to any available method that estimates the
parameters of the “a-b-c”” model directly from tests.



armature

Figure 2-2: “d-q-0’’ model of the synchronous machine

The adopted Park transformation is defined asl[48]:

cos(8) cos(@-2r/3) cos(O +2r/3)
P=.2/3 |sin(8) sin(0-27/3) sin(6+27/3) (2-5)
/2 /2 /2

1.

With this particular definition, the transformation P is orthogonal
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Applying the transformation P to the stator variables of equation (2-2) it is possible

to obtain the following set of equations for the direct and quadrature axes:

v, r, 0 0 | olL,,+1,) oL, oL, i] [i]
1
v, 0 0 ry 10 0 0 |li| 3|Au
R Sl S ettt ittt === (2-6)
v, | |~oll.+l,) oL, -0l T, 0 0 i | 9 g
!
v, 0 0 0 E 0 T 0 i, A
|
vy | 0 0 o ! 0 0, |4 | As,
where the fluxes are given by
i Ad ] —Lmd + ln Lmd Lmr! : 0 0 0 T lrl )
1
1
A fd Lmd Lmrl +1 124 Lmd E 0 0 0 i/d
Azd L, L., L., +l,, E 0 0 0 Ly
S Gl e Pttt -- 2-7)
Aq 0 0 0 L, +1, L, q i
1
Ag 0 0 0 i L, L, +1, i i,
I
Az | 0 0 0 v L, L, L, +L, 1,
For the zero sequence the following equation is obtained:
. di,
v, = _(rn + 3';1) L, _(La + 3Ln) (2'8)

ar

The effects of the transformation can now be fully appreciated: the terms of the in-

ductance matrix of equation (2-7) are constants. Using the operator p defined as p=d/dt [1]
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and the corresponding self-inductances (Ly=I[,+L,, Leg=lg+Lig+Lpg; -..), equations

(2-6) and (2-7) can be rewritten in a more compact form as:

(v, ] [rn+Lip Lurp L.p | oL, oL, oL, (i ]
[}
]
Vi L.,p ru+Ly,p L..p E 0 0 0 iy
vld Lmd p Lmd P rzd + Lz,{ P E 0 4] 0 l:d
o I b e -1 @9
v, -wlL, ~wLl_, -wl,_, ! ’a*‘LqP Lmqp L,m,p i
i
V[q 0 0 O E Lmq p rlq + ['lq p Lmq p ilq
t
Va | 0 0 0 T S L..p ra+tLy, plliy,

Equation (2-9) can be represented by two circuits as shown in Figure 2-3 and
Figure 24 for the direct and quadrature axes, respectively. The advantage of these equiva-
lent circuits is that additional damper windings, to account for a more accurate representa-
tion of the rotor, can easily be incorporated in the model with the insertion of parallel

branches to the existing damper windings.

[ P |a |r —Lﬂ—d. -:
| |
MN——— 00
+ 4+ L — — 3
la Crd F2d
Vg Lo lir lim
lea l2q
whq Via + v +
- -+ -
e :

Figure 2-3: Direct axis equivalent circuit



ra L
h
Iq Fiq Faq
Vq
hq I
@Aq Vigq + Vaq +
e - }

Figure 2-4: Quadrature axis equivalent circuit

This feature can also be extended to take into account physical aspects like consid-
ering unequal mutual inductances. It is very common in practice to assume that the mutual
inductances between armature, field and damper windings are equal. Although this gives
good results from the armature point of view [18], it can be the cause of considerable errors
in determining the field current. It has been shown [55] that a more accurate value is ob-
tained if an additional parameter is introduced in the equations to allow the mutual induct-
ance between the field and damper windings to differ from the other two, as it has been

done in Figure 2-3 with the insertion of Lp,.

The components of the circuits showed in Figure 2-3 and Figure 2-4 are known as

the fundamental machine parameters and are summarized in Table 2-1.



Table 2-1: Fundamental Machine Parameters
Constants Definitions

rq Armature resistance

g Armature leakage inductance

Ly Direct axis magnetizing inductance

td Field resistance

I Field leakage inductance

rag4 Direct axis damper resistance

Iy Direct axis damper leakage inductance

Lpy Direct axis field and damper winding leakage inductance

Lyg Quadrature axis magnetizing inductance

Tig Quadrature axis damper resistance

l1q Quadrature axis damper leakage inductance

g Quadrature axis damper resistance

lr4 Quadrature axis damper leakage inductance

2.4 Operational and Standard Parameters

When referring to the parameters of a SM, manufacturers do not offer the basic pa-
rameters identified by the elements of the d and g axis equivalent circuits of Figure 2-3 and
Figure 2-4. Instead. these fundamental parameters are expressed in terms of derived param-
eters more closely related to what can be measured from the terminals of a machine under

suitable test conditions.
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Applying the Laplace transformation to equations (2-6) and (2-7) and solving for

the direct and quadrature flux linkages, the following equations are obtained:

A.(p)=G(p) vu(pP)—L,(p)iy(p)

. 2-10)
A, (p)==-L,(p)i,(p)
with the factors
e Lp): d-axis operational inductance
* L,(p): q-axis operational inductance
* G(p): stator to field transfer function
defined as
L(p) =L, (1+ pTd)(l+p7;_)
(l+pTdo) (l+pTdo)
1+ pT))(1+ pT,
L(p) = ,,( p _q)( p :,)
(1+sT,,)(1+sT,) 2-11)
(a+phe
Lmd r"d
G(p) = -

ru (+pT,)(1+pT,)

The general form of Equations (2-10) is valid for any number of rotor circuits or
even if the rotor is considered as a distributed parameter system. The operational parame-
ters defined in (2-11) are expressed as the ratio of polynomials in p, the order of which will

depend upon the number of rotor circuits considered on each axis.

Under open-circuit conditions, from (2-10), the response is proportional to G(p).
But from the expression for G(p), it is possible to conclude that the terminal voltage will

respond to a change in the field voltage with time constants T,,’ and T,,". Being always
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valid that T,’ is bigger than T,,", they are referred to as the direct axis open-circuit tran-

sient and subtransient time constants respectively.

A similar analysis can be done for the short-circuit case. From (2-10), and assuming
that the field voltage does not change, the currents for each axis will be proportional to the
inverse of the respective operational inductance. The inverse of the direct axis operational
inductance has poles defined by the time constants 7' and T;". Being always true that T,/
is bigger than T,;", they are referred to as the direct axis short-circuit transient and subtran-

sient time constants.

Any response to a sudden perturbation has three well delimited periods defined by
the subtransient and transient time constants. The magnitudes of the responses are modu-

lated by the actual values of the operational parameters.

Applying a unit-step to L 4p), the initial value or direct axis subtransient inductance

can be obtained as:

L, =lim{ L, ()u()} = lim{ pL,(p)~ } = L, 2L e12)
n o p' LT

{4

After the subtransient period, the effect of the damper winding can be neglected, i.e:
all the subtransient terms of L(p) in (2-11) can be ignored. With this simplification, a sim-
ilar analysis gives the direct axis transient inductance:

C : 1 T,
L,,=lm°1{L,,(t)u(t)}= hm{sL,,(p);-} =L,,T—. 2-13)

poe= do

Under steady-state conditions, after the subtransient and transient periods, the direct

axis synchronous inductance can be obtained as:

L =tim{L, () =tim{ pL,(P)—) = L, @19
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An analogous procedure can be used to obtain the corresponding definitions for the
quadrature axis. Table 2-2 summarizes the derived parameters which, together with the ar-
mature resistance and leakage inductance, are the parameters offered by the manufacturer,

better known as the Standard Characteristics.

Table 2-2: Standard Characteristics
Constants Definitions
Ly Direct axis synchronous inductance
Ly Direct axis transient inductance
Ly Direct axis subtransient inductance
L, Quadrature axis synchronous inductance
L, Quadrature axis transient inductance
L,)” Quadrature axis subtransient inductance
T4 Direct axis transient open-circuit time constant
Ty Direct axis transient short-circuit time constant
T4," Direct axis subtransient open-circuit time constant
T, Direct axis subtransient short-circuit time constant
Tyo Quadrature axis transient open-circuit time constant
Ty Quadrature axis transient short-circuit time constant
T Quadrature axis subtransient open-circuit time constant
T Quadrature axis subtransient short-circuit time constant

The standard characteristics are also important because of their direct physical
meaning and the fact that possible numerical ranges can be associated to them, according

to the type of machine and ratings involved [25,48,50]. However, the numerical solution of
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the differential equations requires the knowledge of the circuit parameters. The relationship
between both sets of parameters is not a trivial problem. In fact, until recently [35], there
was no exact solution for this transformation. Presented in Appendix A is a rigorous math-
ematical approach that accounts for an exact equivalence between the circuit parameters
and the standard characteristics, and also the simplified definitions derived from a classical

approach.

2.5 Saturation

Saturation is the physical aspect that makes the model non-linear. Off-line parame-
ter estimation techniques usually avoid the saturation problem, imposing boundary condi-
tions for which the synchronous machine has a linear response. On the other hand, tests
based on on-line data have to be prepared to solve the problem beforehand. There are many
techniques to consider the saturation problem [9,13,14,25,48,56], of which the most com-

mon approach will be presented with some detail [25,48].
To represent the effects of saturation, the following assumptions are made [25]:
(a) The leakage inductances are independent of saturation;
(b) The leakage fluxes do not contribute to the iron saturation;
(c) Saturation under load conditions is the same as under no-load conditions;
(d) There is no magnetic coupling between the direct and quadrature axes.

With the above assumptions, saturation can be represented as:

(2-15)

Lmd =K sd Lmdu
Lmq q Lmqu
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where the sub-index u« stands for the unsaturated values of the mutual inductances.

Assumption (c) means that the degree of saturation on the d axis can be determined
from the open-circuit characteristic (OCC). From Figure 2-5 the following relationship is

valid:

K. = X. = lﬂ w1
“ V. i i, +Ai H_& (2-16)
if"
A Voltage Air-gap line (L)

Vy

Open-Circuit
Characteristic

- - >
It If Field Current

Figure 2-5: Saturation Effects at a Given Operating Point
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Defining the factor [48]:

S, = 217

the final expression for the saturation factor on the d-axis is:

I
1+S,

st

(2-18)

For any practical purposes. it has been found that a good approximation for the fac-

tor S, is given by the exponential:

S, = A, el V) (2-19)

where A, and B, are constants and V_; is the adopted threshold value that defines the limit
where saturation starts. It is worth to mention that comparable results are obtained if the
field current variation A if is approximated with an exponential function similar to

(2-19) [25].

Although it has been stated [48,25] that the errors introduced by the value of the sat-
uration function S, at the threshold point V_, are negligible, a little bit of investigation can

show that this assertion is not necessarily true.

Figure 2-6 plots fifty saturation functions obtained from the saturation curves taken
from [48], for which the threshold value is V_;=0.8 pu. These plots have been obtained us-

ing a linear mutual inductance L,,; of 1.7 pu.
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One way of analysing the problem is through the differences in the field current at
V.4, where it can be observed that the errors can easily reach 5%. A more interesting ap-
proach is to approximate the saturation curve below the assumed threshold value V_;by a
straight line between the origin and the crossing point at V.4 (0.8). In fact, this represents a
redefinition of the linear characteristic L,,4. Figure 2-7 shows a histogram of the errors on

L, that are introduced by saturation when the overall model is supposed to be linear.

The saturation model has to be redefined in order to avoid these problems.

Figure 2-8 offers a schematic of the solution.

v,

Figure 2-8: New Saturation Function

Given the values of saturation for two voltages V; and V, and knowing the voltage
V.4, below which saturation is considered nil, it is possible to redefine saturation as per ex-

pression (2-20):
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— By(V Vo)
S:d - Ade

¢ Aef N 5 V2V, 2-20)
d =
0 V<V,

where V4 is any adopted value. Then, saturation is defined when the set of constants
{A4B4. V-4 V,4} are known. The value of V used in the exponential function can be consid-
ered to be a function only of the direct axis air-gap flux linkages A 44 or computed as a

function of the total air-gap flux linkage 4,4, [57] as

2 2
A= \/ AnGa +A’AGq
’l,\cd = Lmd(id +i fd +’?d) 221
A’AG{] = l1nq (lq +ilq +i2q)

Saturation for the quadrature axis is obtained in a similar way. For salient pole ma-
chines though, the saturation factor K, is usually considered equal to 1.0, due to the fact

that the path for the flux is largely in air.

Although it has been found (see Appendix SC of [19]) that different saturation
curves, similar to the OCC, can be obtained according to the level of the active power in-
volved, saturation will be considered to be independent of the active power, as per

equation (2-20).
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2.6 Steady-State Analysis

In steady-state, the currents are constant and the damper windings can be ignored

in the analysis. With these considerations, equations (2-9) can be simplified as follows:

v, r, 0 Ewl,, iy
1
vyl=1 O ra + 0 |lig 2-22)
SO B D PR |
v, | ol -oL,! ||,

2.6.1 Phasor Diagrams

Using the inverse of the Park transformation (2-5), the instantaneous voltage of

phase "a" can be solved in terms of the "dq" components as:

v, = J'z/_3 (vd cos(@) +v, cos(O)) (2-23)

where by definition 8 = @t + & + /2.

Substituting the direct and quadrature axis voltages from (2-22) in (2-23) and con-
sidering the definitions given in Table 2-3 [48], it is possible to obtain, after some manip-
ulation, the following phasor equation:

— -

E=V+I‘a +jXq1q+de Id (2'24)

Equation (2-24)) can be summarized in the phasor diagram of Figure 2-9. In the
case of a round rotor machine, where a generally accepted assumption is Xy = X4 the dia-

gram is just a simplified version of Figure 2-9.
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Figure 2-9: Phasor Diagram of a Salient Pole Machine
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2.6.2 Power Diagram

From the diagram of Figure 2-9 it is easy to prove the geometric relationships
shown in the phasor diagram of Figure 2-10 [58], where the resistive component has been

neglected.

Figure 2-10: Extended Phasor Diagram

The complex output power of a synchronous machine is given by

S=VI =P+ jQ=VI(cosp+ jsing) 225)



42

Multiplying the voltage vectors of Figure 2-10 by the magnitude V/X,, the voltage
diagram is transformed to a power diagram, where the point S will verify the relationship
given in (2-25) for the complex power. This new diagram is conceptually very important
because it offers a graphical image of the operating limits of the generator [58,59], as

shown in Figure 2-11.

A Operating Limits
Q a-b: maximum field current
b-e: maximum armature current
c-d: maximum prime mover output
e-f: stability limit

b

lagging power factor and
overexcited region

leading power factor and P
underexcited region

f

Figure 2-11: Operating Chart of a Synchronous Generator

From Figure 2-10, the terms Icos¢ and Isin¢ can be obtained as functions of E, V,
X4 X4 and 8. When these values are substituted in the complex equation (2-25), the follow-

ing well known relationships can be verified:
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EVsind Visin2s( 1 1
P= + -
X, 2 qu X,
2 2 2 (z-m)
o EVeoss vV Viind)[ 1 1
X, X, 2 qu X,

2.6.3 PQYV Steady-State Solution

It is a common practice to specify the steady-state operating point of a synchronous
machine as a function of some of the terminal quantities. Normally the active and reactive

power together with the terminal voltage (P,Q and V) are the variables specified.
The rest of the variables are determined as follows.
* The terminal current [/ is obtained from the expression of the power (S=VI).

e The power factor angle ¢ is obtained from the equation for the power given

in (2-25).

* If saturation is considered and it is evaluated as a function of the total air-
gap flux as in expression (2-21), the iterative process described below can

be avoided, obtaining the factor S, directly from (2-20).

* The load angle & is obtained from the following relationship derived from

the phasor diagram of Figure 2-9:



X, [ cos¢ —rising
V+ricosg+ X,,Isin¢

(&-27)

tand =

The remaining machine quantities are obtained from the definitions given

in Table 2-3 and considering the following expression from Figure 2-9:
E=V,+rl, - X 1, (2-28)
If saturation is not evaluated as a function of the total air-gap flux as in
expression (2-21), an iterative process can be established.
(a) Assume no saturation (Kg=K,,=1).

(b) With these saturation factors, all the machine quantities can be

obtained as explained in the previous steps.

(c) Obtain the fluxes for the new axis currents using the simplified ver-

sion of equations (2-7) for the steady-state case.

(d) Get the new saturation factors for these fluxes using (2-20) and

(2-18).

(e) Repeat from step (b) until the differences in the currents are negligi-

ble.
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2.7 Transient-State Analysis

The full equations (2-9) have to be considered in this case. Using matrix notation,

these equations can be rewritten in a compact form as:

di
v=—Ri-LZ @-29)
dt
Solving for the currents,
i _ Japi_Lt'y (2-30)
dr

which can be recognized in the state variable form as:

i}E=A1H-Bu=f(x,u,t) 2-31)

dt

2.7.1 Integration of the Transient Equations

The integration of (2-31) gives:

‘n+]
x@,..)=x¢,)+ f(x,u,r) dt 232

In

Different numerical integration methods can be defined according to the way the in-
tegral part is approximated. The trapezoidal rule [60], which is extensively used to solve

electromagnetic transient problems in power systems [61,62], takes the form:
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h,
X X, +_2- f(xn 9un9tn)+f(xn+|9un+|9t,.+]) 2-33)

where #,, is the step size. Substituting the expression for the currents (2-30) and after some

processing, the following expression is obtained:

-1
d.
irH»l = hiLnH +Rn+l Lm-l (712_in + dlt" ) - vm»l (2.34)

n

If saturation is taken into consideration, an iterative approach, similar to that shown
in section 2.6.3 but adapted for this particular case, should be followed. In terms of com-
putation this is a very intensive process. Saturation affects the matrices R and L, which in
turn, have to be re-evaluated in order to get the new currents that define new saturation fac-

tors and so on.
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CHAPTER 3

ARTIFICIAL NEURAL NETWORKS

3.1 Introduction

Artificial Neural Networks (ANNs), represent an emerging technology rooted in
many disciplines. Work on ANNs has been motivated right from its inception by the rec-
ognition that the brain computes in an entirely different way from the conventional digital

computer. It would be desirable to have a tool that, like the brain, could be:
* Robust and fault tolerant;
* Flexible enough to adapt and learmn from the environment;

* Areliable instrument while dealing with probabilistic, noisy or inconsistent

information;
* Highly parallel;
* Small and compact.

To some extent, ANNs already share these features [63]. Moreover, this is the main
reason to account for so many successful applications in different disciplines over the last
few years, as in the hyphenation of words, sonar target recognition, car navigation, image

compression, signal prediction and forecasting, speech and character recognition [63,64].

This chapter offers a brief introduction to the topic, specifically to multilayer per-

ceptrons, discussing with some detail the training method known as backpropagation as
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well as some extensions or alternative approaches that have been used during the develop-

ment of this work.

3.2 Model

The ANN field has been largely motivated by the possibility of modelling networks
of real neurons in the brain. From a neurophysiological point of view though, the models
are extremely simplified and it would be misleading to think that the models offer an actual
representation of the brain. However, they are an important and very valuable tool for un-
derstanding the internal complexity of the brain and for gaining insight into the principles

of biological computation.

3.2.1 Neuron Model

Figure 3-1 shows a schematic drawing of a nerve cell and the counterpart model
used for ANNs [63,64]. Arborescent ramifications of nerve fiber called dendrites, receiving
ends of the cell, are connected to the cell body or soma. Extending from the cell body is a
single long fiber called the axon, which also arborizes into the transmitting ends called syn-
apses. The synapses form junctions with dendrites of other neurons forming a massive net-
work of 10! neurons [64]. This explains, in an oversimplified way, how information can

be transmitted among neurons.

The ANN neuron model evokes this concept, as it can also be seen in Figure 3-1.
Input signals are internally weighted, added and shifted with an appropriate bias. A trans-

formation is applied to the result, which in tum is passed along as input for other neurons.
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Figure 3-1: Schematic Drawings of a Neuron and the ANN Neuron Model

Being more specific in the functional details of the neuron model, three basic ele-

ments can be identified:

(a) A set of connecting links characterized each by a weight. Each input signal

to a specific connecting link is affected by its weight.
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(b) An adder for summing the input signals and the neuron’s own bias. The
bias has the effect of applying an affine transformation to all the input sig-

nals.

(c) An activation function. In general, the main purpose of the activation func-
tion is to introduce a non-linearity to the model and to limit the permissible
amplitude range of the output signal. Good examples of activation func-
tions that have output ranges between [0,1] and [-1,1] are the logistic func-

tion and the hyperbolic tangent function as shown in equation (3-1).

fl)=—— ; flo)== @3-1)
1+ae e +e”

However, it is important to consider that, in general, the shape of the func-
tions has more impact on the speed of the learning process than on the ulti-

mate power of the network [65].

It is worth noting that the model of the neuron presented here constitutes, by itself,
the simplest form of an ANN. It can be used for the classification of a special type of pat-
terns said to be linearly separable i.e., patterns that lie on opposite sides of a hyperplane.
This interesting property, whose proof is better known as the Perceptron Convergence The-
orem, gives an insight on how the association of several units into a more complex struc-

ture, can become a powerful pattern classifier.

3.2.2 Artificial Neural Network Model

The model that will be presented is the muitilayer feedforward network. It consists
of a set of neurons that are arranged into two or more layers: input layer, hidden layers and

an output layer. A generic multilayer feedforward network is presented in Figure 3-2
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Figure 3-2: Structure of a Feedforward ANN

The neurons of the input layer do not perform any computation. They could be
named identity neurons: the inputs to the network are the outputs of these neurons. For this

reason, some authors do not consider the inputs as an actual layer of neurons.

The amount of hidden layers, in theory, is unlimited. However, one hidden layer is
usually enough for most engineering problems, and two hidden layers cover the vast ma-
jority of them [65]. For example, the Exclusive OR (XOR) problem, a case of non linearly
separable patterns that cannot be solved by a single perceplronl [63], only one hidden layer

with two neurons is required.

1. The XOR problem is very important for historical reasons because it was used to put in doubt the
computational capabilities of not only the perceptron but neural networks in general [66].




3.3 Learning Algorithms

In order to define a learning process, it is necessary to define a function to measure

the errors. The most common cost function choice is the quadratic function:
1 2 1 ,
E=— —0;) == D € -
S (~0) == e 3-2)

where t; is the expected target for neuron i.

This equation can be expanded for the generic feedforward neural network of

Figure 3-2:

E

1
= i J k l

Expression (3-3) is a continuous differentiable function of every weight. so. a gra-
dient descent algorithm can be used to learn appropriate weights. The partial derivatives
against the weight of an output layer neuron are given by:

oE dE Jde, do, On,

dw, de, o, Om, Ow, (3-4)
z(ti _Oi)(_l) f'(ni) 0, =-4, 0; ; o, =(ti —Oi)f'(ni)

if i

When considering hidden layers, it can be seen that each neuron of the following
layer offers a path for a specific weight to propagate to the output and, eventually, make a
contribution to the overall error. Following the notation of Figure 3-2, each contribution

will be given by:
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Then, the gradient will be:
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Equations (3-4) and (3-6) offer the same compact formula to evaluate the gradient.
The only difference is given in the way that the quantity 8 is evaluated. Equation (3-6) is

valid for all but the output layer, for which equation (3-4) is a particular case.

3.3.1 Backpropagation

With the knowledge of the partial derivatives, the weights of any neuron of the net-

work can be updated using the gradient descent rule:
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where the parameter 1 is called the leaming rate.

This way of updating the weights is better known as the backpropagation algorithm
[67]. This is just another name for the gradient descent algorithm, but of great practical im-

portance in the form of the resulting update rules.

There are many problems associated with the backpropagation algorithm. One is
the selection of the appropriate learning rate which can be influential in getting a very slow
convergence rate or wild oscillations for small or big 1. One of the solutions has been to
add a momentum term, which gives each of the weights some inertia in the direction that
they tend to change. This avoids oscillations and enforces changes in the direction of the
average path to a minimum. This modification to the updating rule can be seen in equation

(3-8), where a is the momentum parameter.

+a Aw,t) 3-8)
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The selection of the learning rate M can be a problem by itself. Furthermore, an ex-
cellent selection at one moment of the training process can give a poor performance later
on. This problem can be solved by adapting the learning rate itself along the training proc-

ess according to its performance [64]:



55

cn—>AE<0
n=n+An ; An= (3-9)
—-c,N—>AE>0

where ¢; and ¢, are the increasing and decreasing factors respectively.

This rule can easily be combined with the previous one, zeroing the momentum fac-

tor whenever the learning rate is decreasing due to a bad step.

Either one of the improvements just mentioned, or certainly a combination of both,

are a powerful and effective addition to the original algorithm.

3.3.2 Conjugate Gradient Algorithms

The steepest descent method updates the weights minimizing the error along a line
in the gradient direction. After the line minimization, the new gradient direction is perpen-
dicular to the old direction, and the method approaches the minimum following a zigzag
path. The main reason for this is that the new directions will not necessarily keep the gra-
dient perpendicular to the old directions, and this is responsible for the poor performance

of the method.

