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ABSTRACT

Aliprantis, Dionysios C. Ph.D., Purdue University, December, 2003. Advances
in Electric Machine Modeling and Evolutionary Parameter Identification. Major
Professor: Scott D. Sudhoff.

The design of robust power systems entails extensive use of computer simulations,
increasing the demand for high-fidelity electric machine models. In the present study,
new dynamic models for induction machines, synchronous machines, and brushless
excitation systems are set forth. The models are derived within the orthogonal
gd-axes theoretical framework. Their formulation is geared towards reflecting the
machines’ actual operating characteristics, in contrast to conventional models that
utilize pre-determined equivalent circuit structures of questionable physical mean-
ing. The proposed induction machine model is developed for power-electronics based
applications, where the high-frequency interaction between converter and machine
is of particular interest. It represents magnetic saturation in the main and leakage
flux paths, and uses an arbitrary linear network to capture the frequency depen-
dence of the rotor circuits. The proposed synchronous machine model is applicable
to power system stability studies. It similarly addresses magnetic saturation as well
as equivalent circuit issues. The proposed brushless excitation model features an
average-value representation of the exciter-machine/rotating-rectifier configuration,
and the incorporation of magnetic hysteresis. Nowvel experimental procedures are
devised for characterizing the proposed models which utilize evolutionary optimiza-
tion techniques as a means for parameter estimation. The models are validated by

comparison to experimental results.



1. INTRODUCTION

When designing electric power systems of high complexity and importance, extensive
use of computer simulations is a sine qua non. Systems whose operation is critical,
such as large-scale commercial grids, aircraft power systems, or military ship power
and propulsion systems must be studied for a plethora of operating points and con-
tingencies; efficiency, stability and continuity of service are major concerns [1,2].
These considerations increase the demand for accurate dynamic models of power

system components.

The focus of the present study is on rotating electric machinery modeling. In par-
ticular, novel models for induction machines, synchronous machines, and brushless
excitation systems are set forth. This research was motivated by well-documented
deficiencies of existing machine representations—dating from as early as the be-
ginning of the twentieth century [3,4], which become even more evident from the

perspective of modern-day power-electronics based applications.

The intent of this effort was to address conventional models’ limitations with-
out sacrificing computational efficiency, amenability to large-scale simulations, and
portability. To this end, the proposed models were derived within the orthogonal
gd-axes theoretical framework [5]. This theory is adequate for predicting the dy-
namic performance of electric machines by employing relatively low-order models

and is conveniently used in the majority of power system studies.

Previous gd-axes machine representations are usually based on ad hoc equiv-
alent circuit structures, whose complexity grows when it is desirable to take into
account additional phenomena. Equivalent circuits may be obtained using physi-
cal argumentation and are derived under simplifying assumptions that facilitate the

mathematical analysis. However, the physical significance of the equivalent circuit



parameters (resistive, inductive, or capacitive elements) is diminished as the order is
increased. In addition, the foreordination of a structure limits the applicability of a
model to the specific problem at hand and does not guarantee that the same model
would be useful in a different situation. Furthermore, due to the internal complexity
of the equivalent circuits, the parameter identification procedure inevitably leads to
the formulation of nonlinear problems which require specialized solving algorithms,
and whose solution may not be uniquely obtained from experimental measurements
at the machine terminals. Hence, equivalent circuit-based models have inherent con-
ceptional and practical disadvantages. Despite being validated through experience,
they are not adequately accurate for modern simulation requirements, wherein the

most, precise representation of reality is desirable.

These considerations steered this research away from the quest for “advanced”
equivalent circuits and motivated the pursuit of a fundamentally different modeling
philosophy. In particular, the substitution of equivalent circuit structures with ar-
bitrary (that is, lacking a predefined structure) linear networks is proposed herein.
These networks may be represented in the frequency domain by transfer functions,
or in the time domain by the corresponding state equations. At first glance, these
two approaches are mathematically equivalent; however, the arbitrary linear net-
work approach lifts the significant constraints imposed from equivalent circuit-based
models. The proposed models become applicable to a broader range of situations;
their generalized formulation permits a more faithful representation of the machine’s
actual operating characteristics and is well suited to modern frequency-domain mea-
surement methods. Furthermore, the complications of the parameter identification
procedure are alleviated, since it is considerably easier to identify linear systems’

time constants, rather than algebraically convoluted equivalent circuit parameters.

Advanced modeling approaches—such as the ones herein—must incorporate the
iron’s magnetic nonlinearities. Indeed, the effects of magnetic saturation and hys-
teresis considerably affect machines’ behavior. Hence, the proposed models are not

purely linear networks, but they also contain nonlinear inductive branches to rep-



resent saturating/hysteretic flux paths. This work demonstrates a way to integrate
these nonlinear elements with the linear networks, in order to derive non-iterative

time-domain dynamic models.

A model’s derivation must be discussed in conjunction with suitable characteri-
zation procedures, allowing extraction of the models’ parameter values from exper-
imental data. Clearly, models not accompanied by parameterization methods are
incomplete and inept for all practical purposes. Analytical formulas for obtaining
parameters of (equivalent-circuit based) machine models [6,7] may only serve as a
first approximation for design purposes; they are not adequately accurate for the
needs of dynamic machine modeling. Even finite element analysis, which takes into
account the machine’s design, has its own limitations that arise from the insuffi-
cient knowledge and subsequent mathematical representation of the iron’s compli-
cated nonlinear characteristics (including minor-loop excursions). An ezperimental
parameter identification procedure is therefore necessary for reproducing the actual
observed behavior of electric machines. Traditional experimental procedures that are
suitable for existing machine models are insufficient for characterizing more complex
models. Hence, novel parameter identification techniques for the induction machine
model, the synchronous generator model, and the brushless exciter model have been
developed. The procedures only utilize measurements of electrical quantities at the
machine terminals, obtained under relatively simple experimental setups. They do
not require extra accommodations for internally placed sensors, which might present

technical challenges and contribute to increased expenditures.

A significant part of the characterization procedure concerns the analysis of the
collected data and aims at fitting the predictions of the model to the observed be-
havior. This essentially involves solving an optimization problem, where the model’s
parameters are independent variables that may be adjusted to minimize the predic-
tion error. In this work, we employ evolutionary optimization algorithms for the
purposes of parameter identification [8]. As the name implies, these algorithms im-

itate the evolution of species and nature’s unique ability to adapt—and in a sense



“optimize” —the characteristics of organisms to increase their probability of survival.
Evolutionary optimization algorithms are increasingly being used in engineering ap-
plications, because of their flexibility, simplicity, and ability to produce solutions
where other optimization methods fail to do so. Herein, their suitability to electric

machine identification problems is demonstrated.

1.1 Thesis OQutline

This work begins with a discussion of intrinsic characteristics and advantages of
evolutionary algorithms over classical optimization methods, in Chapter 2. Therein,

the adopted algorithmic structure and mathematical operators are set forth in detail.

The dissertation continues with the proposed electric machine models. Chap-
ter 3 contains the induction machine model. This model is specifically designed
for inverter—machine analysis. It simultaneously represents magnetizing saturation,
both stator and rotor leakage saturation, and distributed circuit effects in the ro-
tor, therefore leading to accurate predictions for inverter-induced current and torque
ripple. It is thus an ideal tool for the design of quiet electric drives, when the
minimization of high-frequency acoustical noise is of particular interest. The model
allows for the interaction of supervisory controls, modulation controls, inverter, and
machine to be accurately and rapidly studied in an integrated analysis. A set of
analytical forms for the leakage and magnetizing characteristics is proposed; this
enables the derivation of small- and large-signal steady-state models, that in turn

facilitate the experimental method of measuring the model’s parameters.

The synchronous machine model, presented in Chapter 4, is an extension of the
induction machine model, similarly adopting the arbitrary-linear-network modeling
philosophy. This model is recommended for power system stability studies. The
equivalent circuit rotor structures found in conventional machine models are re-
placed by a two-port linear network. Magnetizing path saturation is incorporated

in both axes, with a formulation insuring that conditions for conservative magnetic



fields are not violated. A suitable identification procedure is proposed, including a
novel experiment that allows the simultaneous determination of the machine’s turns
ratio and magnetizing path characteristic from measurements at the terminals. The
rotor parameters are identified from standstill frequency response tests using genetic
algorithms.

In Chapter 5, a brushless excitation system model is set forth. It features an
average-value rectifier representation of all rectification modes, and the incorpora-
tion of magnetic hysteresis into the d-axis of the excitation using Preisach’s theory.
The model is a high-fidelity alternative to the widely used IEEE standard exciter
representation, ideal for situations where the exciter’s response is of particular in-
terest. To characterize the model, a method that utilizes the waveforms of exciter
field current and main alternator terminal voltage is proposed. A genetic algorithm
is employed to solve the optimization problem of minimizing the model’s prediction

error during a change in reference voltage level.



2. EVOLUTIONARY OPTIMIZATION

In 1859, Charles Darwin first described a mechanism for the process of evolution,
which he termed “natural selection” [9]. According to his theory, the population
members of a species are in a constant struggle for existence, since more individuals
are produced at each generation than can survive. In such a hostile environment, an
individual’s chances of survival are increased if it is better adapted to its environ-
ment than its competitors. This concept of “survival of the fittest,” coupled with
the mechanism of random variations (mutations) in the genome, gives rise to the
evolution of species. Some mutations result in a profitable change in the organism’s
traits, while others might have the opposite effect of decreasing its degree of adapta-
tion. Since fitter members have a greater chance of surviving and thus reproducing
themselves, the subsequent recombination of genetic material forces the preservation

of the useful traits and the suppression of the undesirable ones.

In mathematical terminology, evolution may be viewed as an optimization pro-
cess. The adaptation of a species to its environment is nature’s way of searching
a space for the fitness function’s maximum value. The fact that nature has been
successful in adapting innumerable species to a variety of environments is not mere
coincidence. Rather, it implies that evolution is guided by a set of powerful principles,
which although being relatively simple, may lead to the development of extremely
complex structures [10]. These principles, when deciphered, may be imitated by

humans and applied to their own optimization problems.

Since Darwin’s seminal work, which founded the biological sciences field of evolu-
tionary genetics, our knowledge has significantly broadened. Based on the discoveries
in genetics, mathematicians and engineers have been able to propose a multitude of

algorithms that mimic evolution, all gathered under the umbrella of “evolutionary”



optimization. Genetic algorithms [11], evolution strategies [12], evolutionary pro-
gramming, and genetic programming [13], are examples of algorithms inspired from
natural evolution to handle man-made problems [14,15]. The type of evolutionary
algorithm that will be utilized herein is referred to as a genetic algorithm (GA) [16].
Nevertheless, it should be made clear that this GA is not the “canonical” genetic

algorithm, although it follows the common structure of genetic algorithms.

The foundations of genetic algorithms where laid out by John Holland and his
students at Ann Arbor, Michigan, in the 1960s [17]. In Holland’s original work,
a theoretical framework was set forth for the use of genetic algorithms as generic
adaptation methods in artificial systems. Holland’s approach did not consider GAs
as function optimizers in the traditional sense [18]; rather, they were methods to
“maximize the cumulative payoff of a sequence of trials.” In other words, the original
GA was a solver of sequential decision processes. However, by means of specialized
algorithmic modifications (such as scaling, elitism, etc.), GAs may be transformed

into effective function optimizers.

Over the years, genetic algorithms have proven to be efficient for searching
through high-dimensional spaces, and have been used extensively as optimization
tools when other optimization algorithms are insufficient. Since Holland’s proba-
bilistic explanation using the “building-block hypothesis” and the “schema theo-
rem,” a significant amount of research has been devoted to explaining why GAs
actually perform as well as they do. For example, important theoretical questions
that need to be addressed concern their convergence properties: will they locate the
optimum [19-21]7 If so, how fast? What are the parameters that affect conver-
gence [22]7 This research is ongoing, since definite answers have not as yet been
obtained [23]. It is not the purpose of this dissertation to expand on these issues.
Genetic algorithms are utilized herein as optimization tools, and no contribution is

made on evolutionary optimization theory.



2.1

Parameter Identification Using Genetic Algorithms

The model-based parameter estimation process is illustrated in Fig. 2.1. In gen-

eral, it consists of the following steps [24]:

1.

6.

Select a candidate model, parameterized by the parameter vector, 8 € R".

Design an “information-rich” experiment, i.e. one whose outcome is sensitive

to all the elements of 8.

. Apply the test signal to the system, gather a data set, ZV, of NV observations,

y(k), k=1,..., N, and calculate the predictions of the model, §(k, 8).
Evaluate a prediction error, for example
e(k,8) =ylk) —g(k,8), k=1,...,N, (2.1)

and an overall prediction error, such as

N
Vn (6,27) = '11V > t(er(k,0)) (2.2)

k=1
where £5(-) is a filtered version of &(-), and £(-) is a scalar-valued positive func-
tion. Filtering of the observed data allows for attenuation of high-frequency

measurement noise, or low-frequency instrumentation drifts.

Find the optimal parameter vector, in the sense that the prediction error be-

comes as small as possible. The best estimate is

6" = argmin Vy (8, Z") . (2.3)

Validate the model using an alternate experiment.

'The minimization of step 5 may be performed using any optimization method,

such as gradient or Newton-like algorithms [25]. In this thesis, a genetic algorithm is

employed. Evolutionary optimization was preferred over “conventional” hill-climbing

optimization on account of the following distinctive characteristics of a GA:



Observed output,
»  PLANT Py
Test signal 5 Prediction error, &(9)
MoDEL }
x=F(x,0) |Predicted output,

o | OPTIMIZATION
ALGORITHM

Fig. 2.1. Tllustration of the parameter identification process.

e The objective function’s gradient or Hessian is not required; GAs only use

function values, hence being suitable for non-differentiable or discrete problems.
e The search is guided probabilistically.
e The GA operates on a population of solutions (rather than a single solution).

e An initial guess “close” to the solution is not necessary; population diversity
increases the probability of locating the global optimum, rather than getting

“stuck” to a suboptimal solution.

e GAs are amenable to parallel computation; function evaluations may be dis-

tributed among separate computers.

A model’s complexity may be prohibitive for analytically deriving a closed-form
objective function expression Vy(-), evaluating its gradient (with respect to the pa-
rameters @), or coming up with an approximate initial parameter set. For these
reasons, GAs are highly suitable for parameter identification. However, only a lim-
ited number of publications, such as [26-30], contain examples where evolutionary
optimization techniques have been applied to electric machine parameter identifica-

tion.
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In summary, the genetic algorithm is used herein to solve the following con-

strained optimization problem:

maximize f(8)

subject to @ € ().

The function f : R™ — R7T is called the fitness function, and attains its maximum
when the error is minimum. The domain {2 C R” is defined by the minimum and
maximum allowable value of the model’s parameters (these bounds are usually based

on engineering judgment): Q= {0 : ™" < 9, <P Vi=1,...,n}.

2.2 The Details of the Genetic Algorithm

Genetic algorithms are usually described using terminology borrowed from the
field of biology. The GA operates on a set of individuals (parameter sets) called
the population, P, which has a fixed size, Njpg. By analogy to the encoding of an
organism’s phenotype (the summation of its visible physical characteristics) into its
genotype (the genetic makeup) [31], the members of the population contain encoded
versions of the original parameter set values. In this implementation, individuals
have a single chromosome with a number of genes equal to the number of parameters
in 8. The population is let to evolve for a specific number of generations, Ngey.

Traditionally, in “canonical” GAs, the genes were represented using a binary-
number (or Gray) encoding of the real parameters. The selection of binary-number
encoding is supported from Holland’s theory of schemata and the hypothesis of im-
plicit parallelism [11,17]. However, the use of a real-number encoding has become
the standard in modern GA applications, since it offers increased precision and efhi-
clency [13,32]. The GA used for this work also adopts a real-number encoding.

Herein, two types of genes are defined: linear and exponential. A linear-gene

variable 6; is encoded by

yi = (0p = O7) /(07 — 7). (2.4)
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An exponential-gene variable is encoded by

In(6; /6min)
Yi = mzax : miny ° <25)
In(@fe/gn)
Note that these definitions lead to normalized genes in the range [0-1]. The expo-
nential gene type is used for searching through spaces that span several orders of

magnitude. Decoding is achieved through the inverse relations,

f; = O (O — )y (2.6)
or
. Gmax Yi
G; = M | , 2.7
() e
respectively.

As mentioned previously, the GA used herein does not strictly adhere to the
structure of a canonical GA. Although it reflects the neo-Darwinian model of organic
evolution [8], it is a custom-made version which includes certain features that help
accelerate the optimization process. Specifically, our GA implementation has the

following structure:

1. Initialization (at random).

2. Fwvaluation of the population’s fitness, i.e. evaluation of the prediction error

and the fitness function f(@), for all 8 € Q.

3. Roulette-wheel selection of individuals in the mating pool, pre-conditioned
with sigma-truncation [11]. Sigma-truncation consists of ignoring all individu-

als whose fitness satisfies

fl:f_[?—cd—tra(f)}<o7 (28)

where f is the average population fitness, o(f) is the standard deviation of
the population fitness, and c,.q, is a constant. During roulette-wheel selection,
a mating pool is formed by selecting Nj,q individuals from the population

according to their fitness, with probability of selecting the j-th individual,
N Nin
psel(]) - fjl/ Zk:f f]i
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4. Recombination, i.e. mating of individuals and exchange of their genetic mate-
rial, by application of the crossover operator, which produces two offspring,
o1 and og, from two parents, p; and ps. (Each member of the mating pool
has probability pny of becoming a parent, since puy: Nina/2 matings take place.)
The selected crossover method is simulated binary crossover (SBX) [15,33],
performed on a gene-by-gene basis with parameter 1. The offspring are linear

combinations of their parents:

[(1+ B)p1 + (1 — B)pa], (2.9)
(1= B)p1 + (L+ B)pa] . (2.10)

Dot

01 =

09 == :

BOf

The spread factor 3 is a random variable, given by

(2u)Y @) for 4 < 0.5,
8= (2.11)

2<11_u> VO for 4 > 0.5,

where u € [0,1] is a (uniformly distributed) random number. If an offspring
happens to be outside the allowable [0,1] range, it is repositioned using the
following rule: !

o—|o] foro>1,
o' = (2.12)

1—-(o—|o]) foro<0.
5. Mutation, i.e. random variations of the genetic material. This is performed by

two distinct operators:

(a) Total mutation, where a gene is changed arbitrarily with probability pgy,

per gene.

(b) Partial mutation, where a gene’s original value is perturbed according to
a normal distribution of standard deviation opy, with probability ppy, per
gene. That is, the gene that undergoes mutation is modified in accordance
with

Y = i + N0, 0pm) , (2.13)

1The floor function, |o|, returns the largest integer that is less than or equal to o.
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where N(0,0pm) is a random number arising from a zero-mean normal

distribution. If y{ > 1, or y, < 0, then 3} = 1 or y, = 0, respectively.
6. Evaluation of the individuals’ fitness f(8) (only for the newly generated 8).

7. Enforcement of the elitism property. The fitness of the current and previ-
ous best individuals is compared; if a fitter individual was not generated, the

previous best individual is reinserted in the population.

8. Random search (a localized search operator in the vicinity of the most fit
individual that partially mutates the best individual N times according to a
normal distribution of standard deviation o). Each gene of the best individual
is perturbed by |

Yi = v [1+ N(0,02)], (2.14)

where 09 = o,5u, and u is a uniformly distributed random number in [0,1]. (A
new random number N(0, 03) is generated for each gene, but the same u is
used for all genes of an individual.) If ¢, > 1, or ¢/ < 0, then y. = 1 or y; = 0,
respectively. The new individuals are evaluated, and if a fitter individual was

generated, it replaces the previous best individual in the population.
9. If the current generation is Ngen, then stop; else, go to step 3.

These operators are included in an early version of our genetic algorithm opti-
mization toolbox (ENEGAT, ver. 5.4 [16]), which was the one used herein. These
routines have now evolved into a more integrated and powerful package [34]. To han-
dle the increased computational demands of multiple function evaluations, a parallel
computing environment of 16 machines was developed, named GOPA (Genetic Op-

timization Processing Array).
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3. INDUCTION MACHINE MODELING

3.1 Review of Existing Models

The “standard” g¢d-axes induction machine model, as described in [5] and de-
picted in Fig. 3.1, has been extensively used since the early twentieth century [4].
Its derivation is based on a series of assumptions, such as balanced stator and ro-
tor windings with sinusoidal mutual inductance, constant self-inductances, a smooth
air-gap, and the absence of saturation, hysteresis, and eddy currents. This model is
readily parameterized, easily implemented in time-domain dynamic simulations, and
still today widely employed for induction machine studies. However, its accuracy is
not sufficient for modern day applications, which involve power-electronic based drive
systems and complicated control schemes. The research towards improved induction
machine models has thus focused on incorporating the aforementioned details and
phenomena that were originally ignored for simplicity, but nonetheless enhance the

models’ fidelity when accounted for.

Winding function theory [35] is often utilized for taking into account the actual
winding distribution of an induction machine. The analysis of a symmetric induction
machine having an arbitrary number of stator phases and rotor slots was described

' ’ ,
7, L, L, wl, 7

NN T"T 0N\~

ce

Fig. 3.1. The standard induction machine model equivalent circuit
structure (stationary g-axis shown).
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in [36-38] using winding functions. If the assumption of sinusoidally distributed
windings is dropped, the study of internal faults, such as broken bars or end ring
segments, is also possible [39]. With this theory, it was recently proved that a
squirrel-cage rotor is equivalent to a set of orthogonal windings (if the stator winding
is assumed to be sinusoidally distributed) [40]. The winding function approach also
lends itself to the study of mechanical vibrations and audible noise. In general,
information about the machine’s design specifications is required, and saturation

effects are not taken into consideration.