The condition on a new search direction to avoid spoiling the previous minimiza-
tion is that the new direction should keep the gradient perpendicular to the previous direc-
tion. Two directions that have this property are said to be conjugate. Then, the new
direction should be a compromise between the gradient direction and the previous search

direction, as stated in the following equation:
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Dt +1)=-VE(@ +1)+ B D(r) (3-10)
An appropriate selection of the factor § will make this procedure a conjugate gradi-

ent method. The Polak-Ribiere rule [68] defines this factor as being:

B_cwu+n-vanyVEa+n
- VE(t) e VE(t)
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where “o* denotes the scalar or dot product of the vectors. In fact, this will keep track of

the directions, making the series mutually conjugate.

In general, conjugate gradient methods are an order of magnitude faster than the

backpropagation algorithms [69].

3.3.3 Levenberg-Marquardt

The minimization of equation (3-2) is a nonlinear least-squares problem. For a

training set of N number of presentations, it can be rewritten as:

1
E=5R’R 312

where the superscript “r”” denotes the transposed vector. R is the vector formed with the out-

puts of the neural network:
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The first and second derivatives against the weights (gradient and Hessian matrix,

respectively) can be obtained as:

VE = €,; Ve,, i
—J'R : J = aen.:
ow,,
- "] 314
VZE =H= z(ven.i : Ven.i’ + en.i : Vzen.i)
=J'J+S ; S =Zen.i -Vee,,

ni
where, the Jacobian matrix J and the matrix S which carries the second order information

of V2E have been defined. The quadratic model of the cost function around a set of weights
W, is:

E=E, +VE,-W-W,)}+—(W-W,)- H,-(v -W,) 319
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Differentiating (3-15), solving for the weights, and substituting the results from

(3-14), the following expression is obtained:

W =W, H'VE,
l 3-16)
=W, -7, +5,] SR,

This equation, used iteratively, is better known as the Newton's method. The main
problem associated with this method is that it requires the second derivatives and, unless

the departure point is close to the solution. it is numerically unstable [70].
An alternative approach comes from using the affine model of R around W,:

R=R,+J,W-W,) G-17)

Since (3-17) is an over determined system of linear equations, the logical way to
proceed is to choose the next iterate W, as the solution of the linear least-squares problem

[70], given by

w=w,-(s'J,]'JR, 318)

Tne method that uses (3-18) at each iteration is called the Gauss-Newton method
where it can be seen that the only difference with the Newton method is given by the omis-
sion of the §, matrix. The success of this method will be associated to the importance of

this omission, having at most, the same convergency properties as the Newton method.

Of the many variants of the Gauss-Newton method. the most successful is the one

that chooses the next set of weights by a trust region approach or, alternatively, that accepts
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or discards a new set of weights according to its performance measured by the cost func-

tion. With these restrictions, the solution of (3-17) is

W=W,-(J s, +ul]'J'R, 319

This solution is known as the Levenberg-Marquardt method. In this procedure [68],
every time a new set of records is accepted, u is decreased by a constant factor. On the con-
trary, u is increased if the set is rejected, and (3-19) is re-evaluated to obtain a new set
which in tumn, will be accepted or rejected by the same rules. The importance of the method
is that it bounces between the Gauss-Newton method for small values of w, and the gradient
descent method when u is large. The method is robust and very efficient [71]. However,
depending upon the size of the ANN and amount of training samples. memory requirements

can make it impractical for many applications.

3.4 Generalization

Generalization is the property that most of the practical applications of the ANNs
try to take advantage of. Whenever a neural network is trained to recognize a rule (R), there
is a universe (U) of possible input-output mappings, some of which will form part of the
rule. After being trained using a training set (T) that is representative of the rule, a valida-
tion set (V) can be used to measure the performance of the neural network, i.e., its ability
to generalize can be tested. This concept is illustrated in Figure 3-3 [64]. The network only
knows about the training set, not the validation set or the rule. If the ANN is trainable, all
the possible generalizations (G1, G2 and G3) will cover the training set. Performance over

the training and validation sets measures memorization and generalization, respectively.
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Figure 3-3: Rule Extraction and Generalization

[t is interesting to gain some insight into the problem of how many possible gener-
alizations can be obtained. Given a neural network with N input bits and one output bit,
there are 2N possible input presentations each of which might have either output value.
Then there are 2°" possible mappings. Training the network with P distinct input presen-

-pP

. . LN . . .
tations, only P out of 2N entries of the truth table, leaves 2 mappings consistent with

the training set. Realistic numbers like N=30 and P=1000 give 2'°" generalizations.

This incredible amount of possibilities is the main problem to overcome on any
ANN application: how to ensure that the generalizations of the neural network will be the
ones with a good overall performance. The answer lies in the nature of the rules that are
specified. The information required to specify an arbitrary rule on N bits is 2V bits. but M
bits is enough to represent any reasonable rule, for some small k [64]. Also, the represen-
tation of most arbitrary rules would require an exponentially large number of hidden units,

which is a practical limitation.

Some work has been done in order to obtain quantitative estimates of generaliza-

tion, such as the average number of alternative generalization of a training set, the proba-
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bility that the trained network will generate the right output for any input, or a measure of

the worst case scenario.

One of the most important theoretical results about feedforward networks is that
only one hidden layer is enough to approximate any continuous function [66], better known
as the universal approximation theorem. Further work has been able to quantify the ability
of the network to generalize to new data as a function of general factors like size of the
training set, amount of hidden units, number of inputs and the target function itself; which
in turn can lead to an optimization of the amount of hidden neurons. This is an existence
theorem that has limited practical value though. In fact, the approximation becomes more

manageable using an ANN with two hidden layers [63].

When considering the size of the training set for a valid generalization, a useful re-
sult has been obtained for the case of a neural network containing a single hidden layer and
used as a binary classifier. Its simplified expression {63] is given by:

w

N>— 3-20)
£

where N is the required amount of samples used to train the network, W is the number of
weights and the factor £/2 is the maximum error permitted on the training set. This expres-
sion offers a worst case limit, therefore there can be a huge gap between this limit and what

is actually required in practice, where the size is usually smaller.

As it can be seen, the theoretical background for a successful generalization lacks
of a solid basis to give or generate specific rules to follow. The solution is a practical ap-
proach where the rules are based in cumulative experience in the field, hints from theoret-

ical results, and the experience and common sense of the user.
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Figure 3-4: Good Fit and Overfitting of Noisy Data

For example, when dealing with the amount of hidden neurons, experience learned
from statistics and curve-fitting indicates that too many hidden units can result in an over-
fitting of the training set due to the amount of free parameters. This situation is represented
in Figure 3-4 where the effects of the overfitting can lead the ANN to learn certain specif-

ics, like noise, not necessarily part of the pattern.

Nevertheless, this problem can be detected and avoided with the use of an adequate
validation set in a technique called cross-validation, also borrowed from statistics. The idea
is to check the error over the validation set while training the neural network. This concept
is illustrated in Figure 3-5, where one complete presentation of the entire training set during
the learning process is called an epoch. The first application of this technique is to tune the
intermal complexity of the ANN. But it can also be applied to determine when the training
of a network should stop, to define the actual size of the training set or even inserted into

the learning algorithm to define the learning rate according to the performance.
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Figure 3-5: Cross-validation
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Having said this, it is clear that any new engineering application of ANN represents

both a challenge and a learning experience where the developer plays, in general, an impor-

tant role in the success of the application.



CHAPTER 4

PROPOSED METHOD

4.1 Introduction

This chapter presents a new method for synchronous machines parameter estima-
tion. The method is based on a pattern recognition approach, where the generalization prop-
erties of the ANNs play a fundamental role. Implementation details and particulars are left

for the next two chapters where some case studies are presented

4.2 System Identification and Pattern Recognition
At this point, it is worth to clarify some general concepts related to system identifi-

cation and pattern recognition, as they are useful to understand the relationships with pa-

rameter estimation in view of this work.

4.2.1 System Identification

Parameter estimation is commonly accepted as a fundamental step of the system

identification process as shown in Figure 4-1 [72].
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Figure 4-1: System Identification Steps

As it can be seen, system identification is a much broader concept that can be con-
sidered as dual to that of controlling a system [73]: a system can be controlled only if it is
identified. The concept includes systems where it may not be possible to write mathemati-
cal equations that accurately describe the processes of interest. In general, in system iden-
tification problems or inverse problems, as they are also called, fundamental properties of
a system are to be determined from observed behaviour of the system. The underlying
theme is the relationship between the internal structure of a system and the observed output.

The hidden features of the system are to be extracted from the experimental data.
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4.2.2 Pattern Recognition

The problem of pattern recognition usually denotes the classification and/or de-
scription of a set of processes or events [74]. Figure 4-2 [75] offers a schematic of the steps

involved in the pattern recognition process.

Experiment
input output
—P{ Physical System |
——{pp| Measurement Space
-- -p-h;si- el laws """ "' SRR
al:‘:o?vll:;(g,: —P Featurl Selection
Labeled Pattern | Pattern Space
Error . Decision Rule or
Detector Pattern Classification
Decision Rule Derivation class
new Decision Rule or class

pattern ——®|paytern Classification[——

Recognition

Figure 4-2: Steps Involved in the Pattern Recognition Process
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Once all the required data is obtained, the development of a decision rule and using
it are the two main stages of the pattern recognition process. While developing a decision
rule, feature selection or preprocessing and pattern classification are the main aspects to
consider. Feature selection is the process by which measurement characteristics are de-

scribed by a set of numbers that become components of the pattern space.

Indeed, the goal is to reduce the dimensionality of the measurement space, which
can also be considered a pattern space, extracting the unique characteristics of the problem.
Finally, a decision rule must be derived in order to correctly classify the patterns. This is a
learning process that, in the most simplified version, involves only feedback over the deci-
sion rule in order to reduce the classification errors. In general, the feedback will transcend
this limit up to the feature selection phase, and could even reach the experimental stage, if

the measurements are incomplete.

When applying this concept to the parameter estimation problem the classes are the
possible sets of parameters. Therefore, the classification takes place over a continuous do-
main. Although this does not contradict any principle or premise of pattern recognition, its
usage does not seem to be common in practice where the classification usually takes place

over a discrete set of classes.

The similarities of the schematic of Figure 4-2 with any application of ANNSs are
remarkable. Actually, an ANN can be thought of as nothing but a highly complex tool for
pattern recognition, where the feature extraction and decision rule are embedded into the
structure of the neural network. There is abundant literature on the usage of ANN for pat-

tern recognition purposes [76,77].
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4.3 Parameter Estimation as a Pattern Recognition Problem

Synchronous machine parameter estimation can be considered as a pattern recogni-
tion problem. In this sense, it is useful to understand the direct and inverse problems in-

volved in dealing with the SM model.

One SM under different operating conditions will have a unique response deter-
mined by its physical characteristics. Alternatively, a SM model provided with appropriate
parameters and all the required variables to solve the mathematical equations (boundary
conditions) can be used to estimate the behaviour of the physical system. How good the es-
timation is will depend on the accuracy of the model, its parameters, and the boundary con-

ditions. A picture of the direct problem is represented in Figure 4-3.

Physical System
inputs ————P SM — outputs
measured Maodel
boundary
conditions 1
estimated

SM ‘ P behavior
estimated f
parameters

Figure 4-3: Direct Problem
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It is possible to think, at least in theory, on the existence of an inverse model that
when given the behaviour of the synchronous generator and the boundary conditions, could
extract the fundamental characteristics of the model. Furthermore, for a fixed set of bound-
ary conditions, the behaviour of the SM can be thought as a pattern that uniquely identifies
its characteristics, i.e., the SM parameters. Then, given the pattern, it should be possible to

obtain the parameters as shown at the bottom of Figure 4-4.

Physical System
inputs SM outputs
Measurements
Inverse Model " 7
CONC 'tiom
estimated .
parameters Inverse Model behavior
Pattern Recognition
estimated Pattern behavior or
parameters D Classification EEE pattern

Figure 4-4: Inverse Problem
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To explore the parameter estimation problem with a pattern recognition approach is

the central idea behind this work

4.4 Proposed Method

Figure 4-5 presents the different stages involved in the new method, explained in

more detail in the following sub-sections

4.4.1 Data Acquisition Stage

(a) A priori knowledge. The data acquisition stage is a phase where all the field
measurements take place. Basically, the main input is given by the previous
knowledge about the problem. As a physical device, the generator has
restrictions under which it should be operated. The restrictions are imposed
both by its intemmal design as well as by system requirements. Indeed, it is
not acceptable to impose any operating conditions on a synchronous
machine without having an accurate idea of the outcome. Then, the previ-

ous knowledge restricts the amount of inputs.

(b) Inputs and Owtputs. The Inputs are the actual boundary conditions that are
imposed. These can be actual variables on the machine, like field or arma-
ture voltages among others, or external events to the synchronous machine

like perturbations on the system to which the generator is subjected.
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Figure 4-5: Stages of the Proposed Estimation Method
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The Outputs are the results of fixing these variables or the consequences of
the external events on the synchronous generator. How the synchronous
generator reacts to specific inputs can be considered as being the outputs of

the model.

In terms of measurable variables, there is no distinction between inputs
and outputs. In fact, what can be considered as an input for one test, can be

the output of another one.

(c) Measurement Space. In essence, the measurement space is formed with the
values of all the variables measured during the experiment. This should
include the quantities that have been defined as essential to be able to pro-
ceed with the method at the learning and estimation stages, as well as the
ones that will allow validation studies to be performed on the estimated

parameters.

4.4.2 Learning Stage

(a) Boundary Conditions. The measurements are the main input from the pre-
vious stage. In this sense, some preprocessing may be required to transform
the raw values from the field in order to obtain adequate boundary condi-
tions. Acceptable boundary conditions are those that can be used to solve
the differential equations or mathematical model presented in Chapter 2,
like the time varying voltages from transient conditions or PQV

steady-state conditions.

It is important to note that the boundary conditions are fixed as a result
of the experimental stage. In this sense, it is also reasonable to think that

previous studies will result in requirements on these boundary conditions
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that certainly will affect what is done on the field or in the experimental
phase. This means that the estimation stage, probably for most cases, will
be previously simulated in order to define the acceptable boundary condi-
tions. All these studies will result in a prion knowledge that is actually an

input of the previous stage.

(b) SM Parameters. Another input, local to this stage, is the previous knowl-
edge about the parameters of the synchronous machine that will, in turn, be
used to generate a pool of possible SM parameters. The goal here is to gen-
erate a population of possible SMs, expecting that the actual SM will be
included within the boundaries of this population. The parameters offered
by the manufacturer should be considered, in most cases, as a good starting
point. Other possibilities are the machine characteristics based on design,
size, etc. A simple way to proceed is to delimit a possible range of variation
for those parameters, and randomly generate sets of parameters within

those ranges.

(c) SM Model. Once the sets of possible parameters and the set of boundary
conditions have been defined, the equations of the SM can be solved in a
conventional way. It should be noted that each set of parameters has to be
used for each boundary condition or vice-versa. Depending upon the size
of these variables, this step can be very intensive in terms of computation

and should receive appropriate consideration.

(d) Labeled SM Patterns. From the solution of the machine model, vanables
can be extracted to form a pattern that will be representative of the behav-

iour of that particular set of parameters under different operating condi-
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tions. To be more specific, each set of parameters or SM j, wiil have a sub-

pattern for each set of boundary conditions i of the form:

Bj=[pl.ij =t Py PNi,,jI 4-1)

where p are the variables used to form the pattern and N; is the number of

variables used to form part of the pattern for this particular boundary con-

dition.

If all the boundary conditions are considered, SM j will have a pattern

given by:

P[P, --- B -.. Bj]’ 4-2)

J J b

where / is the amount of boundary conditions.

When all the possible machines are considered, all the patterns can be

represented using matrix notation as:

A R, R,
p=lp ... p . Bl<|A P P |l @3

BI_ Plj _PIJ d]
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In this stage, the sets of parameters or SMs that gave origin to the pat-
terns (4-3) are known. Using the same notation, each pattern j will have a

corresponding SMj:

sM=|sm, ... sM, - sm,] (4-4)

/

Finally, (4-3) and (4-4) can be combined to form the matrix of labeled
SM patterns LP:

[ [sm ] .. ISM,_; - Ism,]”
B, F; F,
SM . . .
LP= = 4-5
Pl |] || |n “s
L _P“J _Pl/'_ _Pu_ ]

(e) ANN and Learning Algorithm. Once all the patterns have been obtained,
the goal is to use them to teach an ANN how to recognize the patterns and
identify them with the corresponding set of parameters that represent each

pattern.

Any leaming algorithm from the ones presented in Chapter 3 can be
used to train the ANN. In a very conventional way, the set of parameters
obtained from the ANN will be compared to the parameters from the
labeled pattern in order to get an error and so on. An alternative approach
can consider a function of the parameters, like using them to form a new
pattern under the same boundary conditions and just comparing the pat-

tems.
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After each iteration of the leaming process, a tentative set of parameters
can be obtained. Information of the actual generator can be used to check
the validity of these parameters and determine which is the best set of
parameters. In the end, the output of the training stage is a trained ANN
that is able to produce a set of SM parameters when fed by a SM pattern

with an acceptable error.

4.4.3 Estimation Stage

(a) SM Partern. The pattern for the actual SM should be obtained using the
field measurements. Some preprocessing may be required in order to make

this pattern similar to that of expression (4-2), for a generic machine j.

(b) ANN and Validation. The trained network from the previous stage is fed
with the pattern of the actual SM to obtain the parameters. In order to
accept the parameters, proper validation studies on the estimated parame-
ters are a necessary and very important final step. Eventually, more studies
may be required which will materialize in proper adjustments into the

learning stage.

4.4.4 Implementation

The method has been exposed in a general manner being open to many variants.
Trying to define specific rules for the actual implementation can result in a very frustrating

task due to the explosion on the amount of possible solutions.
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Details of the approach followed here will be fully addressed in the next two chap-
ters that are devoted to the practical implementation of the method to obtain the steady-state

and dynamic parameters of synchronous generators.
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CHAPTER S

STEADY-STATE ANALYSIS

5.1 Introduction

This chapter accounts for the practical application of the proposed method to esti-
mate the parameters of the SM responsible for its steady-state behaviour. The method will
be applied to both a salient pole micro-alternator and a round rotor turbo-generator. Two
studies will be presented for each type of SM corresponding to the cases when the load an-
gle is considered a variable of the pattern or not. This chapter, as well as the next one. make

use of all the theoretical background presented in the previous chapters.

5.2 Pattern Formation

In principle, any point in the capability region is a potential candidate to form part
of the pattern that represents a specific machine. Considering a linear model, it is intuitive
that having the points spread as much as possible within the capability range. will ensure
to have a good representation for the pattem. In addition, the minimum amount of points

required is, at least, the amount of parameters to be determined.

In theory, the extension of the analysis to consider saturation is straightforward if
there are no restrictions on the amount of points that can be incorporated into the patterns.

In practical terms though, the amount of inputs to the ANN should be kept under control,
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in which case, the requirements on the points that will be part of the pattern increase sub-

stantially.

Figure 5-1 and Figure 5-2 plot the different levels of saturation, showed as percent-

age (out of one) for the direct and quadrature axis for the data given in Table 5-1.

Table 5-1:Typical SM Data
Parameter "d" axis "q" axis
l, 0.1550 0.1550
L, 1.8580 1.7620
A 0.0719 0.2583
B 5.8312 2.8352
V. 0.6356 0.4574
V, 0.8000 0.6000
08—
70.27
0.6 .0.25
0.23
a2 0.4pr
o 0.21
g
§ 0.2 .0.19
§ ob—0:17
0.15
0.2+
0.13
0.4 .
1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Active Power - pu

Figure 5-1: Direct Axis Saturation (1-Ksd)
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Figure 5-2: Quadrature Axis Saturation (1-Ksq)

From the figures it can be seen saturation has a strong correlation with the reactive
power. Then, patterns formed with points that have a bigger variance over the reactive pow-
er component will carry much more information about the saturation characteristics of the

SM. This observation is valid for both the direct and quadrature axes.

5.3 Case Study: Salient Pole Micro-Generator

Experimental studies have been carried out on a micro-generator with the ratings

given in Table 5-2.



Table 5-2: Micro-Generator Ratings

Characteristics Values
Power 3.0KVA
Voltage 220V
Power Factor 0.8
Speed 1800 rpm
No. of poles 4
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The set up for the tests as well as the measured data is contained in Appendix D.

The operating points are summarized in Figure 5-3.
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Figure 5-3: Operating Points



5.3.1 General Procedure and Pattern Formation

Table 5-3 shows some of the measured points of Appendix D selected to conduct

the estimation studies. According to their usage, the points have been grouped as Training

and Validation points

Table 5-3: Training and Validation Points

PQYV Operating Points

Groups
P(pu) V(pu) Point No (refer to Appendix D)
~0.87 ~1.00 25 29 34 38 40 43 46 48 49
TGroup
~0.65 ~1.00 115120 124 129 133 136 140 142 144
VGroupl & ~0.87 ~1.00 24 28 32 36 39 42 45 47 49
VGroup2 ~0.65 | ~1.00 117 122 126 131 134 139 141 143 (45
~0.87 ~0.95 2 4 710 13 16 19 20 21
~0.87 ~1.05 53 56 61 64 68 70 74 76 77 78
VGroup?2
~0.65 ~0.95 80 83 88 93 97 100 104 107 109 110
~0.65 ~1.05 | 148152156161 165169172176 178 180 181 182

The operating points specified in the Training Group TGroup will be used to gen-

erate the training set for the ANN. This means that the pattern of the actual SM will be

formed by variables extracted from these operating points.

A population of possible SMs can be generated by imposing random variations

within a specified range of a predetermined root set of parameters, as it is specified in

Table 5-4.
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Table 5-4: Root Set of Parameters and Ranges
Parameter Root Value 2 Rangeb
L4 2.0000 L,,40+20%
Lyg 1.3000 L, go%+20%

L 0.1100 1,+40%
S14€ 0.0600 S 140%40%
S24 0.1800 S240+20%
Vad 0.6000 Vido
Vod 0.8000 Vodo
Siq 0.0000 Sqlo
S24 0.0000 Sq20

r, 0.0167 Tao
Ig,° 1.2077 (A) Ipvo

a. Values are in pu unless otherwise specified.

b. Variables with the final sub-index “o" refer to the
root value.

c. §,4,and Sy, are the values of the saturation func-

tion S, specified for a voltage Vof 1.0 and 1.2 pu
respectively.
d. lfm, is the field current that in absence of satura-

tion would produce a rated open circuit terminal
voltage.

Each SM generated in this way will have a set of boundary conditions (BCs) asso-
ciated with it. These BCs can, eventually, be the same for all the SMs, in which case the set
is given by the PQV values of each of the operating points selected as part of the TGroup.
Alternatively, variations can be imposed to these base values to generate a unique set of

BCs for each SM. Table 5-5 shows the variations used during the studies.



Table 5-5: Boundary Conditions and Ranges

TGroup Points Variable Range
P; P,;+0.05 pu
Point "j" = {P;,Qp;, Vo } Q; Q,j+0.05 pu
V; Vio
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Once a set of BCs is defined, the model of the SM can be evaluated for that specific

set of SM parameters and all the BCs. Only the field current (Ip), load angle (3), active pow-

er (P), and reactive power (Q) will be considered as the possible variables to form part of

the pattern, and different subcases will be contemplated according to which variables are

used to form the pattern

When this is extended over the whole set of generated SMs, a training set for the

ANN is obtained, like the one specified in equation (4-3) of the previous chapter. The pat-

tern that characterizes the actual SM under consideration has to be formed with the corre-

sponding variables extracted from the TGroup points from Table 5-3. The target set to train

the ANN is given by the parameters of each of the generated SMs, in the form specified in

equation (4-4).

Table 5-6: Consideration of Noise

Variables Noise
If +0.5% of Ifnv
+0.5 degrees
+0.0025 pu

+0.0025 pu
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The magnitudes obtained from the measurements are a combination of the actual
signal under consideration, noise, and errors from the instruments involved in the tests. To
consider these adverse effects into the studies, the variables that form the pattern are affect-

ed by noise, as per Table 5-6.

It is possible to define different training sets for the cases when the load angle d is
considered a variable of the pattern or not, with the characteristics defined in Table 5-7. The
structures of the ANNSs for each of the previous cases are specified in Table 5-8. The learmn-
ing algorithm used to train the ANNs is the backpropagation method with adaptive learning
rate and momentum, as presented in section 3.3.1, using the parameters specified in
Table 5-9. Also, five training tries corresponding to different initial sets of weights will be

shown..

Table 5-7: Training Sets Characteristics
Case
Attribute
If3PQ IfPQ
No. of SMs 2500
No. of BCs 18
Variables per BC I,8,P,Q I, P,Q
Targets per SM Lo Lings lar Sar- Saz
Table 5-8: ANNs Characteristics
Case
Attribute
If6PQ IfPQ
No. Inputs 72 54
No. Hidden 1 18
No. Hidden 2 5
No. Outputs 5
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Table 5-9: Training Parameters

Parameter Value Parameter Value
0.012 Ci 1.05
a 0.90 Cd 0.70

a. Iniual value.

After each epoch of the ANN training process, a presentation of the pattern corre-
sponding to the actual machine will generate a set of parameters. When these parameters
are evaluated for the BCs of a Validation Group of points, it is possible to quantify the per-
formance of each set of parameters by comparing the calculated and measured variables. In
order to analyse the importance of the validation group, two validation sets will be consid-
ered as specified in Table 5-3: one restricted to the same capability region of the TGroup,
Validation Group | (VGroupl), and another covering a wider range of possible operating

conditions, Validation Group 2 (VGroup2).