However, representing saturation in induction motors is important, since in mod-
ern drive applications the flux is not maintained constant; variation of flux is often
used as a means of optimizing a drive’s operation [41]. The detuning effects of satu-
ration on field-oriented controllers have been thoroughly examined [42]. By ignoring
saturation, “the gain of the slip calculator (i.e. the rotor time constant) is incorrect,
the decoupling of flux and torque is disturbed and the field-oriented controller is said
to be detuned” [43]. More advanced control schemes vary the flux levels in order to
achieve maximum efficiency (for example, by minimizing hysteresis and eddy current
losses) [44,45]. In other applications, the drive’s performance is optimized for static
or dynamic maximum torque per ampere over a wide speed range [46-48}, hence “the
calculation of the obtainable torque as well as the design of a control scheme which
makes it possible to reach maximum torque over the whole speed range must take the
nonlinearity of the magnetization curve into account” [49]. According to [50], where
the small-signal stability properties of an induction motor drive were investigated,
“perhaps the most important influence of the saturation effect is in the damping of
electrical transients.” It was found that by adding resistance to the stator termi-
nals, a sustained oscillation was produced under no load. The accuracy in predicting
the region of instability was improved by modeling the magnetizing path saturation.
Therefore, for all cases where the machine’s flux level is variable, magnetizing branch

saturation modeling is highly significant [51].
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Magnetizing path saturation leads to the phenomenon of cross-magnetization.
In [52], the existence of cross-coupling terms between the stator axes, and between
stator and rotor axes in quadrature was demonstrated. The physical significance of
this effect was questioned in [53], and the issue of cross-saturation has raised con-
troversy in the past, but it is nowadays recognized as an important, experimentally

validated phenomenon [54-57].

Main flux path saturation is usually modeled using the nonlinear relationship
between magnetizing flux and current. Due to the cylindrical rotor structure of in-
duction machines, magnetizing mmf and flux are collinear, so a single function is
sufficient to represent saturation in any direction. This corresponds to replacing
the linear magnetizing inductance L,, of Fig. 3.1 by a nonlinear saturating induc-
tance. For instance, the magnetizing flux—current characteristic may be expressed
a8 Ay, = L (4m) im, where flux and current are related to their orthogonal gd-axes
components by A2, = A2 ;+ A, i, = 124 + iv,,. This representation also predicts

cross-magnetization effects, like, for example, the influence of ¢-axis current upon
— dLm(’im) imdimq

the d-axis flux: B B, i B m pr -

Apart from the magnetizing path, the stator and rotor tooth leakage paths may
saturate as well [58-61]. This phenomenon is pronounced during the acceleration
from rest to rated operating speed, which is accompanied by the flow of large inrush
currents and high torque pulsations that may lead to failures in the gear train. In [58],
the leakage inductances L, Lj of Fig. 3.1 were replaced by nonlinear saturating
terms. The model of [58] presents an example of an iterative model, where the
resulting equations require iterations “to establish the proper values of saturated

magnetizing and leakage fluxes for each time step.”

An alternative equivalent circuit structure was proposed in [62-64] (see Fig. 3.2).
These models account separately for the saturation of the stator and rotor teeth
and cores. They are more accurate than the model representing only the main
path saturation, especially in cases of abnormal large-signal disturbances, but they

suffer from tedious parameter identification procedures. The saturation dependent
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L,,,L,, = stator and rotor end-winding leakage inductances
L_,L, = stator and rotor core inductances

L,.,L,, = stator and rotor slot leakage inductances

L = magnetizing inductance, which represents the combined

reluctances of the stator, rotor teeth, and the air gap

Fig. 3.2. Equivalent induction machine circuit, as proposed by Ojo et
al (stationary g-axis shown).

parameters may be obtained through finite element analysis, or experimentally using
search coils positioned in the air gap. However, the voltages and loads required are
much higher than their respective rated values, and the practicality of these methods
is questionable. The saturation of the teeth and the stator core distorts the sinusoidal
distribution of flux, and causes odd-order flux harmonics to appear in the air-gap [65].
Their impact on machine performance (production of torque ripple and extra copper
losses) is minimal, but they generate zero-sequence components in the stator voltage

waveforms that may be utilized as a means for locating the air-gap flux.

When simulating ac drives, it is also desirable to represent the induction mo-
tor over a wide frequency band, from the slip frequency (a few milli-hertz) up to
switching frequencies (tens of kilo-hertz). Although stator winding capacitive effects
may become important for high frequencies [66], the part of the machine most sen-
sitive to frequency variations is the rotor (especially squirrel-cage rotors with deep
bars) [67]. The skin effect is responsible for the variation of current density inside
the rotor bars; when frequency increases, current tends to flow in the portion of the
bars closest to the air-gap, thus increasing the resistance and reducing the leakage
inductance of the rotor circuits. Models that take into account the deep-bar effect

facilitate the design of drives with improved dynamic performance [68]. The rotor
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Fig. 3.3. Equivalent induction machine circuit, as proposed by Langheim.

Ir,1 Ir,1 Irn Irn

5 Lls ‘Llr,O 7, 70 2 2 2 2

% Lm rr,l rr,n

Fig. 3.4. Equivalent induction machine circuit, as proposed by Levy et al

is usually approximated by a ladder network, whose blocks correspond to different
sections of the bars (Figs. 3.3, 3.4) [69-71].

The equivalent circuit rotor parameters change with respect to the saturation
level of the flux paths. Recent evidence suggests that the variation of rotor bar resis-
tance with current density is relatively minor compared to the corresponding leakage
inductance drop [72,73]. (The saturable nature of the rotor leakage inductance is
even more apparent in closed slot designs, due to saturation of the thin rotor bar
bridges.) Therefore, the rotor can be adequately modeled by a saturable leakage
inductance in series with a linear equivalent circuit, as in Fig. 3.5.

The electromagnetic field distribution around a rotor bar with a simple geometry
may be computed analytically. It can be shown that the rotor bar impedance is a
function of the square root of frequency. Hence the use of half-order—and in general
non-integer order transfer functions—to model the frequency response of the rotor
circuits is a logical step [74], potentially leading to models requiring less parameters

than integer-order models. This idea has been recently extended to synchronous
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Fig. 3.5. Equivalent induction machine circuit, as proposed by Smith et al.

machines models [75], but there is still considerable research to be performed in this

area, related in particular to the computation of the time response of such circuits.

Further improvement in squirrel-cage induction machine models is achieved when
considering currents flowing between the rotor cage bars due to the absence of in-
sulation from the laminated core [76]. This phenomenon depends on the effective
bar-to-bar resistance value, which differs even between motors with identical designs
and thus can not be predicted theoretically. The presence of inter-bar currents is
responsible for significant variations of locked-rotor torque among nominally iden-
tical machines (which affects starting performance). Moreover, inter-bar currents
introduce extra losses that cause the deterioration of efficiency under normal oper-
ating conditions. In the equivalent circuit proposed in [76] (see Fig. 3.6), the rotor
elements are modified by a complex (not real) quantity F', which may be computed

from the rotor geometry.

40
h

£

|

Fig. 3.6. Equivalent induction machine circuit (fundamental field
only), as proposed by Williamson and Smith.



20

AT 7.6

Fig. 3.7. Equivalent circuit structure of the proposed induction machine model.

The power loss mechanism in the iron core is still not well understood [77, 78].
Studies have shown that the classical formulas for hysteresis, eddy and other “anoma-
lous” (excess) losses are not accurate enough, especially in the case of inverter-fed
induction motors, where factors such as frequency, loading level and the pulse-width-
modulation strategy are important. In any case, the model proposed in this thesis

does not explicitly account for iron core losses.

3.2 The Proposed Model-—Mathematical Formulation

The proposed model, whose structure is shown in Fig. 3.7, simultaneously in-
cludes (1) magnetizing saturation as a function of the ¢- and d-axis magnetizing flux
linkage, (2) both stator and rotor leakage saturation as functions of the stator cur-
rent, rotor current, and ¢- and d-axis magnetizing flux linkage, and (3) distributed
effects in the rotor. This is done in such a way that the model is completely nonit-

erative at each time step, vielding a high degree of computational efficiency.

In Table 3.1, the features of the different induction machine models are juxta-
posed. Notice that the rightmost column corresponds to the features of the proposed
model. Apparently, the integration in a single model of main flux path and leakage
flux path saturation (as a function of both current and magnetizing flux linkage)
with distributed circuit effects in the rotor has not been achieved previously. Fur-
thermore, validation of the established models in the switching frequency range has

never been addressed.
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Table 3.1
Features of induction machine models.
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3.2.1 Notation

Throughout this analysis, matrix and vector quantities appear in bold font. Vec-

tor quantities have subscripts that denote the specific elements of the vector, e.g.

fabca: = [faw fbx fcm]T 3 (31}
fquac = {fqa: fdx me]T s (32)
fqdm = [qu fda:]T . (33)

Variables without superscripts, such as the ones above, are in an arbitrary reference
frame of position 8 and angular speed w. An “r” superscript denotes that a variable
is expressed in the rotor reference frame. The electrical rotor position is designated
as 6,, and electrical rotor speed as w,. The mechanical quantities are denoted by
B, and wy.,, while the number of poles is P. The transformation of stationary abc

to qd0 variables is defined by [5]

fqus = Ks(e)fabcm (34)
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where

cos(f) cos (6 — ) cos (6 + L)

K(0) =3 |sin(@) sin(0—25) sin(6+2Z)|. (3.5)

1
2

1 L
2 2

3.2.2 Voltage equations
The stator voltage equations may be expressed in abc variables as

— e 3 d
Vabes = Tslabes 1 %Aabcs ) (36)

where Vipes, Iapes and Agpes denote the stator winding (phase-to-neutral) voltages,
currents flowing into the machine terminals, and flux linkages, respectively, and r
is the stator winding resistance. Transforming (3.6) to an arbitrary reference frame
yields

3 d
Vados = Tslqdos + W)\dqs + Ef}\quS 3 (37)

where Aggs = [Ads — Ags O]T. It will be assumed hereafter that the zero sequence
variables can be neglected.

The rotor circuits are modeled by two elements connected in series: a nonlinear
element, to represent the saturation effects, and a linear element that represents the

distributed effects of the rotor. So, the voltage equations of the rotor circuits are
0= eZd'r + % Zd’l” (38)

where eg,, ey denote the voltage drop across the linear impedance, and Ay, A},

denote the flux linking the nonlinear part of the rotor circuits.

In the frequency domain, the rotor currents are related to the voltage drops by

ge(s) = Yi(5) €, (5), (3.9)
tap(5) = V() € (5), (3.10)

where s is the Laplace operator—not to be confused with slip, and the tilde is used to

denote dependence on complex frequency. (Later in this chapter, the tilde notation
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will be used to represent phasor quantities.) In order to avoid transforming the
admittance operator to an arbitrary reference frame, the rotor reference frame is
selected for the analysis. The rotor admittance transfer function is of order N,, and

may be expressed as

L4 n8+ -+ np,—1)s™

Yi(s) =Y, 3.11
(S) 0 1+drls+"'+dTNr8NT ( )
In the time domain, (3.9)-(3.11) may be expressed as
4x; = A.x)+ Brel,, (3.12)
iy = CrXyp, (3.13)
and
Lx) = A,x,+ B,el,, (3.14)
i, = C,xJ. (3.15)

For implementation purposes, it is convenient to express the equations in quasi-

controller canonical form [83], with the following state matrices,

0 1 0 .. 0 0
0 0 j A 0 0
A, = ' ' ' ' ' , (3.16)
0 0 0 .- 1 0
0 0 0 - 0 1
1 _dm _dey G- D1
. drn, dr N dr v, dr N, dryy
T
1
B, = [o 0 dTNT] , (3.17)
C,=Yo[lna - now—n] - (3.18)

It will be useful to note that

dt CIT"

= C,A.x; + C,B,e,, (3.19)
Lie = C.AX] + C,B,el,. (3.20)



24

The incorporation of distributed effects in the rotor is one of the most impor-
tant features of the model. In the low-frequency range, the transfer function (3.11)
governs the effective rotor resistance and how it changes with slip frequency. In the
switching-frequency region, the transfer function partially replaces the traditional
rotor leakage inductance parameter—another portion is taken into account by the
nonlinear part. As such, it also mathematically captures the reduction in effective
rotor leakage inductance with frequency. This drop-off is one of the most important
factors in explaining why switching frequency current ripple is much higher than

predicted with previous modeling techniques.

3.2.3 Leakage path magnetics

It is convenient to break the stator flux linkage vectors into leakage and magne-
tizing flux terms, as
gds = )‘quds + A:nqd? (321)

T
mgd

where A, is the stator leakage flux, and A;, 4 is the magnetizing flux.

The stator leakage flux linkage is a complicated function. Clearly, it depends on
the stator current since the leakage flux path utilizes iron in the region of the winding
where saturation can occur. It also depends on the rotor current, which serves as an
mmf source able to saturate the zigzag leakage flux path. It is reasonable to assume
that due to these localized effects, the leakage flux in a given axis is influenced by
the stator and rotor current of the same axis. Moreover, since the permeance of the
stator teeth is determined by the flux level, it is expected that the stator leakage
flux linkage is affected by the magnetizing flux linkage in both axes. The functional

form of the leakage flux can be incorporated in the leakage inductance L;;; as

;a:s = LZCCS(Z.;sv i;ri A:mp :71d) iZ’s? (322>

[13p)]

where “z” can be “¢” or “d.”
In practical terms, the effect of the current arguments is relatively minor, except

during conditions in which the currents are significantly greater than rated. However,
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the leakage inductance is significantly affected by the magnetizing flux and decreases
quite rapidly as the flux level is increased. An implication of this on drive design is
that reduction of flux level will reduce the switching frequency current and torque
ripple.

Similarly, the rotor flux linkage equations are expressed in terms of the rotor

leakage flux Aj ;. and the magnetizing flux as
Zdr = qudr + Aqu? (323)
where the leakage flux linkages are given by

la:v" — le‘( trs g:r) ;1(1> 77ind> Z';:rv (324)

where again “x” represents either one of the two axes.

3.2.4 Magnetizing path magnetics

The magnetizing flux vector is assumed collinear with the mmf produced by
the magnetizing current, i.e. they are related by the scalar function I',,(A,,), which

represents the absolute inverse magnetizing inductance. Hence,
i:nqd = T (Am) :nqd’ (3.25)
im = Dm(An) A - (3.26)
The magnitudes of the current and flux vectors are defined by
i = 1/ (150)? + (152, (3.27)
A = )2 + ()2, (3.28)

Differentiating (3.25) with respect to time yields

gt:nqdwrn%( qu)(ft ;zqdv (3.29)
where
O Am) (Mng)” BT (Arm) Mg Ao g
Lri(Anga) = T;r_m@m) 2/\2@1(/\ m) 3Fm(;;é’(/§")2?(/\ | (3.30)
Mo Ao o

The ‘¢’ subscript denotes incremental value.
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The incorporation of magnetic saturation is important in order to correctly pre-
dict the magnetizing component of the current. In addition, since the effective incre-

mental inductance (I}

mi

) is much lower than the absolute magnetizing inductance,
magnetic saturation also contributes to the underestimation of the current ripple in
the standard gd-axes induction machine model, although this is not as important an

effect as the leakage saturation and distributed effects of the rotor.

3.2.5 Model integration

It is now appropriate to integrate the various submodels into a unified induction
machine model. Their equations are combined in the rotor reference frame. A
convenient choice of state variables is the set x = {)\:nqd, Xy xg} In this section, an
algorithm is set forth to determine the functional dependence of the state variables x

and inputs u as a differential equation of the form
Lx = f(x,u), (3.31)

which is the fundamental problem in defining any time-domain model. Although
the model includes both magnetizing and leakage saturation, this can be done in a
completely noniterative fagshion.

The first step in this procedure is to calculate the rotor, magnetizing, and stator
currents as a function of the states. The rotor currents, ,, 7;,, are readily calculated
in terms of the rotor admittance states, x7, xj, from (3.13) and (3.15), respectively.
The magnetizing currents, iy,,, i7.4, depend on the magnetizing flux states, as can
be seen from (3.25) and (3.28). Finally, the stator currents are

i

gds = mga — Tgar (3.32)

The next step is to calculate the stator flux linkages, A}, Aj,. From (3.7), their

time derivatives are

d\r __ T " AT T
Tihgs = Ugs — Tslgs — WrAgs (3.33)

ad;/\gs = gy ~ Tslys + WrAgs - (3.34)
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Note that these derivatives are computed as an intermediate calculation—they are
not integrated since Ay, and Aj, are not states.

The goal of the ensuing analysis is the formulation of a linear system of equations
with the rotor voltages across the linear impedances ey, and ey, as well as the time

derivatives of the magnetizing flux linkages, 2\ and 4 taken as unknown.

v dt'mg dt md’

Differentiation with respect to time of the stator flux linkages (3.21) and (3.22)
yields
OLigs . OL1gs(") -
g, = | Bl + Lo, ()] 475, + | Blin,| dir, +

aL qs\’) ;T 9L (!s(’) ; r
+ [ 8;\%‘2)2 :' th:nq I: (’)i;nd ZZS} adz md (335)

dyr | OLae() or OLs().r | d
Zl_tAds’“[ 81"8 Zd5+leS<) dtzds‘l_ 82”"& st dtzdr+

(E)L 3 T aL S
+ [ 35\% ()st] dt)‘:nq {—#QZZXS + 1] dat md (336}

A similar set of expressions can be derived from the rotor equations (3.8), (3.23) and

(3.24):

r OLiorl") - . HLygn
0=cp, + |2ty | dir 4 [BeO o1, ()] a7, +

OLior BLyor(-) -
(Bl 1], + (Bl | 4y, (337)

ALy () ; ; BLiar() ;v
0= e, + [l | dir, + [0t + L ()] it +

OLygy L4y
b (SO | a4 [y 1] 4y, (3.39)
It is necessary to eliminate the dependence of (3.35)—(3.38) on the time derivatives

of the stator currents. Using (3.29) and (3.32), we get

=Tpi( AT LN 447 (3.39)

d ir
mqd/) gt med Gt qdra

dt*qds

which may be used to obtain
jf)‘gs qusqr(')%igr +
OLs (- ALy . T
{1 [l 20D (] i+ gy (D1t } 400, +

OLigs() | OLigs(- " .
o { [ o 20D (i i+ Lo (O Toi(1z } $2nas (3.40)
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Z[{Ads - leSdT(')E—tzdr +
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+ {1 -+ [553”5? =+ 8%?5(')1‘7711‘(')22] Tys + les(')rmi(')m} %Mnd,

8

: : BLigr() | OLigr(: . ,
0=req+ quw?‘(')%ZZT + {1 + [ ai?,,.i) + ;;iqgs( )sz‘(')ll} ng} fzit)‘:nq +

8Lygr () OLigr(4) g T
+ [ ax%;@d + 6%3 Lri()12 tgr @t Nmd >

0 = € + Ligrar() L7y, + [853?1(') n azggi(.) Fmi(')2l:l i Ay

g dt’'mg

oL i oL L .
+ {1 + [ Fartd 81%501“,,,%(-)22} zdr} LSV

where
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Ay ‘6Liqr(') aquT(')— 7
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(3.41)

(3.42)

(3.43)

(3.44)
(3.45)
(3.46)

(3.47)

The dependence on the rate of change of the rotor currents is readily eliminated

using (3.19) and (3.20):

{1 + [351‘;2) + aLaleSf'>Fmi(')ll] i;s + qus('>rmi(')11} %A%q n

AL, (- ALgs (- .
+ {[ 3%12) T Igiqzs( )Fmi(')m] igs T qus(')rmi(')m} %A:nd +

+ Ligsgr()CrBrey, = SA7, — Ligsr (1) Cr A}, (3.48)

dt’'qs

0 i’ g LAY -7 r
{[ gﬁfi() + %%()Fmi()m} lye les(')rmi(’>21} %/\mq +

mg s

+ {1 + [agf\‘ﬁ-S(') + 8%{58(')Tmi(')22] Tys T les(')rmi('hQ} %de +

md

+ lesdr(')CrBregr = ;%AZS - lesd‘r(')CrArX:ly (349)
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(1+ 2562 + i) £} 40+

mq

ALy (1) ALy (+)
+ [ D + O O] 1 N +

+ [1 + qurqr(‘)CTBT] egr - —LZQT‘Q‘T’(')CTATXQ ’ (3‘50)

oLy OLigr ]
R SO L W

+ {1 + {ngzi) + 8der()r ()22] 7’:17"} 'g{/\:nd+

+ [1 + le'rdr(')CTB'r] €ZT = -lerd'r(')CrA'rXZ- (351)

The solution of (3.48)—(3.51) yields the time derivatives of two of the state vari-
ables (the magnetizing flux linkages Ammg and A7 ;) and the rotor admittance voltages
eqr and ey, These latter quantities may then be used in conjunction with (3.12) and
(3.14) to calculate the derivatives of the remaining state variables x} and x,..

The electromagnetic torque of the motor is given by [84]
To = 35 (N aatns — Angis)- (3.52)

Although this formulation is more complicated than the standard gd-axes in-
duction motor model, it largely retains its computational efficiency (although it can
have more states depending on the order of the rotor transfer function). In particu-
lar, despite the nonlinearities present, the model is completely noniterative at each
time step, unlike several other induction motor models that incorporate magnetic
saturation. This was accomplished by virtue of an appropriate choice of state vari-
ables as well as through the selection of the functional forms for the magnetizing

characteristics.
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3.3 Parameter Identification Procedure

The workhorses of induction machine parameter estimation have been the “tra-
ditional” rotating no-load and locked-rotor tests [7, 85|, from which the parameters
of the conventional equivalent circuit (Fig. 3.1) may be obtained. If the machine’s
design is known, these experiments may also be performed on a computer using fi-
nite element analysis [86], since the magnetizing and leakage inductances may be
calculated from the electromagnetic field. An alternative experimental technique is
the method of voltage step tests, where a dec voltage is switched across the machine
terminals [87,88]. In general, these experimental procedures excite the machine in
the low-frequency range only. For high-bandwidth modeling, standstill frequency

response testing is required [89,90].