The variables that can be used to measure the errors are both the field current and
the load angle. Given a set of parameters and the BCs of all the points that form a group, it
is possible to form a pattern with the load angle and the field current obtained for each BC.
The errors are defined as the differences between the measured pattern (PM) and the gen-
erated pattern (PG). Because of the different units involved, the errors are defined as fol-

lows. After epoch £, the errors in the currents are expressed as percentage as:

[ pgiy, _
pmi,

El, =[PGI, - PMI]/PMI 100 [%]=| P g"%m,- ~1 100 [%] (5-1)

Pgi/v,./ |
pmiy |
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where “./" denotes the quotients of the individual elements; pgi and pmi are the current
components of the generated and measured patterns, respectively; and NV, is the number of

components of the pattern. The load angle errors are given by the differences as:

[ pgd,, — pmé, ]

ES, = [PGS,‘ - PM6 ] [degrees] =| pgd,, — pmdS, |[degrees] (5-2)

_pg‘s/v,,k - P”"SN, J

where the notation is similar to that used for equation (5-1).

Once the errors are obtained, it is possible to analyse the performance of each set of
parameters by calculating the mean value (Mean), the standard deviation (StD), and the

maximum value (Max) of the error by defining the following performance indexes:

Perfl, =|Mean(El )|+ StD(EI,)+ Max(|EI,|)
(5-3)
Perf8, =|Mean(ES, )|+ StD(ES, ) + Max(|ES . |)

These definitions have proven to be a very simple and effective way of obtaining a perform-
ance index that allows the comparisof of different set of parameters: the best set of param-
eters will have its performance index closer to zero (0.0). Furthermore, when both the field
current and load angle are compared simultaneously, a unified performance index can be

obtained as the arithmetic sum of the individual performance indexes as:

Perf, = Perfld, = Perfl, + Perfd, (5-4)
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5.3.2 IfdPQ Case

The training set defined in Table 5-7 is used to train the ANN defined in Table 5-8

for this specific case. The ANN is trained for five different initializations.

The error through the training process for Try 3 against the points from VGroupl is

plotted in Figure 5-4 and Figure S-5 for the field current and load angle, respectively.

The best performance from each training process measured over the VGroupl is
summarized in Table 5-10 and the corresponding parameters are given in Table 5-11. Gen-
eralization can be tested by measuring the performance of the previous sets of parameters
over the extended VGroup?2 as it is done in Table 5-12. The errors generated by the param-
eters with the best performance index (Try 3) are plotted as functions of the voltages and

active power in Figure 5-6 and Figure 5-7.

The improvements in the selection of the parameters using the VGroup2 can be seen
in Table 5-13 and the corresponding sets of parameters in Table 5-14. The results are plot-

ted in Figure 5-8 and Figure 5-9.

[t can be said then that using the variables {IfSPQ} as components of the patterns,
it is possible to obtain the parameters of the SM. Furthermore, using only a restricted set of
points to make the selection, the parameters will have an excellent overall performance.
When the performances of using VGroupl (Table 5-12) and VGroup2 (Table 5-13) are
compared, the gain of using an extended set of validation points to select the parameters is

only marginal.
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Figure 5-4: Field Current Error for Try 3 Using VGroupl
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Figure 5-5: Load Angle Error for Try 3 Using Vgroupl
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Table 5-10: Best Performances Using VGroupl

If Error (%) 8 Error (degrees)
Try | Epoch Perf
Mean | StD | Max | Mean StD Max
I 34 6.849 0.17 | 068 | 1.11 | -0.16 1.42 3.30
2 103 7.908 072 | 068 | 1.64 | -0.21 1.41 3.24
3 106 6.780 0.07 | 0.67 | 1.18 | -0.22 141 3.23
4 90 6.813 004 | 068 | 1.30 | -0.36 1.40 3.03
5 45 6.782 0.18 | 0.70 | 1.22 | -0.61 1.39 2.68
Table 5-11: Best Performance Parameters Using VGroupl
Try Lmg Lng I Ag By

1 2.1600 1.4635 0.1116 0.0228 5.1830

2 2.1701 1.4628 0.1093 0.0323 4.4900

3 2.1476 1.4624 0.1094 0.0338 4.3660

4 2.1450 1.4462 0.1169 0.0267 49150

5 2.1584 1.4329 0.1150 0.0271 4.6868

Table 5-12: Performance Over VGroup2 with Parameters From VGroupl

Ty ) Cl:) r:pl . c!:ri r:pz If Error (%) 8 Error (degrees)
Mean | StD Max | Mean StD Max
l 6.849 8896 | -020| 1.17 | 288 | -0.01l 1.33 3.30
2 7.908 8.420 035 | 115 | 230 | 006 | 132 | 324
3 6.780 8906 |-030| 1.11 | 288 | 007 | 1.32 | 323
4 6.813 9056 | 032 L.13 | 305 | -021 | 1.31 3.03
5 6.782 8924 - | 020 | 1.21 | 308 | 047 | 1.29 | 268
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Figure 5-6: Errors for P~0.66 pu Using VGroupl
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Figure 5-7: Errors for P~0.87 pu Using VGroup1
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Table 5-13: Best Performances Using VGroup2

If Error (%) 8 Error (degrees)
Try { Epoch Perf
Mean | StD | Max | Mean StD Max
I 35 8615 | 006 | 1.19 | 2.64 0.03 1.33 3.36
2 103 8420 | 035 | 1.15 | 230 | -0.06 1.32 3.24
3 106 8906 | -0.30 | L.11 | 2.88 | -0.07 1.32 3.23
4 129 8465 | 005 | 1.16 | 2.72 | -0.24 1.31 2.99
5 46 8789 | 047 | 126 | 2.58 | -0.36 1.29 2.83
Table 5-14: Best Performance Parameters Using VGroup2
Try L Ling I, Ay By
1 2.1680 1.4664 0.1113 0.0230 5.1763
2 2.1701 1.4628 0.1093 0.0323 4.4900
3 2.1476 1.4624 0.1094 0.0338 4.3660
4 2.1549 1.4427 0.1187 0.0277 4.8331
5 2.1788 1.4384 0.1161 0.0268 4.7269
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5.3.3 IfPQ Case

In this case, the training set without the load angle from Table 5-7 and correspond-
ing ANN structure from Table 5-8 are used. The evolution of field current errors through

the training process, for try 1, are plotted in Figure 5-10.

Taking into account only the currents to quantify the performances over the
VGroupl, it is possible to select the best set of parameters for each try, as shown in
Table 5-15 and Table 5-16. In order to check the behaviour of the angles, Table 5-15 also
shows the overall performance including the effects of the angles. Generalization can be
tested by measuring the performance of the previous sets of parameters over the extended

VGroup2 as it is done in Table 5-17. The errors are shown in Figure 5-11 and Figure 5-12.

Using the VGroup2 to make the selection of the best parameters generates the re-
sults summarized in Table 5-18 and Table 5-19. The corresponding errors are plotted in

Figure 5-13 and Figure 5-14.

The results obtained in Figure 5-11 and Figure 5-12 can be considered as excellent.
When compared with the results obtained using an extended validation set in Figure 5-13
and Figure 5-14, the marginal improvement in the field currents is lost in the load angles.
What comes as a surprise is that the results are comparable to the ones obtained using the

load angle 8 as part of the patterns.
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Figure 5-10: Field Current Error for Try 1 Using VGroupl
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Table 5-15: Best Performances Using VGroupl

If Error (%) 8 Error (degrees)

Try | Epoch Perfl - Perf

Mean | StD | Max Mean StD Max
1 434 1.870 008 | 0.67 | 1.11 6.954 0.05 1.44 3.60
2 45 3.309 054 | 091 | 1.85 11.960 -2.36 1.43 4.86
3 114 3.564 008 | 096 | 2.52 13.227 -2.71 1.47 5.48
4 516 1.960 0.15 | 064 | 1.17 7.973 0.42 1.48 4.12
5 60 3.559 0.56 | 097 | 2.03 13.088 -2.67 146 | 5.40




Table 5-16: Best Performance Parameters Using VGroupl

Try Lmd Ling Iy Ag By

| 2.1566 1.4749 0.1133 0.0190 5.6605
2 2.1868 1.3345 0.1122 0.0275 4.8657
3 2.1746 1.3129 0.1142 0.0264 49194
4 2.1302 1.4931 0.1184 0.0372 4.2290
5 2.1912 1.3164 0.1131 0.0271 4.8656
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Table 5-17: Performance Over VGroup2 Using Parameters From VGroupl

oy . (;_i’ r:-pl y CE; f) r:pz If Error (%) 8 Error (degrees)
Mean | StD | Max | Mean StD Max
| 6.954 9.503 | -0.28 | 1.15 | 291 0.21 1.36 3.60
2 11.960 14.189 0.13 | 143 | 4.10 -2.26 1.31 4.96
3 13.227 16.261 034 | 147 | 4.85 -2.62 1.35 5.63
4 7.973 9.952 -0.21 | 1.03 2.60 0.59 1.41 4.12
5 13.088 15.473 0.14 1.50 | 4.38 -2.58 1.35 5.54
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Figure 5-11: Errors for P~0.66 pu Using VGroupl
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Table 5-18: Best Performances Using VGroup2

If Error (%) 8 Error (degrees)

Try | Epoch Perfl Perf

Mean | StD | Max Mean StD Max
1 556 3.868 000 | 1.18 | 2.68 8.893 0.15 1.35 3.52
2 992 3.899 049 | I.11 | 2.30 9.692 0.46 1.39 3.94
3 55 6.028 042 | 1.51 | 4.09 15.295 -2.51 1.34 5.42
4 430 3.500 000 | 1.06 | 2.43 9.657 0.60 1.42 4.14
5 670 5.180 1.02 | 1.13 | 3.03 12.379 1.02 1.49 4.69

Table 5-19: Best Performance Parameters Using VGroup2

Try Lind Lig Iy By

l 2.1673 1.4731 0.1118 0.0198 5.5597
2 2.1543 1.4892 0.1145 0.0517 3.4285
3 2.2017 1.3198 0.1132 0.0256 4.9970
4 2.1414 1.4949 0.1177 0.0334 4.4451
5 2.1761 1.5286 0.1097 0.0454 3.6998
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5.4 Case Study: Round Rotor Generator

100

The Lambton generator extensively studied in the EPRI Report EL-1424 [31] will

be used to apply the method to a round rotor SM. The ratings of the generator are:

Appendix E contains details of the measurements obtained

Figure 5-15 displays the points in a PQ graphic.

Table 5-20: Turbogenerator Ratings

Characteristic Values
Power: 555 MVA
Voltage: 240KV
Power Factor: 0.9
Speed: 3600 rpm
No. of poles: 2

from the report.

Active Power (pu)
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5.4.1 General Procedure and Pattern Formation

The procedure is similar to what has already been explained in section 5.3.1 for the
salient pole micro-alternator. Table 5-21 shows the points selected from the report [31] to

conduct the estimation studies.

Table 5-21: Training and Validation Points
PQYV Operating Points
Groups
P(pu) Point No (refer to Appendix E)

~0.72 460 476 490 507 523 532 543 548 568
TGroup

~091 599617 700 714 731 736 761 778 801
VGroupl & ~0.72 | 443451 468 479 495 515 525 538 545 555 562 566
VGroup2 ~091 | 600609 623 695 706 721 744 753 763 770 785 807

~0.20 28 45 53 73 87 90104 118 125 140
VGroup2 ~0.38 170 177 189 191 215 225 233 245 255 259 268 271

~0.55 305 309 327 344 356 370 374 382390 411

A population of possible SMs can be generated by imposing random variations

within a specified range to the values of a root set, as it is specified in Table 5-22.

The set of BCs associated with each SM is based on variations of the original points

from the Training Group, as specified in Table 5-23.



Table 5-22: Root Set of Parameters and Ranges

Parameter Root Value? Range®
Lynq 1.8100 Lypdo®10%
L,, 0.0000 90-100%L,,,
ly 0.1600 Lox10%
S;4€ 0.1400 S1d0*25%
S2d 0.5500 S>40+10%
Va 0.6000 Vodo
Vod 0.8000 Vodo
Siq 0.0000 100-300%S ;4
S24 0.0000 100-170%S5,
Vyq 0.4000 Vego
Voq 0.6000 Vogo
Ta 0.0001 a0
Ig,° 1310(A) Lo

a. Values are in pu unless otherwise specified.
b. Variables with the final sub-index o™ refer to the root

value.

c. §;4and §», are the values of the saturation function Sy
specified for a voltage V of 1.0 and 1.2 pu respectively.
d. Iﬁw is the field current that in absence of saturation would

produce a rated open circuit terminal voltage.

Table 5-23: Boundary Conditions and Ranges

TGroup Points

Variable Range

Point

.] = {Poijojvvoj }

P,;+0.05 pu

Q,20.05 pu

jo
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Evaluating the model of the SM for each set of parameters and BCs, and consider-
ing that the variables are affected by noise, as specified in Table 5-24, it is possible to form
a training set with the characteristics specified in Table 5-25. The ANNSs structures for each

case are specified in Table 5-26.

Table 5-24: Consideration of Noise
Variables Noise
If +0.5% of Ifnv
+0.5 degrees
+0.0025 pu
+0.0025 pu
Table 5-25: Training Sets Characteristics
Case
Attribute
If3PQ IfPQ
No. of SMs 2500
No. of BCs 18
Variables per BC I.8,P,Q I, P, Q
Targets per SM Lyd: Ling. las Sar- Saz2. Sq1- Sq2

Table 5-26: ANNs Characteristics
Case
Attribute
IfOPQ IfPQ

No. Inputs 72 54
No. Hidden 1 18

No. Hidden 2 7

No. Outputs 7




104

5.4.2 If6PQ Case

The ANN with the structure specified in Table 5-26 is trained with the correspond-

ing training set for this specific case as per Table 5-25.

The errors through the training process for try 4 are plotted in Figure 5-16 and

Figure 5-17 for the field current and load angle respectively.

The best performance from each training process measured over the VGroupl is
summarized in Table 5-27 and Table 5-28. Generalization can be tested by measuring the
performance of the previous sets of parameters over the extended VGroup2, as is done in
Table 5-29. The errors as a function of the active and reactive power are shown in

Figure 5-18.

The best performances using VGroup2 can be seen in Table 5-30 and the corre-

sponding parameters are in Table 5-31. The errors are plotted in Figure 5-19.

A closer look at Figure 5-18 shows that the performance of the obtained parameters,
using VGroupl, is excellent for the active powers of ~0.91pu, ~0.72pu, and ~0.55pu. When
VGroup2 is used, Figure 5-19 clearly shows an overall improvement where the perform-
ance for an active power of ~0.37pu can now also be considered as very good. Obviously,
this points out more to a defect in the adopted saturation model, as pointed out in
section 2.5, than to a problem with the method itself. It seems very difficult to obtain one
set of parameters that will fit the model to cover all the capability region with negligible

€ITOors.
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Figure 5-16: Field Current Error for Try 4 Using VGroupl
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Figure 5-17: Load Angle Error for Try 4 Using VGroupl



Table 5-27: Best Performances Using VGroupl
If Error (%) 8 Error (degrees)

Try ;| Epoch Perf

Mean | StD | Max | Mean StD Max
1 103 4812 | -1.05| 0.39 | 1.75 0.25 0.47 0.90
2 20 4.350 0.67 | 049 | 1.62 0.00 0.45 1.11
3 91 9969 | -1.02} 053 | 2.14 | -2.26 0.73 3.29
4 533 3.689 004 043 | 0.85 | -046 0.60 1.31
5 27 6.732 | -1.53 | 0.35 | 2.17 | -0.60 0.69 1.39
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Table 5-28: Best Performance Parameters Using VGroupl

Try Lnd Limg I, Ay By Aq Bq

I 1.8484 1.8484 0.1609 0.0564 5.8169 1.1154 0.7610
2 1.9191 1.7823 0.1527 0.0557 5.8527 0.2671 2.2844
3 1.8708 1.7340 0.1660 0.0507 6.0734 0.5248 1.6150
4 1.8859 1.7806 0.1706 0.0484 6.1999 1.1726 0.7238
5 1.8534 1.8180 0.1662 0.0392 6.7274 0.1894 3.1841

Table 5-29: Performance Over VGroup2 with Parameters From VGroupl

Try . (; Zrlfpl y cl;r f) rgpz If Error (%) d Error (degrees)
Mean | StD | Max [ Mean StD Max
1 4.812 12.096 008 | 198 | 497 | -0.58 1.11 3.37
2 4.350 12.955 124 | 1.69 | 5.21 -0.74 0.94 3.13
3 9.969 17.321 -0.22 | 213 | 485 | -2.77 1.39 5.96
4 3.689 13.535 054 | 1.90 | 449 | -1.21 1.23 4.17
5 6.732 12.004 083 | 1.75 | 422 | -1.20 0.85 3.15
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Figure 5-18: Errors Using VGroup1

Table 5-30: Best Performances Using VGroup2

If Error (%) d Error (degrees)

Try | Epoch Perf
Mean | StD Max Mean StD Max

I 102 11.850 | -0.10 | 2.01 | 4.93 -0.47 1.10 3.24

157 11311 | 030} 1.65 | 363 | -1.63 0.87 3.23

203 17.200 | -0.27 | 2.17 | 4.83 -2.76 1.34 5.83

13462 | 0.54 | 190 | 442 | -1.21 1.23 4.16

Wil ) WM
wn
W
o0

27 12004 | -0.83 | 1.75 | 4.22 | -1.20 0.85 3.15
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Table 5-31: Best Performance Parameters Using VGroup2

Try | Lpg Long I Ag By Aq B,
1 1.8388 | 1.8388 | 0.1614 | 0.0559 | 5.8362 | 1.1315 | 0.7377
2 1.9244 | 1.8275 | 0.1614 | 0.0405 | 6.5734 | 0.1300 | 4.0866
3 1.8592 | 1.7397 | 0.1701 | 0.0508 | 6.0892 | 0.4907 | 1.7270
4 1.8878 | 1.7782 | 0.1716 | 0.0472 | 6.2661 | 1.1855 | 0.7151
5 1.8534 | 1.8180 | 0.1662 | 0.0392 | 6.7274 | 0.1894 | 3.1841

Error: IF(%),Power Angle(degrees)

P-02(x),0.37(0),0.55(+),0.72(").0.91(.) IF(-} Angle(..)

-

-0.1 0

0.1 02

Reactive Power (pu)

0.3 04

05

Figure 5-19: Errors Using VGroup2



109

54.3 IfPQ Case

Using the specific training set for this case from Table 5-25 the corresponding ANN
from Table 5-26 is trained five times for different initializations. The field current errors

during the training process for Try 4 are plotted in Figure 5-20.

The best performances and corresponding parameters are summarized in
Table 5-32 and Table 5-33. Generalization over the VGroup2 is shown in Table 5-34 and

the overall errors are plotted in Figure 5-21.

Using the VGroup2 to select the best set of parameters yields the results shown in
Table 5-35 and Table 5-36. Figure 5-22 plots the overall errors with the set obtained for
Try 2.

The results shown in Figure 5-21 and Figure 5-22 point to the same conclusion for-
mulated for the case that includes the load angle. Excellent results are obtained for the ac-
tive powers of ~0.55pu, ~0.72pu, and ~0.91pu. When the extended VGroup?2 is used, the
results obtained for values of the active power of ~0.37pu, and even the ones of ~0.2pu, can
also be considered very good. But it seems very difficult to attain an appropriate fit of the

model to accommodate all ranges.

What should draw the attention again is the fact that the omission of the load angle

in the patterns provides comparable results to the case that includes it in the studies.
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Figure 5-20: Field Current Error for Try 4 Using VGroupl

Table 5-32: Best Performances Using VGroup1
If Error (%) d Error (degrees)

Try | Epoch Perfl Perf

Mean | StD | Max Mean StDh Max
1 10 2260 | -049 | 046 | 1.31 5.131 0.34 0.65 1.88
2 285 1.642 | -0.09 | 047 | 1.07 8.304 -2.64 0.50 3.52
3 224 1.336 | -0.12 | 040 | 0.82 4.108 -0.71 0.55 1.51
4 479 1.131 000 | 040 | 0.73 5.039 -1.31 0.45 2.15
5 74 3312 | -108 | 045 | 1.79 7.337 -1.21 0.78 2.03
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Table 5-33: Best Performance Parameters Using VGroupl

Try Lg Ling I, Ay By Aq B,

1 1.8877 1.7678 0.1611 0.0415 6.5317 0.1726 2.9674
2 1.8972 1.7633 0.1737 0.0469 6.2871 0.2124 3.2732
3 1.8921 1.7950 0.1676 0.0452 6.3331 0.2211 2.8545
4 1.8750 1.7603 0.1702 0.0616 5.5878 0.2658 2.5635
5 1.8851 1.8022 | 0.1610 0.0392 6.6679 0.1474 3.7601

Table 5-34: Performance Over VGroup2 Using Parameters From VGroupl

To . é,:; rﬁpl . é,r Z ’sz If Error (%) 8 Error (degrees)
Mean | StD | Max | Mean Sth Max
1 5.131 8835 | 004 | 157 | 3.53 | -0.39 0.89 241
2 8.304 16.072 034 | 205 | 456 | -299 0.98 5.15
3 4.108 11.754 031 | 1.74 | 404 | -1.33 0.87 347
4 5.039 15.443 089 | 198 | 547 | -1.88 0.97 4.26
5 7.337 12648 | -060 | 1.68 | 4.25 | -1.72 0.84 3.55
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Figure 5-21: Errors Using VGroupl

Table 5-35: Best Performances Using VGroup2

If Error (%) d Error (degrees)

Try | Epoch Perfl Perf

Mean | StD | Max Mean StD Max
[ 10 5.143 -004 | 1.57 | 3.53 8.835 -0.39 0.89 2.41
2 36 5.137 0.10 | 1.57 | 3.47 9.671 -0.99 0.88 2.66
3 18 5220 |{-0.53 | 1.40 | 3.30 11.283 0.79 1.26 4.01
4 196 5.289 003 ] 1.65 | 3.6l 11.278 -1.82 0.91 3.26
5 74 6.540 | -060 | 1.68 | 4.25 12.648 -1.72 0.84 3.55
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Table 5-36: Best Performance Parameters Using VGroup2

T[’y Lmd Lmq la Ad Bd Aq Bq
I 1.8877 1.7678 0.1611 0.0415 6.5317 0.1726 2.9674
2 1.9052 1.8301 0.1614 0.0406 6.5690 0.1410 3.7470
3 1.8640 1.8264 0.1727 0.0330 7.0920 0.0970 4.0592
4 1.9057 1.8197 0.1620 0.0422 6.4764 0.1103 4.4799
5 1.8851 1.8022 0.1610 0.0392 6.6679 0.1474 3.7601
P-~0.2(x),0.37(0).0.55(+).0.72("),0.91(.} IF(-} Angie(..)
4 — T v T T
3 -
g
£°
&t
3+
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Figure 5-22: Errors Using VGroup2
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5.5 Results Summary

The proposed method has been successfully applied to the estimation of the param-

eters responsible for the steady-state behaviour of both a salient pole and a round rotor gen-

erator.
The results can be summarized as follows:

* It is possible to estimate a set of parameters using either a restricted or

extended set of validation points.

e The obtained parameters can be applied to a wide range of operating condi-

tions.

* It is possible to estimate the parameters omitting the information of the
load angle of the patterns. Considering that, in practical terms, the rotor
position is the most difficult variable to obtain, this result is a remarkable

side effect of the application of the method.
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CHAPTER 6

TRANSIENT STATE ANALYSIS

6.1 Introduction

This chapter accounts for the practical application of the proposed method to esti-
mate the parameters of the SM responsible for its transient state behaviour. An experimen-
tal study with on-line data from a a micro-alternator will validate the method for salient
pole machines. Data obtained from a simulation study of a turbo-generator will be used to

confirm that the method can also be applied to round rotor machines.

6.2 Boundary Conditions and Pattern Formation

The perturbations that have been used as boundary conditions to measure the tran-
sient parameters of a SM can be grouped as field perturbations [14] and system perturba-
tions [78].

6.2.1 Field Perturbations

Field perturbations consist of a sudden change applied to the voltage reference of
the SM, forcing the excitation system to change the field voltage in order to attain the de-

sired output voltage. From a practical point of view this kind of perturbation is very appeal-
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ing because it is one of the less intrusive tests that, in general, can actually be performed in

a power system, and it is extensively used for control purposes.

From the circuit model of Figure 2-3 and Figure 2-4 it is clear that such a perturba-
tion, initiated in the field winding with a sudden change on vy, propagates through a restrict-
ed circuit path to affect the mutual inductance L,,; and terminal conditions. The changes
generated in the d axis mutual flux linkages as well as the changes induced in the system
will propagate to the quadrature axis and so on. It is reasonable and intuitive to expect that

the initial perturbation will be limited by the direct axis characteristics.

From expressions (2-6) and (2-7), the armature voltages can be expressed as func-

tions of the flux linkages as:

v, (p) =-wA (p)— pA,(p) 1)
v,(p)= wA,(p)- pA,(p)
where the armature resistance has been neglected. If the expressions for the flux linkages
given in equations (2-10) are substituted in (6-1), it is possible to obtain the following ex-

pressions for the currents:

pv.(p)-awv,(p)  G(p)
L +)  L(p)
av,(p)+ pv,(p)
L(p)p* + )

id(P)z' V[(p)

(6-2)

i,(p)=

From the expression for i4(p) in equations (6-2), it can be observed that the initial pertur-
bation applied to vydoes not have a direct effect on the g axis. Changes in the speed @ and
the feedback from the system, through corresponding changes in the armature voltages, are

responsible for exciting the quadrature axis dynamics of the SM.

To further understand the propagation of the perturbation, it is important to analyse

the term that affects the field voltage vfin (6-2). It is possible to think of a similar test in



117

which the SM is attached to an infinite bus where voltages and speed remain constant dur-
ing the experiment. Under these ideal conditions and from equations (6-2), the changes in

the currents will be given by:

/
I+ p-=3L)
. G(p) md £
Ai,(p)= Av, (p) = - —Av . (p)
L P T A ety P &3)
Ai,(p)=0

The direct axis response due to a unit-step applied to the field voltage can be expanded as

follows:

. A B C
A, (p)=K| —+ : + -
p UT,+p UT,+p

K= Lmd T2d=r2d
Ldrfd [Zd (6‘4)
Tzd_| Tl_d_[
. T.
A=l ; B= L ; C=—%—
_L i
T, T,

Considering that T,; and T,” are of the same order of magnitude and that
T;'>>T,", itis expected that the absolute values of B and C will tend to be close to 1 and

O respectively, i.e.:

|B|=1 (B =-1.0055)

5
Cc|=|-1-B]=0 (C = 0.0055) (6-5)
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where, as an example, the adjusted parameters shown in Table 1-1 have been used to get

the numerical values.

Then. the subtransient effects are negligible and the response is fully governed by
the direct axis short circuit time constant 7;". Also, from the expression for K in (6-4), no
information conceming the value of the direct axis transient or subtransient reactance can

be extracted.

In an actual test, voltages and speed will change as a reaction to the initial pertur-
bation. These variables, that depend on uncontrollable factors like the system dynamics and
shaft inertia, are the only ones capable of fully exciting the SM dynamics, as it can be seen
in the terms that include the operational inductances L (p) and Ly(p)in (6-2). However, this
is probably to expect too much from the test because speed changes are slow in nature due
to their mechanical origin and a well behaved system will have a tendency to further damp
the original perturbation. To expect something else is, most probably, to have to deal with
a very serious problem, like stability, SSR, etc., which makes this test impracticable in the

first place.

A similar numerical example to that shown in Chapter 1, section 1.2.1, can further
illustrate the overall problem. To avoid the SSR effects of the benchmark model [6], the
series capacitance of the line has been embedded into the line inductance to produce a sin-
gle impedance. Also, to allow for a change in the voltage reference, an [EEE type SCRX
(solid state) exciter model provided by the EMTDC simulation package is used [79]. The
goal 1s to check how sensitive are the responses to changes in the subtransient parameters
of the SM. The parameters are taken from the adjusted set of Table -1, and the subtransient
parameters are varied according to Table 6-1. The perturbation consists in a 5% increase in

the reference voltage.

After an initial simulation with the original set of parameters is run (case 0), a

boundary condition for this perturbation can be defined using the phase and field voltages,
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and the rotor speed and angle. Once this boundary condition is fixed, the SM model can be

solved for each set of parameters specified for each case.

Table 6-1: Variations in the Transient and Subtransient Parameters
Cases® Ly [pu) Ty [s] L, [pu] Tyo" [s]

oP 0.217 0.022 0.254 0.074
1 0.175 0.018 = =
2 0.247 0.018 = =
3 0.175 = = =
4 0.247 = = =
5 = = 0.217 0.020
6 = = = 0.020
7 = = 0.217 =
8 = = = =

a. Cas;. 0 is just the original data. The symbol ‘=" means that the original data is
used.

b. The field resistance ry, is obtained using the parameters from case 0 and assum-
ing a mutual inductance L>4r=0.049pu.

As itis shown in Figure 6-1, cases 1 through 4 induce changes in the direct axis cur-
rents. Changes in T,," (18%) generate insignificant variations and the ones in L;" (33%)
are also negligible. The cases that affect the quadrature axis currents are presented in
Figure 6-2. Here, the responses to changes in the subtransient inductance L," (15%) are in-
significant and although the variations can be associated to the changes in T4" (73%), their

overall importance is also negligible.
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[t can be concluded that although the subtransient parameters contribute to the over-
all SM response, their participation is embedded in such a form that it is not possible to de-
tect their actual influence. Moreover, this participation can jeopardize any attempt to

extract reliable information of the transient characteristics.

A SM parameter estimation method based on a field perturbation has been reported
in a very well known and praised work [14]. The previous discussion presents a very seri-
ous objection to the foundation of the method itself and it is a surprise that the authors, and
discussers, failed to point out the limitations of the proposed method. The most that can be
said of the dynamic parameters obtained with such a method is that they represent the be-
haviour of that SM for this particular kind of perturbation and the specific system configu-

ration at the moment of the tests.

6.2.2 System Perturbations

System perturbations are sudden changes in the system to which the SM is connect-
ed that, eventually, affect the SM. An extreme case is a short circuit that can even be, al-

though unlikely, at the SM terminals.

Using the same equations (6-2) and assuming that during the disturbance the field

voltage and speed remain constant, the increments of the currents are given by:

pAv,(p) —wAv, (p)
L‘,,(p)(p2 +w2)
wAv,(p)+ pAv,(p)
L,(p)p* +0*)

Ai,(p)=
(6-6)

Ai (p) =

These equations are nothing but the very well known starting point for the short-circuit

analysis [18] where v (p) and v4(p) are substituted by steps of magnitudes equal to the neg-
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ative of the steady-state values. It is clear that a reasonable perturbation will excite the

whole dynamics of the SM embedded in the L (p) and Ly(p) terms.

6.2.3 Pattern Formation

When a perturbation is defined through its boundary conditions (phase and field
voltages, and rotor position and speed) the SM behaviour depends entirely on its electric
parameters, i.e., different SMs will react differently to the same boundary conditions, and
the information about the parameters is embedded in the SM currents that follow the per-

turbation. So, the SM pattern is represented by these currents.

Unlike the steady-state case, boundary conditions and responses are defined over
the continuous domain. The first natural digital transformation occurs during the measure-
ment phase. In theory, all the measured points could be used to form part of the pattern,
which will translate in an unrealistic amount of inputs to the ANN. In practical terms, using
points that define the general shape of the waves can be enough. In this sense, more points
will be necessary at the very beginning of the perturbation, in order to fuily represent the

subtransient and transient periods.

6.3 Data Acquisition System

In order to measure the instantaneous signals following transient perturbations, the
author of this work has developed a data acquisition software using a Digital Signal Proc-
essor (DSP) Board [80,81) which is based on the TMS320C30 DSP [82]. The software has
been optimized using both the Assembler and C programming languages [83,84].
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The system is capable of sampling nine analog inputs simuitaneously at a frequency
of 5 kHz. The general description of the developed software is given in Appendix F, section
F.2. The data acquisition software has been extensively used and has also been of crucial

importance for the practical developments of other works [85-87].

6.4 Case Study: Salient Pole Micro-Generator

The same micro-generator, for which the steady-state parameters have already been
estimated in Chapter 5, will be used to estimate the transient state characteristics. The rat-
ings and manufacturer’s parameters of the micro-alternator under consideration are speci-

fied in Table D-1 and Table D-2 respectively.

The steady-state parameters estimated in section 5.3, from Try 2 of Table 5-14
(Lymg» Lyyg 1o Ag and By), as well as the defined constants used in the estimation process
(V.4 and V,,), in combination with the measured variables (r,, rrand I,,) are considered as

fixed in the following studies. The corresponding values are presented in Table 6-2.

Table 6-2: Steady-State Parameters and Measurements?
Parameter Value Parameter Value
Lya 2.1701 Ay 0.0323
Lmg 1.4628 By 4.4900
la 0.1093 Ve 0.6
Ta 0.0167180 Vod 0.8
e 0.0098452 5 [A] 1.2077

a. Values are in pu unless otherwise specified.
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6.4.1 General Procedure and Pattern Formation

Table 6-3 shows the measured boundary conditions presented in section F.3 of Ap-
pendix F used to generate the Training Group (TGroup) and Validation Group (VGroup).
Unlike the steady-state case, in transient conditions it is not possible to associate a Bound-
ary Condition (BC) to a unique operating point. Rather, each BC is defined by the sequence
of samples taken when the perturbation takes place. In this specific case, 15000 samples are
recorded during a total sampling period of three seconds, that starts a few milliseconds pre-

vious to the insertion of the perturbation.

Table 6-3: Training and Validation Points

Groups Perturbations Sampling Period Sampling Rate
TGroup LDINI1O
3.0 secs 200 usecs
VGroup LDING67

The variables measured on each perturbation capable of defining a BC are those
that. for a given set of parameters of the SM, allow to solve the differential equations of the
SM model. These variables are the phase and ficld voltages and rotor position and speed.
In this sense, the TGroup will be used to generate the training set for the ANN. The pattern
of the actual SM under consideration corresponding to each group, will be extracted from

measured variables in the respective group.

A population of possible SMs can be generated by imposing random variations to
the transient parameters, within a specified and appropriate range [25], as is shown in

Table 6-4.

Each SM generated in this way can be evaluated for the BC defined by the TGroup.

In this way, each SM will have associated with it a pattern determined by a set of variables
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and samples derived from the solution of the differential equations. The axis currents iy and

i and the field current i will be the only variables used to generate the pattern.

Table 6-4: Transient Parameters Range

Parameter Range

Ly" [pu] 0.15<L;” <035
Ly’ [pu] 020<L; <050
T4 [s] 001<T7T,"<0.09
T4, [s] 035<T7,, <150
L," [pu] 0.10<L,” <0.45
Ty [s] 001 <T7,"<0.50

When this is extended over the whole set of generated SMs, a training set for the

ANN is obtained, like the one specified in equation (4-3) of Chapter 4. The pattern that

Table 6-5:Training Set Characteristics
Attribute Magnitude
No. of SMs 1500
No. of BCs I
Variables per BC Iy g0 If
total 30
No.of |0.0<t<0.0l secs | 5
per i, | 001 1< 0.1 s 10
able 0.1<t<1.0secs 10
10<t<30ses | 5
Tagets per SM T T
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characterizes the actual SM under consideration has to be formed with the corresponding
variables extracted from the TGroup samples from Table 6-3. The target set to train the
ANN is given by the parameters of each of the generated SMs, in the form specified in
equation (4-4). The training set characteristics are defined in Table 6-5, where the number
of samples per variable that form the pattern, as well as their time distribution, can be ob-

served.

To account for the imperfections in the measurement stage, noise is introduced into
the training set as a percentage of the rated values of the axis currents (obtained considering
the machine ratings specified in Table D-1), and as a percentage of the Ig,, magnitude for

the field current. The amount of noise considered is specified in Table 6-6.

Table 6-6:Consideration of Noise
Variables Noise
iq +1.0% of the rated value
ig +1.0% of the rated value
i *1.0% of Ig,,

The ANN structure is defined in Table 6-7. The learning algorithm used to train the

Table 6-7: ANNs Characteristics

Attribute Magnitude
No. Inputs 90
No. Hidden 1 15
’ No. Hidden 2
No. Outputs




Table 6-8: Training Parameters

Parameter Value Parameter Value
n 0.012 Ci 1.05
a 0.90 Cd 0.70

a. Iniual value.

ANNSs is the backpropagation method with adaptive learning rate and momentum using the
parameters specified in Table 6-8. Five training tries corresponding to different initial sets
of weights of the ANN will be shown.

After each epoch of the ANN training process, a presentation of the pattern corre-
sponding to the actual machine will generate a set of parameters. When these parameters
are evaluated for the BC of a training group, it is possible to quantify the performance of
each set of parameters by comparing the calculated and measured variables. One validation

group will be used to confirm the results with a stronger perturbation.

The variables that can be used to measure the errors are the axis and field currents.
Given a set of parameters and a BC, the errors are defined as the differences between the
measured pattern (PM) and the generated pattern (PG). After each epoch of the training
process, it is possible to obtain a set of parameters corresponding to that epoch by feeding
the ANN with the actual SM pattern PM. When this set of parameters are evaluated for the
corresponding BC, it is possible to obtain a generated pattern PG. Then, the errors after ep-

och k are defined as follows:



[ P8 —pm ]
E, =[PG, - PM]100 [pu 100]=| pg., —pm, [100 [pu 100] (6-7)
| P8 v« — PMy |

where pg; and pm; are the components of the generated and measured patterns respectively;

and N; is the number of components of the pattern.

The magnitudes of the currents following a perturbation can vary significantly.
Considering that errors defined on a percentage basis tend to be significantly higher for
magnitudes closer to zero, which can subvert the concept of error itself, this particular def-

inition for the errors has been adopted.

A performance index (Perf) can be obtained evaluating the mean value (Mean),

standard deviation (StD) and maximum value (Max) of the error, as follows:
Perf, =|Mean(E, )|+ StD(E,) + Max([E,|) (6-8)
The performance index is a positive number that sets a simple and direct standard to com-

pare different sets of parameters: the best set of parameters will have its performance index

closer to zero (0.0).
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6.4.2 Estimation Results

An ANN with the structure specified in Table 6-7 is trained five times for different
initializations. During each training process, the performance of each set of parameters is
evaluated over the training samples using equations (6-7) and (6-8). The best performances
for each training process and corresponding sets of parameters are shown in Table 6-9 and
Table 6-10. The total error that considers the errors obtained in all the currents simultane-
ously is used to evaluate the performance index. Table 6-9 also shows the individual errors

for each of the direct, quadrature and field currents. The performances are excellent.

Using the parameters from try 1 and the boundary conditions from the TGroup, it is
possible to obtain the currents and compare them with the measured values, as it is done in
Figure 6-3. From the errors, shown in Figure 6-4, it is clear that the obtained parameters are

capable of reproducing the perturbation used for training purposes.

When the best sets of parameters obtained using the TGroup (Table 6-10) are eval-
uated over the boundary condition defined by the VGroup, the performances specified in
Table 6-11 are obtained. When compared with the performances of Table 6-9, a fairly good
correlation can be observed i.e., the best sets of parameters tend to perform better in both

perturbations.

Again, using the set of parameters obtained in try I and now the boundary condi-
tions from the VGroup, it is possible to solve for the currents and compare them with the
measured values, as is done in Figure 6-5 and Figure 6-6. The curves are reproduced re-
markably well. The errors through time in Figure 6-6 show their peaks at the very inception
of the perturbation, when the subtransient characteristics are crucial. Although they are big-
ger than what was obtained for the TGroup case, their peaks are below 0.06 pu which is still

excellent, considering the magnitude of the perturbation.

Another important aspect that can be noted in Figure 6-6 is that the estimated and

measured axis currents are shifted. The source of this problem is in the steady-state param-
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eters that are being used. As it was shown in Figure 5-8 and Figure 5-9, the chosen
steady-state parameters have a very good response for a {P,Q,V} state of {~0.87,~0.4,1.0}
which corresponds to the initial conditions of the current TGroup. But this is not the case
for an initial condition given by a {P,Q,V} state of {~0.66,~0.0,1.0} that matches the cur-
rent VGroup. Indeed, if the initial bias is removed from both currents, the performance im-
proves considerably for this particular case. But this is not a practice that can be generalized
because the bias strictly depends on the steady-state parameters being used, and the oppo-

site could be true as well.

Table 6-9: Best Performances

Total Error ig Error iq Error ig Error

Try {Epoch] Perf
Mean| StD | Max {Mean| StD | Max [Mean| StD | Max |Mean| StD | Max

1 | 1000 | 1.342 |-0.02[0.31 [1.01 |0.15 {0.35 [1.01 }-0.04 [0.21 [0.66 |-0.18 [0.27 [|0.69
804 | 2.423 |-0.14 /0.61 [1.68 [0.08 [0.52 |1.30 {-0.07 [0.54 |1.67 |-0.42(0.65 |1.68
66 4.085 |-0.39]0.87 |2.82 |-0.36 |0.72 |1.56 |-0.04 [0.37 |1.13 |-0.79|1.17 [2.82

(%)

135 | 2.140 (0.11 |0.45 |1.58 |0.08 (0.42 [1.07 [0.12 [0.35 (l.11 [0.13 [0.56 |1.58
1000 | 2.234 [-0.30[0.52 [1.42 }-0.48 [0.55 [1.32 (-0.04 /0.30 [0.96 {-0.36 [0.57 [1.42

W &1 W

Table 6-10: Best Performance Parameters

Try | Ly" [pul | Ly [pul | Ty," [s] | Tgpo' [s] | Ly” [pul | Tpo" [s]
1 0.2203 | 0.2585 | 0.0220 | 0.8128 | 0.2247 | 0.0838
0.2274 | 0.2615 | 0.0202 | 0.8616 | 0.2717 | 0.0968
0.2163 | 0.2927 | 0.0358 | 0.9780 | 0.2452 | 0.0908
0.2227 | 0.2233 | 0.0266 | 0.8231 | 0.2197 | 0.1076
0.1933 | 0.2305 | 0.0214 | 0.9008 | 0.2350 | 0.0864

{8

i &l W
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Table 6-11: Performances Over VGroup
Total Error iq Error iq Error i¢ Error

Try | Perf

Mean| StD | Max (Mean| StD | Max (Mean| StD | Max {Mean| StD | Max
1 9.053 |0.76 | 2.03 (626 | 1.45|1.70{ 626 | 1.85] 1.56 | 3.99 |-1.01| 1.52 | 4.23
2 14718 10.23 | 3.68 [10.81} 1.24 | 242 | 7.67 | 1.54 | 4.07 |10.81|-2.09} 3.27 {10.11
3 | 23.423 {-0.88|4.79(17.76/-0.51{ 298|546 | 1.80 | 2.74 | 6.66 |-3.91| 6.07 [17.76
4 13.149 1 1.50 125919061093 |199}634)308}245|9.06{049|2.58!7.89
5 12.307 |-042]2.93 | 896 |-1.39|2.53 | 5.15| 1.81 [ 2.17|5.07 |-1.68]| 2.74 | 8.96
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Figure 6-3: Estimated and Measured Currents Using the TGroup
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6.5 Simulation Study: Round Rotor Generator

A numerical example based on the SSR benchmark model [6] will be used to per-
form the simulation studies. The original model has been modified to avoid any SSR ef-
fects: the series capacitance of the line has been embedded into the line inductance to
produce a single impedance. Also, an IEEE type SCRX (solid state) exciter model provided
by the EMTDC simulation package is used [79]. The purpose is to be able to simulate the
sudden insertion of loads, as is shown in the schematic of Figure 6-7: once the SM has
reached its steady-state, the switch “Brk” is closed and simulated measurements corre-

sponding to the acrual SM can be extracted.

Ven

———
¥

Figure 6-7: Simulation Circuit Schematic

SM

The generator ratings are those of the SSR benchmark model: 892.4MVA, 26kV,
and 3600 rpm. The manufacturer’s parameters as well as the adjusted numerical values are
those given in Table 1-1. The actual parameters of the SM are based on the adjusted values

as follows:

* the steady-state parameters (L4 L,g l;) and measured constants (r,, rf

I,) are assumed to be known, according to Table 6-12;



e the unknown transient parameters are given in Table 6-13.

Table 6-12: Steady-State Parameters and Measurements®
Parameter Value Parameter Value
Lya 1.6500 Ta 0.00
Lymg 1.6000 rf 0.000632257
I, 0.1600 I [A] 1310

a. Values are in pu unless otherwise specified.
b. The field resistance is based on the assumption that the actual SM has a

mutual inductance L5, of 0.027 pu.

Table 6-13: Transient State Parameters of the Actual SM?
Parameter Value Parameter Value
Ly 0.217 L, 0.254
Ly 0.300 L, 0.610
Tio 0.022 Too 0.074
T 7.800 Tpo 0.900

a. Inductances are in pu and time constants in seconds.
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Using these parameters and the EMTDC simulation software [79], the following

transient study is carried out: a resistive impedance, equivalent in power to a 10% of the

machine rating, is suddenly inserted at the machine terminals. The obtained variables for

this case, called LDIN10, are displayed in Figure 6-8.
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Figure 6-8: LDIN10 Response
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6.5.1 General Procedure and Pattern Formation

The procedure is basically the same already described for the salient pole micro-al-
ternator. The 10% load insertion, presented in the previous section as LDIN10, is used to
create the training group TGroup. The reason for not having a validation group is going to

be evident in the next section, when the actual estimation resulits are shown.

Table 6-14: Training Group

Groups Perturbations Sampling Period Sampling Rate

TGroup LDINI10 3.0 secs 200 psecs

A population of possible SMs can be generated by imposing random variations to
the transient parameters within a predetermined and appropriate range [25], as it is speci-

fied in Table 6-15.

Table 6-15: Transient Parameters Range

Parameter Range

L, [pu] 0.12<L;” <0.25
Ly [pu] 0.15<L; <040
T4, [s] 001<T7T,,”<0.40
Ty, [s] 3007y, <100
L;” [pu] 0.12<L,” <0.30
L, [pu] 030<L, <1.00
Tyo" [s] 0.02<7,,"<0.10
Ty’ [s] 050<T,," <2.00
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Table 6-16:Training Set Characteristics
Attribute Magnitude
No. of SMs 1500
No. of BCs 1
Variables per BC igs g, if
total 30
No. of 0.0<t<0.01 secs 5
ks [ooisicotens | 1
able 0.1 <t<1.0secs 10
1.0<t<3.0secs 5
Targets per SM i: Z‘: ;:Z ;::

When the model of the SM is evaluated for each set of parameters and BC, it is pos-
sible to form a training set with the characteristics specified in Table 6-16. Once this is

done. noise can be added to the training set, as specified in Table 6-17.

Table 6-17:Consideration of Noise

Variables Noise
iy +1.0% of the rated value
iq +1.0% of the rated value
i *1.0% of Ip,,
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Finally, the ANN to be trained by the previous training set has the structure defined
in Table 6-18.

Table 6-18: ANNs Characteristics
Attribute Magnitude

No. Inputs 90

No. Hidden 1 15

No. Hidden 2 8

No. Outputs 8

6.5.2 Estimation Results

An ANN with the structure specified in Table 6-18 is trained five times for different
weight initializations. The best performances from each training process measured over the
training group TGroup for each try are given in Table 6-19 and the corresponding parame-
ters in Table 6-20. Comparing the performances, the best set of parameters is obtained in
try 4. It can also be observed how close these parameters are to those of the actual SM
showed in Table 6-13. This confirms the accuracy of the results and makes it unnecessary

to have a validation group.

Using the parameters from try 4 and the boundary conditions from the TGroup it is
possible to compare the estimated and measured currents. The errors through the perturba-
tion for each current are plotted in Figure 6-9. As it is expected for such a close match in
the parameters, the errors are more significant at the inception of the perturbation but their

overall importance is negligible.



Table 6-19: Best Performances

Try |Epoch

Perf

Total Error

iy Error

iq Error

ig Error

Mean{ StD | Max

Mean| StD

Max |[Mean| StD | Max [Mean| StD | Max

759 1.178 (0.01 [0.37 {0.79

-0.10[0.42

0.74 10.02 10.09 |0.27 {0.11 |0.46 [0.79

2

983 1.129 10.02 |0.26 |0.85

-0.01 |0.12

0.22 [0.03 [0.40 |0.85 [0.05 |0.16 {0.29

9 0.854 [-0.050

.17 10.63

-0.09 [0.14

0.34 [0.00 [0.08 [0.20 }-0.06 |0.24 [0.63

] W

8 0.366 [0.00 (0.11 [0.25

0.02 [0.12

0.19 10.01 0.09 [0.25 [-0.04 {0.12 |0.22

W

293 1.263 }-0.02 |0.30 [0.94

-0.1310.29

0.56 [0.05 [0.08 {0.21 [0.02 [0.42 |0.94

Table 6-20: Best Performance Parameters

Try | Lg" [pul | La' [pul | Tao" [s] | Tuo [s] | Ly [pul | Lg [pul | Tgo" [s] | Tyo' [s]
[ | 0.2006 | 0.3320 | 0.0248 | 7.9832 | 0.2762 | 0.6787 | 0.0906 | 1.0196
2 | 02201 | 03095 | 0.0221 | 7.7838 | 0.2579 | 0.5592 | 0.0979 | 0.9677
3 | 0.2484 | 03054 | 0.0240 | 8.0525 | 0.2671 | 0.6280 | 0.0751 | 0.9057
4 | 0.2247 | 0.2921 | 0.0236 | 7.7890 | 0.2422 | 0.6023 | 0.0768 | 0.9184
5 | 02304 | 03206 | 0.0245 | 8.0938 | 0.2559 | 0.6756 | 0.0984 | 1.0775
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144

6.6 Results Summary

The proposed method has been successfully applied to the estimation of the param-
eters that affect the transient behaviour of a salient pole synchronous generator. A simula-

tion study has also shown that it is possible to apply the same method to a round rotor SM.

The main points to note are:

* Itis possible to obtain the parameters using a small system perturbation. A
10% of load insertion has proven to be enough in the experimental and

simulation studies.
* Only one perturbation seems to be enough to perform the estimation.