The above procedures are performed off-line, but a variety of methods have been
proposed to track the variation of machine parameters on-line from actual operating
data [91-93]. On-line identification is particularly useful for field-oriented controllers,
where the rotor’s time constant is critical, and where for optimal performance (e.g.
in terms of maximum torque per ampere), the dependence of all parameters on sat-
uration must be determined and programmed in the controller’s logic [94]. Other
techniques for time-domain based parameter estimation for the standard gd-axes
model (for instance, using free acceleration transients or other information-rich per-

turbations) have been reported in [26,28,95,96).

Alternatively, parameters may be extracted from steady-state data, such as fam-
ilies of stator current, input impedance, power, or torque versus slip curves [97,98].
In large power system level studies, when accurate data are not required or known,
the equivalent circuits can be approximated from manufacturers’ supplied data, e.g.
full-load, locked-rotor and breakdown torque values, power factor, full-load amperes,
etc. [99,100]. When more detailed models are adopted, such as the one depicted in

Fig. 3.5, parameter identification becomes more complicated. In these cases, it is
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impossible to uniquely identify the models’ parameters from external measurements
only (voltage, current, speed, torque) [101].

It is common practice to lump all different aspects of the iron’s nonlinear behav-
ior under the term “saturation” [102]. However, this is not correct and may lead
to significant misconceptions. As far as the permeability is concerned, the following
terms need to be differentiated, since they signify two distinct behavioral modes of
the iron. The normal permeability is the ratio B/H and is usually used in large-
signal analyses. Under small-signal excitation, minor hysteresis loops are traversed,
and the incremental permeability, AB/AH, should be used. In general, the incre-
mental permeability is a function of the biasing flux density and it is lower than the
corresponding normal permeability. It is customarily defined by joining the tips of
the minor loop. Therefore, parameter sets estimated from small-signal tests (such
as the frequency response experiment) are not rigorously applicable for large-signal
studies. Often, no information is provided in regard to how a parameter set has
been obtained. In some cases, the steady-state value of magnetizing inductance is
altered, in order to reflect its large-signal saturated value; this procedure is just a
“practical synthesis.” When only a small-signal parameter set is available, then the
analyst has no alternative but to use it. Despite all this, there has been evidence
to suggest that small-signal parameter sets perform adequately, even for large-signal
disturbances [102].

In this section, a suitable parameter identification procedure for the proposed
induction machine model is presented. The procedure consists of a combination of
rotating tests (under various loading conditions) and standstill frequency response
tests. The superscript “r” denoting the rotor reference frame will be dropped for
convenience. The machine under test was a Baldor Vector induction motor, type

ZDNA115T, rated for 37.3 kW (50 HP), 460 V, 1775 rpm.
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3.3.1 Representation of magnetic characteristics

The proposed functional forms are intentionally general, to allow the maximum
degree of freedom to the analyst. However, in order to use the model, gpecific
analytical forms for the magnetic characteristics must be defined. A convenient form
to use for the magnetization curve is a rational polynomial, since it can represent
a wide range of behaviors and because, unlike a simple polynomial, it can remain
bounded as the argument approaches infinity. In particular, I'p, (M) is taken to be

of the form

Zio—jo a;(\2)’

RS o

(3.53)

The polynomial only contains powers of A2, in order to obtain an even function in

A

It is also necessary to specify the form of the leakage inductance. The model
is again quite flexible in form, but herein a simpler representation based on the
following two assumptions is used. Firstly, the leakage inductances are primarily a
function of the magnitude of the magnetizing flux linkage. For some applications,
this assumption is not warranted. For example, if the model is used to study the
line-start of large induction machines, the leakage inductance will saturate based on
current. However, in drive applications, where large overcurrents do not typically
occur, the leakage inductances are hypothesized to be adequately represented as a
function of the magnetizing flux linkage only. This hypothesis is vindicated by the
accuracy of the results. Upon making this assumption, it is clear that the leakage

inductances of the ¢- and d-axis are equal.

It will be further assumed that the leakage inductance of the stator and rotor
are equal. In the presence of linear magnetics, the appropriation of the leakage
inductance to the stator or rotor is irrelevant—there is an infinite number of identical

equivalent circuits. In the nonlinear case this is not true, but it is reasonable to
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+ v,

Fig. 3.8. Induction machine test configuration.

expect that the breakdown is not critical [59]. Therefore, it is assumed herein that

the stator and rotor leakage inductances are equal, whereupon
Ligs (") = Lias(+) = Lige () = Luar () = Li(Am)- (3.54)

Although the stator and rotor leakage inductances are taken to be equal, part of the
rotor leakage inductance is physically represented in Y,(s). Thus the majority of the
leakage inductance is associated with the rotor rather than the stator circuits.

Asg in the case of the inverse magnetizing inductance, the leakage inductance will

be represented as a rational polynomial of the form

) 3.55
o1 di(AZ,)! (3:55)

3.3.2 Small-signal blocked rotor equivalent circuit

One of the principal experimental tests that will be utilized to characterize the
machine is the measurement of the blocked-rotor impedance. For these tests, the
machine under test was configured as shown in Fig. 3.8. If the reference frame
position is arbitrarily set to be zero, it is readily shown that the test voltage, v;, and

test current, 4;, are related to the stationary g¢-axis voltages by
Vgs = Uy, (3.56)
lgs = 3iy . (3.57)

In order to measure the small-signal impedance, a dc bias current is used to

obtain the appropriate flux level, and the test voltage consists in general of a dc
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bias plus a small-signal ac perturbation. Therefore, for the purposes of linearization,

variables may be expressed in the form
T =1zo+ Ax. (3.58)

The g-axis bias current and the g-axis small-signal input impedance are

iq.sO = %it: (359)
ADgs Ty

respectively; the tilde designates phasor representation. Since all the current is in
the g-axis, we have

Am = Amg - (3.61)
Further, since the dc rotor current ig4. is zero,
’imqo = Fm(Amq()))\qu . (3'62)

The stage is now set to linearize the dynamic model. First, linearization and
Laplace transformation of the g-axis stator and rotor voltage equations (3.7), (3.8),
yields

Avgs = 13 Nigs + sANgs, (3.63)
0= Z.(s)Aig + sAN, (3.64)

where Z.(s) = 1/Y,.(s). Linearization of the flux linkage equations (3.21)—(3.24)

yields
Adgs = Adigs + Adpg (3.65)
Adgr = Mg + Adpg (3.66)
Aigs = Li(Amgo) Nigs + 232925 Ay (3.67)
Adigr = Li(Amgo) Digr , (3.68)

where it should be recalled that igo = 0. Similarly, the linearization of (3.25) yields

A>\mq = LMO(Aiqs + Aiq?") ’ (369)
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where the incremental inductance is given by
~1
Lo = [rm(Amqo) + @13%%3@/\7@0} . (3.70)

By manipulating these equations, it is readily shown that the small-signal input

impedance looking into the ¢- or the d-axis may be expressed as

Zas =Tt shiOhm) + | BRediv +1] SRR (37D

3.3.3 Steady-state equivalent circuit

In addition to the small-signal blocked rotor equivalent circuit, the large-signal
equivalent circuit is also valuable for parameter identification purposes. This analy-
sis is valid under the assumption of a fundamental-frequency balanced-set of input
voltages.

The derivation begins by noting that the derivative operator in the voltage equa-
tions may be replaced by j(we — wy), since the rotor reference frame is used; w, is

the electrical frequency and j = y/—1. Moreover, recall that

fd:c = qum 3 (372)

46,17 [{3%) [259%))

where “z” may be “s” or “r” [5]. With these observations in mind, the steady-state

stator voltage equation may be written
Tgs = Tigs + JWeNgs - (3.73)
Similarly, the rotor voltage equation becomes
0 = Z,(jws)igr + FWshgr » (3.74)

where
Wy = Wo — Wy . (3.75)
Dividing by the slip,
S = w,/we, (3.76)
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Fig. 3.9. Induction machine steady-state equivalent circuit.

yields

The flux linkage equations are

For balanced, steady-state conditions,

/\m - ﬁﬁ‘mq‘ 3
therefore
5\lqs = Ll(\/ilj\mql);qs 5
5‘qu = Ll(\/i'j‘mql)gqr .
Finally,
gmq - Fm(\/ﬁp\mqu\mqa
where

tmg = bgs T 2qr -
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(3.77)

(3.78)
(3.79)

(3.80)

(3.81)
(3.82)

(3.83)

(3.84)

Together, these equations suggest the steady-state equivalent circuit of Fig. 3.9.
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3.3.4 Measurement of stator flux linkage

The first step in the characterization process is the measurement of the open-
circuit stator flux linkage versus magnetizing current. For this study, the machine is
fed by a three-phase inverter (at f. = 30 Hz), and driven at synchronous speed. By
selecting the time-zero position of the rotor reference frame to be equal to zero, we

have qu = fas. From the steady-state model,

Mo = [ LV Armgl) + T2 (V21 A} e (3.85)

Because i, and Ay, are related by (3.83), and because for no-load conditions there
is no current flowing in the rotor (i, = img), it follows that the above equation can

be written in the form
S‘qs = LSS(\/Q—IEQSD gqs ' (3.86)
Hence,
lj‘qs,kl = Liask ]%qs,k| ) (3.87)

where “k” denotes the k-th point in a series of measurements, and where
Lo = 2 Tm {Dgsn/igen } - (3.88)

Shown in Fig. 3.10 is a curve representing the best fit to this data, which was
determined using quadratic optimization. The test points are plotted as circles. In
particular, with the test machine

(i) 9.823. 1072+ 5.614 - 107%% + 1.020 - 107744
ss\t) = . .
s 14+ 4.499 .- 10-332 + 6.258 - 10644

(3.89)

3.3.5 Measurement of the leakage impedance

The leakage inductance Li(A,,) is determined by measurement of the blocked-
rotor small-signal input impedance, as a function of the g-axis bias current 7,4, using

the test set-up depicted in Fig. 3.8. For these conditions, the d-axis is not excited,
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Fig. 3.10. Stator flux linkage versus stator current.

so the g-axis stator current is equal to the magnetizing current, i.e. i, = tmq = igs0.
Moreover, there is no de current component flowing in the rotor circuits.
The expression for the small-signal input impedance is given by (3.71). However,

significant simplification can be made by noting that for practical test conditions

[aLla(i\:qO)iqso _|_ 1:| ~ 17 (390)
and that
sLps0[Zr(8)+8L(Mmgo)] .
ZT(JV;T)O+3[Ll(Amq(i)+LI\30] ~ ZT(S) -+ SLZ(Aqu)a (391)
whereupon

Zys =15+ 52L1(Amgo) + Zr(8) . (3.92)
It follows that for a given bias current iz, the measured leakage inductance may
be expressed
Lip= —21%; Im{Zsr— Zr(jwe)} (3.93)
where again “k” denotes the k-th data point of this test sequence. In this equation,

Z(jw,) is unknown. However, its imaginary part may be assigned arbitrarily—

subject to the constraint that L; is always positive. In other words, since these
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impedances are in series, moving inductance between Z,. and L; has little effect on
the predictions of the model. For the machine under test, it was assumed that the
imaginary part of Z, was Im{Z,(jw.)} = (w.) (4.5 - 107%) §, at the frequency used
to evaluate the leakage inductance, which was 60 Hz.

It is desirable to characterize L;; versus the magnetizing flux level. Since there
is no dec rotor current, and treating the magnetizing flux as constant, Ay, x = Amgo.k,

we have

Am,k = [Lss(iqso,k> - Ll,k] iqsO,k’ - (394)

Rigorously, this expression is not correct. The stator inductance L, was determined
from a large-signal test. On the other hand, L;; is the incremental inductance from
the small-signal blocked rotor test. These quantities are not compatible, and should
not be subtracted. However, this operation is not critical since the leakage is small
compared to the magnetizing inductance; for the purposes of fitting, we could have
completely ignored [;, or have it set to an arbitrary small value. This compromise
is justified by our lack of information about the large-signal leakage inductance.
The best fit to a rational polynomial of L; versus ), is depicted in Fig. 3.11. In
the fitting procedure it is important to insure that the leakage inductance function

is well behaved for all values of A, within a reasonable range. The result was
Li(Am) = (2.132-1073) /(1 4+ 0.7327)\%, — 0.3621A% -+ 0.1209)¢). (3.95)

oL, ()\mqD) ; 3
S W 18

From this it can be readily established that the maximum value of l T igs0

0.025 for the data points considered, so the assumption (3.90) is valid.

Although the model requires the formulation of the leakage inductance as a func-
tion of magnetizing flux linkage, it will be convenient for characterization purposes
to express it as a function of magnetizing current also. To this end, Fig. 3.12 depicts

L, versus 14,,, where

Li(ip) = (2.129-107°) /(1 4 6.558 - 10742, — 1.966 - 107°2 +5.210-107%C ). (3.96)
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Fig. 3.11. Leakage inductance versus magnetizing flux.

Notice that the equality L;(A,, = 0) = L;(i,, = 0) was not strictly enforced during
the fitting procedure; this is reflected by the slightly different numerator coefficient.

This small discrepancy does not compromise the accuracy of the analysis.
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Fig. 3.12. Leakage inductance versus magnetizing current.
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Fig. 3.13. Inverse magnetizing inductance versus magnetizing flux linkage.

3.3.6 Calculation of the magnetizing flux linkage

The next step in the development is the calculation of the function I';,(As,). This
is done by performing an artificial no-load test, in which the g¢-axis stator current is
varied between zero and some value (close to rated); let the virtual test currents be
denoted as 44, ;. Keeping in mind the underlying assumptions of (3.94), the functions

(3.89) and (3.96) are used to calculate the magnetizing flux

Amqvk - [Lss(iqs,k) - Ll(iqs,k)] iqs,k . (397)

Then,

Uik = Zgs i/ Amage - (3.98)
The fictitious data points along with the best fit to a rational polynomial,
10.39 — 4.704)2, + 1.648)\% — 0.4258)8 +4.717- 107273

T 1-0.3373A2 + 5.088 - 10 2\L — 7.319- 10738, + 7.897 - 10~4A8
(3.99)

Lra(Am)

are plotted in Fig. 3.13.
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Fig. 3.14. Magnetizing inductance versus magnetizing current.

It is also convenient at this point to derive the magnetizing inductance versus

magnetizing current fit, that will be used later. The result,

9.613- 1072 + 5.478 - 10742, + 9.963 - 1078}

- 3.100
1+4.375- 10232, + 6.113 - 10541 + 1.429 - 10-138 (3-100)

L (im)

is plotted in Fig. 3.14. Notice that the equality I'y,(Am, = 0) = [Lp(im = O)]”1 was
not enforced, since (9.613-1072)"! = 10.40, but this difference is insignificant. The
contribution of the denominators’ last term for all reasonable values of current may

also be safely neglected, due to its very small coefficient.

3.3.7 Measurement of the low-frequency rotor impedance

In order to characterize the low-frequency rotor impedance, one straightforward
method is to operate the machine at a given voltage and allow the slip to vary. This

procedure is similar to the one discussed in [103]. From the steady-state equations,

JWehmq = Tgs = [Ts + jwWe Li(Aun)] Tgs - (3.101)
For the k-th value of slip, Si, equating the magnitudes of both sides yields

we)\m,k = \/—2— Iﬁqs,k - [7"5 + jweLl(Am,k)] %qs,kt ) (3102>
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where A, = \/§|/\mq|. This equation can be solved numerically for A, ;. Note that
the varying-slip experiment creates large disturbances in the rotor, so that, once
more, the usage of the incremental leakage inductance is not rigorously correct. The
stator resistance of the machine under test was ry = 0.22 ). The rotor impedance

may be calculated from

Z. oo | % = 7y = jLi(Amp)|

S, ;  JwelyOmg),  (3.108)
b g = Tonln) [ = e = e La(h)|

igs

and the result will be written as a resistance in series with an inductance, i.e.

Ze(jws) = Rp(ws) + j(ws) L (ws) - (3.104)

The set of values {fs,k (-—— gjr’“) By e Lnk} taken during this test procedure is
depicted in Fig. 3.15. (For this experiment, the voltage frequency was f, = 30.2 Hz.
Since rated slp 1S Spatea = (1800 — 1775)/1800 ~ 0.0139, the rated value of slip
frequency iS fs rated = Srateafe =~ 0.42 Hz.) As can be seen, at very low frequencies
(less than 0.15 Hz), the inductance values are negative. Clearly, at this end the
inductance data is unreliable, primarily because the reactance is low compared to the
resistance. At a frequency of 0.3 Hz this is no longer a problem, and both resistance
and inductance are relatively constant. Ideally, a larger range of slip values would

be included in this test. However, the current becomes prohibitively high at larger

slips.

Once this data is collected, it could be used to fit a transfer function to the
impedance Z,.(s), that would be important in predicting the fundamental compo-
nent of the waveform. On the other hand, since the data is confined to very low
frequencies, it is not sufficient to represent the high-frequency behavior, i.e. the
switching-frequency dynamics. Such data is collected using a separate test proce-

dure as described in the next section.
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Fig. 3.15. Low-frequency rotor impedance.

3.3.8 Measurement of high-frequency rotor impedance

To measure the rotor impedance at high frequency, it is convenient to perform a
standstill frequency response test. The machine is configured as shown in Fig. 3.8;
the slip at standstill is unity. From the small-signal input impedance equation, using

the approximation (3.90), the rotor impedance may be expressed as

Jwe ko Linto(igsok) [Zgsge — s — Jwe kL (Bgso,x)] . .
g = = —— ’ 2 e — jwep Li(gs0 k). (3.105
]we,kLMo(quo,k) - [qu,k —Ts— Jwe,kLl(quo,k)} ( a0 k) ( )

The incremental inductance as a function of current differs from the expression (3.70).

In this case, it is given by
Lasoigsor) = L (i Lmliasnr) ; 3.106
MO(Z(]SO,k> - m(qu(),k) + iy 2gs0,k ( . )

where the previously derived fit of (3.100) is now used.

The high-frequency test results are depicted in Fig. 3.16. Two data sets were
taken. The first set was taken with a bias current of 450 = 14 A. The second set was
taken with a bias current of i50 = 27 A (rated flux is obtained with i, ~ 19 A).

The upper plot depicts the computed rotor inductance, as well as the total input
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Fig. 3.16. High-frequency rotor impedance.

inductance (at the stator terminals) for the two tests; the lower plot depicts the rotor
resistance. As can be seen, the input inductance varies considerably depending upon
the flux level, with the higher value of flux yielding the lower apparent inductance.
However, it is interesting to observe that the rotor inductance for the two data sets
is much closer together. Ideally, they should be identical. This fact does support the
ability of the model to incorporate the complicated relationship between flux level,
impedance, and frequency. As can also be seen, the resistance points are very close

for the two flux levels, over most of the frequency range.

3.3.9 C(Calculation of the rotor admittance transfer function

The final step in the analysis is the determination of the rotor admittance transfer
function. This will be constructed by concatenating the low-frequency with the high-

frequency rotor impedance data. The rotor admittance for the k-th point of the set
is given by

Yok = (Brg + jwerLer) - (3.107)
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Fig. 3.17. Rotor admittance magnitude (in dBQ™') and phase.

A question arises as to which data set to use for the high-frequency part. For
the study herein, the two data sets were simply averaged. However, since best-fit
techniques are used to capture the impedance, another approach would have been
to simply use both sets of data in the curve fitting procedure. The magnitude and
phase of the rotor admittance points, as well as the fitted curve to the frequency

response,

1+7.931-107%s +6.371 - 1077s?

3.108
1+ 3.638-10"2s+ 1.644 - 107552 4 2.892 - 10~ 1163’ ( )

Y, (s) = 7.656

are depicted in Fig. 3.17. Note that the stability properties of the computed transfer

function must be verified, to ensure that there exist no poles in the right-hand plane.
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3.4 Experimental Validation

The predictions of a standard gd-axes induction motor model [5] and the model
set forth herein were compared with measured waveforms for our four-pole, 460-V,
37-kW, 60-Hz induction motor drive. The inverter was fed from an 800-V dc bus. The
modulation strategy used was third harmonic sine-triangle, wherein the amplitude
of the third harmonic injection was one sixth of that of the fundamental, and the
carrier frequency was 4.88 kHz. The IGBT and diode voltage drops were taken as
constants of approximately 1.9 V and 1.3 V, respectively. The delay times from a
commanded turn-on of an IGBT to the time it started turning on, and from the
commanded turn-off of an IGBT to the time it begins to actually turn off, were
4.35 ps and 2.52 ps, respectively. The turn-on and turn-off times were 145 ns and
320 ns, respectively. The commanded voltage and frequency were 464 V, line-to-line
(fundamental rms), and 60 Hz, respectively. For the study shown, the speed was

1790 rpm.

The performance as predicted by the standard g¢d-axes model is depicted in
Fig. 3.18. The parameters were obtained from no-load and blocked-rotor tests and
were found to be ry = 0.22Q, Lj; = L; = 3.63mH, Ly, = 88.7mH and 7. = 0.14 Q.
These values reflect the machine in a relatively cold state, and all studies were con-
ducted at a relatively cold state as well. Variables depicted include the c-phase
inverter current, the c-phase current ripple (the phase current less its fundamental
component), the per unit ¢-phase ripple current spectrum (the base current is 67 A),
the electromagnetic torque, and the per unit electromagnetic torque ripple spectrum

(the base torque is 200 N-m).

The measured performance is illustrated in Fig. 3.19. Therein the air-gap torque
was obtained from (3.52), where the variables were calculated by post-processing
recorded terminal voltage and current waveforms. Comparing Fig. 3.19 to Fig. 3.18,
it is evident that the classical gd-axes model drastically underestimates both the

peak current and torque ripple by a factor of approximately 1.5-5 over the entire
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frequency range. In addition, the classical model is in error in its prediction of the
average torque by approximately 20 N-m. Clearly, the validity of using the standard
model to evaluate the power converter/modulator strategy performance or to choose
a switching frequency based on the current or torque ripple level requirements is
highly questionable.