* The performance of the obtained transient parameters is affected by the

accuracy of the steady-state parameters being used.
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CHAPTER 7

CONCLUSIONS

7.1 Introduction

Presented in this chapter are the conclusions of this dissertation. Also, possible

ways to further expand this work are outlined.

7.2 Conclusions

Economic factors are constantly pushing the power systems to be operated at opti-
mal capacity. For this to be possible, sophisticated models and accurate parameters of the
electric components of the systems are required. Having reliable parameters for these mod-
els is as important as the refined models themselves. Many methods for SMs parameters
estimation have been developed during the years. Among them, the stand still frequency
response test remains the state of the art in parameter estimation because it has been fully
tested by many research groups on a variety of SMs, in size and design, which has provided

the test with un-disputable consensus about its reliability and performance.

This work has presented an original and alternative approach that can be used to
deal with the parameter estimation problem. The basic idea has been to introduce the reader
to the problems associated with parameter estimation and walk through some of the several
approaches that can be used for parameter estimation. There is agreement that an on-line

based method that could perform the task of parameter estimation in a reasonable and reli-
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able way would be the perfect solution to the problem. So far, very few attempts have fol-

lowed this path, though.

The first step of this work has been to define a SM model establishing the linear pa-
rameters and saturation factors. A detailed analysis on how to convert the manufacturer’s
parameters into circuit parameters has been developed in a deductive way and has been ex-

tended to consider these transformations when the field resistance is known.

The second step has been to present the tool to solve the problem. ANNs have been
applied to many disciplines and areas of Power System Analysis and this is the first time
that ANN have been used for parameter estimation purposes. The goal of the presentation

has been to emphasize their capability as a powerful tool for pattern recognition.

Finally, an original method for SM parameter estimation has been presented. The
solution has been devised similar to that of solving a pattern recognition problem. This is

an entirely new concept in the field.

The practical implementation of the method has shown its viability as a powerful
method to estimate all the parameters involved in the SM model, including saturation.Tak-
ing into account the nature of the method (on-line based) this is an unavoidable feature, but
considering that all the standard methods restrict their estimation to the linear characteris-

tics of the model, this is by itself an important achievement.

The main difficulty encountered in the application of the method to obtain the
steady-state characteristics of the SM has been to deal with saturation. The method has
shown that it can overcome the problem. Furthermore, it has been shown that information
from only a few points is enough to obtain parameters that define, with an acceptable mar-
gin of error, an accurate behaviour in a far reaching area within the capability region of the

SM.

A surprising side effect of the application of the method has been to be able to ob-

tain very good results without using the rotor position information through the load angle
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variable. It is probably premature though, to assert that the method offers this capability as

a feature, and further experimental work is required, but the sole results of this work are

extremely promising.

The method has also been applied to estimate the SM dynamic parameters of a sa-
lient pole SM and simulation studies have shown that it is possible to obtain the parameters
of a round rotor generator. The goal has been to show that the estimation can be carried out
using the information from a small system disturbance capable of exciting all the dynamic
parameters of the SM In the case tested, a 10% load insertion at the machine terminals
seems to be enough for this purpose. This is a crucial factor that highlights the feasibility
of the method itself in view of the fact that for stability reasons, power systems have to be
able to cope with small disturbances on a daily basis and it is expected that the same resuits

can be obtained through other perturbations as well.

The results obtained in both the steady-state and transient state analysis are very en-

couraging. Among the main features of the method are:

* Accurate
The experimental results have shown that the parameters obtained with this
method are very reliable and are suitable for the model used to predict the
behaviour of the SM in a wider set of operating conditions than those used

for the estimation purpose.

* Feasible
The requirements of the method are to obtain steady-state information of
the behaviour of the SMs determined by a series of boundary conditions
that expand, as much as possible, throughout the saturation characteristics.
In transient state, a system disturbance capable of exciting the dynamic
behaviour of the SM seems to be enough to extract the information
required. These are very loose operating requirements, when compared

with other tests, and are not that far away from the normal operation of the
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SM. This is arguably true for any dynamic disturbance, but having shown
that any test based on a field perturbation is conceptually wrong, this is the

least intrusive requirement that can be formulated.

* Flexible
One aspect that highlights the flexibility of the method is related to the
loose requirements of the method. Indeed, the boundary conditions can be
imposed on the method by operating restrictions and the method still be
capable of estimating the parameters. Another side to consider is that there
are no restrictions on the model of the SM. Eventually, other saturation

models can be easily considered.

* Inexpensive
Economic factors push the electric utilities to perform tests to obtain more
accurate parameters of the SMs. Because the tests are expensive to per-
form, economic factors are also a reason why tests are usually avoided. The
proposed method is very inexpensive to apply for two reasons. There is no
specialized equipment involved during the tests other than that required to
record all the measurable variables of the SM, and the measurements can

take place during normal operating conditions.

The most important limitations of the method are those that any on-line approach

has to overcome.

* Rotor Position
The rotor position is not a variable that is usually available. Indeed, it can
even be a challenge to have access to a suitable portion of the rotor to
implement a mechanism that grabs information about it. This, added to the
special requirements to measure the rotor position, makes this variable the
biggest challenge in the measurement stage. Aithough is has been shown

that excellent results can be obtained for steady-state parameters without
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the usage of the rotor position, its availability is crucial to obtain the

dynamic parameters.

* System Perturbations
To obtain the transient parameters of the SM, the method requires to extract
information derived from the incidence that a small system perturbation
has on the SM under consideration. There are no limitations in this sense,
as long as the disturbance is strong enough to excite all the dynamic char-
acteristics of the SM. Despite the fact that small disturbances are not an
unlikely characteristic in the operation of an electric power system, the
possibility of having an electric utility performing one for the sole purpose
of measuring the parameters of a SM can prove to be the most challenging

requirement of the method.

The proposed method has evolved from its early theoretical stage [88] to the current
phase. in which theory and practice have converged to produce a well-founded and realistic

approach to the parameter estimation problem using on-line data.

[t is expected that this thesis will help to provide an altemative and new path in this
area, serving as an initial and fundamental contribution that will inspire further develop-

ments in the field.

7.3 Future Work

¢ Further Experimental Work
This study has presented a new method for parameter estimation and it has
shown its feasibility through a successful practical implementation. Far
from over, this work has to be considered as a very important first step. In

this sense, further experimental studies that confirm these results on a vari-
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ety of SMs, in size and design, will contribute towards the consolidation of

the method as a viable and reliable alternative for parameter estimation.

Altemnative Implementations

It is not difficult to think of different alternatives in the practical implemen-
tation of the method. This work has explored the application through two
natural stages: steady-state and transient state. This is not imposed by the
method itself, but has been adopted here for convenience. Since all the
steady-state characteristics are contained in the dynamic response an inter-
esting extension, that future work will have to deal with, is to perform both
stages at once through an integrated approach. Recurrent ANNss can be spe-

cially useful for this extension.

SM Models
Although the approach of this work has been to define a SM model of the

SM and estimate its parameters, this is not a restriction of the method.
Indeed, the method is very flexible and other models of the SM that con-
sider, for example, the sub-subtransient characteristics of the SM, can eas-
ily be implemented. Other saturation models can also be incorporated in
the estimation process. All these possible variations are an interesting open

field that future work has to explore.
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APPENDIX A

STANDARD CHARACTERISTICS AND CIRCUIT PARAMETERS

A.l Introduction

This appendix accounts for a detailed development of an accurate equivalence be-
tween the standard characteristics and the circuit parameters. The developments are com-
plemented with the presentation of the corresponding relationships that are part of the

classical theory of synchronous machines.

A.2 Exact Equivalence

Until recently there was no exact equivalence between circuit parameters and stand-
ard characteristics. Even the best available algorithms [31,89-90], when compared [91], can
give up to 2000% of discrepancy for the field winding reactance when referring to the same
SM. Recently [35], a widely respected solution to this problem has been provided. Because
the original reference lacks of any deductive approach! and the practical importance of the

results, this section develops the exact equivalence for the specific case of two rotor cir-

Cuits.

I. Which forced some of the discussers of the original paper to provide further numerical examples
to confirm the results.



A.2.1 Operational Equations of the SM

n r

h 73

'Y
| ot

Figure A-1: Generic Equivalent Circuit

Given the equivalent circuit of Figure A-1 the following equations for the voltages

and flux linkage are valid:

KN

Y h +(1| +l12+l1n)P ([12+[1n)P L.p

wi=q (L+L)p  n+l+l,+L)p Lp || (A-D)
A lfn lfll ['ll +I1" i
Considering that
L=l +L,
Xig =k +1, (A-2)
Xoo =L +1,,
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and using the following open circuit definitions

Tnl=(Lm+l‘|z+ll)/’i=(l‘m+xxa)/’i
T,=(l,+ Ly +L)r=(L,+X,,)/n (A-3)
Xpo =Ly +1L,

equations (A-1) can be rewritten as:

Yi (_ T —)_ b l—..—Op_ me I
vy [==1 Xiop ’3(1+T’P)I L.p|li (A-4)

A L, L, L|i

Defining the coupling matrix CM as being formed by the terms within the dashed

box in (A-4), its inverse is given by:

1 ’2(1+7;2P) —X\0P
R1+T,p)  Xpp T _hn| —Xep  (1+T,p) (A-5)
X,0P r2(1+7:,2p) 1'*'(7:;1 +T02)P+7;|7;2 ki P’

lcml - {

where the factor &0 is given by

nl, Xp
Lo = X0 "27:;27 _ X‘wz (A-6)
Y nTnT, RTnT,
From equations (A-4), the currents are given by
I " l AV
=-{cMm[| L, pi-[em) (A-7)
i 1 0
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Then, the flux linkage of (A-4)) can be equated as:

T, o1, ~Laf L ) [ 2Xee T Ty +T, T, kpsp |P
L r L nr, r, A
A=-L = =

l+(Tol+Tnl)p+T T LI’OP

. (A-8)
L, [ [,
n r,
+ —v,
1 + (Tal + ToZ )p + Tol1‘nlk120 p-
With the following short circuit definitions
_LL,
L
=(_LL Lx:*'ll)/’|=(xs+xxa)/’l (A-9)
(—‘*u L, +1:)/r2 =(X;+ X, )/,
Xpps =L+ X5
a factor similar to (A-6) can be defined as:
nly X
e e mD| X *-10
= UL nhinT,

With these definitions, the expression for the flux linkages (A-8) can be compacted

to the more familiar form [18] of the operational equation of the SM:

L, L
, —|1+=p
L 1+ (T, +T,)p + T,T,k,,s p° . rl r, ,
1+ (T, + T )P+ T Takinop® 1+ (T, + T, )p+T,Tokop® ' A1)
= - L(p)i + G(p)v,
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The circuit shown in Figure A-1 is usually the one used for the d axis. The equiva-
lent circuit for the quadrature axis is a simplified version of this one, without the mutual
inductance L, and without the field source v;. With these simplifications, a corresponding

operational equation can easily be obtained for the ¢ axis as:

H'(Tl +T, )P'*'Tlrzklzsp2
1+(T, +T,.)p + T, T,2k50p°

ol olto2

= -L(p)i

A.2.2 Transient and Subtransient Parameters

The operational inductance L(p) from (A-11) can be expressed as a function of the

open-circuit and short-circuit polynomials, P,(p) and P(p) respectively:

1+(T +T,)p + Tszkl:sP2
1+, +7,,)p + T..xTa:klzoP:

L(p)=L

_Pe 1+ Ap + Bp* _L(1+T'p) (1+T p)
P,(p) l1+A,p+B,p- (1+T,p) 1+T, p)

From the short circuit polynomial P(p), the transient and subtransient short circuit

time constants can be obtained as:
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Similar expressions can be obtained for the transient and subtransient open circuit time

constants using P,(p).

It is very common in the literature to find an expression for the inverse of the oper-
ational inductance L(p), as a function of the short circuit time constants:
BT BT’

I L _1(+T,p)1+T,p) | _ A,

= . - —+ A-15
Lip) p LU+Tp)(A+T p)p p U+Tp) (+T"p)
which can be expressed as
1 1 1 1 T 11 T
L L (L L) Tp (1 1) Tp *-16
L(p) L L L jU+T p) L L |](1+T"p)
using the following definitions for the transient and subtransient inductances
_ L ) - L ~L TT
[ T -TXT -T,) L T -TYT -T) "TT, A-17

(T -THT L (T -T)HT

A.2.3 Circuit Parameters

Given the circuit of Figure A-2(a), the external admittance as seen from the termi-

nals is:

- P
A-18

L L
1+~ p) (pr)

n; 2
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Figure A-2: Equivalent Circuit with Embedded Leakage Reactance

By comparison, it is clear that expression (A-16) is the admittance of a circuit similar to the
one shown in Figure A-2(a), but with the parameters as defined in circuit (b) of the same

figure.

This circuit has embedded the leakage inductance of the armature /,,. The operation-

al inductance of the equivalent circuit without this reactance is given by:
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Le(p)=L(p)_1a =L P(S) -1.,=L 1+Ap+Bp-, —lu
F,(p) l1+A,p+B,p-
LA-1,A, LA-l,A, , A-19
1+ I p+ ) p’ P
==L - LR L
I+A,p+B,p- P,(p)

With the leakage reactance removed, as expected, the same open circuit polynomial

is valid. The coefficients of the short circuit polynomial are redefined as follows:

LA-1,A, 1 Ny e
e R L@ +17)-1,(r + 1))
A-20
B = - 17 1] 2 e
L—1,  L-L L1

With this polynomial, the transient and subtransient short circuit time constants, 7",
and T™,, can be obtained with expressions of the form of (A-14). Then, expressions similar
to (A-17) can be used to obtain the transient and subtransient inductances, L', and L",, re-

spectively.

With the information gathered so far, a circuit similar to the one shown in
Figure A-2(b) can be formed for the equivalent circuit without the stator leakage reactance.

If the leakage component is added, the circuit shown in Figure A-3 can be obtained.
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Figure A-3: Equivalent Circuit without the Mutual Inductance L ;.

This circuit has the same open circuit and short circuit time constants as the one
shown in Figure A-1 meaning that, from a stator point of view, both circuits have the same
behaviour. The same is not true for the field winding [55] where, in general, the field cur-

rent of both circuits is different for any given perturbation.

L,
- 55
n; ry; n r,
lll 12:’ ll 12
— o
(a) (b)

Figure A-4: Equivalent Circuits with Embedded and External Inductance L,
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A.2.3.1 Circuit Parameters Using The Short Circuit Current

It has been proposed in [34,35] to use the field current following a short circuit test

to obtain the mutual inductance L5 that will turn the circuit shown in Figure A-3 into the

one of Figure A-1.

In order to accomplish this, circuit (a) has to tum into (b) in Figure A-4, keeping the
same external impedance. Because circuit (a) has the mutual inductance L, embedded, the
following relationship can be written for the impedance of the two parallel branches of cir-

cuit (b):

Z,(p)=Z,(p)—L,s

l+(l“ ‘le + I:x:le )p+([l1121 “le(ln '*'Iz.))pz

rlrr2:
n, + rs, + [l: +l‘_‘1 p (A'ZI)

rhrll rllr:l

_Pi(p) _1+Asp+Bup* _(+T,p)(L+T,p)
I)llo(p) Pllu(p) IJIZH(p)

where T; and T, are the short circuit time constants, i.e.: the time constants of each of the

parallel branches of circuit (b) in Figure A-4:

5_ _ A, +\/:‘|22 —-4B,
2

n

T, =

The open circuit polynomials of both circuits of Figure A-4 should be the same.
This is equivalent to saying that the denominators of Z(p) and Z,5(p) are the same, from

where the following relationships can be obtained:
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ntr, n;tr,;

nr, ST

A3
ll +12 _ Ili +[2i

nr, n:r;

Equations (A-22) and (A-23) can be combined to obtain the following expressions

for the resistances:

;o= — nirs (T, = T,)
] (n; + )T, =1, —1,,
A-29
—r; (T, =T,)
rﬂ =

I G S cTO Y B Ry Y

Then, knowing the parameters of circuit (a) of Figure A-4 and the current i, for a
predetermined perturbation (say, as it was mentioned before, the current following a short
circuit test), a search over a suitable range of L, is done in order to obtain the final set of

values {L3, ry, r3, 1, I3} that will provide the actual current .

A.2.3.2 Circuit Parameters Using The Field Resistance

There is another procedure that the author of this work has developed to turn the
circuit shown in Figure A-3 into the one of Figure A-1. Instead of using a short circuit test,
an alternative and accurate approach to obtain the mutual inductance L, is to use a meas-

ured value of the field resistance r.
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The impedances of both circuits shown in Figure A-4 should be the same. This is
equivalent to saying that the open circuit polynomials and short circuit polynomials of both

circuits are the same. From this equality, it is possible to obtain the following equations:

rh+r21 ___rl+r2

k, =

n.r; nr,
k. = L, +L, I +1,
, = =

UTEY nr,

A-%)

k, =IL+IA=I—'+1Z +L12(L+ L )

r, r, n r n

1e 2 2

llll’.!l = llll + l’ll (ll +12)

nr; nr,

k, =

where the constants k; through k4 have been defined considering that the terms in ‘i’ are

known.

From the first relationship of (A-25) it is possible to obtain r; as:

n

r, = -
= T A-29

Solving for [, the following quadratic relationship is found:

as-l/ b:kz[uu] L o=k Rk k)

nr.
2 konr, !

—-b-b*-4ac

2a

| =
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where only the positive value is considered. Then, it is straightforward to obtain /> and L,

with the following relationships:

l, =k,nr,—|

A-B

L, =(k3 +1, hon _kz"l)ki
t

S I

A.2.4 Relationships Between Time Constants

Of the six parameters that affect the dynamic behaviour of the synchronous ma-
chine on each axis, and according to the definitions adopted in equations (A-17), only four
are independent. This means that given either the open circuit or the short circuit time con-

stants, the other subset of time constants can be obtained as a function of the given one.

A.2.4.1 Obtaining the Open Circuit Time Constants

Given T', T", L' and L", equation (A-16) can be used to obtain the open circuit pol-

ynomial as a function of the reactances and short circuit time constants:

LTT \
- p-=l+A0P+B(rp- (A'n

(L . L L .
P =1 —T l+ ——-—)T
', (P) +L 7 +(1+ B L) )p+

from where the open circuit time constants T, and T", can be obtained using expressions

similar to (A-14).
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A.2.4.2 Obtaining the Short Circuit Time Constants

In this case, T",, T",, L' and L"” are known. From equation (A-29), it follows that

: L L . ) .
A" =LT +(l+—_—-E)T =T"+Tn
A-
B, ==L 77,
L

where it can be noticed that the expression for B, is nothing but the relationship given by

definition (A-17). Then, T" can be substituted to obtain the following polynomial in 7"

) 2 . . L . TT LL ) . 2 .
P(T)H)=T —(T0+To)-[1:—T +-iL(T+L—L)=aT +bT +c (A-31)

Of the two possible values for T" the larger one will give the right result when sub-

stituted in the relationship for B, to obtain T", i.e. T'> T".

A.3 Classical Approach

The classical approach to define the equivalence between circuit parameters and
standard characteristics is based on approximations founded on physical assumptions.
There is agreement though, that these approximations can account for serious discrepancies

between the calculated parameters and what is derived from test measurements [35,21].



175

A.3.1 Standard Characteristics

Given a generic equivalent circuit like the one showed in Figure A-1, it is easy to
derive the corresponding transient and subtransient time constants and reactances, as it is
shown in equations (A-32), based on the assumptions that r;=0 during the subtransient pe-

riod and that ry=oc during the transient period [19].

L=L,+1,
1 1
= .y
L=I + I I L =1+ ] N
L, I +L, " 1
m 1 2 m
L’l'.’.+ +l
LT,
e Fal LY S AR

° | - 1 1 ; r, : 1 1

+
L,+L, I Loy 1

(K p)

These formulas are valid for a generic circuit form that, in general, will correspond

to the d axis model. The g axis is modelled without the mutual inductance L;5, in which

case, this value should be zeroed when performing the calculations.
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A.3.2 Circuit Parameters

Using the relationships of (A-32), it can easily be verified by substitution that the

following relationships are valid:
: T . T
L =L— L =L— .
T - A-B

which were obtained in equations (2-12) and (2-13).

This reduces the amount of independent variables to four, meaning that only four
circuit parameters can be determined. Then, knowing the standard characteristics, there is
enough information to determine the parameters of a circuit like the one of Figure A-1
without the mutual inductance L ,. Zeroing L, in the relationships given by (A-32) the fol-

lowing equations can be derived:

1
T, T
_a L
l+L 1
"' —
1+L T
[, =
- 1 1 _l A-3
L-1, L, I
3\ (
o=l 1 1~= I+ | 1
- T, - 1 T
1 1 1
b /Lm) AV
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APPENDIX B

CONSISTENCY CHECK OF THE STANDARD CHARACTERISTICS

B.1 Introduction

The standard characteristics of a synchronous generator are specified according to
a well defined model of the machine. For these characteristics to be valid they must comply,
at least to a certain degree, with the inherent relationships of the mathematical model. Con-
sidering this, a consistency check can be performed on the parameters of the model against

the equations derived from the model.

The goal here is to use the relationships derived in Appendix A to perform a con-

sistency check on the data offered by the manufacturer.

B.2 Data and Calculations

Tables B-1 to B-4 show different sets of typical parameters of SMs obtained from
manufacturers [48] for Fossil Steam Units (F) and Cross-Compound Fossil Steam Units

(CF). The notation for the parameters and calculations followed on these table are:
* Data provided by the manufacturer:
(a) X,1, - reactances in pu.

(b) T - time constants in seconds.
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e Parameters derived from the manufacturer’s data:
(a) r - circuit resistances in pu.
(b) x - circuit reactances in pu.
(c) T - time constants in seconds.
* Indices "tt" and "t" mean sub-transient and transient respectively:

* Indices "E" (exact) and "C" (classical) refer to the method used to calculate

those parameters according to Appendix A.

* Indices "sc" (short circuit) and "oc" (open circuit) following the kind of
method to perform the calculations ("E" or "C") mean that the "sc” or "oc"
time constants given by the manufacturer were used to perform all the cal-

culations using the specified method.
* Comparison "xx vs yy" are evaluated as: (xx-yy)/yy*100.

» "~"/"err". Whenever it is not possible to perform the calculations because
there is insufficient data, or previous errors in the calculations, it is noted
with "~". When the method applied generates errors or inconsistencies, this

is noted with "err"”.

Following the previous notation it is possible to distinguish the following blocks in

Tables B-1 to B-4:

(a) Manufacturer'’s data - The first eight parameters is the data provided by the

manufacturer.

(b) Exact calculations - Using the exact method, the open circuit time con-

stants and circuit parameters are calculated as a function of the short circuit
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time constants. The short circuit time constants and circuit parameters can

also be obtained using the open circuit time constants.

Classical approximations - The open circuit time constants and circuit
resistances are obtained as a function of the short circuit time constants. In
a similar way, the short circuit time constants and circuit resistances are
calculated as a function of the open circuit time constants. The circuit reac-
tances are obtained as a function of the transient and subtransient reac-

tances.

(d) Calculations versus manufacturer’s data - The calculated time constants

(e)

()

using both approaches are compared to the original data. These amounts,
together with the fact of being able (or not) to vbiain the circuit parameters,

checks the consistency of the data.

Circuit parameters comparison using either set of time constants - The cal-
culated parameters using one set of time constants (either open circuit or
short circuit) are compared with the ones obtained using the other set of
time constants for the same method. This checks how much the models will

diverge working with either set of time constants.