The performance of the machine as predicted by the proposed model is shown
in Fig. 3.20. It can be seen that the performance of the machine and the average
torque are much more accurately predicted, over the entire frequency range depicted.
The most evident differences between the simulated and predicted waveforms are in
low-frequency (less than 2 kHz) spatial effects, such as the 120-Hz component of
the torque, which are not represented in this model. The accuracy of the proposed
model, both in terms of the fundamental component of the applied waveforms, as
well as in terms of switching frequency components, make it ideal to use for com-
bined converter, supervisory control, switch level (modulation) control, and machine

simulations.
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3.5 Magnetic Energy Considerations

In this section, the energy storage in the coupling and leakage fields of the pro-
posed induction machine model will be investigated. It will be shown that the
coupling field satisfies the conditions of a conservative field. However, the stator and
rotor leakage fields are not conservative; this causes an amount of energy to be lost

or gained when the states trace an arbitrary closed trajectory.

3.5.1 Math background

We begin by stating the following theorems. For detailed proofs, the reader is

referred to any textbook on multi-variable calculus, such as [104].

Theorem 1 Let ¥ : D — R"™ be a vector field, with components ¥.,...,F,, that
are continuous throughout some connected region D of R", and dR = [dz; - - - dx,)7T.

Then a necessary and sufficient condition for the integral

B
/ F-dR (3.109)
A

to be independent of the path joining the points A and B is the existence of a differ-

entiable function f such that

F=vf=[2 _af_]T (3.110)

Oz,

throughout D.

The independence of the above integral from the path of integration is the defining
property of a conservative field. If F has continuous first-order partial derivatives,

we can state the following theorem:

Theorem 2 A necessary and sufficient condition for

F=Vf (3.111)



53

18
812?‘7‘ N 81‘1 ’

for all 1,4, that is, the Jacobian matriz of F is symmetric.

(3.112)

3.5.2 Coupling field

It will be proven that the coupling field is conservative. In other words, the
magnetic energy stored in the coupling field is a function of the machine’s state only,
as defined by the magnetizing flux vector A7, ;. (The remaining states of the model,
Xy, Xy, have no effect on the coupling field energy.)

The electric power supplied to the coupling field is equal to the input power,
minus the power lost in the stator resistance, minus the power that supplies the
stator and rotor leakage fields, minus the power that is dissipated or stored inside
the rotor admittance block (see Fig. 3.7). After manipulation, the electric power

supplied to the coupling field may be expressed as

—Pe = %UJ (Z;s md st)‘T ) 3 (qu(flit)‘:nq + Zmdjt md) (3113)

The electrical energy provided to the coupling field is partly stored, and the rest is
transferred to the mechanical system. If W; denotes the coupling field energy and

T, the electromagnetic torque, then the power balance may be written as
P, = %Wf + T oorm (3.114)

where the product T.w,, is positive for motor action.
Equating (3.113) and (3.114), and solving for the rate of change of the field energy
yields

LW = (3 (i Xpa — i50) — To] 80, + (3) 430, + (300) 200y (3.115)

In view of the torque equation (3.52), the first term equals zero, so the differential

change of the coupling field energy may be written as

AWy = iy, AN, + 307 dAT . (3.116)
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By Theorems 1 and 2 (in this case, the vector field is F = % [ brng b }T, and the

independent variables are x = [/\r

g M ] ), the coupling field is conservative if and

only if
g Oipg
g Oy,

For the assumed functional forms of the magnetizing currents (3.25), equation (3.117)

(3.117)

does indeed hold, as can be readily verified after performing the necessary algebraic

manipulations. Therefore, the coupling field is conservative.

3.5.3 Leakage fields

The stator and rotor leakage fields are not conservative. This is proved ana-
lytically for the rotor leakage field; on the other hand, the equations for the stator
leakage field become intractable. However, the non-conservative nature of both fields
will be demonstrated through computer simulations. This inconsistency of the pro-
posed model is not critical. The energy that is lost or gained in the leakage fields is
negligible compared to the mechanical energy or the energy dissipated in the stator
winding resistance.

The power flowing into the rotor leakage field (specifically, the saturating leakage

components of both axes) is

PlT ~- 3 ( ;rgt/\lqr + Zdrdt ldr) . (3118)

Substituting the following relations in (3.118),

bgr = CoXpy s g = Crxg, (3.119)
lqur = Ll()\m) Lgr ’ {d'r’ = Ll(Am) Z:l?" ? (3120)
A = 1/ Q2+ ()2, (3.121)

and performing the differentiation with respect to time yields

3 AT dLi(m) ;2 r 32 dL(/\)Q r
md I\ Img \Am
P“" {2 Am Am } /\ {2 Am Am dt /\mq

+- {%(CTX } C + { C Xdr Ll } CTthdrﬂ (3122>

"’dt ‘17"

where @7 = (&],)% + (i7,)%.
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To prove that the field is not conservative, it suffices to show that one of the
symmetry conditions of Theorem 2 does not hold. We will consider the “interaction”

between -2 \” _ and the j-th component of the vector 4 Hence,

dt'm. dt q?"
md
oz’

qr.g

.__% md AL1(Am) (22r a&r ) 3_m__sz(Am) i (8zr Dig, + Bi, O, ) —

=
Am i Am Am Is;) déL’qT ; dzch daq”

= 3%madh0n) ; Bry ;= 3% dliOnlyr 00 0 (3.123)

where C, ; is the j-th component of the vector C,. Also,

Targ . 3. aLl(/\m) _ 34 dLi{Am) )‘:mi
= Crj 3 ige e Crj 5 gy =500 501 (3.124)

Clearly, aFAf“d # aAW (they differ by a factor of two), hence the rotor leakage field

is not conservative.

3.5.4 A computer simulation study of the coupling and leakage fields

The conservative nature of the coupling field, and the non-conservative nature
of the leakage fields are illustrated through a computer simulation (Fig. 3.21). The
induction motor is initially at rest. At ¢ = 0, it is connected to a voltage source
(460 V, line-to-line, rms) and is freely accelerated to synchronous speed (the load
torque is assumed zero, and the system inertia is arbitrarily set to J = 1 Kg-m?).
Then, after an equilibrium has been reached, a three-phase short-circuit is applied
at the machine terminals (at ¢t = 1.5 s).

During this transient, all the machine states trace a closed trajectory that starts

and ends at the origin. The various field energies are computed as follows: !

t
WZS = %[) ( std )‘lqs + dsd lds) d”-v (3'125)

1
W, =3 /0 (i AX i Aar,) dr, (3.126)

!The component of energy supplied to the stator leakage field through the voltage terms arising
from the transformation to the rotor reference frame turns out to be zero. To see this, substitute

Ags = Lt 1, and AJ, = Li(An) 17, into Sw, (i, AT, — i ATgs)-
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Fig. 3.21. Magnetic field energy study.
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1
Wop =3 [ (e + T ) dr. (3.127
t
Wy =2 A r [(i7,)" + @) (3.128)
t
Winech = / (Totrmm) d7 . (3.129)
0

The results plotted in Fig. 3.21 reveal that the coupling field does not consume
energy overall, because the energy used to establish it is fully returned to the system
at the end of the study (AW, = 0). This is in accordance with the theoretically
predicted conservative nature of the coupling field.

However, the behavior of the leakage fields is unpredictable. First, note that the
leakage field energy in this study became negative, which would not have been true
under the assumption of a linear leakage inductance, where leakage field energy is
always positive. 2 Moreover, since the net energy supply is negative (AW, ~ —199 J,
AW, = —222 J), the leakage fields provided energy back to the system, which
is physically impossible. This confirms the hypothesis of a nonconservative stator
leakage field, and verifies the analysis for the rotor leakage field.

A word of caution is deemed necessary at this point, since it is not appropriate to
compare the leakage field energies with the coupling field energy. For example, one
might wonder how it is possible for the leakage energy to be greater (in absolute value
terms) than the coupling field energy. The conservative nature of the coupling field
implies that Wy corresponds to an energy that is actually stored in the coupling
field and is thus fully retrievable. On the other hand, W), and W} should not
be interpreted as stored energies. Rather, they merely reflect energy consumed or
supplied by the nonconservative leakage elements of the proposed model.

Nevertheless, compared to the energy dissipated by the stator resistance and the
energy transferred to the shaft, the amount of energy that is gained from the leakage

fields is negligible (a few hundred versus several thousand joules). The dynamics of

To see this, substitute Az = Li™i7,., Alyq. = Lii7,, into (3.125), (3.126), and integrate:

Wi = 3502 > 0, Wy, = 3302 > 0.
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the system are not seriously affected by the leakage energy. Hence, this inconsistency

has only a minor effect on overall system performance.

3.6 Summary

The proposed induction motor model is particularly useful in predicting switching
frequency effects. It represents stator and rotor leakage saturation, magnetizing
axis saturation, and distributed effects in the rotor circuits, using highly general
functional forms. The simultaneous incorporation of these effects, and the high
degree of computational efficiency (since the model is non-iterative at each time
step) set it apart from other work in this area. Its relative computational speed and
the fact that it is readily tied to power electronic converter and controls models make
it ideal for studying power-converter /machine interaction as well as other aspects of
drive performance, such as the effectiveness of supervisory controls.

A set of analytical forms for the leakage and magnetizing characteristics of the
induction machine model has been set forth. Based on these, the standstill small-
signal and rotating steady-state large-signal models have been derived and used to
facilitate an experimental method of measuring the model’s parameters.

Furthermore, an inconsistency of the proposed model which becomes apparent
from the viewpoint of magnetic energy storage in the coupling and leakage fields
has been identified. Specifically, it was proved that (for the assumed inductance
forms) the main path satisfies the constraints of a conservative field, in contrast to
the leakage fields that are not conservative. However, the effect of this inconsistency
is minor and may be safely neglected under most circumstances.

This work has been published in a peer-reviewed journal [105, 106].
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4. SYNCHRONOUS MACHINE MODELING

4.1 Review of Existing Models

Synchronous machines are usually employed as generators connected to a power
system. A generator model may be involved in two types of power system stability
studies, namely large- and small-disturbance studies. A large disturbance often
consists of a fault on the transmission system or the generator itself that the power
system must be able to withstand without loss of synchronism. These studies extend
to a time period of up to ten seconds, thus termed short-term transient stability
studies. On the other hand, a long-term large-disturbance transient stability study
runs for time frames on the order of minutes, focusing on the effects of the slower
system dynamics, e.g. due to prime mover and energy supply system dynamics,
voltage and frequency protection schemes, capacitor switching, or restoration of loads
through tap changer action. Small-disturbance stability studies are performed using
linearized system equations, to ensure that oscillations are sufficiently damped by
the excitation system.

In the current IEEE Standard [107], it is acknowledged that synchronous ma-
chines may be accurately modeled by two lumped-parameter equivalent circuits rep-
resenting the ¢- and the d-axis, such as the one shown in Fig. 4.1. These models
are clagsified by the number of rotor circuits in each axis; for example, the model
with the field winding plus one damper in both d- and g-axis is called model 2.1,
the most common combinations being 1.0, 1.1, 2.1, 2.2, 2.3, and 3.3. The number of
rotor “damper” branches is selected in accordance with the rotor design. Salient-pole
generators with laminated rotors have copper damper bars in the pole faces that are
connected with continuous end-rings, forming a squirrel cage amortisseur winding.

In this case, model 2.1 is sufficient, since the eddy current effect is suppressed by
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Fig. 4.1. The IEEE Standard model of type 3.3.

the laminated structure of the rotor. However, for machines with solid iron poles, a
higher order model should be used to reflect the increased significance of distributed
effects in the iron. Round-rotor generators are more complex. Their circumference
is slotted to accommodate the field winding, which is held in place by wedges. The
wedges’ type, i.e. their magnetic properties (usually nonmagnetic), material (steel or
aluminum), whether they are segmented or of full length, and other design details
can significantly affect the machine’s performance. Another important factor is the
design of the pole-face, which may have circumferential or longitudinal slots. In

these cases, models 2.2, 2.3 or 3.3 are recommended.

The rotor-related part of the equivalent circuits proposed in the Standard differs
from other “conventional” equivalent circuits [5, 108], since it contains a “differen-
tial leakage” inductance (denoted by Ljp¢ in Fig. 4.1). Its use was proposed by
Canay in his seminal paper of 1969 [109], to signify unequal coupling between the
rotor windings and the stator, and between the rotor circuits themselves. In view of
Fig. 4.2, the field and damper circuits are coupled with the stator with L,,4, while
the coupling between the rotor circuits is Ly,g + Ly.. A positive L,. indicates better

magnetic linkage between field and damper circuit than between stator and individ-
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Fig. 4.2. Equivalent d-axis circuit, as proposed by Canay.

ual rotor circuits. This is the case for turbogenerators, because the dampers are also
linked to the field through the tooth-top and slot-leakage fields that are common to
both. A negative L,. implies worse coupling. This cccurs in salient pole machines,
where part of the main field is not coupled with the dampers. Although there is
clearly no question about the physical significance of this inductance, and despite
the repeatedly demonstrated improvement in model predictions, differential leakage
is still sometimes ignored by analysts.

A variety of other circuit structures have also been proposed in the literature [110-
115]. For instance, in [110], the rotor’s d-axis network was represented by three trans-
fer function branches, for which specific forms were proposed, as shown in Fig. 4.3.
In [111], ladder networks of a different structure were used to model the solid iron
rotor, depicted in Fig. 4.4. Canay [112] and Keyhani [113] utilize additional branches
to take into account eddy currents in the slot walls for open field winding conditions
(see Fig. 4.5).

New circuits having L;ioq equal to zero may be obtained with an appropriate
transformation, as was shown by Canay in his original paper, and again by Kirtley
in [116]. This corresponds to forcing equal magnetic coupling between all rotor cir-
cuits and the stator winding-—often called the “equal mutuals” base. However, the
equal mutuals base is restricted to the case of three coupled circuits, that is, when the
rotor has at most a field winding and one damper [117]. The most unconstrained
form of equivalent circuit is one with differential leakage inductances between all

damper circuits. Important theoretical results about equivalent circuits were pub-
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Fig. 4.4. Equivalent “ladder networks,” as proposed by Bissig et al.

lished in [118,119], where it was shown that there is no unique RL ladder network
representation of a given rotor two-port network with a prescribed impedance matrix.

A further disadvantage of using a mathematical transformation to ensure a spe-
cific network structure (one with no differential leakage) is that it causes the new

values of the stator leakage and magnetizing inductance to lose their original physical
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Fig. 4.5. Equivalent d-axis circuit with additional branch 7 for open
field conditions.

o = stator end-winding leakage inductance (flux path in the air)

e Lae = Stator and rotor core inductances

W Ly = Stator and rotor slot leakage inductances (flux path in the iron)

o = magnetizing inductance, which represents the combined
reluctances of the stator teeth, the air gap, and the rotor poles

L,,L,, = fieldand damper leakage inductances (flux path in the air)

SESIale

Fig. 4.6. Equivalent d-axis circuit, as proposed by Ojo and Lipo.

meaning. If magnetizing path saturation is to be considered—either by adjusting
the magnetizing branch inductance or by replacing it by a nonlinear element—the
physical significance of these elements should be preserved [120]. Although some
physical significance may be attributed to the parameters of models with up to three
“damper” circuits [121], it is gradually lost as the order is further increased, as is rec-
ommended for accurate transient stability or subsynchronous resonance studies [122].

Apart from equivalent circuit related problems, synchronous machine research has

also focused on the accurate incorporation of magnetic saturation, which has been
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shown to considerably affect their operating characteristics [123]. Different methods
to model this complicated phenomenon were analyzed in a variety of publications,
such as [52,124-134], usually by modification of the magnetizing inductance in the
T-equivalent circuit. A different form of equivalent circuit, derived by counsidering
the flux paths in more detail, was proposed in {124, 128] (see Fig. 4.6). This model
independently represents saturation in the teeth and poles, and the stator and rotor
cores, and is suitable for studies of asynchronous operation (such as in asynchronous

starting) where the levels of core saturation are high.

The incorporation of stator and rotor losses has been reported to have an effect
on the machine’s dynamic behavior [135]. The losses may be modeled with the
addition of short-circuited RL stubs in the equivalent circuit. The parameters of
these artificial windings may be determined from core loss measurements. However,

the proposed synchronous generator model does not take core loss into account.

4.2 The Proposed Model-—Mathematical Formulation

The purpose of this work is to address the aforementioned equivalent circuit is-
sues. In the model that is set forth herein, the equivalent circuit structure of the
rotor is replaced by a completely arbitrary linear circuit, a two-port network for
the d-axis, and a single branch for the g-axis, as shown in Fig. 4.7. This approach
has been adopted from the previous modeling work on induction machines (as dis-
cussed in Chapter 3), emphasizing the importance of the rotor’s actual input-output
behavior rather than the debatable physical meaning of the equivalent circuit pa-
rameters. It offers the advantage that once the transfer functions of these linear
circuits are determined—using standstill frequency response tests for example, they
may be immediately incorporated in the model. It does not require the tedious
and time-consuming process of equivalent circuit parameter identification, to which
numerous studies have been devoted [136,137]. Indeed, this problem is highly non-

linear, and the solution algorithms often face convergence issues, accentuated by the
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Fig. 4.7. The proposed synchronous machine model.

fact that there is no unique solution. Furthermore, for modern computer simulation
software such as Matlab®/Simulink [138] or ACSL® [139], the entry of a specific
equivalent circuit structure is not required. Rather, it is more efficient to directly
provide a state-space representation of the system to be simulated. The proposed

model possesses such a form.

In addition, the proposed model lends itself to the modification of the magnetizing
inductances for saturation (and cross-saturation) modeling in both axes. Recent
evidence suggests that lumping saturation effects in the magnetizing branch is a
reasonable assumption [140,141], and this hypothesis is further corroborated by our
results. Although the leakage flux paths may saturate due to excessive current or
by high magnetizing flux levels, synchronous generators are usually operated close
to their nominal values of flux, so the leakage inductance may be assumed to remain
constant, for a wide range of studies. A derivation of the model’s torque equation,
and restrictions on the magnetizing inductances arising from the assumption of a

lossless (conservative) coupling field will be presented in later sections.

From a computer simulation point of view, the proposed model is of the voltage-

in, current-out type; the stator and field winding voltages are the inputs, while
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the stator and field winding currents are the outputs. The model is computationally
efficient in the sense that it is noniterative at each time step, and uses only a minimum
number of states obtained from a minimal realization of the measured input-output
behavior. It is especially suitable for time-domain dynamic simulations of power

systems, as well as for the design and optimization of control schemes.

4.2.1 Notation

Throughout this chapter, matrix and vector quantities appear in bold font. The
primed rotor quantities denote referral to the stator through the turns ratio, which
is defined as the ratio of stator-to-field turns, TR = N,/Nyp;. The analysis takes
place in the rotor reference frame; the often used “r” superscript [5] is omitted for
convenience. The electrical rotor position, #,, and electrical rotor speed, w,, are P/2
times the mechanical rotor position, 8,,,, and mechanical speed, w;,, where P is the
number of poles. The transformation of stationary abc to ¢d0 variables in the rotor

reference frame is defined by [5]

fqus = Ks(gr)fabcs ) (41)

where

cosf, cos (QT — 2—“) cos (Qr + 25)

K,(6,) =2 |sinf, sin (0, — %) sin (6, +2%) | - (4.2)

1 1
2 2

DO [

4.2.2 Voltage equations

The stator voltage equations may be expressed in abc variables as

: d
Vabes = Tslabes T EAabcs ) (43)
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where Vipes, lapes and Agpes denote stator winding (phase-to-neutral) voltages, cur-
rents flowing into the machine terminals, and flux linkages, respectively, and r, is

the stator winding resistance. Transforming (4.3) to the rotor reference frame yields
Vgdos = Tsiqd()s + wv")‘dqs + %Aqus ) (44)

T
where Aggs = [Ads —Ags 0} . It will be assumed hereafter that the zero sequence
variables can be neglected.

The state equations of the d-axis two-port network (see Fig. 4.7) may be ex-

pressed by a linear system of order Ny as

d Umd Umd
7 Xd = Axg+ By = Agx4+ [Bdl Bd2] , (4.5)
_vdg Vd2
Ly C
" =Coxa=| " xa, (4.6)
i;‘dr_ Cd2

where x5 € RVa*1 A, € RVaxNe B, ¢ RNa*2 and Cy € R¥?*Ye, The contents of By
and Cg were written as the column vectors, By, By, and the row vectors, Cyy, Cyo.
The magnetizing branch voltages are equal to the derivatives of the corresponding
magnetizing flux linkages, which will be computed in the ensuing analysis.

The voltage vz may be eliminated from the equations, since it is related to the
field voltage and current by vgy = v}y, — riy,i%,. Using this, the following state

equation is obtained:

da ! Umd
i Xd = (Ad — 'I‘deBdgcdg)Xd -+ [Bdl BdQ} ) . (47)
der
Similarly, the g-axis state equations are
%xq = A x, + By, (4.8)
igr = Cyxy, (4.9)

where x, € RV*1 A, € RVN«Ne B, € RY*! C, € RN, and N, is the order of

the g-axis system.



68

It will be useful to derive expressions for the current derivatives. From (4.6)—(4.9):

4 Tdr , Umnd
= Ci(Ag — 774, BazCaz)xq + CyBy A (4.10)

Tty Yar
Lir = CyAgxy + CyBvpm . (4.11)

4.2.3 Rotor transfer functions

In the frequency domain, the rotor currents and voltages are related by the

transfer functions

lar Vrmd y11(s) y12(s)| |Oma
=1y | = A (4.12)
g Vg2 y12(8)  Yaa(s) Vg2

G = Yy(8) g, (4.13)

where s = jw, and the tilde is used to denote phasor quantities. The elements
of Ya(s) (y11(8), v12(s), yae(s)) and Y,(s) are strictly proper rational polynomial

functions of the complex frequency s, of the form

no+mnis+---+ny_1sV !

- do -+ d18 + - +dN~1SN_1 +dNSN '

y(s) (4.14)
The coeflicients ng and dy may not be simultaneously equal to zero, since that would
result in a pole—zero cancellation at the origin. This is a representation of a most
general form, but a simplified version may be obtained for the d-axis if the physics

of the rotor are taken into account.