Exact versus classical - The circuit parameters obtained with the Classical
approach are compared with the ones using the Exact method. This tells

how much the model will diverge working with either method.
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Table B-1: Machine Data and Calculations - (a)

F1 Fa F5 F6 F7
Variables
d q d q d q d q d q

Xt 0.1200 | 0.1200 | 0.1300 | 0.1300 [ 0.1450 | 0.1450 | 0.1330 | 0.1340 | 0.2160 | 0.2160
Xt 0.2320 | 0.7150 | 0.1850 | 0.3600 | 0.2200 | 0.3800 | 0.1740 | 0.2500 | 0.2990 | 0.9760
X 1.2500 | 1.2200 | 1.0500 | 0.9800 | 1.1800 | 1.0500 | 1.2200 | 1.1600 | 1.5370 | 1.5200
la 0.1340 | 0.1340 | 0.0700 | 0.0700 | 0.0750 | 0.0750 | 0.0780 | 0.0780 | 0.1330 | 0.1330
Tu 0.0350 | 0.0350 ~ -~ -~ ~ | 0.0230 | 0.0230 | 0.0350 | 0.0072
Tt 0.8820 - - ~ -~ ~ | 1.2800 | 0.6400 - ~
Tott 0.0590 | 02100 | 0.0380 | 0.0990 | 0.0420 | 0.0920 | 0.0330 | 0.0700 | 0.0484 | 02180
Tot 4.7500 | 1.5000 | 6.1000 | 0.3000 | 5.9000 | 0.3000 | 8.9700 | 0.5000 | 4.3000 | 1.5000
TottEsc 0.0657 - ~ ~ -~ - | 00297 [ 0.0419 -~ -
TotEsc 4.8975 ~ - - - -~ | 9.0161 | 3.0431 - -~
rlEsc e - ~ - - - | 0.0004 | 0.0012 ~ ~
x1Esc err ~ - - ~ ~ 1 0.1068 { 0.2128 ~ -~
r2Esc err - -~ ~ -~ - | 0.0201 | 0.0156 ~ ~
x2Esc err -~ ~ -~ ~ ~ 101318 | 0.0817 -~ -~
TutEoc 0.0314 | 0.0396 | 0.0269 err | 0.0280 err | 0.0255 err | 0.0354 | 0.0525
TtEoc 0.8574 | 0.7827 | 1.0653 err | 1.0881 err | 1.2728 err | 0.8254 | 0.8846
rlEoc err err | 0.0005 ~ | 0.0006 ~ | 0.0004 ~ | 0.0010 | 0.0073
x1Eoc emr err { 0.1330 ~ | o0.1703 ~ | o.1066 ~ | 01972 | 23118
r2Eoc err err | 00164 ~ | 00173 - | 00181 ~ 100174 { 00104
x2Eoc err err | 0.1231 - | 01332 ~ | 01315 ~ | 0.1596 | 0.0918
x1C emr err | 0.1303 | 0.4256 | 0.1669 | 0.4438 | 0.1048 | 0.2045 | 0.1883 | 2.1493
x2C err emr | 0.1255 | 0.0757 | 0.1353 | 0.0909 | 0.1344 | 0.0830 | 0.1660 | 0.0921
TouCsc 0.0677 | 0.2085 -~ - ~ ~ 1 0.0299 | 0.0429 | 0.0484 | 0.0325
TotCsc 4.7522 -~ - - - ~ | 89747 | 29696 - -
rICsc err err -~ ~ -~ ~ | 0.0004 | 0.0011 ~ ~
r2Csc err e ~ - ~ ~ | 0.0205 | 0.0158 | 0.0182 | 0.0762
TuCoc 0.0305 | 0.0352 | 0.0267 | 0.0358 | 0.0277 | 0.0351 | 0.0254 | 0.0375 | 0.0350 | 0.0482
TtCoc 0.8816 | 0.8791 | 1.0748 | 0.1102 | 1.1000 | 0.1086 | 1.2793 | 0.1078 | 0.8365 | 0.9632
riCoc err err | 0.0005 | 0.0118 | 0.0006 | 0.0125 | 0.0004 | 0.0068 | 0.0010 | 0.0063
r2Coc err err | 00168 | 0.0098 | 00177 | 0.0114 | 0.0185 | 0.0007 | 0.0182 | 0.0114
TtEoc vs Ttt -10.35 13.10 ~ ~ ~ -~ 11.06 ~ 1.24 | 62961
TtEoc vs Tt -2.78 ~ ~ ~ - - -0.57 ~ -~ -
TottEsc vs Tott 11.29 ~ -~ ~ ~ ~ -9.91 | -40.18 -~ -
TotEsc vs Tot 3.1 ~ - ~ - ~ 0.51 | 508.62 -~ -
TuCoc vs Ttt -12.81 0.70 - -~ - -~ 1049 | 63.13 | -0.10 | 570.08
TiCoc vs Tt -0.05 -~ - - ~ ~ -0.05 | -83.16 - -
TottCsc vs Tott 1469 | -0.69 - -~ ~ -~ -9.50 | -38.70 0.10 | -85.08
TotCsc vs Tot 0.05 ~ ~ - - - 0.05 | 493.92 - -~
rlEoc vsrlEsc ~ ~ - - - ~ 0.72 ~ -~ -~
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Table B-1: (Continued) Machine Data and Calculations - (a)
F1 F4 F5 F6 F7
Variables
d q d d d q d qQ

xlEoc vs xIEsc -~ - - - 0.18 ~ - -~
r2Eoc vs r2Esc ~ - - -~ -10.13 -~ - -
x2Eoc vs x2Esc ~ - -~ -~ 023 - - -
riCoc vsrlCsc ~ - -~ - 0.05 | 493.92 ~ ~
r2Coc vs r2Csc - ~ ~ ~ -9.50 } -38.70 0.10 | -85.08
TuCsc vs TttEsc 274§ -1097 -0.88 -1.08 -0.51 -~ -1.33 -8.16
TiCsc vs TtEsc 2. 1232 0.89 1.09 0.52 ~ 1.34 8.88
TottCsc vs TottEsc 3. ~ ~ - 0.46 248 ~ -
TotCsc vs TotEsc -2, ~ ~ ~ -0.46 242 - -
riCsc vsrlEsc - ~ ~ -~ -1.20 -3.40 -~ ~
xIC wvsxlEsc -~ - ~ -~ -1.51 -3.90 -~ ~
r2Csc vs r2Esc -~ -~ ~ - 1.62 1.06 -~ -~
x2C vs x2Esc ~ - ~ -~ 194 1.58 - -~
rlCoc vsrlEoc ~ ~ -2.54 277 -1.86 ~ 494 | -14.45
xIC vs xtEoc - - -2.00 -2.00 -1.69 ~ 4521 -7.03
r2Coc vs r2Eoc - ~ 2.49 243 2.34 -~ 145 9.00
x2C vs x2Eoc ~ ~ 1.93 1.62 217 ~ 3.99 0.30




Table B-2: Machine Data and Calculations - (b)

F8 F9 F10 Fl13 Fi4
Varniables
d q d q d q d q d q
Xt 0.1850 | 0.1850 | 0.1710 | 0.1710 | 0.2490 | 0.2480 | 0.2600 | 0.2550 | 0.2283 | 02239
Xt 0.2450 | 0.3800 | 0.2320 | 0.3800 | 0.3240 | 0.9180 | 0.3240 | 1.0510 | 0.2738 | 1.0104
X 1.7000 | 1.6400 | 1.6510 | 1.5900 | 1.5690 | 1.5480 | 1.7980 | 1.7780 | 1.7668 | 1.7469
la 0.1100 | 0.1100 | 0.1020 | 0.1020 | 0.2040 | 0.2040 | 0.1930 | 0.1930 | 0.1834 | 0.1834
Tit - ~ | 0.0230 | 0.0230 | 0.3500 - | 0.0350 | 0.0350 ~ -~
Tt - ~ | 0.8290 { 0.4150 | 0.9500 ~ | 01590 | 0.5810 -~ -
Tortt 0.0330 | 0.0760 | 0.0330 | 0.0780 | 0.0437 | 0.1410 | 0.0420 | 0.0420 | 0.0420 | 0.1580
Tot 5.9000 | 0.5400 | 5.9000 | 0.5350 | 5.1400 | 1.5000 | 5.2100 { 1.5000 | 5.4320 | 1.5000
TottEsc -~ ~ ] 00309 | 0.0485 | 0.4152 ~ | 00417 | 0.1325 ~ -~
TotEsc -~ - | 59499 | 1.8285 | 5.0457 ~ | 09235 | 1.0702 - -
riEsc -~ ~ | 00008 | 0.0030 | 0.0025 ~ | 00078 | 0.0102 ~ -
x1Esc - ~ | 0.1458 | 0.3656 | 0.5217 ~ | 02412 | 2.0595 - -
r2Esc - ~ | 00230 | 0.0190 | 0.0011! - 100133 | 0.0170 -~ -
x2Esc - ~ | 0.1431 | 0.0902 | 0.0511 ~ | 0.0985 | 0.0666 - -
TttEoc 0.0251 err | 0.0245 emr | 0.0338 [ 0.0403 | 0.0340 | 0.0103 | 0.0353 | 0.0378
TtEoc 0.8433 err | 08215 emr | 1.0533 | 0.8403 | 0.9319 | 0.8731 | 0.8358 | 0.8045
rlEoc 0.0008 ~ 1 0.0008 ~ | 0.0008 | 0.0058 | 0.0009 | 0.0063 | 0.0009 | 0.0068
x1Eoc 0.1517 ~ | 01461 ~ | 0.1426 | 1.6586 | 0.1518 | 1.9052 | 0.1060 | 1.9062
r2Eoc 0.0236 ~ 100216 ~ | 00113 [ 0.0135 | 0.0162 | 0.0575 | 0.0107 | 0.0136
x2Eoc 0.1636 ~ | 01428 ~ | 0.0691 | 0.0468 | 0.1296 | 0.0668 | 0.0823 | 0.0425
xIC 0.1475 | 0.3279 | 0.1419 | 0.3419 | 0.1316 | 1.5232 | 0.1426 | 1.8706 | 0.0959 | 1.7556
x2C 0.1687 | 0.1038 | 0.1470 | 0.0918 | 0.0720 | 0.0469 | 0.1371 | 0.0668 | 0.0896 | 0.0426
TottCsc -~ ~ | 00312 | 0.0511 | 0.4554 ~ | 0.0436 | 0.1443 -~ -
TotCsc - ~ | 58995 | 1.7364 | 4.6005 ~ | 0.8824 | 09829 -~ -
riCsc - ~ | 0.0008 | 0.0028 | 0.0009 ~ | 0.0053 | 0.0093 - -~
r2Csc -~ ~ | 00236 | 0.0192 | 0.0011 ~ 100163 | 00170 ~ -
TttCoc 0.0249 | 0.0370 | 0.0243 | 0.0351 | 0.0336 | 0.0381 | 0.0337 | 0.0102 | 0.0350 | 0.0350
TtCoc 0.8503 | 0.1251 | 0.8291 | 0.1279 | 1.0614 | 0.8895 | 0.9388 | 0.8867 | 0.8418 | 0.8676
riCoc 0.0008 | 0.0091 | 0.0008 | 0.0091 | 0.0008 | 0.005i | 0.0009 | 0.0061 | 0.0008 | 0.0059
r2Coc 0.0244 | 0.0130 § 0.0223 | 0.0126 | 0.0117 | 0.0143 { 0.0169 | 0.0584 | 0.0114 | 0.0146
TtEoc vs Tt ~ ~ 6.73 ~ | -90.33 ~ | -299 | 7043 -~ ~
TtEoc vs Tt - -~ -0.90 ~ | 1087 - | 486.12 | 5027 -~ -~
TottEsc vs Tott -~ - | 624 | -37.77 | 850.19 ~ | 078 | 21543 - -
TotEsc vs Tot - - 085 | 24178 | -1.83 ~ | -82.27 | -28.65 - ~
TuCoc vs Tt ~ - 5.75 | 5261 | -90.40 -] -370 | -70.88 - -
TtCoc vs Tt -~ -~ 00! | 69.19 | 11.73 ~ | 49047 | 5261 - ~
TottCsc vs Tott - ~ -5.44 | -34.47 | 942,15 ~ 3.85 | 243.46 - -~
TotCsc vs Tot - ~ | -001 | 22457 | -10.50 ~ | -83.06 | -34.47 -~ -
rlEoc vsrlEsc - - 1.09 ~ 1 -67.02 ~ | -88.04 | -38.24 - -




183

Table B-2: (Continued) Machine Data and Calculations - (b)

F8 F9 F10 F13 Fl4
Variables
d q d q d q d q d q
x1Eoc vs x1Esc ~ - 022 -~ ] -72.66 -~ 13706 | -7.39 ~ -
r2Eoc vs r2Esc ~ - -6.46 ~ | 945.37 -~ | 2181 | 238.0t - ~
x2Eoc vs x2Esc - - -0.21 ~ 1 35.18 - | 3164 0.26 - -
riCoc vsrlICsc ~ ~ -001 | 22457 | -10.50 ~ | -83.06 | -34.47 ~ -
r2Coc vs r2Csc - - 544 | 3347 | 942,15 -~ 385 | 24346 ~ -
TttCsc vs TttEsc -0.82 - 091 ~| -077 | 553 | 074 | -1.53 0.7t 727
TtCsc vs TtEsc 0.83 ~ 092 -~ 077 5.86 0.74 1.56 0.7t 7.84
TottCsc vs TottEsc ~ - 0.86 5.30 9.68 -~ 4.66 8.89 -~ -
TotCsc vs TotEsc ~ - 085 | -504 | -882 ~ ] 445 | -8.16 -~ -
riCsc vsrlEsc - ~ 2215 -5.81 | -65.50 ~ | -33.00 | -8.81 - -~
x1C vsxlEsc -~ - 268 | 649 | -74.78 ~ | 4085 | 9.17 ~ -
r2Csc vs r2Esc - -~ 222 1.01 3.0t ~ | 2296 | -007 - -~
x2C vs x2Esc - - 277 .74 | 4092 ~ ] 3928 | 033 - -
rlCoc vsrlEoc -3.01 - -3.21 -~ -6.36 | -1287 | -5.16 | -3.25 -7.40 | -1430
xIC vsxlEoc -2.76 ~ ] 289 -1 -776 | 817} -603 | -1.82 | 956 | -7.90
r2Coc vs r2Eoc 3.43 ~ 3.34 - 2.69 5.66 482 1.55 6.39 7.68
x2C vs x2Eoc 3.16 -~ 2.99 -~ 425 0.25 5.80 0.06 8.94 0.19
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Table B-3: Machine Data and Calculations - (¢)

F15 Fi8 F19 CFIH CFIL
Variables
d q d q d q d q d q
Xt 0.2050 | 0.2050 | 0.2150 | 0.2150 | 0.3390 | 0.3320 | 0.1710 | 0.1710 | 0.2500 | 0.2500
Xt 0.2650 | 0.4600 | 0.2800 | 0.4900 | 0.4130 | 1.2850 | 0.2320 | 0.3200 | 0.3690 | 0.5650
X 1.6700 | 1.6000 | 2.1100 | 2.0200 | 2.1830 | 2.1570 | 1.6800 | 1.6100 | 1.6600 | 1.5900
la 0.1500 | 0.1500 | 0.1550 | 0.1550 | 0.2460 | 0.2460 | 0.0950 | 0.0950 | 0.1400 | 0.1400
Tu 0.0230 ~ [ 00225 | 0.0225 - ~ | 00230 | 0.0230 | 0.0230 { 0.0230
Tt 1.0700 - - - ~ ~ | 0.8150 | 0.4100 | 1.1300 | 0.5700
Tott 0.0320 | 0.0600 | 00320 | 0.0620 | 0.0410 | 0.1440 | 0.0340 | 0.0800 ! 0.0370 | 0.0700
Tot 3.7000 | 0.4700 | 4.2000 | 0.5650 | 5.6900 | 1.5000 | 5.8900 | 0.6000 | 5.1000 | 0.3260
TottEsc 0.0296 - - -~ -~ ~ | 0.0309 | 0.0414 | 0.0337 | 0.0503
TotEsc 6.7789 -~ - ~ -~ ~ | 59532 | 2.1453 | 5.1220 | 1.6583
rlEsc 0.0007 - -~ ~ - ~ | 0.0008 | 0.0024 | 0.0009 | 0.0035
x1Esc 0.1289 ~ - -~ - ~ | 0.1535 | 0.2802 | 0.2745 | 0.6271
r2Esc 0.0193 ~ - - -~ - | 0.0256 | 0.0206 | 0.0341 | 0.0291
x2Esc 0.1024 ~ ~ - -~ ~ | 0.1663 | 0.1120 | 0.2088 | 0.1469
TttEoc 0.0250 | 0.0390 | 0.0249 | 0.0431 | 0.0338 | 0.0395 { 0.0253 err | 0.0253 err
TtEoc 0.5809 | 0.0927 | 0.5508 | 0.0865 | 1.0705 | 0.8426 | 0.8056 er | 1.1242 err
rlEoc 0.0013 | 0.037t | 0.0014 | 0.0534 | 0.0010 | 0.0084 | 0.0008 ~ | 0.0010 ~
x1Eoc 0.1340 | 1.0693 | 0.1440 | 1.4642 | 0.1916 | 2.4470 | 0.1539 ~ | 0.2750 -
r2Eoc 0.0174 | 0.0115 | 0.0189 | 0.0111 | 0.0233 | 6.0197 | 0.0232 ~ | 00310 -~
x2Eoc 0.0994 | 0.0604 | 0.1086 | 0.0647 | 0.1993 | 0.0935 | 0.1658 - | 0.2085 -
x1C 0.1244 | 0.3943 | 0.1335 | 0.4083 | 0.1828 | 2.2770 | 0.1500 | 0.2642 | 0.2696 | 0.6012
x2C 0.1054 | 0.0669 | 0.1154 | 0.0731 | 0.2099 { 0.0938 | 0.1707 | 0.1148 | 0.2117 | 0.1484
TottCsc 0.0297 ~ ] 00293 | 0.0513 -~ - | 0.0312 | 0.0430 | 0.0339 | 0.0520
TotCsc 6.7430 ~ -~ - ~ ~ | 59017 | 2.0628 | 5.0835 | 1.6041
riCsc 0.0006 -~ -~ - ~ ~ | 0.0008 | 0.0023 | 0.0009 | 0.0034
r2Csc 0.0197 ~ 100218 | 0.0211 - ~ | 0.0262 | 0.0209 | 0.0344 | 0.0293
TttCoc 0.0248 | 0.0267 | 0.0246 | 0.0272 | 0.0337 | 0.0372 | 0.0251 | 0.0428 | 0.0251 | 0.0310
TtCoc 0.5871 | 0.1351 | 0.5573 | 0.1371 | 1.0765 | 0.8936 | 0.8134 | 0.1193 | 1.1337 | 0.1158
riCoc 0.0012 | 0.0104 | 0.0013 | 0.0107 | 0.0010 | 0.0074 | 0.0008 { 0.0079 | 0.0009 | 0.0167
r2Coc 0.0183 | 0.0167 | 0.0199 | 0.0175 | 0.0244 | 0.0209 | 0.0240 | 0.0113 | 0.0316 | 0.0217
TttEoc vs Tt 8.78 - 10.51 | 9151 ~ - 10.02 -~ 9.90 ~
TtEoc vs Tt -45.71 - ~ - ~ - -1.16 - -051 -~
TottEsc vs Tott -1.58 - -~ - - ~ | 902 | 4827 | -894 | -28.17
TotEsc vs Tot 83.21 ~ - - - ~ 107 | 25754 | 043 | 408.70
TttCoc vs Ttt 7.63 - 921 | 2091 - - 8.96 85.87 899 | 34.67
TtCoc vs Tt -45.13 -~ ~ -~ ~ ~ -0.20 | -7091 033 | -79.68
TottCsc vs Tott -7.09 ~ | 843 | <1729 -~ ~ | -822 | 4620 | -825 | -25.74
TotCsc vs Tot 82.24 -~ - - - -~ 020 | 24380 | -0.32 | 392.05
rlEoc vsrlEsc 89.55 - - ~ -~ - 1.40 -~ 0.68 -
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Table B-3: (Continued) Machine Data and Calculations - (c)

F15 F18 F19 CFIH CFIL
Variables
d q d q d q d q d q
xlEoc vs xIEsc 3.91 -~ ~ - ~ - 0.28 - 0.19 -
r2Eoc vs r2Esc 9.87 ~ - ~ - - 9.33 - 9.12 -
x2Eoc vs x2Esc -2.90 -~ -~ -~ -~ -] -030 - 0.15 -
rlCoc vsriCsc 82.24 - - - - -~ 0.20 | 243.80 | -0.32 | 39205
r2Coc vs r2Csc -7.09 - -843 | -17.29 - - -8.22 | -46.20 -825 | -25.74
TuCsc vs TuEsc -1.06 | -31.43 | -1.18 | -3687 | -0.56 -5.70 | -096 - -0.83 -~
TtCsc vs TtEsc 1.07 | 4583 1.19 | 5830 | o056 6.05 0.97 ~ 084 -
TottCsc vs TottEsc 0.53 - - ~ - ~ 0.87 1.00 0.76 3.38
TotCsc vs TotEsc -0.53 ~ - ~ - ~ ] 08 | -384 | 075 | -327
rlCsc vsrlEsc -2.61 - - - - - -1.88 -5.02 -150 | -3.78
x1C vsxlEsc -3.50 ~ -~ ~ ~ -1 230 | 51 -178 | 4.13
r2Csc vsr2Esc 2.02 - - ~ ~ - 218 1.73 1.11 0.65
x2C  vs x2Esc 297 ~ -~ - ~ ~ 2.62 248 1.40 1.02
riCoc vsrlEoc 636 | -7194 | -6.61 | -80.00 | -395 | -1198 | -3.04 - | -247 -~
x1C vsxlEoc 743 | 63.13 | 729 | -72.41 | 463 | -695 | -2.57 ~ | -197 -
r2Coc vs r2Eoc 5.17 | 4550 553 | 57.41 457 6.02 3.43 ~ 2.07 -~
x2C vs x2Eoc 6.04 | 1070 | 6.30 | 1291 5.31 0.29 292 ~ 1.55 ~
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Table B-4: Machine Data and Calculations - (d)

CF2H CF3H CF3L CF5H CF5L
Variables
d q d q d q d q d q
Xu 0.2250 | 0.2240 | 0.2310 | 0.2290 | 0.2520 | 0.2480 | 0.2200 | 0.2200 | 0.2050 | 0.2050
Xt 0.3150 | 0.9580 | 0.3110 | 0.9790 | 0.3800 | 0.9550 | 0.2850 | 0.4900 | 0.2850 | 0.4850
X 1.6700 | 1.6400 | 1.6750 | 1.6480 | 1.5810 | 1.5310 | 1.8000 | 1.7200 | 1.7500 | 1.5800
la 0.1860 | 0.1860 | 0.3040 | 0.3040 | 0.2910 | 0.2910 | 0.1600 | 0.1600 | 0.1550 | 0.1550
Tt - ~ | 00230 | 0.0230 | 0.0230 | 0.0230 | 0.0230 | 0.0230 | 0.0230 | 0.0230
Tt 0.8200 ~ | 1.0000 | 0.5000 | 1.2920 | 0.6500 | 0.5860 | 0.2930 | 1.3600 | 0.6800
Tott 0.0430 | 0.1500 | 0.0470 | 0.1500 | 0.0530 | 0.1350 | 0.0320 | 0.0600 | 0.0350 | 0.0700
Tot 5.0000 | 1.5000 | 5.4000 | 1.5000 | 5.3900 | 1.5000 | 3.7000 | 0.4800 | 8.4000 | 0.4600
TottEsc ~ ~ | 0.0308 | 0.0920 | 0.0344 | 0.0851 | 0.0295 | 0.0478 | 0.0318 | 0.0527
TotEsc - ~ | 5.4210 { 0.8995 | 5.4126 | 1.0851 | 3.7375 | 1.1028 | 8.3972 | 2.2879
rlEsc - - err err e err | 0.0013 | 0.0057 | 0.0006 | 0.0023
x1Esc -~ -~ err err err err | 0.1445 | 0.4787 | 0.1462 | 0.4556
r2Esc - - err e e err | 0.0206 | 0.0208 | 0.0173 | 0.0189
x2Esc ~ ~ err err err err | 0.1093 | 0.0718 { 0.0798 | 0.0585
TuEoc 0.0310 | 0.0375 | 0.0353 | 0.0374 | 0.0355 | 0.0368 | 0.0250 [ 0.0386 | 0.0253 err
TtEoc 0.9329 | 0.8190 | 0.9926 | 0.8354 | 1.2817 | 0.8921 | 0.5796 | 0.0955 | 1.3597 err
rlEoc 0.0009 | 0.0063 err err err err | 0.0014 | 0.0361 | 0.0006 -
x1Eoc 0.1540 | 1.7862 err err e err | 0.1455 | 1.0658 | 0.1467 -
r2Eoc 00112 | 0.0134 err err err err | 0.0189 | 0.0124 | 0.0157 -
x2Eoc 0.0541 | 0.0399 err err e err | 0.1089 | 0.0663 | 0.0797 ~
xI1C 0.1413 | 1.6459 err err e err | 0.1353 [ 04185 } 0.1415 | 0.4295
x2C 0.0559 | 0.0400 err err e err | 0.1154 | 0.0733 | 0.0812 | 0.0589
TottCsc - ~ | 00310 | 0.0983 | 0.0347 | 0.0886 | 0.0298 | 0.0512 | 0.0320 | 0.0544
TotCsc 143473 ~ | 53859 | 0.8417 [ 5.3754 | 1.0420 | 3.7011 | 1.0285 | 8.3509 | 2.2153
r1Csc 0.00i0 - err err e err | 0.0013 | 0.0051 | 0.0006 | 0.0022
r2Csc - -~ err err err cr | 00214 | 0.0209 | 0.0175 | 0.0190
TuCoc 0.0307 | 0.0351 | 0.0349 | 0.0351 | 0.0351 | 0.0351 | 0.0247 | 0.0269 | 0.0252 | 0.0296
TtCoc 0.9431 | 0.8762 | 1.0026 | 0.8911 | 1.2955 | 0.9357 | 0.5858 | 0.1367 | 1.3680 | 0.1412
riCoc 0.0009 { 0.0055 err err err err | 0.0013 | 0.0109 | 0.0005 | 0.0107
r2Coc 0.0114 | 0.0144 err err err cr | 00199 | 0.0178 | 0.0160 | 0.0147
TuEoc vs Tu - -~ | 5332 6272 | 5447 | 5986 856 | 6767 | 1013 ~
TtEoc vs Tt 13.77 ~4{ -074 | 6708 | -080 | 3725 | -1.10 | -67490 | -0.02 -~
TottEsc vs Tott ~ ~ | -3454 | -38.66 | -35.01 | -3700 | -780 | -2037 | -9.14 | -24.73
TotEsc vs Tot - -~ 039 | 4004 | 042 | 2766 101 {12975 ] -003 | 397.37
TuCoc vs Tut ~ ~ | 51.78 | 5255 | 5281 | 52.42 740 | 17.13 946 | 2864
TtCoc vs Tt 1501 ~ 026 | 7822 | 027 | 4395 | -003 | -53.33 0.59 | -79.23
TottCsc vs Tott -~ ~ ] -34.12 | -3445 | -3456 | -3439 | 689 | -1462 | -864 | -22.26
TotCsc vs Tot -13.05 ~ | 026 | -4389 | -0.27 | -30.53 003 | 11427 | -058 | 38158
rlEoc vsrlEsc - - ~ ~ - - 1.63 | 529.06 0.28 -
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Table B-4: (Continued) Machine Data and Calculations - (d)

CF2H CF3H CF3L CFSH CF5L
Variables
d q d q d q d q d q
xlEoc vs x1Esc - ~ ~ ~ ~ -~ 069 [ 122.66 0.34 ~
r2Eoc vs r2Esc ~ ~ ~ ~ - ~ -8.20 | -$0.19 929 -
x2Eoc vs x2Esc - - ~ - ~ -~ 052 -7.63 -0.18 -
rlCoc vsrlCsc -13.05 - -~ - -~ - 003 | 11427 | -058 | 38158
r2Coc vs r2Csc ~ ~ -~ -~ ~ - | 689 | -1462 | -864 | -22.26
TuCsc vs TuEsc -1.08 | -6.33 -100 | 625 | -1.07 | 465 | -1.07 | -30.15 | -06! -
TtCsc vs TtEsc 1.09 6.99 1.01 6.67 1.08 488 108 | 43.15 0.6} -
TottCsc vs TottEsc ~ ~ 0.65 6.87 0.69 4.13 0.98 7.22 0.55 328
TotCsc vs TotEsc - - -0.65 -6.43 -0.69 -397 | 097 | -6.74 -0.55 -3.18
rICsc vsrlEsc - ~ ~ -~ - ~ | <479 | -1108 | 239 | -505
xIC wvsxlEsc - -~ ~ - -~ - -6.36 | -12.56 | -3.17 573
r2Csc vsr2Esc ~ - -~ -~ ~ - 3.68 0.50 1.0 0.07
x2C vs x2Esc - - ~ - - - 543 2.20 1.82 0.79
rlCoc vsrlEoc -7.17 | -13.56 ~ -~ ~ ~ | -629 | -69.71 -3.23 -~
x1C vsxl1Eoc 828 | -7.86 ~ ~ - ~ | -700 | -60.73 | -349 -
r2Coc vs r2Eoc 2.04 6.80 ~ - ~ -~ 517 | 4346 1.73 -
x2C vsx2Eoc 3.28 0.19 - - - ~ 597 10.64 2.00 -~

B.3 Consistency Check

All the information necessary to compare the data is in the previous tables.

Howev-

er, in order to be able to analyse and measure the overwhelming amount of numbers pre-

sented, these tables have been summarized in Table B-5 where the following notation has

been added:

* "cp”.and "tc" are used to refer to the circuit parameters and time constants

respectively;

s Y

Yy

within a 10% range).

and”n” denote success and failure (comparisons succeed if they are
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* The logic to define a subset of parameters as being "OK" is set by the fol-

lowing rules:

(a) If it is not possible to calculate (or the errors are not within the mar-
gin of error of) the time constants with both the exact method and

the classical method, then the data is not OK (n).

(b) If it is not possible to obtain the circuit parameters using the exact
method and there are also problems applying the classical method,

then the data is not OK (n).

(c) same as previous but being able to obtain the circuit parameters

applying the Classical method, the data is considered partially OK
(p)-

(d) if none of the above apply, then the data is OK (y).

Also, because the direct and quadrature axis parameters can be analysed separately,
the study is carried out considering each subset of data corresponding to the d and ¢ axis

individually.

This information can be further compacted as it has been done in Table B-6. Here
the data has been summarized adding all the results obtained from Table B-5 and displayed
on a per axis and overall basis. It can be seen that, according to this criteria, only 45% of
the subsets can be considered fully consistent. When this analysis is done considering to
which axis each individual subset belongs, 55% and 35% of the d and q axis subsets are

consistent.

Table B-7 has been obtained repeating the previous steps, increasing the margin of
an acceptable error to 100%. In this case the overall picture is that only 55% of the data can

be considered consistent. (75% and 35.0% for the d and q axis respectively).
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Table B-6:Consistency Check Summary with 10% Margin of Error

d q all
variables
y p n y p a y p n
tcEsc 12(100.0) o 0.0) o 0.0) 9(100.0) o 0.0) o 0.0) 21(100.0) X 0.0) X 0.0)
vs data 6(500) | 0( 00) | 6(500) | O(00) | 0 00) | 91000) | & 286) | & 0.0) | 15(71.4)
cpEsc %750) | 0(00) | 3(250) | 7(778) | O0(00) | 2(222) | 1&762)| O 0.0) | 5(238)
tcEoc 2(100.0) | O 00) | O( 0.0) | 12(600)| O 0.0) | 8(40.0) | 32(80.0) | 0( 0.0) | 8(200)
vs data (2500 | O 00) | %75.0) 0(00) [ 0(00) | 4100.0) | 3(188) | 0 0.0) | 13(81.3)
cpEoc i7(85.0) | O(00) | 3(150) | %750) | O(00) | 3(250) | 26(81.3)| 0( 00) | 6(188)
teCsc 12(100.0)| 0( 0.0) | 0(0.0) | 9(1000) | 0( 0.0) | O( 0.0) | 21(100.0)| 0O 0.0) | 0 0.0)
vs data 6(500) | 0( 0.0) | 6(500) | O(00) | O 00) | 9(1000) | 6(286) | OC 0.0) | I5(71.4)
rCsc 9750y | 0 0.0) | 3(250) | 7(700) | O 0.0) | 3(300) | I&727)| & 000 | 6(27.3)
tcCoc 20(100.0) [ 0 0.0) | O 0.0) | 20(100.0)| 0 0.00 | 0( 0.0) | 40(100.0)| O 0.0) | 0( 0.0)
vs data S(417) | 0 0.0) | 7(58.3) 0( 00) | 0(00) | 91000) | 5(238) | 0 0.0) | 16(762)
rCoc 17(85.0) | 0( 0.0) | 3(15.0) | 17(850)| 0(0.0) | 3(150) | 3%850)| O 0.0) | & 150)
xC 17(85.0) | 0(0.0) | 3(15.0) | 17(850)| 0( 0.0) | 3(150) | 3%85.0)| 0 0.0) | 6 150)
datais Ok | 11(55.0) | 2(100) | 7(35.0) | 7(350) | 3(150) | 10(500) | 18(350) | 5(125) | 17(425)
Table B-7:Consistency Check Summary with 100% Margin of Error
d q all
variables
y P n y p n y P n
tcksc 12(100.0) 0( 0.0y o 0.0) 9(100.0) 0( 0.0) o 0.0 21(100.0) o 0.0) 0 0.0)
vs data 1917 | 0(00) | 1(83) 222) [ 0000) | 7(778) | 13(619)] 0(00) | 8(38.D)
cpEsc 9%750) | 0 0.0) | 3(25.0) | 7(77.8) | 0 00) | 2(222) | 16(762)| O 0.0) | 5(238)
tcEoc 2(100.0) | 0( 0.0) | 0( 0.0) | 12(600)| 0 0.0) | 8(40.0) | 32(800)| 0( 0.0) | 8(200)
vs data 1(91.7) | 0 00) | 1(83) | #1000)| 0(00) | 0(00) | 15938 | 0 0.0) | I 63)
cpEoc 17(850) | 0( 0.0) | 3(150) | %750) | 0(00) | 3(250) | 26(81.3)| 0O 00) | 6(188)
tcCsc 12(100.0) | 0( 00) | 0( 0.0) | 9(1000) | 0( 0.0) | 0( 0.0) | 21(100.0)| 0O( 0.0) | 0O( 0.0)
vs data HOOLT) | 0 0.0) | 1( 8.3) 2222) [ 0(00) | 7(778) | 13(619) | 0 0.0) | 8(38.1)
rCsc 9( 75.0) o 0.0) 3(25.0) 7( 70.0) o 0.0) 3( 30.0) 16( 72.7) o 0.0 6(27.3)
tcCoc 20(100.0) o 0.0) o 0.0) 20(100.0) o 0.0) 0( 0.0) 40(100.0) 0o 0.0) o 0.0)
vs data ((917) | 0( 0.0) | 1(83) | 9(1000)| O 00) | 0 0.0) | 20(952) | O 0.0) | 1( 4.8)
rCoc 17(850) | 0 0.0) | 3(15.0) | 17(85.0) | 0( 0.0) | 3(150) | 34850)| O 0.0) | 6 15.0)
xC 17(85.0) [ 0 0.0) | 3(150) | 17(850)| 0 0.0) | 3(150) | 3%850) | O 00) | 6(150)
datais Ok | 15(750) | 0( 0.0) | 5(250) | 7(35.0) [ 3(150) | 10(50.0) | 22(550) | 3( 7.5 | 15(375)




191

B.4 Discussion

It can be concluded that the accuracy of the data presented here, from a consistency
point of view. is extremely questionable. While this assertion is valid for both axes. the d
axis shows a better performance than the g axis, where the lack of reliable data is evident.
Although there is not enough data available to generalize and make this exercise conclu-

sive, the obtained results are impressive for the following reasons:

* It has been the intention to avoid any bias against the data offered by the
manufacturer. This has been accomplished by setting rules that give a
strong weight to the classic approach, and avoiding the use of the compari-
sons between methods and the ones obtained working with either set of

time constants, when discriminating between good and bad data.

* When only the open circuit or short circuit time constants are available,
time comparisons are considered OK by definition, and this is the case for

13 subsets (32.5%)

* The nature of the checking itself, i.e., the data is only analysed against the
mathematical model that it is supposed to represent. At no time is it being
discussed here if the data corresponds to the physical model of the actual

machine.



C.1 Introduction

APPENDIX C

PER UNIT SYSTEM

There is no standard per unit system for synchronous machines. This has made the

topic controversial and some times confusing. The most comprehensive treatment of dif-

ferent per unit systems has been done in [92]. The system adopted here follows that pre-

sented in [48].

C.2 Adopted Per Unit System

The following table shows how the base quantities are chosen once the machine

power and voltage ratings are given (S34, V| | ), and the direct axis mutual inductance (L,,,)

and the field current that in absence of saturation generates a rated open circuit armature

voltage (Igyy) are known.

Table C-1: Base Values

Variable Value
Sg S3¢/3
Ve Vi/ 3
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Table C-1: (Continued) Base Values
Variable Value
Ig Sp/Vg
) 2nf
Rp Vp/ip
Lp Rp/wg
Sk Sg
Ikp Ienv Lmdepu / +/3
VEB Srp/lrs
Rep Vrp/lIrp
Lgp Rep/owg

C.3 Normalized Field Magnitudes

One of the problems of per unit systems is that rated values are not necessary re-

flected as 1.0 pu values. This is particularly true for the field magnitudes.

The magnitude of the field current Iy can be referred to as a normalized field cur-
rent of 1.0 [79]. Appendix 7A of reference [19] refers to this particular transformation as
reciprocal system. This amount, in Amps, has been referred to as Igyy in Table C-1, from
where it is easily obtained its per unit value as ﬁ/Lmd(pu). A similar relationship can be

obtained for the field voltage.

Because the transformation of one variable into its per unit counterpart is usually
referred as normalization of the variable. care must be taken in order to avoid any confu-

sion.

.
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APPENDIX D

STEADY-STATE MEASUREMENTS

D.1 Introduction

This section has the experimental data obtained from steady-state measurements
carried out on a micro-alternator in the Power Lab of the Department of Electrical and

Computer Engineering of the University of Calgary.

D.2 Micro Alternator Characteristics

The micro-alternator under consideration has the following rated characteristics:

Table D-1: Micro-Alternator Ratings
Characteristics Values

Power: 3.0 KVA

Voltage: 220V

Power Factor: 0.8

Speed: 1800 rpm

No. of poles: 4

and the following set of parameters have been offered by the manufacturer



Table D-2: Manufacturer’s Data

Parameter d-axis?® g-axis
l, 0.128 0.128
Ly, 2.042 2.042
L 0.375 0.375
L 0.233 ~
T, 0.756 secs ~
T, 0.076 secs 0.395 secs
T 0.131 secs
T 0.047 secs 0.054 secs
R, 0.0047

a. Values are in pu unless specified

D.3 Operating Points
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Figure D-1shows a schematic of the general setup used to obtain the steady-state

data. This configuration permits to control

e the active power delivered by the SM: varying the excitation of the Prime

Mover (M);

* the reactive power delivered by the SM: varying the field current of the

SM;
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* the terminal voltage of the SM: varying the turns-ratio of the auto-trans-

former.

On Line Data: )
P,QV,LIf 5

Figure D-1: Setup for the Steady-State Measurements

Table D-3 contains the measurements taken for two values of active power P
(~0.87,~066) and three values of terminal voltage V (~0.95,~1.00,~1.05) over the range of
the reactive power Q within the capability limits. The readings reflect the active and reac-
tive power, terminal voltage, armature current, field current, and load angle. To check the
validity of the data, the last column of the table presents the comparison between the meas-
ured armature current and the calculated value as a function of the PQV values. The load
angle is available from the control panel [93], and the other variables were measured with

portable instruments.



Table D-3: Steady-State Operating Points

No | P(pu) | Q(pu) | V(pu) | Li(pu) | Ip(A) | &(deg) | Ilerr(%)
1 0.8440 0.4550 0.9459 1.0187 3.500 39.70 0.50
2 0.8467 04272 0.9459 1.0098 3450 40.45 0.72
3 0.8493 0.3995 0.9459 1.0009 3.390 41.25 0.87
4 0.8560 0.3741 0.9441 0.9907 3.350 42.40 0.12
5 0.8587 0.3464 0.9455 0.9844 3.300 42.85 0.52
6 0.8627 03164 0.9455 0.9755 3.245 4395 0.37
7 0.8667 0.2817 0.9455 0.9679 3.195 44 .85 041
8 0.8600 0.2702 0.9482 0.9577 3.160 44 .85 0.74
9 0.8640 0.2402 0.9500 0.9488 3.100 45.95 051
10 0.8693 0.2032 0.9464 0.9463 3.050 47.80 0.31
11 0.8760 0.1732 0.9445 0.9437 3.000 48.65 -0.17
12 0.8773 0.1432 0.9455 0.9425 2.950 50.00 0.24
13 0.8693 0.1247 0.9509 0.9272 2910 4995 0.40
14 0.8720 0.0878 0.9509 0.9260 2.860 51.00 047
15 0.8693 0.0508 0.9527 0.9234 2.800 52.55 1.03
16 0.8720 0.0092 0.9532 0.9234 2.750 54.45 093
17 0.8760 -0.0346 0.9518 0.9260 2.700 56.00 0.53
18 0.8773 -0.0831 0.9509 09310 2.650 58.45 046
19 0.8773 -0.1339 0.9509 0.9425 2.600 60.75 098

20 0.8800 -0.2078 0.9514 0.9552 2.540 64.00 0.50

21 0.8787 -0.2979 0.9486 0.9844 2.500 69.35 0.65

22 0.8760 -0.3764 0.9486 1.0187 2.460 73.85 1.35

23 0.8733 0.5566 1.0023 1.0479 3.740 36.35 1.42
24 0.8760 0.5289 1.0023 1.0314 3.700 36.85 1.02

25 0.8760 0.5011 1.0000 1.0161 3.620 37.65 0.69
26 0.8787 0.4965 0.9991 1.0136 3.600 37.85 0.34

27 0.8787 0.4688 1.0000 1.0034 3.550 38.50 0.76
28 0.8800 0.4388 1.0014 0.9933 3.500 38.85 1.15
29 0.8827 04111 1.0018 0.9793 3.430 39.95 0.76
30 0.8853 0.3880 1.0005 0.9755 3.400 40.30 0.96
31 0.8853 0.3649 1.0014 0.9628 3.350 40.75 0.68
32 | 08867 | 03395 | 09991 | 09602 3.300 2185 1.05
33 | 0.8893 | 03164 | 09977 | 09526 | 3250 42.65 0.69
34 0.8880 0.2910 0.999] 0.9425 3.200 43.30 0.77
35 | 0.8880 | 02633 | 1.0005 | 09336 | 3.50 4395 0.84
36 0.8893 0.2379 1.0005 0.9298 3.100 44.60 1.04
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Table D-3: (Continued) Steady-State Operating Points

No | P(pu) | Q(pu) | V(pu) | Li(puw) | Ig(A) | S(deg) | Ierr(%)
37 0.8880 0.2125 1.0000 0.9234 3.050 45.55 i.13
38 0.8933 0.1709 0.999] 09171 2.990 47.15 0.74
39 0.8960 0.1432 0.5964 09145 2.950 48.15 042
40 0.8933 0.1155 0.9968 0.9082 2.900 48.95 0.50
41 0.8920 0.0808 0.9982 0.9044 2.850 4995 0.79
42 0.8947 0.0439 0.9973 0.9044 2.800 51.50 0.69
43 0.8947 0.0069 0.9968 09031 2.750 52.80 0.62
44 0.8973 -0.0393 0.9977 0.9082 2.700 54.70 0.88
45 0.8947 -0.0762 0.9977 0.9094 2.650 56.10 1.05
46 0.8973 -0.1224 0.9977 09145 2.595 58.30 0.75
47 0.8933 -0.1709 0.9973 09171 2.550 60.45 0.55
48 0.8973 -0.2286 0.9955 0.9298 2.500 63.15 -0.05
49 0.8947 -0.3072 0.9945 09526 2.450 66.50 0.16
50 0.8973 -0.4319 0.9941 1.0060 2.400 74.05 042
51 0.8933 0.5265 1.0500 0.9895 3.700 35.70 0.19
52 0.8933 0.5081 1.0500 0.9806 3.650 36.20 0.18
53 0.8947 0.4873 1.0500 09691 3.610 36.55 -0.11
54 0.8960 0.4665 1.0509 0.9602 3.550 37.35 -0.10
55 0.8920 0.4503 1.0555 0.9425 3.505 37.30 -0.45
56 0.8920 04180 1.0555 0.9336 3.445 38.05 0.03
57 0.8960 0.3972 1.0555 09272 3.400 38.45 -0.15
58 0.8960 0.3741 1.0555 09158 3.350 39.15 -0.45
59 0.8947 0.3487 1.0545 0.9107 3.295 39.80 0.02
60 0.8907 0.3187 1.0555 09018 3.240 40.35 0.62
61 0.8907 0.3048 1.0577 0.8929 3.205 40.65 0.33
62 0.8893 0.2794 1.0577 0.8828 3.150 41.35 0.16
63 0.8907 0.2587 1.0482 0.8840 3.100 42.55 -0.09
64 0.8920 0.2286 1.0455 0.8790 3.050 4345 -0.21
65 0.8920 0.1824 1.0505 0.8751 3.000 44.20 0.97
66 | 08920 | 0.1501 | 1.0500 | 0.8701 2.950 45.10 1.00
67 0.8960 0.1293 1.0527 0.8624 2.900 45.75 0.29
68 0.8907 0.1016 1.0536 0.8574 2.850 46.40 0.77
69 0.8893 0.0670 1.0536 0.8548 2.800 47.80 0.99
70 | 0.8893 | 00346 | 10527 | 08536 | 2.750 4885 0.96
71 0.8933 -0.0046 1.0509 0.8536 2.700 5045 041
72 | 0.8933 | -0.0370 | 10495 | 08612 | 2.650 5175 1.09
73 | 0.8920 | -0.0808 | 10495 | 08637 | 2.600 53.40 121
74 | 0.8960 | -0.1247 | 1.0486 | 08663 | 2.550 5530 041
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Table D-3: (Continued) Steady-State Operating Points

No | P(pu) | Q(pu) | V(pw) | L(pu) [g(A) | 3(deg) | lermr(%)
75 0.8960 -0.1663 1.0482 0.8739 2.500 56.75 0.51
76 0.8960 -0.2171 1.0486 0.8828 2.450 59.30 041
77 0.8947 -0.2748 1.0477 0.8942 2.400 62.15 0.10
78 0.8933 -0.3556 1.0473 0.9196 2.345 66.00 0.16
79 0.8960 -0.4573 1.0459 0.9552 2.300 71.80 -0.69
80 0.6640 0.5727 0.9500 0.9209 3.455 31.40 -0.23
81 0.6613 0.5543 0.9514 0.9120 3.405 31.75 0.55
82 0.6627 0.5381 0.9505 0.8967 3.350 32.25 -0.15
83 0.6627 0.5150 09514 0.8853 3.305 33.10 0.36
84 0.6613 0.4942 0.9545 0.8663 3.250 32.80 0.16
85 0.6613 04711 0.9545 0.8574 3.200 33.40 0.79
86 0.6613 0.4388 0.9505 0.8447 3.145 34.15 1.15
87 0.6600 0.4180 0.9505 0.8282 3.090 34.60 0.75
88 0.6627 0.4088 0.9509 0.8256 3.055 35.15 0.83
89 0.6613 0.3880 09514 0.8154 3.000 35.80 1.18
90 0.6627 0.3626 0.9500 0.8040 2950 36.35 1.12
91 0.6627 0.3349 0.9514 0.7900 2.900 37.05 1.23
92 0.6667 0.3141 0.9523 0.7773 2.840 37.75 0.45
93 0.6640 0.3002 0.9505 0.7723 2.800 38.35 0.73
94 0.6653 0.2702 0.9505 0.7621 2.750 39.15 0.87
95 0.6667 0.2494 0.9505 0.7519 2.710 39.85 041
926 0.6680 0.2240 0.9505 0.7469 2.650 40.60 0.75
97 0.6667 0.1986 0.9495 0.7392 2.605 41.55 091
98 0.6680 0.1732 0.9509 0.7392 2.550 42.60 1.86
99 0.6667 0.1478 09514 0.7253 2.500 43.65 1.05
100 0.6667 0.1155 0.9505 0.7215 2450 44.90 1.35
101 0.6667 0.0878 0.9514 0.7151 2.400 45.75 1.18
102 0.6680 0.0577 0.9518 0.7113 2.350 47.00 0.97
103 0.6693 0.0323 0.9514 0.7100 2.305 48.40 0.80
104 0.6707 -0.0023 0.9505 0.7088 2.255 49.80 044
105 0.6693 -0.0416 0.9495 0.7113 2.200 51.85 0.71
106 0.6693 -0.0785 0.9500 0.7176 2.150 53.55 1.16
107 0.6707 -0.1316 0.9482 0.7240 2.095 56.25 044
108 0.6693 -0.1709 0.9482 0.7342 2.045 58.65 0.77
109 0.6707 -0.2148 0.9491 0.7456 2.000 61.45 0.49
110 0.6680 -0.2841 0.9491 0.7685 1.940 66.30 047
i1 0.6693 -0.3649 0.9491 0.8040 1.900 72.30 0.10
112 0.6547 0.6028 1.0027 0.8866 3.500 28.75 -0.10
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Table D-3: (Continued) Steady-State Operating Points

No | P(pu) Q(pu) V(pu) L,(pu) I(A) d(deg) | lerr(%)
113 0.6573 0.5843 1.0027 0.8701 3.440 29.30 -0.80
114 0.6573 0.5658 0.9991 0.8574 3.400 29.75 -1.24
115 0.6573 0.5381 1.0005 0.8485 3.340 30.25 -0.07
16 0.6560 0.5219 1.0018 0.8370 3.300 30.55 0.03
117 0.6573 0.5058 1.0023 0.8243 3.250 31.00 -0.38
118 0.6373 0.4873 1.0018 0.8154 3.200 31.40 -0.16
119 0.6587 0.4665 1.0018 0.8027 3.160 31.80 -0.36
120 0.6573 0.4457 1.0023 0.7900 3.100 32.45 -0.30
121 0.6600 04180 1.0014 0.7812 3.050 33.00 0.13
122 0.6600 0.3949 1.0014 0.7697 2.990 33.75 0.21
123 0.6600 0.3811 1.0018 0.7621 2.955 34.10 0.18
124 0.6627 0.3533 0.9986 0.7507 2.900 34.95 -0.18
125 0.6627 0.3302 0.9986 0.7405 2.850 35.65 -0.12
126 0.6627 0.3118 0.9973 0.7329 2.800 36.35 -0.20
127 0.6627 0.2841 0.999] 0.7227 2.750 36.95 0.15
128 0.6653 0.2610 1.0005 0.7138 2.700 37.55 -0.07
129 0.6667 0.2402 1.0000 0.6999 2.650 38.40 -1.23
130 0.6667 0.2171 1.0005 0.6961 2.600 39.10 -0.68
131 0.6667 0.1940 1.0009 0.6884 2.550 39.90 -0.76
132 0.6667 0.1663 1.0009 0.6846 2.500 40.55 -0.27
133 0.6653 0.1455 1.0000 0.6795 2.455 41.70 -0.22
134 0.6653 0.1039 1.0009 0.6745 2.400 42.90 0.25
135 0.6653 0.0808 1.0000 0.6707 2.355 43.95 0.06
136 0.6693 0.0416 1.0000 0.6694 2.300 45.15 -0.19
137 0.6693 0.0231 1.0000 0.6681 2.255 146.40 -0.24
138 0.6680 -0.0162 1.0014 0.6681 2.200 48.00 0.12
139 0.6707 -0.0439 1.0009 0.6694 2.150 49.40 -0.31
140 0.6680 -0.0808 1.0000 0.6732 2.095 51.40 0.05
141 0.6680 -0.1224 1.0000 0.6757 2.050 53.30 -0.50
142 0.6667 -0.1617 1.0000 0.6859 2.000 55.45 -0.01
143 0.6680 -0.2009 1.0009 0.6961 1.950 57.80 -0.13
144 0.6667 -0.2633 1.0009 0.7113 1.900 61.45 -0.67
145 0.6667 -0.3233 1.0000 0.7392 1.850 65.60 -0.23
146 0.6653 -0.4365 0.9982 0.7951 1.800 7395 -0.26
147 0.6520 0.5889 1.0536 0.8358 3.505 26.95 0.23
148 0.6520 0.5658 1.0541 0.8193 3.440 27.30 0.04
149 0.6520 0.5519 1.0536 0.8129 3.400 27.70 0.26
150 0.6547 0.5335 1.0505 0.8027 3.345 28.25 -0.15