To this end, Faraday’s law is applied to the fleld winding: v}, = 17, 7%, +dX7, /dt.
It can be seen that there is no dc voltage drop besides the ohmic drop of the winding’s
resistance (which is external to the two-port network). This implies that there exists
a direct path for dc current between the primary and secondary sides of the two-port

network.
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Under this assumption, the constants ng of the polynomials will all have the same
absolute value, and the system will possess a pole at the origin. To see this, assume

that the field side of the admittance block is short-circuited (42 = 0), so that

%dr = yll(s)@md » (415>
E}dr = 112(8)Uma - (4.16)

As the frequency approaches zero (s — 0), the hypothesis that at low frequency the

two-port network behaves as an ideal series inductor implies that 4, — —E’fdr, 80
lim y11(s8) = —lim y1a(s) . (4.17)
50 5—0

Since the denominator of (4.14) corresponds to the least common denominator of
all elements of Y,(s), the ng element of y1;,(s) is equal to —ng of y12(s). Similarly,

setting U,,4 == 0 and letting the frequency approach zero yields
lim y15(s) = — lim g, (s) - (4.18)
5— 8§

Thus the ng element of yi2(s) is equal to —ng of yoa(s). This observation, coupled
with the fact that these admittances become infinite as s — 0 (again because of the
assumption that the network acts as an ideal series inductance at sufficiently low

frequency), implies that the d-axis transfer functions must have the following forms:

14+ ais+ -+ aysVe!

_ 4.19
yll(s) dOS(l + 518 NI 517\[(14,18]\,(1‘1) ? ( )
1+ Sis+ -+ By, 18Nt
- | 4.20
ylg(s) dos(l +518 + . +6Nd_181\]d-1) ? ( )
L+ s + oo+ ™o
o . | 4.21
y2(s) P51+ 015+ - + Ow,_18Ne 1) -

The formulation of the g-axis transfer function is more straightforward, due to
the absence of a field winding. In particular, the g-axis transfer function may be

expressed as
1+ 6s+---+ ENqﬂlquﬁl
L+ (184 -+ (v, 5™

In this case, poles and zeros at the origin are not allowed.

Yo(s) =Yoo (4.22)



70

4.2.4 Realization theory

The rotor transfer functions are the starting point for the computation of the
time-domain state matrices, as used in (4.7) and (4.8). The problem is to determine
an internal, state-space description of a linear system, given its external, input-

output description. This is the subject of system realization theory [83].

Numerous algorithms exist for deriving a realization. However, for increased com-
putational efficiency, it is desirable to obtain a system of the least possible order, a so-
called minimal realization. In contrast to the single-input/single-output case, where
it is rather straightforward to obtain a realization, the multiple-input/multiple-
output case (like the two-port d-axis rotor system) is more complicated. The dif-
ficulty arises when determining the minimal realization order. Consider a transfer
function written in the form Y (s) = N(s)/my(s), where N(s) is a matrix of polyno-
mials and my (s) is the minimal polynomial of Y(s). * The roots of my (s) constitute
a subset of the eigenvalues of the minimal realization; hence, a minimal polynomial
with two roots may correspond to a system with a second, third, or fourth order

minimal realization.

In the case of the proposed model, the transfer function matrix entries are the
functions (4.19)-(4.21), the degree of the minimal polynomial is Ny, and the order

of the minimal realization is 2N; — 1. This is proved using the following theorem:

The order of any minimal realization is equal to the degree of the char-
acteristic polynomial, py(s), of the transfer function matrix Y(s) [83, p.

397). 2

It remains to compute py(s), given the functional forms (4.19)—(4.21).

1The minimal polynomial is defined herein as the monic least common denominator of the transfer
function entries. A polynomial is monic when the highest order term has a coeflicient of one.

2The characteristic polynomial py(s) is defined as the monic least common denominator of all
nonzero minors of Y (s).
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Let us write the d-axis transfer function as

Y(s) = N(s) = , (4.23)

where
my(s) =s(sM 4. + 5;&_1) . (4.24)

It is assumed that no common factors exist between n11(s), n12(s), nea(s), and my (s).
To obtain py(s), it is necessary to compute all nonzero minors of Y,(s). The first
order minors are the entries of Y,(s), and their monic least common denominator is
(by definition) the minimal polynomial my(s). The second order minor is equal to

the determinant
2
D(s) = nll(s)nﬂgs) niy(s) ’
mY(S)

Taking into account the specified forms of the transfer functions (4.19)-(4.21), it is

(4.25)

readily shown that the numerator of D(s) has a root at the origin, which cancels out

with one of the two zero roots of m%(s). Hence,
- 1 \2
py(s) =s(sM - a5t )7 (4.26)

The degree of the characteristic polynomial-—the order of the minimal realization—is

thus 2Nd — 1.
An algorithm to obtain a minimal state-space realization from the transfer func-
tion matrix is described in Appendix A.
4.2.5 Leakage and magnetizing path magnetics
The stator flux linkage is separated into leakage and magnetizing flux terms as
Aqoi.s - }\lqu + )\qu - Llsiqu + Aqu, (427>

where Ajyqs is the stator leakage flux, and Angq is the magnetizing flux. The same

value of leakage inductance, L, is used for both the ¢- and the d-axis.
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The functional forms of main path saturation in the proposed model are similar
to [130]. Since in the general case of a salient rotor machine, the mmf and flux
vectors are not aligned, the following relations may be assumed for the magnetizing

path:

imq == qu(j\m)Amq, (428)
lmd = I_‘md(j\m)Amd . (429)

A = 4/ A2 + A2, (4.30)

where « is a saliency dependent parameter. Differentiating (4.28), (4.29) with respect

to time yields

%iqu = Fmi()‘qu)%)\qu ) (4.31)
where
. ) ) A
(_ir_’crl‘:z\&".l_o_é_;\\l_”i -+ qu(A ) dF’f;;(Am) /\m){;/\md
Pmi(A7nqd) = s on) g p Gy A2 (4.32)
mdAAm ) XAmgAmd T d(Am) A, by
dAm iin, D ,\_md' + Lma(Am)

The “” subscript denotes incremental value.

4.2.6 Torque equation

The proposed model’s electromagnetic torque equation may be derived by exam-
ining the energy balance of the machine’s coupling field [5]. The coupling field is
created by the magnetizing flux, which links both stator and rotor circuits.

The electric power supplied to the coupling field is equal to the input power, minus
the power lost in the stator and field resistances, minus the power that supplies the
stator leakage field, minus the power that is dissipated or stored inside the rotor
admittance block. Using the equivalent circuit of Fig. 4.7 and (4.27), the electric

power supplied to the coupling field may be expressed after manipulation as

F. = %wr (iqs)\md - ids)‘mQ) + % (imf}?lit)‘mq + imd%Amd> ’ (433)
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The electrical energy provided to the coupling field is partly stored, and the rest is
transferred to the mechanical system. If W; denotes the coupling field energy and

T, the electromagnetic torque, then the power balance may be written as
P, = .g_twf + Totwrmn (4.34)

where the product T,w,,, is positive for motor action. Equating (4.33) and (4.34),
and solving for the rate of change of the field energy yields

W = (3 gt — i) = T3] 20, + (i) g + ($ina) EAsa. (4.35)

Hence, the differential change of the coupling field energy may be written as

AWy = G2d0, + 5L dAmg + gyt-dAma, (4.36)
where
%%/‘f - % (fgsAmd — dsAmg) — Te% ; (4.37)
oW .
T = 5ima, (4.38)
515 .
By = 3ima (4.39)

The change of coupling field energy from an initial state {6,0, Amgo; Amao} t0 an

arbitrary final state {6, Ang, Ama} is obtained by integrating (4.36):

67
Wf (97‘1 >\mq7 Amd) == WfO + / [% (quAmd Z'ds/\mq) - Te %] d@;, +

91"0

Amq 3 )‘md
+ 2 / bmg ANy + / bma ANy - (4.40)
A

ma0 Amdo
Since the field is assumed to be conservative, the integration may be performed over
an arbitrary trajectory. Assume that the initial energy is Wyp = 0, and integrate
the first term from 6,9 to €., while the fluxes are maintained at zero—which forces
T. to be zero as well. This transition does not change the field energy. Then,
consecutively integrate each one of the fluxes from zero to an arbitrary final value,

while keeping 6, and the other flux constant. Recall that the transformation to the
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rotor reference frame eliminates the dependence of the magnetizing inductances from
the rotor position. The magnetizing currents are independent of #,—as in (4.28),
(4.29). Therefore, the final value of field energy W;(6,, Mg, Ama) is independent of

the angular position 4,, i.e.

oW
55 =0 (4.41)

This observation coupled with (4.37) yields the following well-known expression for

the electromagnetic torque:
T, = 3L (igshma — asAmq) - (4.42)

For generator action (and w, > 0) the torque will be negative.

4.2.7 Restrictions on the inverse magnetizing inductances

In (4.28) and (4.29), the inverse magnetizing inductances were defined as any
arbitrary function of flux. However, to be consistent with the assumption of a lossless
coupling field, certain modeling restrictions must be imposed [142, 143].

Specifically, the coupling field’s energy expression, which in view of (4.41) has

become
Amg

Amd
W gy ) = W + 2 / g AN, + 3 / imgdN. L, (4.43)

Aqu Amdo

must satisfy the requirements of a conservative field. A necessary and sufficient

condition for this is (see Section 3.5.1)

Oimg  Dima

- ) 4.44
OAmd~ OAmg (4.44)

Substitution of (4.28) and (4.29) into (4.44) yields
Wong Anay - Id @y (4.45)

A dm T A A

Cancelling common terms and integrating both sides yields

Lmg(An) = alma(An) + 8, BER. (4.46)
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This restriction has to be enforced during the magnetizing characteristics’ curve
fitting procedure. Note that it also renders the incremental inverse inductance matrix

I, symmetric.

4.2.8 Model integration

The state variables are selected as x = {A,q4, X4, X4}. The goal of the ensuing
analysis is the formulation of equations for the time derivatives of the state variables.
First, note that both rotor and magnetizing currents have been previously ex-
pressed as functions of the states: the rotor currents are given in terms of the rotor
admittance states from (4.6) and (4.9); the magnetizing currents depend on the

magnetizing flux states, as seen from (4.28)—(4.30). Hence, the stator currents

igs = mg + dgr (4.47)

igs = tmd + lar s (448)

are also functions of state variables.

Next, the time derivatives of the stator flux linkages are calculated from (4.4),

%Ads = VUgqs — Tslgs + Wfr)\qs y (449)

Zlit/\qs = Ugs — Tslgs — WrAds (4.50)

as functions of state variables and model inputs (the stator voltages). However, they
are only evaluated as an intermediate calculation; they are not integrated since Agqs

are not states.

The differentiation with respect to time of (4.27) yields an alternate expression

for the derivatives of the stator flux linkages (cf. (4.49), (4.50)):
Ed{)\ds = Lls'a%(imd + id’r) + %Amda (451)

4 N\gs = LisZ(img +igr) + Shng - (4.52)
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The derivatives of the rotor and magnetizing currents may be evaluated using (4.10),

(4.11) and (4.31), so

2 Xas = Lis [Tmi (212 Ang + T (22 % Amg + Car(Ag — 75, BaaCaz)xa +

+ Ca1Bai £ Ama + CaiBasvly,] + EAma, (4.53)

',%Aqs - Lls [Tmi(')llad{Amq + Tmi(')lZ%)\md + CquXq + Cquth ] ;%)\mq .
(4.54)

The following linear system of equations may therefore be formulated:

Llsrmi<')212l@£Amq + {]- + L/,s {Fmi(’)Z‘Z + Cdlel]} %Amd =

dt>\ Llstl[(Ad — ’rfd,rBdQCd2>Xd + BdQ/der] y (455)

{1 -+ Lls [Fmi(')ll + Cqu] }%)\mq -+ LlsFmi(')IZ%/\md = éi_t)\qs - LZSCquXq ) (456)

where the quantities 'C%Ads and %Aqs are obtained from (4.49) and (4.50). The so-
lution of (4.55), (4.56) yields the time derivatives of two of the state variables (the
‘magnetizing flux linkages Anq and Ang). Apart from being integrated themselves,
these derivatives are also inserted in (4.7) and (4.8)—as the magnetizing voltages vy,

and vy,g—for calculating the derivatives of the remaining state variables x4 and x,.

4.2.9 External impedance incorporation

The model is flexible enough to allow the incorporation of an external resistance
and inductance, connected in series with the field winding. For example, such would
be the case of a brushless excitation system, when the detailed model of the exciter—
rectifier system is replaced by a nonlinear average-value model. FEssentially, this
simplification produces a voltage behind reactance representation of the exciter. As

was shown in [144], the effective voltage at the generator field has the form

Vige = B — Ryily, — L %4, (4.57)

trdt

where £’ is the voltage behind the effective resistance, R., and the transient induc-

tance, L/ :

i, the primes denote that all quantities have been referred to the stator.
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These voltage drops may be incorporated in the proposed model in a straightforward
manner.

In particular, the voltage at the field side of the d-axis admittance block may be
written as

Vaz = B — (R, + 7, )iy — thr%i}dr : (4.58)
Using (4.5) and (4.6) this equation becomes
vg = E' — (R, + r}dT)CdQXd — Ly, Cia(Agxg + Byivma + Bove) , (4.59)
and solving for vge yields
vag = K[E" — (R, 4 1%,)Caoxg — Li; Caa(Agxq + Barvma)] , (4.60)

where k = (1 + L}, CgpBa) ™. After substitution of (4.60) into (4.5), the following

modified state equation is obtained:

%Xd = [(Il\fd - HL;rBdZCdQ) A—d - K(Tffdr ~+ R;)BdQCdQ] X4+
+ (In, — 6L Ba2Ca) Bayvma + kBae E',  (4.61)

where Iy, denotes the identity matrix of dimension Ny x Ny. The derivatives of the

magnetizing flux linkages are given by the solution of the linear system of equations

formed by (4.56) and
LisTomi(-)21 5 Amg + {1 + Lis [Fmi(')m + Car (v, — L5, Ba2Cas) Bdl} }%Amd

= -d%)\ds — Llstl{ li(INd e KJL;:TBd2Cd2> Ad el fﬁ(?”;ch -+ Ré)BdQCdQ:‘ Xd -+ K)BdgEl} y
(4.62)

which was obtained by a procedure analogous to the one described in Section 4.2.8.
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Fig. 4.8. The proposed synchronous machine model (at standstill).

4.3 Parameter Identification Procedure

As discussed in Section 4.1, the current philosophy of synchronous machine mod-
eling for power system studies [107] proposes the use of equivalent circuit structures
based on the orthogonal gd-axes theory. The pertaining characterization procedure
aims at extracting the circuits’ resistive and inductive element values [145], which
is a difficult optimization problem. In general, the machine has been viewed as a
linear network, whose frequency response may be determined from measurements at
the terminals (by measuring for instance the operational inductances Ly(s), Lap(s)

and the stator-to-field transfer function sG(s), [146-148]).

The modeling perspective presented herein suggests replacing the equivalent cir-
cuits with generalized linear networks, as shown in Fig. 4.8. This approach is well
suited to standstill frequency response measurements (SSFR), enabling the direct
incorporation of the frequency response characteristic in the model, without the in-
termediate step of finding damper winding circuit element values. In this section, a
suitable experimental characterization procedure for the proposed model is described

in detail.
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In the proposed method, the machine’s magnetization characteristic and turns
ratio are estimated first. When using a linear machine model, the turns ratio can not
be uniquely determined by measurements at the terminals and is usually arbitrarily
set to the manufacturer’s value. However, the importance of the turns ratio value is
increased when adopting a model that explicitly incorporates the nonlinear effect of
magnetizing path saturation. In this case, every effort should be made to maintain

the physical significance of the model’s parameters [120].

The turns ratio determination procedure of [145] is based on extrapolating the
ratio of field winding to magnetizing branch voltages at zero frequency using SSFR
data; it is thus sensitive to the estimated value of L4 and low-frequency noise.
This work sets forth a novel testing procedure that utilizes the full range of the
magnetizing A~ curve, and is therefore less sensitive to measurement errors. The
method is based on measuring the magnetic nonlinearity of the machine’s iron from
the armature and field sides. Compared to the commonly used method of voltage
step tests [149, 150], the proposed testing procedure is simpler and does not require

knowledge of the flux remanence.

The second step in the characterization procedure is the measurement of the ro-
tor’s transfer functions. This may be accomplished by performing a series of SSFR
tests. Since the SSFR experiment was introduced [151}, it has been extensively used
in synchronous machine identification [152-158]. However, SSFR testing is not a
panacea [111,159], and it is clearly advantageous to identify the parameters when
the machine is under nominal operating conditions [160]. Most of SSFR’s inconsis-
tencies stem from the absence of centrifugal forces [161], as well as the use of low
current levels which leave the leakage paths atypically biased and the rotor cool.
Moreover, minor hysteresis loops are being traversed due to the iron’s nonlinear be-
havior [102,162]. Consequently, the measured magnetizing inductance corresponds
to the incremental permeability of the iron and is thus significantly lower than the
one obtained from the magnetizing curve. The proposed method addresses this

problem by assuming that all magnetic nonlinearities may be lumped in the mag-
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netizing branches, while the linear elements remain unaffected by the saturation
level [140,141]. The model structure lends itself to the separate identification of the
magnetizing branch and the rotor circuits. Thus the analyst is offered the option
of discarding the measured small-signal magnetizing inductance value and replacing
it by a nonlinear saturating element that more closely represents the large-signal
magnetizing path behavior.

The proposed experimental procedure is applied to a Leroy—Somer brushless syn-
chronous generator, model LSA 432L7. This is a salient 4-pole machine, rated for

59 kW, 600 V, at 1800 rpm.

4.3.1 Rotor alignment procedures

The characterization procedure for the proposed model requires independent mea-
surements at standstill along the ¢- and d-axis. The d-axis is conventionally defined
as the axis of the field winding, while the ¢-axis lies 90° ahead for counterclockwise ro-
tation, as shown in Fig. 4.9. The stator-to-rotor reference frame transformation (4.1)
is used to translate the original abc variables to ¢d coordinates. Since the machine
is Y-connected, ip, and vy are zero. The mechanical angle 8,,, of the synchronous
machine under test is measured with a 12-bit position encoder that gives a resolution

of 0.088 mechanical degrees.

b q
6,
T
fd
C

Fig. 4.9. Synchronous generator winding diagram at an arbitrary rotor position 6,.
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Fig. 4.10. Synchronous generator test configuration. (6, = 0°)

The stator is assumed to be geometrically symmetric and slotting is neglected,
so the field winding’s input impedance is independent of the rotor position §,.. On
the contrary, the armature windings’ impedance depends on #,, due to the saliency
and electrical asymmetry of the rotor. The neutral point is not available, so mea-
surements are taken line-to-line across phases b and ¢, while phase a is left open. In
general, the experiments consist of connecting a voltage source to either the armature

or the field winding, and capturing v, vy, 4. and iy, as shown in Fig. 4.10.

For this test setup, the stator mmf, that would be produced by current flowing in
the series-connected b and ¢ phases, is aligned with the corresponding axis. So, align-
ment with the g-axis may be achieved by exciting the field winding with a sinusoidal
signal, measuring the open-circuit line-to-line stator voltage, v, and detecting the
angle where v, becomes zero (when 6, = 4+90°). To align with the d-axis, we detect
the minimums of v, and vy, which occur at angles 6, and 8y (when 6, = 30° and
0, = —30° respectively); then, the d-axis is aligned at (61 + 63)/2. Alternatively,
the location of the d-axis may be determined by measuring the angle where vy, is
maximum, but a note of caution is required at this point: the angle of peak voltage
may not be accurately detected, as will be shown in the mathematical analysis that

follows.
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Excitation from the field side with the stator open only involves the d-axis and
leaves the g-axis inactive (so that vy = 0 and i, = 0). The inverse of transforma-

tion (4.1) [5] yields

Vps = SN (QT — %75) Uds (4.63)
Ves = Sin (()T + %75) Vgs - (4.64)

The measured line-to-line voltage may be related to the d-axis stator voltage by

subtracting (4.63) from (4.64), which leads to
Vep = V3080, vy . (4.65)

The d-axis voltage vgs arises from the ac field excitation and is independent of the

rotor angle. The change of vy due to a small rotor angle deviation, Af,, is
Avg = —V/3sin b, vy A6, . (4.66)

This observation should clarify the reason why detection of the minimum v, (at
6, = £90°, where sinf, = £1) is more reliable than detection of the maximum v,

(at 8, = 0°, where sin 6, = 0).

4.3.2 Resistance measurements

The first step in the characterization procedure is the measurement of the dec val-
ues of stator and field winding resistance. Using a four-wire measurement technique,
these were determined to be ry = 0.108 € and 7y, = 2.01 {2 at room temperature.

The variation of resistance with temperature is not incorporated in the model.

4.3.3 Magnetizing characteristic and turns ratio identification

The second step of the characterization procedure is the determination of the
magnetizing path’s A—i characteristic. This section contains the details of the pro-

posed method, which allows for the simultaneous determination of the turns ratio
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and the d-axis magnetizing inductance. The method does not apply to the g-axis,
whose characteristic must be obtained from a different type of test, unless test wind-
ings exist on the rotor. Herein, the ¢-axis characterization was performed using step
tests.

The proposed procedure consists of alternately exciting the stator and rotor wind-
ings (input side), while the other side (output side) is open-circuited. The output
voltage and the input current are recorded with a dynamic signal analyzer. The exci-
tation may come from a low-frequency ac source or an adjustable dc voltage source.
The source is required to supply a current high enough to saturate the machine. In
terms of output power, the equipment need only be rated for the maximum ohmic
losses of each winding. When an ac source is used, the experiment consists of mea-
suring full hysteresis loops. When a dc voltage source is available, the voltage is first
increased to a point where the magnetizing path may be considered to be saturated;
then, the voltage is slowly decreased to zero, and the upper extrados of the hysteresis
loop is obtained. ® In all cases, the tests must be performed at a low frequency in
order to ensure that the currents in the rotor circuits are negligible. The terminal
quantities may then be directly related to the magnetizing branch variables.