Table D-3: (Continued) Steady-State Operating Points

No | P(pu) Q(pu) | V(pu) [,(pu) IA) | 8(deg) | lerr(%)
151 0.6547 0.5104 1.0495 0.7939 3.300 28.70 0.37
152 0.6573 0.4919 1.0514 0.7812 3.250 29.10 0.03
153 0.6547 0.4688 1.0532 0.7685 3.200 2940 0.51
154 0.6560 0.4480 1.0532 0.7596 3.155 29.85 0.70
155 0.6560 0.4295 1.0527 0.7494 3.110 30.40 0.61
156 0.6573 0.4088 1.0532 0.7367 3.050 30.90 0.23
157 0.6560 0.3880 1.0541 0.7253 3.005 31.40 0.31
158 0.6573 0.3626 1.0536 0.7151 2.950 32.05 0.37
159 0.6573 0.3395 1.0536 0.7062 2.900 32.60 0.58
160 0.6573 0.3164 1.0527 0.6961 2.850 33.25 0.44
161 0.6587 0.3002 1.0541 0.6922 2.810 33.70 0.80
162 0.6600 0.2794 1.0532 0.6795 2.760 34.40 -0.14
163 0.6613 0.2494 1.0536 0.6719 2.700 35.20 0.1é
164 0.6600 0.2194 1.0545 0.6630 2.645 36.05 0.53
165 0.6613 0.1986 1.0541 0.6579 2.600 36.60 0.44
166 0.6613 0.1755 1.0532 0.6503 2.550 37.50 0.10
167 0.6627 0.1547 1.0536 0.6465 2.505 38.15 0.10
168 0.6613 0.1201 1.0545 0.6389 2.445 39.25 0.24
169 0.6627 0.0947 1.0545 0.6364 2.400 40.15 0.25
170 0.6653 0.0716 1.0541 0.6351 2.350 41.10 0.04
171 0.6667 0.0370 1.0545 0.6338 2.300 42.45 0.10
172 0.6653 0.0115 1.0532 0.6325 2.250 43.60 0.11
173 0.6653 -0.0208 1.0523 0.6338 2.200 44.65 0.19
174 0.6653 -0.0577 1.0523 0.6351 2.145 46.20 0.07
175 0.6627 -0.0854 1.0514 0.6376 2.100 47.85 0.33
176 0.6653 -0.1178 1.0536 0.6414 2.050 49.10 0.02
177 0.6667 -0.1524 1.0532 0.6452 2.000 50.85 -0.63
178 0.6653 -0.1963 1.0545 0.6567 1.950 53.05 -0.17
179 0.6640 -0.2402 1.0541 0.6694 1.900 55.50 -0.07
180 0.6627 -0.2887 1.0541 0.6884 1.850 58.45 0.40
181 0.6640 -0.3326 1.0545 0.7049 1.800 61.35 0.10
182 0.6613 -0.4203 1.0545 0.7469 1.745 66.80 0.51
183 0.6587 -0.5543 1.0500 0.8193 1.700 76.90 -0.07
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D.4 Open Circuit Characteristic

[}®]
~

With the SM operating at rated speed and disconnected from the network, the fol-

lowing open circuit magnitudes for the field current and corresponding terminal voltage

were obtained:

Table D-4: Open Circuit Measurements
No Ip(A) Vap(V) No Ix(A) Vap(V)
1 0.205 36 4 2.600 324
2 0.300 52 45 2.550 322
3 0.420 75 46 2.500 320
4 0.490 88 47 2.440 317
5 0.550 100 48 2.400 315
6 0.610 112 49 2.350 313
7 0.680 123 50 2.300 310
8 0.700 128 51 2.250 307
9 0.740 134 52 2.190 305
10 0.800 143 53 2.130 300
11 0.860 156 54 2.050 296
12 0.900 162 55 1.980 292
13 0.940 168 56 1.940 288
14 0.980 176 57 1.880 284
15 1.040 186 . 58 1.850 282
16 1.095 194 59 1.800 278
17 1.120 197 60 1.750 274
18 1.150 202 61 1.700 270
19 1.200 210 62 1.650 265
20 1.260 218 63 1.600 260
21 1.300 223 64 1.550 256
22 1.340 228 65 1.500 250
23 1.390 236 66 1.430 244
24 1.450 242 67 1.400 238
25 1.480 245 68 1.360 232
26 1.540 251 69 1.290 224
27 1.580 255 70 1.220 215
28 1.640 260 71 1.160 205




Table D-4: (Continued) Open Circuit Measurements
No Is(A) Vop(V) No Ie(A) Vp(V)
29 1.690 266 72 [.100 196
30 1.740 270 73 1.040 188
31 1.820 279 74 1.000 181
32 1.900 283 75 0.930 169
33 2.000 290 76 0.870 160
34 2.100 298 77 0.800 149
35 2.150 300 78 0.750 138
36 2.210 304 79 0.700 130
37 2.250 305 80 0.630 118
38 2.310 309 81 0.570 107
39 2.400 315 82 0.500 94
40 2.500 319 83 0.440 81
41 2.550 322 84 0.350 65
42 2.600 324 85 0.300 56
43 2.650 326 86 0.230 43
87 0.160 30

From the open circuit characteristic the field current that in absence of saturation
would produce a rated open circuit terminal voitage /g, can be extracted as being 1.2077

Amps.

D.5 Armature and Field Resistances

After being operated under rated load, the armature and field resistance were meas-

ured, obtaining the values shown in Table D-5.

Table D-§: Armature and Field Resistances

r, 0.2694 ohms

a

e 4.3000 ohms




APPENDIX E

TURBO-GENERATOR STEADY-STATE DATA

E.1 Introduction

This section has the experimental data obtained by Ontario Hydro for the Lambton

generator [31] that has been used during the course of this work.

E.2 Turbo-Alternator Characteristics

The cylindrical rotor machine under consideration has the following rated charac-

teristics:

Table E-1: Turbo-Alternator Ratings

Characteristics Values
Power: 555 MVA
Voltage: 240 KV
Power Factor: 09
Speed: 3600 rpm
No. of poles: 2

The parameters offered by the manufacturer are summarized in Table E-2.



E.3 Operating Points

Table E-2: Manufacturer’s Data

Parameter d-axis® q-axis
l, 0.160 0.160
L, 1.810 1.707
L 0.270 0.473
L 0.215 0.213
T, 0.430 secs 0.560 secs
T, 0.031 secs 0.061 secs

a. Parameter values in pu unless specified

Next table summarize the measurements taken for five values of active power "P"

(~0.2,~0.38,~0.55,~0.72,~0.91). The readings reflect the active and reactive power, termi-

nal voltage, armature current, field current, and load angle. Also, the last column presents

the comparison between the measured armature current and the calculated value.

Table E-3: Steady-State Operating Points
No | P(pu) | Q(pu) | V(pu) | Li(pu) | IHA) | &(deg) | Ierr(%)
28 02075 0.3686 | 1.0400 0.4130 2684 9.8 1.54
45 0.2072 0.2903 1.0417 0.3494 2452 10.6 2.05
53 0.2074 0.2329 1.0367 0.3068 2268 11.5 1.98
73 0.2090 0.1440 1.0221 0.2537 1978 133 2.15
87 0.2084 0.0589 1.0088 0.2192 1716 15.3 2.11




Table E-3: (Continued) Steady-State Operating Points

No | P(pu) | Q(pu) | V(pu) | ILi(pu) | IgA) | 8(deg) | Ierr(%)
90 0.2092 0.0000 | 0.9992 0.2147 1551 172 2.59
104 0.2092 | -0.0547 | 0.9908 0.2237 1381 19.2 2.53
118 0.2093 -0.1264 | 0.9792 0.2537 1204 226 1.57
125 02090 | -0.1647 | 09721 0.2783 1096 249 1.69
140 0.2101 -0.2173 0.9725 0.3135 986 276 0.89
170 0.3740 0.3512 1.0354 0.5043 2758 17.9 1.78
177 0.3762 0.3199 1.0363 0.4856 2672 18.5 191
189 0.3787 0.2704 1.0367 0.4564 2536 19.5 1.69
191 0.3807 0.2192 1.0321 0.4332 2387 20.8 1.78
215 0.3798 0.1399 1.0196 0.4033 2140 233 1.60
225 0.3802 0.0536 1.0046 0.3898 1933 26.5 2.00
233 0.3798 | -0.0434 | 0.9883 0.3936 1686 312 1.76
245 0.3805 | -0.1246 | 0.9758 0.4168 1505 36.1 1.58
255 0.3791 -0.1661 0.9667 0.4347 1415 39.0 1.53
259 0.3791 -0.1964 | 0.9667 0.4482 1354 41.0 1.48
268 0.3803 | -0.2203 0.9654 0.4617 1320 427 1.40
271 0.3800 | -0.2414 | 0.9654 0.4729 1283 a4.1 1.42
305 0.5481 0.4684 1.0413 0.7048 3332 324 1.80
309 0.5485 0.3991 1.0421 0.6600 3113 23.8 1.39
327 0.5508 0.2858 1.0400 0.6083 2821 26.4 1.95
344 0.5524 0.1832 1.0242 0.5769 2520 30.0 1.52
356 0.5517 0.0787 1.0075 0.5634 2282 34.3 1.86
370 0.5503 0.0052 0.9967 0.5627 2119 378 191
374 0.5526 | -0.0452 | 0.9858 0.5709 2008 40.7 1.51
382 0.5526 | -0.0914 | 0.9767 0.5821 1931 43.7 1.51
390 0.5521 -0.1487 | 0.9671 0.6008 1832 474 1.63
411 0.5526 | -0.1987 | 0.9671 0.6166 1753 50.4 1.54
443 0.7214 0.4264 1.0421 0.8141 3458 293 123
451 0.7150 0.3000 1.0429 0.7946 3380 29.6 1.16
460 0.7324 0.3654 1.0363 0.7984 3297 31.3 1.08
468 07173 0.3182 1.0292 0.7722 3148 324 1.27
476 07317 0.2774 1.0233 0.7729 3065 34.3 1.08
479 0.7270 0.2356 1.0167 0.7610 2959 35.6 1.23
490 0.7209 0.1886 1.0108 0.7445 2836 37.3 0.99
495 0.7236 0.1564 1.0108 0.7415 2777 383 1.25
507 0.7175 0.0848 1.0117 0.7228 2617 40.6 1.21
515 0.7247 0.0344 1.0054 0.7303 2532 43.1 1.21
523 0.7186 0.0002 1.0008 0.7258 2459 44.5 1.09
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Table E-3: (Continued) Steady-State Operating Points

No | P(pu) Q(pu) V(pu) [,(pu) I(A) S(deg) | lerr(%)
525 0.7203 -0.0014 1.0000 0.7287 2460 44.8 1.17
532 0.7216 -0.0475 0.9921 0.7385 2356 47.4 1.31
538 0.7205 -0.0905 0.9875 0.7430 2312 49.5 1.03
543 0.7231 -0.1267 0.9808 0.7580 2265 519 1.28
545 0.7344 -0.1589 0.9738 0.7834 2231 54.5 1.52
548 0.7259 -0.1787 0.9721 0.7782 2199 554 1.18
555 0.7286 -0.2126 0.9650 0.7969 2172 579 1.31
562 0.7247 -0.2313 0.9654 0.7976 2131 58.8 1.23
566 0.7229 -0.2540 0.9658 0.8031 2109 60.0 1.23
568 0.7247 -0.2527 0.9658 0.8029 2118 599 1.04
599 09122 0.4624 1.0400 0.9937 3867 343 1.04
600 09101 0.4549 1.0400 0.9884 3847 344 1.04
609 0.9137 0.4396 1.0408 0.9839 3815 34.8 1.01
617 09137 0.4037 1.0413 0.9690 3735 35.7 1.01
623 09122 0.3607 1.0417 09510 3615 36.6 0.99
695 09166 0.3096 1.0350 0.9435 3497 384 0.94
700 09167 0.2651 1.0292 0.9368 3396 40.0 1.03
706 09155 0.2155 1.0229 0.9293 3286 41.7 1.08
714 09157 0.2059 1.0233 0.9263 3266 42.0 1.00
721 09193 0.1577 1.0217 0.9226 3183 43.7 1.06
731 0.9200 0.1089 1.0154 0.9211 3086 45.7 0.96
736 09175 0.0589 1.0125 09181 2994 47.6 1.11
744 09175 0.0211 1.0054 0.9211 2911 49.5 091
753 09175 -0.0662 0.9938 0.9361 2808 53.8 1.13
761 09169 -0.0661 0.9938 0.9361 2802 53.8 1.19
763 0.9166 -0.1078 0.9867 0.9465 2752 56.2 1.20
770 09135 -0.1602 0.9796 0.9578 2686 59.0 1.16
778 09185 -0.1516 0.9800 0.9607 2711 58.6 1.14
785 09184 -0.2245 0.9675 0.9877 2641 63.1 1.08
801 09175 -0.2648 0.9650 1.0004 2606 65.3 1.10
807 0.9229 -0.2646 0.9654 1.0064 2618 65.3 1.20
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E.4 Open Circuit Characteristic

Data for the open circuit characteristics is not provided in the original reference
[31]. What it is available is the field current that in the absence of saturation would produce

a rated open circuit terminal voltage Ip,, as being 1310 Amps.



APPENDIX F

TRANSIENT STATE MEASUREMENTS

F.1 Introduction

This section introduces the data acquisition system developed to be able to measure
on-line instantaneous voltages, currents and rotor position of a SM. It also presents the gen-
eral set up and experiments carried out to obtain the transient state measurements of a mi-
cro-alternator in the Power Lab of the Department of Electrical and Computer Engineering

of the University of Calgary.

F.2 Data Acquisition System

A Data Acquisition System (DAS) has been developed in order to be able to meas-
ure on-line instantaneous voltages, currents and the rotor position of a SM. The author of
this work has been responsible for all the software developments and Mr. Garwin Hancock

has been in charge of the hardware implementation®.

The DAS is based on a Digital Signal Processor (DSP) Board [80,81] that uses the
TMS320C30 DSP [82]. The TMS320C30 processor is a very high speed floating-point de-

vice with an instruction set tailored to the real-time manipulation of sampled data.

1. Proper documentation of the hardware implementation is available in the Power Lab of the Uni-
versity of Calgary.
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Figure F-1 shows the main components of the DAS. The general functional design can be

better analysed in two steps.

*«
I0A ....... I7A IB DAS
1 111111 |
—
OA - }. ......... é - CHA |
, ito] CHBIl psp PC
C
OB } DASH | CHC N BOARD
—— — il
control

Figure F-1: DAS Schematic Diagram

F.2.1 General Inputs/Qutputs: CHA & CHB

In its more generic form, the DAS is capable of handling nine analog inputs and two
analog outputs. As it can be observed in ithe hardware component of the DAS (DASH), the

actual inputs and outputs are transmitted through two channels: CHA and CHB.

The DSP Board controls when the signals are sampled with a sample and hold
mechanism. This allows the DSP to sample all the inputs simultaneously, read them after-

wards, and end the cycle with the transmission of the outputs to the DASH.
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The internal software design. which is generally hidden from the user, has been op-
timized using both the assembler and C programming languages [83,84]. In any case, the
DASH response is the limiting factor when considering speed. With all the inputs and out-
puts, the maximum sampling rate that the DAS is able to handle is S000 Hz (a period of 200

usecs). This limit can be further increased if only a few inputs are considered for CHA.

This general purpose portion of the DAS, with more details concerning its specific
usage, has been summarized in a User’s Guide (see Figure F-2) and several specific exam-

ples, which have been made available to other users [85-87].

F.2.2 External Interrupt Input Signal: CHC

The TMS320C3x DSPs support multiple internal and external interrupts that can be
used for a variety of applications. For this specific application, internal interrupts have been
used to control the periodic sampling rate and an external interrupt, activated by the input

CHC in Figure F-1, to measure the rotor position of the SM.

As the schematic of Figure F-1 shows, a 30 hole disk attached to the rotor of the SM
is the primary source of the signals. When the light spectrum of an infrared light emitting
diode is detected by an infrared photo transistor on the other side of the disk, a signal is gen-
erated. These signals generate interrupts in the DSP board, which in software terms trans-
lates in a sudden execution of a predetermined software function. This function keeps track

of the time when each specific hole is detected.

These interrupts are not in synchronism with the sampling frequency of the general
inputs. In order to solve this and have a complete picture of the SM that includes the rotor
position for each sample, the DSP Board buffers the samples and whenever the rotor infor-

mation is obtained, it is distributed among the samples using an average displacement be-
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/* DAS: USER’'S GUIDE_DSP.C */
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/* MARIANO CALVO & GARWIN HANCOCK */
/* Department of Electrical & Comp. Engineering - The University of Calgary*/
IAd */
/* Last updated: */
/* 97/05/15 created */
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Technical DATA

Analog Inputs: 1-9 - DSP analog channel CHB (standard un-buffered)
- DSP analog channel CHA plus external hardware Channels 0 - 7
Outputs: [-2 - DSP analog outputs CHA and CHB (standard un-buffered)
Gains:
channel Gain Position _ Gains Max. Ext. Input(Volts)
CHB (DSP standard) 1.00 +/- 3.00
CHA(0-8) I 0.25 +/- 12.00
2 0.50 +/- 6.00
5 5.00 +/- 0.60
10 10.00 +- 030
20 20.00 - 015

DAS Software related files

DAS.H DAS.C (DAS.OB)J)
“DAS.H™ has all the prototypes of the functions and global variables considered “a must™ to run the DAS. “DAS.C”
contains the actual “source code™ of the DAS.

Current Directories
DAUSER\DAS\VER_14
NOTE: Please, do not modify the original code of this directory (make a copy to your own directory...)

Running the DAS
Any project using the DSP Board has two software modules:

1. DSPMODULE 2. PCMODULE
that run in parallel. One primary function of the PCMODULE is to load the running code for the DSP into its RAM,
since there is no ROM storage on the DSP Board. The other possible function is to provide a “man-machine” interface
using the PC terminal and keyboard. Also data storage is facilitated using the Hard Drive.
In order to use the DAS, the DAS related files (“DAS.H” & “DAS.C”) must be in the DSPMODULE. All the other
software can be on the DSP side. PC side, or both sides according to the user’s requirements.
The DSPMODULE for any generic application that used the DAS. should have the following files:

[make_dsp.bat] [others ~*.c”]
app_dsp.c ->das.h das.cmd
[-> dsp_pc_comm.h} Isiboot.obj
[-> others “*.h""] rts30.lib

das.c (or das.obj)

and the files of the coresponding PCMODULE should be:
{make_pc.bat]
app_pc.c ->tms30.h
[-> dsp_pc_comm.h]
(-> others **.h™"]
[others “**.c”]
30librar.obj
load.obj

Figure F-2: DAS User’s Guide
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where: CH2Read: amount of channels to read (1-9)
SampRatelnMilisec: ex: .8, 1.0, 10 ...
UdScaleFactors: pointer to a vector with the scale factors. NULL => use default ScaleFactors[27] vector (do
nothing by default).
ud_SaveTo: pointer 1o a vector where all the unscaled inputs are saved NULL => use default SaveTo{9] vector

The user has access to the following global variables/vectors:

“intFlagDAS™ FlagDAS=1 ==> data available & DAS disabled The Flag must be cleared (= 0 ) in order to
proceed with the data aquisition.
“float SaveTo[9]” Default vector where the data from the DAS is stored as follows:
SaveTo[0 ] = data from CHB
SaveTo[l 1= CHO :
SaveTof2 1= CHI1 .
SaveTo[CHO_? }= CHO0_7-1 ;
SaveTo{CHO_7+1] = CHO_7 .

where CHO_7 (0<=CHO0_7<=7) is the number of channels mapped from A
“float ScaleFactors{27]"
Default vector for the scale factors.
From the A/D converter a number "Num” is generated that is related to the actual imput by:

MaxNum (32767) MaxVolt (ex: 2.5)
Num Volt
MinNum (-32768) MinVolt (ex: -2.5)

After manipulations we obtain:
Volt = Fac2 + ( Num - Fac0) * Facl

where FacO0 = MinNum
Facl = (MaxVolt-MinVolt¥(MaxNum-MinNum)
Fac2 = MinVolt

So, the vector with the scale factors is mounted as follows:

ScaleFactors(}J={Fac0, Facl, Fac3, ( factors from CHB )
Fac0, Facl, Fac3, ( v CHO )

Fac0, Facl, Fac3, ( CHI )

JOTY )

Fac0, Facl, Fac3, ( CHO_7-1)

FacO0, Facl, Fac3}:( CHO_7 )

where CHO_7 (0<=CHO_7<=7) is the number of channels mapped from A
“OutA” & “OutB”
These variables are mapped to the output while the DAS is active.
This is a hardware related problem: the same register is used for inputs and outputs, so. any input is mapped to the
respective output (CHA or CHB) unless something is written to that register before the next AC conversion. So,
every time that something is read, OutA and OutB are mapped to the cutput. The data must be scaled and shifted
(ex: OutA = mynum<<16)

#include das.h
Structure of an *‘app_dsp.c” r{nmn 0

that uses the DAS .
- InitDAS( CH2Read, SampRate. myScale. mySaveTo );

StartDAS();

read data from mySaveTo;
FlagDAS=0; "clear the flag to enable DAS"

} )}

Figure F-2: (Continued) DAS User’s Guide
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tween holes. After this, the buffered samples with the rotor information are retrieved by the

PC, where the data can be saved.

F.3 Transient Measurements

The DAS has been used to carry out measurements on a micro-alternator. The rat-
ings and manufacturer’s parameters of the generator under consideration have already been

specified in Table D-1 and Table D-2 respectively.

F.3.1 General Setup

The general setup to carry out the measurements can be seen in Figure F-3. The SM
is operated in steady state conditions when a local load is added to the system. During the
disturbance, phase and field voltages and currents are measured as well as the rotor posi-

tion.

Voltages and currents are available from the control panel of the SM and the rotor
position is measured using the procedure described in the previous section. All the signals
are raw inputs to the DAS, where some preprocessing takes place to account for scaling

problems, before sending the data to the PC.



V.

Zi
¢ Brk I I I
Zin

Figure F-3: Setup for the Transient State Measurements

F.3.2 Measurements

Two measurements have been done according to the amount of load that is inserted
when the switch “Brk” is closed in Figure F-3. Table F-1 shows the initial conditions under
which the experiments are carried out for both a load insertion equivalent to 10% and 67%

of the machine ratings respectively.

When the load is inserted, armature and field voltages and currents as well as the
rotor position are recorded at a frequency of SO00Hz. In order to be able to use the data,

sorne preprocessing is required.

The instantaneous speed for each sample is derived from the rotor position. After
filtering the speed with a low pass filter with a cut off frequency of 100Hz, the rotor posi-

tion can be regenerated as follows. The initial rotor position (sample one) is obtained as the
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average that the first 100 samples would have in sample one using the filtered speed. With
the initial position and the filtered speed the different angles for all the samples are calcu-

lated.

Table F-1:Transient Measurements
Initial Steady State Resistive Load Insertion
Perturbation
Name P Q \Y4 Z; p2
[pu] (pu] [pu] [ohms] {pu]
LDINI10 0.862 0.427 1.001 168.1 0.096
LDIN67 0.661 0.001 0.999 24.2 0.667

a. Based on machine ratings

Voltages and currents are normalized using the per unit system specified in Appen-
dix C. Applying the Park transformation defined in equations (2-5) to the stator currents
and voltages, it is possible to obtain the corresponding direct and quadrature axis compo-

nents.

A sudden load insertion generates fast changes, specially in the voltages. Indeed,
these changes exceed the sampling speed capacity of the DAS and are reflected as abrupt
variations that occur in a few samples. Instead of having a wave form, these alterations are
shown as a discontinuous signal. This presents a problem if the signal is to be filtered, be-
cause those peaks, far from being a noise component, will be eliminated during the filtering
process. To avoid this problem, the very first 10 samples following the perturbation have
not been filtered. The rest of the samples have been filtered using a low pass filter with a

cut off frequency of 50 Hz.

The data, ready to be used in the estimation process, is plotted for each case in

Figure F-4 and Figure F-5 where, for convenience, the speed is in radians per second.
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Figure F-4: LDIN10 Measurements
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