The measured quantities have to be transformed to their respective ¢qd values

using (4.1). The rotor is rotated to 8, = 0°. When exciting the stator side,

imd ~ ids = —%ZC 3 (467)
j\m = )\md ~ /\}dr =TR. )\fdr =TR / U fdr dt. (468)
When exciting the rotor side,
bmd R gy = S50 far (4.69)
)\md = %Acb = :/%/'Ucb dt. (470)

The integration of the voltage in (4.68) and (4.70) is performed numerically. If full

hysteresis loops are measured, then appropriate integration constants may be found

3The term extrados refers to the exterior curve of an arch—cf. the arch formed by a hysteresis loop.
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such that the loops become symmetric around the origin. If the excitation is of
the dc type, then the integration constants are unknown. However, they may be
determined, for example, by requiring that the magnetizing flux characteristic (or
its extrapolation) intersects the origin.

Similarly, for the g-axis step tests, the rotor is rotated and locked at 6, = 90°,

and
iing &2 gs = Tl (4.71)
Ags = Ags + Amg = % /(vcb — 2rgic)dt (4.72)
Am = V& Ay - (4.73)

In this measurement, an “output” side does not exist; the voltage sensor is transferred
to the input. The magnetizing flux linkage is estimated by subtracting the stator
leakage flux component from the overall flux. This leakage inductance is obtained
from the d-axis SSFR test (and so the d-axis is characterized first.)

The fundamental idea behind the procedure is to exploit the magnetic nonlinear-
ity properties of the machine’s iron. Specifically, two d-axis magnetization curves,
Amd(TR) V8. img and Mg V8. ima(TR) may be measured by exciting the machine from
the armature and the field side, respectively. Each experiment contains a variable
that is directly measurable and one that depends on the turns ratio. The turns ratio
is a free parameter that is adjusted until a value is found for which the two nonlinear
saturation curves coincide. The procedure will fail for linear curves. The curvature
introduced by saturation is essential.

This process is illustrated in Fig. 4.11. The experimental equipment available
consisted of (i) an ac source, whose current capabilities only allowed the machine to
be saturated from the field side, and (ii) a dc source that was capable of saturating the
machine from the stator side. First, a hysteresis loop was obtained using a 10 mHz
ac source. Next, the upper extrados curve was obtained using the dc source. The
field-excitation hysteresis loop remains fixed with respect to the flux linkage axis,

but varies with respect to the current axis, in accordance with (4.69) and (4.70). The
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stator-excitation extrados changes in the opposite way, i.e. it remains constant with
respect to the current axis but varies with respect to flux, as in (4.67) and (4.68).
Its dc offset is adjusted for each value of the turns ratio so that it coincides with the
hysteresis loop close to the origin. There exists a single value of the turns ratio that
minimizes the distance of the two curves. This value is quite accurately determined
by trial-and-error. For this example, TR = 0.087.

The following rational polynomial expression for the d-axis inverse magnetizing

inductance may be derived by a least-squares fitting technique:

1— 1.122),, + 0.3348)2,
29.20 — 3248\, + 9.261A2,

Tpna(Am) = 10° (4.74)

This expression is valid for 5\m < ;\ml = 1.6 V-s. For greater valﬁes, the rational
function diverges, and an appropriate continuation is defined so that the flux linkage
increases linearly with current with the same slope as at ;\ml.

The g¢-axis function, i.e. the parameters «, 3 of (4.46), may then be estimated
from (4.74) using the value of leakage inductance obtained from the (autonomous)

d-axis SSFR-based procedure described in the next section (0.97 mH). This yields
Trng(Am) = —6.580 4 2.461 Tpg( ) - (4.75)

The fits of these functional forms to measured data are illustrated in Fig. 4.12.

4.3.4 Rotor identification

The third step in the characterization procedure is extraction of the rotor transfer
functions, Y4(s) and Y, (s), from SSFR measurements at the machine terminals. Due
to the small-signal nature of the SSFR test, the magnetic materials are traversing
minor loops of their respective B-H curves. If all the tests are performed under no
magnetization bias, the incremental permeabilities will keep constant throughout the
tests. The values estimated for the magnetizing inductances are not valid for normal

operating conditions and will be discarded. It is assumed that the rotor circuits are
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independent of magnetizing flux. Model validation studies [140, 141] indicate that

this is a workable assumption.
The elements of Y4(s) (y11(8), y12(8), y22(s)), and Y,(s) are strictly proper ra-

tional polynomial functions of the complex frequency. Their equations are repeated

here for convenience:
Ng—1

l+o8+---+an,—18
=Y d 4.76
yn(s) d05(1+515+-..+5Nd_18Nd‘“1) ’ (4.76)
14 ,618 + - ﬁN _18Nd~1
= Y, z , 4.77
thals) dos(l + 818+ - + S, 18N (4.77)
14 Y18 + e+ YN, _~18Nd‘1
=Y, 4 , 4.78
yaa(s) d03(1+515—|~...+5Nd_15Nd—1) (4.78)
1 + e _ Ng—1
Yy(s) = Vgt TN L (4.79)

L+ Gs+ o+ (s

Setting s = jw, the transfer functions (4.76)—(4.79) relate the rotor currents and

voltages in the frequency-domain by

Ty = [Y4(s)] Urna _ yi(s) 12(s)| | Uma , (4.80)

glfdr Vg2 Y12 (3) Yao (S) Vo

igr = Yy(8) g » (4.81)
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where the tilde denotes phasor quantities. After manipulation, the internal rotor

quantities are related to measurable terminal quantities by

Ggs — ZE:’\;; [Bas — (s + SLis)ias) ~ynls) wia(s)| | Tas — (rs -+ sLis)ias
E’fdr Y12(5)  y22(s) Uy — T;’dr%,fd'r
(4.82)
%qs - s_l%;; [@qs - (Ts + SLlSﬂCJs] = YZJ(S) [@QS - (TS + SLZS)%QS} ) (4'83)

Parameter set uniqueness properties

It is useful to know whether a given rotor model may be uniquely parameterized,
since, if not, the identification algorithm may converge to a different parameter
set every time it is executed. This section addresses the uniqueness properties of
the proposed synchronous machine model. The existence of multiple equivalent

parameter sets will be shown using the methodology outlined in [119].

The model under consideration is shown in Fig. 4.8. Under small-signal condi-
tions, the magnetizing branch inductances become linear elements, and the model
represents a purely linear circuit. In general, the g-axis leakage inductance is not

equal to the d-axis leakage inductance.

The stator and field winding resistances may be accurately measured (at dc),
and will thus be considered as known. The turns ratio is also known. Hence, the
parameters to complete the characterization of the d-axis are Ly4,, Lyng, and the rotor
two-port network transfer functions. The goal of this analysis is to demonstrate what
conditions must be satisfied between two parameter sets, so that the d-axis exhibits
identical behavior. The results may be summarized in the following theorem, whose

proof is given in Appendix B:
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Theorem 3 If two d-axis networks are equivalent, then the following conditions
between their parameters are satisfied (the superscript ‘*’ is used to denote the pa-

rameters of the second network):

TRLY,; = TR Lyna, (4.84)

Ligs + Ling = Ly + L7g s (4.85)

and

. 211(8) + 82E (Lygs — L) za(s
Zz(s) _ ('1;}1}{ 2 11( ) TR ( ld, ld ) 12( ) . . (486)
291(8) z22(5s)

Equation (4.86) implies that the rotor impedance parameters (given by the in-
verse of the admittance matrix, Zq(s) = Y '(s)) must all be scaled by the factor
(TR*/TR)?, with the exception of 2}, (s), which contains one additional term. This

term may be accounted for by adding an external inductance,
* %y 2
Lext - ('TT%) (les - L?ds) = (Tf%) Lmd - :nd’ (487)

in series between the magnetizing branch and the two-port network.

If the turns ratio were unknown, there would be an infinite number of equivalent,
parameter sets. However, if it is fixed to its measured (from the aforementioned
procedure) value, then the network is unique. Hence, the identification procedure
should ideally converge to the same parameter set each time.

The g-axis is completely characterized by Ligs, Lmg and Yy(s). In this case, the
following theorem holds (for a proof refer to Appendix B):

Theorem 4 If two g-azxis networks are equivalent, then their parameters must sat-

1sfy:

qus + Lmq = L?qs + L:nq ) (488)

* 2 * 2
7:(s) = (i’”) Zu(s) + [(_L-J— - L;Lq] 5. (4.89)
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To force a unique solution, the leakage inductance is set to a pre-specified value,

which due to lack of better information is arbitrarily equal to the d-axis value, i.e.

qus = les = Lls~

Identification algorithm and experimental results

To accurately capture the d-axis rotor dynamics, multiple SSFR experiments
are required. SSFR, experiments were conducted using the following test setups:
(i) exciting the field winding side with the stator terminals open-circuited, (ii) ex-
citing the stator side with the field open, and (iii) exciting the stator side with the
field shorted. For these tests, the following transfer functions were measured (the

subscript indicates the setup number):

(Bas i)y = — b Brstm (4.90)

(ur/ glfdr)(i) = T + m ; (4.91)

(Tas frasygy = 7s + slns + B0t — (4.92)
(i) ) = —grrianihemd— (4.93)

(Bas /sy = 7o + 5L1s + 5 +fdyzil(“:jfyff§()f; o (4.94)

a7 — y12(8) 8Limg
(Far 105y = T 22 () H a1 () - D) 6L 7 (4.95)

where D(s) = y11(5) y22(8) — yi5(s) is the determinant of Y,(s). These equations
were obtained by manipulation of (4.82).
The g-axis is a single-port network, so only its input impedance is measurable:

Vs lgs = Ts + sLis + T - (4.96)

To quantify the difference between a series of measured and estimated data points,
an appropriate error function must be defined. The one used herein takes into
account the difference in both magnitude and angle of the complex quantities. Let x

denote a transfer function for which {Z;} is the set of measured data, and {z;} the
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Fig. 4.13. Plots of the normalized magnitude and angle error functions.

corresponding set of predicted data for k = 1,..., N points. A normalized magnitude

error is defined based on py = |Zx/zk| by

Em{ﬁ’g__mﬁ if p, > 1,
[ (4.97)
lomexloe 01 if g, < 1.

Also, a normalized angle difference error is defined based on A¢y = | L3y, — Zxy| by

mn{B0T2 i Agy € [0,7],

E¥(Agy) = (4.98)

min{gw;%m,m} if Ay, € [r,27].

These error functions return a value from 0 to 1, and all errors outside the specified
bounds are mapped to 1, as shown in Fig. 4.13.

The total prediction error for a transfer function is computed by averaging the
length and angle errors:

1 N

B(z) = ﬁz (£ (px) + E*(Ady)] - (4.99)
k=1
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In this example, the summations were taken over all points in the frequency range

10 mHz-1 kHz. The total d-axis error is the mean error of the three experimental

setups, i.e.
Eq= % [Eas + Eaay + Bagn) (4.100)
where
Ed(i) = % {E[({]ds/%/fdr)(i)] + E[(@fdr/%}dr)(i)}} ) (4'101)
Eqy) = 3 {E[(’ﬁds/%ds)(ﬁ)} + E[(@}dr/%ds)(ﬁ)} } : (4.102)
Eai = 5 { B (005 1a0) iy | + B G i) | } (4.103)
The g-axis error is
Ey = E(04s/1gs) - (4.104)

The goal of the parameter identification procedure is a set of parameters that
minimize the prediction errors. One way to achieve this would be to use least squares
fitting. Examination of (4.82) and (4.83) reveals that if L;;, L,,g and L,,g are known,
a linear system may be formed having the coefficients of the transfer functions as
unknowns. The number of rows (proportional to the number of experimental points)
would be much larger than the number of unknown parameters, and a solution
would be obtained in the least squares sense. Values for Lis, Lyq and Ly, could
be iteratively provided, for example by a simple random search, or by a brute-force
enumerative search, until the minimization of the prediction error.

However, such a formulation leads to extremely ill-conditioned least-squares prob-
lems. Due to the formation of Vandermonde matrix blocks in the system matrix, the
condition number increases rapidly with the system order as well as range of frequen-
cies [163]. For a single-input/single-output system, an appropriate weighting func-
tion may be selected to obtain a reasonable fit over a wide frequency range [148,153]—
a procedure which is time-consuming, sensitive to the experimental data, and that
requires an experienced analyst. For multiple-input/multiple-output systems, the
weighting function technique is not readily applicable. Hence, the least squares

method can prove highly problematic.
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As an alternative, genetic algorithms may be utilized. For mapping the param-
eters to be identified to the genes of the GA, it is convenient to factor the transfer

functions (4.76)—(4.79) as follows:

(L4 7a18) - (L + To(vy—1)8)

_ ’ 4.105

y11(s) d03(1+7'518)"'(1+T5(Nd“1)s) ( )
(I +7g15) - - (L + Tp(vg—1)8)

) = YV , 4.106

Y12(8) d08<1 + 7515) ...(1—}—75(Nd~1)8) ( )
(1+708) - (14 7(v,-1)8)

v 7 4.107

Yaa(s) dos(l +7518) - (14 T5(w,-1)5) ( )

1 3 ... (1 (N, —]
Vi(s) = Yqo( +7a5) - (14 Te,-1)9) (4.108)

(L+7018) - (14 7¢n,5)
This is done because it is easier to set a search range for time constants than poly-
nomial coefficients. Herein, it is assumed that all time constants are real. If this is
not the case, then it is straightforward to modify the parameterization in such a way
as to accommodate complex conjugate pairs [164]. Since the minimal polynomial
orders are not known beforehand, it is assumed that Ny = 2 and N, = 1. If the
GA would fail to provide a satisfactory fit, then Ny, N, would be increased [165].
However, these values were adequate for our case.

Two GA studies need to be run—one for each axis. The parameter values for the
d-axis GA (see Section 2.2) were set t0: Nipg = 200, Ngen = 1500, 1 = 2, coupr = 1.0,
Pt = 0.6, pimy = 0.00714 (= 1/7/20), 0pm = 0.3, ppm = 0.0286 (= 1/7/5), Ny = 50,
o = 0.01. For the g-axis GA, the parameter values were: Njg = 100, Ny, = 200,
n =2, Cotr = 2.0, pms = 0.6, pym = 0.00667 (= 1/3/50), opm = 0.3, ppm = 0.0167 (=
1/3/20), Nys = 25, 0y = 0.01. The fitness is defined as the inverse of the errors
(4.100) and (4.104), i.e. f =1/E;4 or f = 1/E,, accordingly.

The study-specific GA settings are listed in Table 4.1. The evolution of the d- and
g-axis GAs is displayed in Figs. 4.14 and 4.15. The GA was always able to generate
a highly fit individual, with approximately the same genes, as expected from the
uniqueness properties of the networks. The parameter set shown corresponds to

the highest fitness among several evolutions. The magnetizing inductances were
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Table 4.1
List of GA variables and settings for synchronous generator characterization.

variable units gene type min. max. result

d-axis Lina mH lin. 5 30 14.26
Lis mH exp. (.01 5 0.97

Yo 1/H lin. 10 2000 12396

Tal ms exp. 0.1  10* 18.25

51 ms exp. 01 10* 1287
Ty ms exp. 01 10 924
T$51 ms exp. 0.1 104 1.57
g-axis Lg mH lin. 5 30 8.75
Yoo 1/H exp. 0.01 100 5.82
1 ms exp. 001 10* 146

considerably lower than the ones obtained from the step tests. This is attributed
to the incremental permeability of the iron for the small-signal SSFR test; their

estimated values are hereafter discarded.

A
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Fig. 4.14. Plot of fitness vs. generation number for the d-axis GA.

The SSFR experimental points, and the fitted curves are shown in Fig. 4.16.
Data was taken as high as 10 kHz, where parasitic capacitive effects become evident,
so the fitting was constrained to 1 kHz. The errors, as defined in (4.101)—(4.104),
were: Egq = 0.0168, Eyiy = 0.0098, Eggpy = 0.0185 and £, = 0.0084. The algo-

rithm was sufficiently robust not to be affected from noise at the low-frequency end.
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Fig. 4.15. Plot of fitness vs. generation number for the g-axis GA.

For instance, measurements (a) and (d) should be identical-—assuming the system
is linear, and indeed the estimated responses are. However, the low-frequency data
of experiment (a) were contaminated with noise. This example underlines the im-
portance of performing multiple experiments and appropriately utilizing all available

data.
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Fig. 4.17. Experimental setup of the synchronous generator model
validation study.

4.4 Experimental Validation

The proposed synchronous generator model is validated using the experimental
setup depicted in Fig. 4.17; therein, the generator is feeding a nonlinear rectifier load.
The generator’s prime mover is a field-oriented induction motor drive system that is
programmed to maintain constant rated speed (its mathematical model is described
in Appendix C). The voltage regulator uses a proportional-integral control strategy
to maintain the commanded voltage (560 V line-to-line, fundamental rms) at the
generator terminals; the brushless exciter’s field current is controlled with a hysteresis
modulator (this model is described in Appendix D). The generator is loaded with
an uncontrolled rectifier that feeds a resistive load through an LC filter. The load
parameters are: L = 7.5 mH, C = 500 pF, Ry = Ry = 32.5 ). The brushless exciter
is represented by the model that is set forth later in this dissertation.

For the first experiment, the switch S is closed so that the total resistive load is
R = 16.3 Q). The generator’s voltage reference is modified according to the profile
shown in Fig. 4.18. The envelope is computed from the synchronous reference frame

voltages, 4 vipeny = \/ 3 [(vgs)g + (vgs)ﬂ. Each of the seven trapezoid shaped blocks

For a three-phase balanced voltage set, K’USS)Q + (v§_9)2]% attains a constant value, equal to the
peak of the line-to-neutral voltage. Therefore, in this case vy env is also a constant that corresponds
to the peak of the line-to-line voltages. However, in practice, the terminal voltages are not purely
sinusoidal, thus creating ripple in the gd-axes synchronous voltages, which in turn reflects on the
waveform of v env-



98

is characterized by a different slope (the same for rise and fall) and peak voltage:
(1) 20000 V/s, 560 V; (2)—(4) 2000 V/s, 560 V, 420 V, 280 V respectively; (5)-
(7) 400 V/s, 560 V, 420 V, 280 V respectively. [Note: the above voltage values
correspond to rms quantities.]

This series of commanded voltage steps creates an extended period of significant
disturbances, and tests the validity of the model for large-transients simulations.
The actual voltage exhibits an overshoot, which is more pronounced for the faster
slew rate steps. Moreover, due to the exciter’s magnetically hysteretic behavior,
it does not fall to zero. The predictions for mechanical speed (Fig. 4.19) are in
excellent agreement with the experimental results. Finally, detailed voltage and
current waveforms are depicted in Fig. 4.20. Since the proposed model is based
on the gd-axes theory, higher harmonics attributable to the machine’s design are
not represented. This reflects on the voltage waveforms of Fig. 4.18, wherein the
experimental waveform contains more ripple than the simulated waveform. However,
harmonics that are caused by the nonlinearity of the load are predicted accurately.

The second experiment involves sudden load changes. Initially, the switch 5 is
open; at t = t; it is closed, and at ¢t = 5 it is opened again. In Fig. 4.21, a low-
pass filtered version of the line-to-line voltage “envelope” is depicted. On average,
the simulated and experimental waveforms are similar. As discussed above, the
experimental voltage includes higher-order harmonics caused by slot effects. The

mechanical speed waveforms are illustrated in Fig. 4.22.
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4.5 Summary

An integrated perspective on synchronous machine modeling, using arbitrary
transfer function representations that replace the rotor’s equivalent circuit struc-
tures, has been presented. This approach offers several advantages, such as the
direct incorporation of frequency response results into the model—without further
consideration of equivalent circuit parameter identification—and accurate represen-
tation of magnetic saturation effects. The model retains the computational efficiency
of the gd-axes theoretical framework and is suitable for small- and large-signal time-
domain simulations of power systems.

A suitable experimental éharacterization procedure for the proposed model has
been proposed. The procedure consists of magnetizing curve tests and frequency re-
sponse tests. Both experiments are performed off-line at standstill and are relatively
easy to carry out. As part of this procedure, a novel method for extracting the turns
ratio from the magnetizing curve data has been set forth. It was shown how the
transfer functions of the rotor circuits as well as the stator leakage inductance may
be extracted from manipulation of the SSFR, using a génetic algorithm to solve the
nonlinear optimization problem.

This work is pending publication in a peer-reviewed journal [166,167].
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5. BRUSHLESS EXCITATION MODELING

5.1 Introduction

Brushless excitation of synchronous generators offers increased reliability and
reduced maintenance requirements [168,169]. In these systems, both the exciter
machine and the rectifier are mounted on the same shaft as the main alternator
(Fig. 5.1). Since the generator’s output voltage is regulated by controlling the ex-
citer’s field current, the exciter is an integral part of a generator’s control loop and

has significant impact on a power system’s dynamic behavior.

In this section, a brushless exciter model suitable for time-domain simulations of
power systems is set forth. The analysis follows the common approach of decoupling
the main generator from the exciter-rectifier. Because of the large inductance of a

generator’s field winding, the field current is slow-varying [170, 171]. Therefore, the

VOLTAGE
REGULATOR

L
fU\— i Rotating parts

EXCITER MAIN ALTERNATOR

Fig. 5.1. Schematic of a brushless synchronous generator.
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Fig. 5.2. The IEEE Standard AC5A brushless exciter.

modeling problem may be reduced to that of a synchronous machine (the exciter)

connected to a rectifier load.

For power system studies, detailed waveforms of rotating rectifier quantities are
usually not important (unless, for example, diode failures [172] or estimation of
winding losses are of interest). Moreover, avoiding the simulation of the internal
rectifier increases computational efficiency and reduces modeling complexity [173,
174]. The machine-rectifier configuration may be viewed as an ac voltage source in
series with a constant commutating inductance [175]; however, this overly simplified
model does not accurately capture the system’s operational characteristics [176-180].
The widely used brushless exciter model proposed by IEEE (see Fig. 5.2) represents
the exciter as a first-order system [181]; it was originally devised for small-signal
analyses and its applicability to large-disturbance studies remains questionable [182].
An average-value machine-rectifier model that allows linking of a gd-axes machine
model to dc quantities was derived in [183]. This model is based on the actual
physical structure of an electric machine and maintains its validity during large-

transient sirnulations.
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In this work, the theory of [183] (which covered only mode I operation) is extended
to all three rectification modes [184]. This is necessary for brushless excitation
systems, because the exciter’s armature current—directly related to the generator’s
field current—is strongly linked to power system dynamics [170]. During transients,
the rectifier’s operation may vary from mode 1 to the complete short-circuit occurring
at the end of mode III [173]. The exciter—rectifier configuration is analyzed on an

average-value basis in a later section.

The incorporation of ferromagnetic hysteresis is an additional feature of the pro-
posed model. Brushless synchronous generators may use the exciter’s remanent
magnetism to facilitate self-starting, when no other source is available to power the
voltage regulator. However, the magnetization state directly affects the level of exci-
tation required to maintain a commanded voltage at the generator terminals. Hence,
representation of hysteresis enhances the model’s fidelity with respect to the voltage

regulator variables.

Hysteresis is modeled herein using Preisach’s theory [185-189], using the so-called
classical Preisach model (which describes “static” hysteresis, where the speed of the
field’s variation has no effect on branching). Preisach’s theory has been employed
for modeling magnetic cores in power electronic applications [190-196]; it has also
been applied in finite element analyses of electric machines [197-203], usually from

the viewpoint of iron loss computation.

The Preisach model guarantees that minor loops close to the previous reversal
point [204-206]. This property is essential for accurate representation of the exciter’s
magnetizing path behavior. Hysteresis models that do not predict closed minor loops,
such as the widely used Jiles-Atherton model [207-213], are not appropriate. To
see this, consider a brushless generator connected to a nonlinear load that induces
terminal current ripple. This ripple transfers to the exciter’s magnetizing branch
current, and in the “steady-state” a minor loop trajectory is traced on the A plane.

If the loop is not closed, the flux can drift away from the correct operating point.
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We begin with a notational and model overview. Next, a brief review of Preisach’s
theory is set forth. Then model development begins in earnest, with the develop-
ment of the Preisach hysteresis model, a reduced-order machine model, and the
rotating-rectifier average-value model. We conclude with a validation of the model

by comparison to experimental results.

5.2 Notation and Model Overview

Throughout this work, matrix and vector quantities appear in bold font. The
primed stator quantities denote referral to the rotor through the turns ratio, which
is defined as the ratio of armature-to-field turns, TR = N, /Ny,. The electrical rotor
position, 6., and speed, w,, are P/2 times the mechanical rotor position, 6,.,,, and
speed, Wy, where P is the number of poles. The analysis takes place in the stator
reference frame (since the field winding in the exciter machine is located on the

stator). The transformation of rotating abe to stationary gd0 variables is defined
by [5]

;d()r = Kf'(gr)fabcr ’ (51)

where !

cosd,  cos(Or+%)  cos (0~ %)

K} (0:) =3 |—sing, —sin(f, +%) —sin(f, - Z)| . (5.2)

1 1 L
2 2 2

Since a neutral connection is not present, fo. = 0.

The components of the proposed excitation model are shown in Fig. 5.3. The
exciter model connects to the main alternator model through the field voltage, v,
and current, igy; it also requires w,,. The voltage regulator model provides the

voltage to the exciter’s field winding, v, and receives the current, ig,. The exciter

!The minus sign in the second row and the apparent interchange of the second and third columns
from Park’s transformation (as defined in [b]) arises from using a counter-clockwise positive direction
for rotor position coupled with the location of the ac windings on the rotor.
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Fig. 5.3. Interconnection block diagram (input—output relationships)
for the proposed exciter model.

model is comprised of three separate models, namely, the rotating-rectifier average-

value model, the Preisach hysteresis model, and the reduced-order machine model.

The rotating-rectifier average-value model computes the average currents flow-
ing in the exciter armature, 1qdr, based on iy, the voltage-behind-reactance (VBR)
d-axis flux linkage, A\, and the (varying) VBR d-axis inductance, LY. (The
g-axis VBR inductance is also used, but is considered constant.) These voltage-
behind-reactance quantities are computed from the reduced-order machine model.
The hysteresis model performs the computations and bookkeeping required to use
Preisach’s hysteresis theory. Its only input is the d-axis magnetizing current, img;
its output is the incremental magnetizing inductance, L,,;, that represents the slope
of the hysteresis loop at a given instant. The integrations of the state equations are
performed inside the reduced-order machine model block. The states are igs and
the d-axis magnetizing flux, A\,,4. The aforementioned variables will be defined for-
mally in the ensuing analysis. Notice that the proposed model is applicable whether
hysteresis is represented or not; in case of a linear magnetizing path, the hysteresis

block is replaced by a constant inductance term.
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Fig. 5.4. Elementary hysteresis loop.

5.3 Hysteresis Modeling Using Preisach’s Theory

Preisach’s theory of hysteresis is based on the concept of elementary magnetic
dipoles (also called hysterons). By definition, each dipole assumes either a positive or
a negative magnetization state, in accordance with the history of the magnetic field.
These simple hysteresis operators may be defined by their “up” and “down” switching
values, a and f, respectively. Equivalently, they may be defined by a mean value,
m = (a + 3)/2, and a loop width, w = (o — 3)/2. Their magnetizing characteristic
forms a rectangular loop, as shown in Fig. 5.4. The action of the simple hysteresis
operator on the field intensity, H(t), is an elementary magnetization denoted as
YagH(t) = £1 or Oy H () = £1.

A simplistic physical interpretation of hysterons arises from the domain wall
motion inside the material [214]. In general, domain wall motion is impeded by
imperfections in the crystal structure—such as inclusions of nonmagnetic matter.
In the presence of an applied field, a wall will initially bend in such a way as to
maximize the volume of domains parallel to the field, while still remaining attached
to the restraining inclusion. However, a field threshold exists past which the wall
will be able to “snap” away from the obstacle and progress to the next one in its

way.
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Fig. 5.5. The Preisach function domain.

The behavior of a ferromagnetic material may be thought to arise from a statisti-
cal distribution of hysterons. The function which describes the density of hysterons
is known as the Preisach function. It is defined on R? and is denoted by u(a, 8) or
v(m,w), depending on which set of coordinates is used. The Preisach function is
zero everywhere except on the domain D of Fig. 5.5. To explain the shape of this
region, it is first noted that w > 0 (since loops with a < b may not exist). The other
constraints originate from the observation that a finite applied field, Hgy, will fully
saturate the material. Thus all dipoles must obey m 4 w < Hgy. Consideration of
saturation in the opposite direction yields m — w > —Hg,;. These three inequalities
lead to the triangular domain depicted in Fig. 5.5.

The total magnetization of the material may be obtained by taking into account
the contribution of all elementary dipoles, integrating over D:

M(t) = // ple, ) YapH(t) dadf = // v(m,w) S H(t) dm dw . (5.3)

a>p w20
The domain D is divided in two parts: the upper part, D), corresponds to dipoles
with negative magnetization; the lower part, D™, corresponds to positive magneti-

zation. The magnetization is thus

m(0) = [[ o) dads - [[ o) dads. (5.4)

D) (=)
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Fig. 5.6. Visualization of Preisach diagrams.

The formation of the domain’s boundary may be visualized using the Preisach
diagram, as shown in Fig. 5.6. First, assume that the magnetic field has the value
Hy and is increasing, forcing all dipoles with upper switching point o« = H; to switch
to the plus state. The switching action is graphically equivalent to the creation
of a sweeping front, represented by a line perpendicular to the a-axis, that moves
towards increasing «. The shaded area that the front sweeps past becomes part of
D). When the field is decreasing, dipoles with lower switching point 3 = H, are
forced to switch to the negative state. A new front is created, this time perpendicular
to the (-axis and moving towards decreasing 3, claiming area from D) and adding
it to D).

To illustrate this process, assume that a decreasing ac field, as shown in Fig. 5.7,
is imposed on the material. Therein the notation h, = H,/ /2 is utilized for the
extrema of the field intensity. The resulting boundary is formed by orthogonal line
segments, and is often termed a “staircase” boundary. The boundary, B, is defined
by the reversal points of the magnetic field. For the example of Fig. 5.7, the points
H;, ..., Hs are sufficient to describe the shape of the boundary. In order to denote
the reversal points’ type, that is, whether they are upper or lower turning points, the

following notation may be used: B = {Hl Hy Hs Hy H5}. Note that Hy,o < Hy, for the
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Fig. 5.7. Hllustration of boundary formation.

upper points, and Hy o > Hy, for the lower points. The boundary may always be
described by a sequence of points, B = {H1 eI } or B = {Hl Ha } The
first case implies that the material was initially negatively saturated; the second case
corresponds to an initially positively saturated medium.

The following symmetry condition is characteristic of most materials:
vim,w) = v(—m,w). (5.5)

If the ac field of Fig. 5.7 is initially large enough to fully saturate the material,
and if it decays at a relatively slow rate, an ac-demagnetization process takes place;
the boundary will eventually approximate the w-axis, i.e. D) = D). Equa-
tion (5.4), coupled with the assumed symmetry condition, predicts that the material
will become demagnetized, M = 0. The boundary in this special case (where the
material is initially demagnetized), is denoted B = {0 #1 g, #= ... 1 for H; > 0, or
B = {0 o, --»},forHl < 0.

The magnetization history may be reconstructed once the set of points defining
the boundary is given. In other words, the reversal points act as the material’s

memory. However, this memory may be erased by an appropriate magnetic field.
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For example, consider the sequence of points B = {Hl 1 o, Hb} of Fig. 5.7. The
magnetic field reached a local maximum Hj, decreased to Hy and started increasing
again—the current value of the magnetic field is H = Hs. As long as H < Hj, it
can be seen from Fig. 5.8 (a) that the positive and negative domains are D) =
(ABI'AEZA) = (OTAEZA) + (ABO) and D) = (AIKZEAI'B) = (BIKZEATB) —
(AB®), respectively. According to (5.4) the magnetization is

// (, B) dad — // dadﬁ+‘?// (o, B) deedB. (5.6)

(BT AEZA) (BIKZEAT'B) (ABO)

The division of D into (BIAEZA) and (©IKZEATB) corresponds to the division at

time t = t4. After ¢4, the magnetization is increasing and may be expressed

M(t) = M(t4) +2// a, B)dBda, (5.7)
Hy Hy
where the integration over (AB©) has been expressed in terms of «, 3. When
H > Hz—as in Fig. 5.8 (b), the positive and negative domains change to D) =
(A’A'EZA) = (MEZA) + (A’A'M) and D) = (A'TKZEA') = (MIKZE) — (A’A'M).
The magnetization is now

H a

M(t) = M(t;) + 2//u(0z, B)dBda. (5.8)
Hy Hy

As can be seen, M(t) depends on Hs, and the information that was contained in
the reversal points H3, H; has been erased by the sweeping front. This behavior
constitutes a basic property of the Preisach model, called the deletion or wiping-out

property.
Generalizing the preceding analysis, the magnetization in the case of a magnetic
field that has increased from Hy to H without passing previous reversal points, may

be expressed as

M*(t) = M(t) + 2//,Ln(o<,ﬁ) dBda, (5.9)

Ho Ho
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Fig. 5.8. Illustration of the deletion property of the Preisach model.

where M (ty) is the initial magnetization, and the superscript ‘v’ is used to denote an
“upwards” moving field. Similarly, in the case of a “downwards” moving field that
has not passed previous reversal points, we may write (using the superscript ‘d’)

Hy Hy

MOt) = M(ty) — 2 //u(a, B)dadps. (5.10)
BB
If the material is demagnetized, the M—H curve that will be traced is called the

initial curve. In this case, the magnetization is

H o
M (¢ 2//u a, B)dfda, (5.11)
0 —a
or
0 -8
M@(1) 2///1 a, B)dadfs. (5.12)
H
An expression for the susceptibility, which is defined as the slope of the hysteresis
curve, l.e.

x =dM/dH (5.13)
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Fig. 5.9. Congruency of minor loops in the Preisach model.

may now be readily obtained by applying the fundamental theorem of calculus.

Hence,
H
X" = Q/M(H>ﬁ) g, (5.14)
Hy
X% = 2/u(a, H)do, (5.15)
H
H
=2 [ ut s, (5.16)
X4 =2 / wla, H)da . (5.17)
H

Note that the susceptibility is zero at the reversal points and at the origin of the
initial curve, and it is nonnegative everywhere else.

A minor loop is the loop of the M—H plane which is traced when the magnetic
field oscillates between any two values, H; and Hs, in contrast to the major loop
which is traced when the field oscillates between —Hy,; and H,,:. It should be clear
from the preceding analysis that the Preisach model predicts the formation of closed

minor loops (according to the deletion property). In addition, the Preisach model has
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the congruency property, which is portrayed in Fig. 5.9. Therein, loops A, B start
from the upwards and downwards parts of the major hysteresis loop, respectively.
The congruency property states that the shape of the minor loops depends only on
the reversal points, and is independent of the material’s magnetization history. This
can be readily proven using (5.9)-(5.10) or by geometric considerations. The deletion
and congruency properties are necessary and sufficient for a process to be described

by a Preisach-type model [189].

5.3.1 Specification of the Preisach function

Herein it is assumed that the statistical distribution of hysterons is Gaussian, i.e.

v(m,w) = g2 —e Xp{ [('“’ o) 4 m ]} (5.18)

M; is a constant with dimensions of magnetization. The o,, and o,, terms represent
the corresponding standard deviations, while W denotes the hysterons’ width mean
value.

By making use of the relations a = m + w and 8 = m — w, the integration of
the Preisach function with respect to the («, ) variables may be transformed to
an integration with respect to the (m,w) variables. Specifically, integrating over an

arbitrary domain 2 (of either positive or negative magnetization),

[ we.pydads= [ /Q plalm,w), fm,w) | 282 dmdw,  (5.19)

where ‘ é( ‘ denotes the absolute value of the Jacobian of the transformation,

which (the Jacobian) is the determinant

9 fa  da 1 1
(Ol,ﬁ) - om  Ow — = _9 (520)
A(m, w) 98 88 1 —1
om  Ow

Therefore,

/ /g pla, ) decdff =2 / L ula(m,w), B(m, w)) dm dw, (5.21)
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which, in view of (5.3), implies

v(m, w) = 2u(a, B). (5.22)

Hence,

e, B) = rlte exp { —~ Zhlect 3P pek(ar P | (5.23)
Since v(m,w) > 0 for all m,w € R, the triangular Preisach domain extends to
infinity; however, for w > W + 30, or |m| > 30, v(m,w) is practically zero. The
magnetization at saturation may be obtained by integrating (5.18) over the right-half

Preisach plane, w > 0: ?

Muy = 1M, [1 +erf( w)] . (5.24)

To determine the susceptibility of an increasing magnetic field, as given by (5.14),

it is convenient to rewrite (5.23) as follows:

o )2 a—m)2
o, B) = e p{ Comftams . werdl } : (5.25)

where 0 = /02 + 02, T = 20,0,/0, 7 = (62 —02)/0%, § = 1 —~ = (202) /0%

Then, the susceptibility becomes

—75)? w 0
o s (05} o 0] ]} o

Similarly, for a decreasing magnetic field, write (5.23) as

o, B) = 4mm% _— {_(a%—’y?ﬁ:éﬁf _ (ﬁ;aﬂ;)z} 7 (5.27)
to obtain
Vm e op ) Lo [aigoam] oy [sngam)) 50
The susceptibility of the initial curve is given by
= \/giw exp {~(H2;;“7)2} {erf [____(7+3;+5w] — erf [————————(W'i}g’km]} , (5.29)
and
X = 7%%; exp {—%} {erf [———(7"%{;%} —erf [——(%%_m]} ) (5.30)

2The error function is defined by erf(z) = —\/Z—; N e € de.
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Fig. 5.10. Simplified diagram of exciter’s magnetic flux paths, and the
corresponding magnetic equivalent circuits.

5.4 The Proposed Model-—Mathematical Formulation

The exciter’s magnetic equivalent circuit is depicted in Fig. 5.10. The d-axis main
flux path reluctance is comprised of the stator back-iron reluctance, Ry;, the pole iron
reluctance, R,, the air-gap reluctance, R4, and the rotor body reluctance, R,. In the
proposed model, it is assumed that all hysteretic magnetic effects are concentrated
in the region of the poles; hence, magnetic nonlinearities are incorporated into R,,.
All other reluctances are considered to be linear, including the reluctances of the
leakage flux paths, Ry, and Ry The g-axis magnetic paths are also considered to

be linear.

The magnetic equivalent circuit of Fig. 5.10 is translated to the electrical T-
equivalent circuit of Fig. 5.11. The exciter machine does not have damper windings.
As in [183], a reduced-order machine model is utilized, wherein the (average) arma-
ture currents are injected by the rectifier model. The state variables are selected to

be A,qg and z"fds. There are no states associated with the g-axis, because its equation
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Fig. 5.11. Exciter’s equivalent circuit and interface mechanism to the
voltage regulator and main alternator models.

is purely algebraic. The hysteresis model determines the incremental magnetizing

inductance. In the following sections, the sub-models are presented in detail.

5.4.1 The hysteresis model

For the purposes of machine modeling, it is convenient to work with electrical
rather than field quantities. Hence, by analogy to B = ug(H + M), the machine’s
d-axis magnetizing flux linkage is written as the sum of a linear and a hysteretic

component,

Amd = Lm,sat tmd + Amd,M . (531)

The Preisach model is now expressed in terms of the magnetization component of
flux linkage, Amanr, and the magnetizing current, in,, (instead of the magnetization,
M, and the magnetic field, H). The inductance Ly, « corresponds to the slope of

the magnetizing characteristic at saturation.
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The hysteresis model’s input is the magnetizing current, 4,4, and its output is

the incremental inductance,
L = d\pa i/ digna - (5.32)
It will be useful to note that by combining (5.31) and (5.32),
A ma = (Lonsas + Lini) gima (5.33)

The susceptibility expressions (5.26)—(5.30) are translated in terms of electrical

quantities to the following incremental inductance equations:

L';f,” — /\A[s exp {___(imd_zm)z} {erf [(7+1)imd+6—1‘7} - erf l: chl‘Hme“HSw]

\/ﬁ% 20 Vor (534)

Veno 207 V2T

L% = 28 exp { (img )" } { erf [(“/Hz}‘@ﬁm] —erf [m 1>zmd+6w]
270 2T

L8, = 20 exp { gt | forf [Dtipacttt] oy [(0tlipatm] L (5,37)

where A\ 1s a constant with dimensions of flux linkage. The appropriate equation

L4 = A exp {_(__mﬂﬂ_)i} {erf {Mﬂ] — erf [erﬁmd 5w]} (5.35)

(5.36)

is selected based on the direction of change of the magnetizing current. Since the
exciter’s complete magnetic history is unknown, it is assumed that it is initially
demagnetized. From (5.34)—(5.37), Ly; = O at the reversal points and at the origin
of the initial curve, and L,,; > 0 everywhere else. L,,; thus depends only on 40,
imd, and the direction of change of i,,4 (in accordance with the congruency property).

The Preisach model constantly monitors the direction of change of 4,,4, and adds
the reversal points to a last-in-first-out stack. The crossing of a previous reversal
point signifies a minor loop closure. In this case, the two points that define this

minor loop are deleted from the stack (as dictated by the deletion property).

5.4.2 The reduced-order machine model

This model is termed ‘reduced-order’ because the (fast) transients associated

with the rotor windings are neglected. Its inputs are the gd-axes rotor currents
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(which will be approximated by their average value), Ed_;’ 3 the exciter’s field winding
voltage, v, and the incremental inductance, L,,;. In this block, the integrations
for the two states, i, and Apg are performed. Outputs are the magnetizing current,
nd = 15, e 'as: the VBR d-axis flux linkage, A™, and the VBR d-axis inductance,
Lypr.

In this model, an overbar is used to emphasize the approximation of a quantity
by its fast-average value (its average over the previous 60 degrees). Often, in such
cases, it is appropriate to average the entire model thereby yielding a formalized
average-value model. However, because of the nonlinearities involved with the hys-
teresis model, formal averaging of the model would prove awkward. Therefore, the
interpretation applicable herein is that quantities indicated as instantaneous (with-
out overbars) are also being approximated by their fast-average value.

The description of the reduced-order machine model begins with the field winding

flux linkage,
Ifds = ;fdsi’fds + A - (538)

Substitution of (5.33) and the currents’ relationship, 7y, = ipg — i3, into (5.38) and

consideration of the field voltage equation,

, d
U}ds = T}dsszds + a‘t/\}ds ; (5.39)
yields
(Ligas + Limosas + Luni) ima = Vigs — Tt pas + Lgfdsadigg;' (5.40)

The inductance term of the left-hand side is positive since L,,; > 0. Hence, the sign
of the right-hand side determines the magnetizing current’s direction of change and
which expression for L,,; is to be selected from (5.34)—(5.37). The state equations
may be obtained from (5.33), (5.39) and (5.40):

d L'm sat+Lm1
dGtmd = A (Vias = Tgastas + Ligas ity ) - (5.41)

3The g-axis current is not utilized by the reduced-order machine model, since its dynamic behavior

only involves the d-axis. However, zgr is computed for completeness.
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and

%i}ds = [U}ds - T}dsz'/fds - (Lm,sat + Lml)%z_fi:] /( ;fds + Lm,sat + Lml) . (542)

The derivative di3, /dt is estimated from the variation of 5. It is convenient to

approximate it by the following relationship, written in the frequency domain:

If 7; is relatively small (so that 7,541 = 1), a good low-frequency estimate is obtained.
This approximation is justified by the slow-varying nature of i 5 and consequently of
5. Equation (5.43) is readily translated into a time-domain differential equation,
and the problematic numerical differentiation of 75, is thus avoided. Herein, we set
7; = 0.5 ms.

The exciter’s electromagnetic torque may be computed from the well-known ex-
pression, T, = (3P/4)(Amq 15, —Ama ©5,). However, since the exciter is a small machine
relative to the main alternator, its torque is assumed negligible herein.

The armature voltage equations must be expressed in voltage-behind-reactance
form to be compatible with the rotating-rectifier average-value model. In the VBR

model, the rotor flux linkages are expressed

Ao = LyPis (5.44)
S = L¥Pas NPT (5.45)

where
L;fbr = qur + Lmq7 (546)
Lzbr = ler + [(Lm,sat + Lmi>_1 + ( gfds)_l:l - 3 (547)

and
vbr -5 -1 ! ~1

AP = Ama = 85/ [(Dmsat + L) ™+ (Lis) '] - (5.48)

These equations hold for fast current transients, hence the overbar notation is not

appropriate.
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In VBR form, A% is essentially constant for fast transients. In particular, if for
fast transients (such as commutation processes) we assume that the field flux linkage
is constant, then it can be shown that A} is constant as well. Upon neglecting the

rotor resistance, the VBR voltage equations may be expressed

S 0 vbr :s vbr d ;s vbr

Vg R —wp L " i, + L i, + BT (5.49)
ER vbr s vbr d ;s

vd’r ~ WTLq Zq,r -+ Ld Zizdr 3 (550)

with B = —w, AP

5.4.3 The rotating-rectifier average-value model

This section contains the derivation of the rotating-rectifier average-value model,

iS

which computes the average currents flowing in the exciter armature, iz,

the VBR d-axis flux linkage, A\”, and the VBR d-axis inductance, L{*". (The

from 4 fds

computation also uses the VBR ¢-axis inductance, L}J’br, which is assumed constant
herein.) The analysis is based on the classical separation of a rectifier’s operation in
three distinct modes [184]. This type of rectifier modeling is valid for a constant (or

slow-varying) dc current.

The transformation of the no-load versions of (5.49), (5.50) to the rotor reference

frame yields the following three-phase voltage set:

ear = Fcosb,, (5.51)
ey = Ecos(6, + &), (5.52)

eer = Ecos(f, — 3), (5.53)
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where B = E}™. * It is useful to define a voltage angle 6., so that the a-phase
voltage attains its maximum value when 8,, = 0, i.e. ey = |E|cos,,. The voltage
and rotor angles are thus related by

7 for B <0,
0 =0, — 0, = (5.54)

0 for £>0.

Because of symmetry, it is only necessary to consider a 60° interval (for a six-
pulse bridge). Consider the interval which begins when valve 6 (see Fig. 5.1) starts
conducting (at 0., = o, where « is a phase delay °), and ends at 6., = o + 7/3.
During this interval, current is commutated from valve 2 to valve 6 (phase ¢ to
phase b); if the diode resistance is negligible, a line-to-line short-circuit between
phases b and ¢ is in effect, S0 vy — Ve = 0. (v, denotes the line-to-neutral voltage

of winding z.) If the rotor’s resistance is also neglected, Faraday’s law implies
App — Aer = O (5.55)

where C' is a constant. This relationship will prove useful in the analysis that follows.

The next observation is that the average rectifier output voltage may be expressed
a+mw/3
Ve = % / ('Ua,r - Ub@") deev y (556>
[e]
which may be approximated as
a+/3
m ~ %/ (%Aar - gz)\bT) dee'u
63

~ 2w, [(ar = Aor)omat s — ar = Ao Joru=a) - (5.57)

Neglecting armature resistance makes the analysis far more tractable. As it turns
out, the inaccuracy involved in this assumption can be largely mitigated using a

correction term which will be defined in a later section.

4The standard numbering of the diodes (Fig. 5.1) corresponds to the order of conduction in the
case of an abe phase sequence. However, in this case, a reverse acb phase sequence is obtained, and
the diodes conduct in a different order.

5This o should not be confused with the symbol that was used in the Preisach model section to
denote the hysterons’ upper switching point.
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The abc flux linkages may be related to the phase currents and the VBR flux
linkage by transforming (5.44), (5.45) using (5.1), (5.54). After manipulation,

Aar (Bes) = Mor(0ey) = —\% {L;’br SN0y + ) [€OS Oey, COS(Bey + ), cO8(fey — )] —
— LY cos(B,, + 2) [0 Oy, SIN(Bey + 22, 8in(0ey ~ Z)] } iaber (few) +
+ VAP cos(8 + Oy + 5),  (5.58)

Aor(Bey) = A (Bey) = % {—Lgbr sin 0., [COS v, cOS(0ey + %’—r), cos(fe, — %’E)] +

+ L cos b, [Sin Bev, SIn(Bey + 2?“) sin(fe, — 232)} } igber (Bev) —

—VBAP cos(8 + 6,,) = C. (5.59)

To proceed further, the rectification mode must be considered.

Mode I operation

Mode I operation (Fig. 5.12) may be separated into the commutation and con-
duction sub-intervals. The commutation lasts for less than 60 electrical degrees
(0 < u < 7/3), where u denotes the commutation angle. During the commutation
interval (0 < 6., < u), three diodes are conducting (1, 2 and 6); during the conduc-
tion interval (u < 6., < 7/3), only two diodes are conducting (1 and 6). The abe

currents are

[—ide, ig, ige — ig]  for 0 < By < u,
iabcr(eev) - (560)
[~ides daes O for u < 0., < I,

where 14, = 144 is the current flowing out of the rectifier and into the generator field,
and ¢ is the (positive, anode-to-cathode) current flowing through diode 6; i6(6,)
increases from 46(0) = 0 to is(u) = ige.

The average dc voltage may be computed from (5.57), after substituting (5.60)

into (5.58); this sequence of operations yields

Ude = %wr (\/§ |A§bf! — Ly idc) . (5.61)
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The term (3/7)w,LYP" represents the effective commutating resistance for mode I

operation.

Substitution of (5.60) into (5.59) yields

21 (L;blr c08% Oy + L;’br sin? Gev) -
— 2ige [L}br 008(0cy — §) O8Oy + L;’br sin(fe, — %) sin Qe,u] -

~V3AP cos(6 4 ) = C . (5.62)
Evaluating this expression at 6., = 0 and 8., = u, we obtain
C =3\ — L ige (5.63)
and
C = V3N cosu+ [§ (L + L) + (LY — L) cos (2u + )] dge,  (5.64)

respectively. By equating (5.63), (5.64), the following nonlinear equation is obtained,

which may be solved numerically for the commutation angle w:

gu) 2 V3 }/\gbfy (1 —cosu) —

— [ (3L + L) + (L™ — L) cos (2u+ 5)] iae = 0. (5.65)
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Knowledge of u and C' (from (5.63)) allows the computation of the average gd-
axes rotor currents. Equation (5.62) is solved for ig and substituted into (5.60),
which is transformed using (5.1). The currents of the first sub-interval (denoted by

the superscript ‘(i)’) are thus:

+5,(1) 23 idc Sin(5 + He'u - .7_3T.> - i6(0@1}> 8111(6 —+ 661))
lqdr (981}) =3 | . (566)
ide €O8(0 + ey — §) — t6(0ev) cOS(8 + Oey)
Their average value is
i =2 /O 1547 (Be0) de, . (5.67)

This integral is difficult to evaluate analytically, so it is evaluated numerically, e.g.
using Simpson’s rule [183,215]. On the other hand, the average value of the con-

duction sub-interval currents (denoted by the superscript ‘(ii)’) may be computed

analytically:
2ry s
S _ 243, cos(d + %) —cos(d +u+ %) - 68
Yggr” = = lde ( . )
—sin(d -+ Z) +sin(6 + u + 3)
The total gd-axes currents average value is
lzdr = ;d(vi) + qd(;l) : (569)

Mode I operation

In mode II operation (Fig. 5.13), the commutation angle is 60 degrees, but com-
mutation is auto-delayed by the angle o (0 < a < n/6). There are always three
diodes conducting, and the abc currents are

iabcr(gev) = [_idcq ig, idc - ig]T fOI‘ [64 S Qev < o+ % . (570)

The current 4g increases from ig(a) = 0 to ig(a + 7/3) = ig4e.
The average dc voltage is computed similarly to mode I by substituting (5.70)
into (5.58) and (5.57):

T = 2 { VB [P cose— [§ (1 + 1) + (137 = 1) sin 20+ 5)] i}

(5.71)
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The commutating resistance now depends on «, as well as the VBR ¢d-axes induc-

tances.

Evaluating (5.59) at 6., = « and 6., = a + 7/3, and equating the two results

yields the following nonlinear equation, which is solved numerically for a:

9" (@) & —V3| AP sin (@ + Z) +
+ D+ Ly — (L3 L) cos (20 + £) ] dae = 0. (5.72)
The expression (5.66) for i;;i(ri) (0e0) is valid throughout commutation, and the

average qd—axes currents are

at§
5, =2 / 1557 (0e0) dey . (5.73)

Mode III operation

In mode TII operation (Fig. 5.14), commutation is delayed by a = =/6, and
7/3 < uw < 27/3. This mode may be split into two sub-intervals. During the
interval 7/6 < 6., < u — /6, two commutations are taking place simultaneously;
four diodes are conducting (3, 1, 2 and 6), and a three-phase short-circuit is applied

to the exciter, so vg = 0. At 8, = 7/6, the commutation of diode 1 is at a
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further commutation stage than the commutation of diode 6, which is just starting
(11(7/6) = iq, is(7/6) = 0). At b, = u—mn/6, the commutation of diode 3 to diode 1
finishes (i1(u — 7/6) = iq4.); the current of diode 6 has increased to ig(u — 7/6) = i,.
During v — 7/6 < 6., < 7/2, there are three diodes conducting (1, 2 and 6), and a
line-to-line short circuit is imposed on the exciter. Due to symmetry considerations,

i6(7/2) =i4. The abe currents are

. . . . . . 1T -
[“11, —de + 21 + 16y Lde — 26] fOI' 3 S He'u <u- '76[ ’

iaper (Bey) = (5.74)

. - . . 1T - -
(~iac, i6, tac — i) foru—% <0, < 5.

During the first sub-interval, Agr(ey) — Apr (Ge) = C1 and Ay (6ep) — Aer (Bew) = C.
Inserting the corresponding part of (5.74) into (5.58) and (5.59),

2ige — 1) [P cos(Bey + Z) €08 0oy + LY sin(6,y + Z) sin b, | —
d 3 . z
— 24 [L;Ebr 052 (Bey + )+ L;br sin®(fe, + g-)] +

+ VAP cos(0 + 0y + T) = Cy, (5.75)
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~ 2(ige — i) [Lgbr cos? B, + L;’b" sin? Hev] +
+ 21 [L]” cos(beo + T) cOS By + Lgbr Sin(fey + L) sin b, | —

— VBXNPTcos(8 + b)) = C,  (5.76)

respectively. Substitution of the values of i; and ig at the three separating angles,

Oep = 7/6, Oy = u — /6 and b, = 7/2, into (5.62), (5.75) and (5.76), yields
ia = [3 AP+ (L3P = 3L) dae] /(2L)7), (5.77)
C =3 |\ — 3Ly e, (5.78)

() = [§ (L + L) + (L — L) cos 2u] -
{C = VBN cos(u+ 5) - |4 (L + Ly —

— (= ) sin (2u+ 2) Jiae (5.79)

g () & [L3 4 LY 4 (LS — L) cos(2u — 2)] 4, (u) —
=[5 (L + L) + (L = L) sin(2u — )] dac +
+ \/'3; P\zifbr' COS(U — %) —C=0. (580)

Equation (5.80) is solved numerically for u. Using (5.77)-(5.79) in conjunction
with (5.57), it can be shown that

Ve = 2w, (3|AP] = 3LY iac) - (5.81)

Analytic formulas for the commutating currents during the first sub-interval may

be obtained by solving the linear system formed by (5.75) and (5.76):
(0 = [C/BLPTLP] [3 (L L32) + (L3 L3) sin(20 + )] -

— (AP LY sin(6 4 8,,), (5.82)

i6(0e0) = ige + [C/BLY LY [5 (L3 + Ly™) — (L3 — L¥P") cos 20, ] +
+ (AP / L) sin(6 + b, + Z) . (5.83)
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The average first sub-interval gd-axes currents may thus be evaluated analytically.

After manipulation,

S0 _ ;lgbl sin(d + § + ) sin(g — §) (5.84)
gdr . )\vbr - :
~—E-§9 cos(d + ¥ + E)sin(Z — %) + ———b—gLv - (2 —u)

7( )

The second sub-interval gd-axes currents, lqdr (0ey), are given by (5.66) and may be

evaluated by numerical integration:

ar

i) = 2 / P25 (0e0) dBes (5.85)

s
Determining the mode of operation

Determination of the mode of operation is the first step of the averaging sub-
routine and it guides the algorithm to the correct set of formulas. At the boundary

between modes T and II, both nonlinear relations g'(u = 7/3) and g'(a = 0) yield
g = V3N (LY + 3L (5.86)

At the boundary between modes II and III, the evaluation of g'(a = 7/6) and
g (u = 7/3) yields
ige = 3NN/ (BLY + Ly (5.87)

At the point of complete short-circuit occurring at the edge of mode III (denoted by
mode IV), g'!(u = 27/3) becomes

ZilIcI -1V _ |)\vb1 l/var (5.88)

This mode separation is valid if the boundaries are well-ordered. Note that

I-1v TI-11T
> Yde

idc —IiI ~ ’LI ~-T1

is always true; on the other hand, .} is satisfied only for the

following range of VBR inductance parameters:

Ly /L < 2551~ 33, (5.89)

At first glance, (5.89) imposes a significant constraint on the model parameters.

However, in the proposed model LY assumes values closer to a leakage inductance,
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while L;’br is dominated by a magnetizing inductance term. Hence, it is generally

expected that (5.89) will be satisfied for all “reasonable” inductance values.

Solving the nonlinear equations

According to the operation mode, a numerical solution to one of the nonlinear
equations (5.65), (5.72) or (5.80) needs to be obtained. Recall that a continuous
function g(xz) has a root zy € [a,b] if g(a) g(b) < 0. In this case, it suffices to show:

(i) g'(0) g'(m/3) < 0, (ii) g™(0) g™ (w/6) < 0, and (iii) g™ (w/3) g™ (27/3) < 0.

For mode I operation, where 0 < 44, < .11 it may be shown that

9'(0) = —2L3 g, <0, (5.90)
g (5) = BN = FLP + 3L g 2 0. (5.91)

For mode II, if11 < i4, <51 and
gM(0) = —LENPT| + F(LY + 3LY" ) dge > 0, (5.92)
g1 (E) = 5INPT + FBLYT 4+ Ly ige < 0. (5.93)

For mode I1I, 55 < 4., and

g(5) = BLP /L") [FINT = §BLE + LPiac] < 0, (5.94)
g (&) =6 (N = Li™iac) 2 0. (5.95)

Hence, a solution to all three equations will always exist. Further algebraic ma-
nipulations—not shown herein—reveal that the solution is unique. It may thus be
obtained with arbitrary precision in a finite number of steps using the bisection

algorithm [215].

Incorporating resistive losses

The model’s accuracy may be improved by taking into account the resistive losses

of the armature and the voltage drop of the rotating rectifier diodes. Their incor-



132

poration affects the magnitude of the brushless exciter steady-state field current, as
well as the transient behavior of the synchronous generator.

In the previous sections, the armature resistance and the diodes were ignored.
The rigorous incorporation of these terms in the model would entail considerable
modifications and possibly would make the algebra intractable. Hence, to simplify
the analysis, the computation of the losses is decoupled from the computation of the
average dc voltage. Thus the average voltage applied across the main generator field
is

Vg = Uge — Vlogs - (5.96)
The average voltage loss, Tiogs, is computed by averaging the drop across diodes 1

and 6, and the ohmic drop of the armature’s resistance, that is,
Tioss = (Tat — 7+la) + (Tas + 1vis) - (5.97)

A diode’s voltage—current characteristic is represented herein by the following func-
tion:

Ud(id> = aid + (b2d>c . (598)

The parameters a, b and ¢ are obtained with a curve-fitting procedure.

5.4.4 Model summary

In summary, the algorithm proceeds as follows:

1. Initialize model; assume material is demagnetized.
2. Compute di5, /dt from (5.43).

3. Determine the direction of change of 4,4 using (5.40), and check for reversal
of direction. In case of direction reversal, add a point to the magnetic history

stack.

4. Detect crossing of a previous reversal point (minor loop closure). In this case,

delete two points from the history stack.



10.

11.

12.

13.

133
Compute L,,; using one of (5.34)—(5.37).

Compute A} from (5.48).

. Determine ¢ from (5.54).

. Determine the mode of operation, using (5.86)-(5.88).

If mode 1:

(a) Compute Ty, from (5.61).
(b) Solve (5.65) for u.

(c) Compute average currents from (5.66)—(5.69).
If mode II:

(a) Solve (5.72) for a.
(b) Compute 7g, from (5.71).

(c¢) Compute average currents from (5.66), (5.73).
If mode 11I:

(a) Compute Tg, from (5.81).
(b) Solve (5.80) for u.

(c) Compute average currents from (5.84), (5.85).
Compute 77 from (5.96), (5.97).
Compute dApg/dt from (5.41).
Compute di’y,/dt from (5.42).

Go to step (2).

Steps (3)—(5) are specific to the Preisach model. If a linear magnetizing inductance

is used instead, set Ly, = 0 and Ly, gar = Lima.
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5.5 Parameter Identification Procedure

The exciter is a synchronous machine whose “standard” gd-axes model may be
characterized independently by a variety of methods [145]. When no slip rings are
installed to enable measurement of the rotating armature’s quantities, the charac-
terization must be performed at standstill. However, standstill measurements do not
always correspond to actual operating characteristics. For example, the main flux
magnetic path may behave differently when rotating. Furthermore, exciter machines
are often designed with as little as one slot per pole per phase (as is the case for the
machine under test herein), which results in nonsinusoidal winding inductances that
require detailed modeling and complicated parameter identification procedures [174].

Alternately, if the performance of the exciter-generator system is examined as
a whole, a simpler average-value model (such as the one proposed herein) may be
adopted. The model may then be characterized by utilizing the generator’s input—
output characteristics while rotating. Assuming that the main alternator’s model
and parameter set are known, this section sets forth a method to extract the exciter’s
parameters from the measurable quantities, namely, the main alternator voltage and
the exciter field winding current.

In general, every parameter estimation procedure aims at finding an optimal pa-
rameter vector, in the sense that the model’s prediction error becomes as small as
possible (refer to Section 2.1). Identification techniques that are applicable to the
IEEE exciter model or, in general, to other linear/linearized time-invariant mod-
els [216,217] are not applicable to the proposed exciter model because this model
includes a memory operator—the Preisach hysteresis model. Therefore, its response
depends on the time history, and it must be characterized by minimizing a time-
domain based error, as in [218-220]. In this work, a genetic algorithm (GA) is
employed for solving this optimization problem.

The parameters that need to be identified are:

e The exciter’s field winding resistance, 7.



135

e The exciter’s field winding leakage inductance, Liy,.

e The exciter’s armature winding resistance, 7.

e The exciter’s d-axis armature winding leakage inductance, Lg,.
e The exciter’s armature-to-field turns ratio, TR.

o The parameters that characterize the exciter’s d-axis magnetizing branch.
These are related to the Preisach model representation. The selected Preisach
function is parameterized by four parameters, namely, Ays, Ow, Om, @. Also

required is the slope of the magnetizing curve at saturation, L, su.
e The exciter’s voltage-behind-reactance ¢-axis inductance, L;’br = Ligr + Lipg.
e The v—i characteristic of the rotating rectifier diodes.

The resistances, diode characteristic, and turns ratio may be measured at standstill,
by disconnecting exciter and rectifier from the main generator. The remaining eight
parameters will be identified from the system’s time-domain response.

This section describes the experimental identification procedure as applied to the
exciter machine of a 59-kW, 600-V, Leroy-Somer brushless synchronous generator,
model LSA-432L.7—the system described in Chapter 4. Its exciter is an eight-pole
machine, whose field is rated for 12 V, 2.5 A.

5.5.1 Resistance measurements

The first step in the characterization procedure is the measurement of the dc
values of armature and field winding resistance. Using a four-wire measurement
technique, these were determined to be r, = 0.121 0 and ry, = 4.69 Q at room
temperature. The variation of resistance with temperature is not incorporated in

the model.
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Fig. 5.15. Static 7—v diode characteristic: measured points and fitted curve.

5.5.2 Diodes characterization

The diodes’ static voltage-current characteristic is represented by the following

function:

’Ud(’id) = aid -+ (b’id)c . (599)

The parameters a, b and ¢ are obtained with a curve-fitting procedure to experimental
points: a = —4.61-107%, b= 0.114, ¢ = 0.109. The data points and fitted curve are
displayed in Fig. 5.15.

5.5.3 Turns ratio measurement

The turns ratio is determined with the technique outlined in Section 4.3.3. This
method consists of alternately exciting the exciter’s field and armature windings
(input side) with an ac source, while the other side (output side) is open-circuited.
The output voltage and the input current are recorded with a dynamic signal analyzer
and are processed to obtain hysteresis loops. The tests must be performed at a low
frequency in order to ensure that the eddy currents in the rotor circuits are negligible.

Herein, the hysteresis loops were obtained at 5 Hz.
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The rotor is rotated so that current flowing in the series combination of phases
¢-b (with phase a open) produces an mmf aligned with the d-axis. When exciting

the armature side, terminal quantities are related to ¢d-axes variables by

imd %5 15, = ﬁﬁz (5.100)
Amd = Npge = TR Ajgs = TR/vfds dt . (5.101)
When exciting the field side,
bmd A gy = 27t s (5.102)
Amd = da = = /vcb dt . (5.103)

The integration of the voltage in (5.101) and (5.103) is performed numerically. Ap-
propriate integration constants are found such that the loops become symmetric
around the origin.

The fundamental idea behind the procedure is to exploit the magnetic nonlin-
earity properties of the machine’s iron. Specifically, different d-axis loops, Ama(TR)
VS. img and Apg vs. imq(TR) may be measured by exciting the machine from the
armature and the field side, respectively. Each experiment contains a variable that
is directly measurable and one that depends on the turns ratio. The turns ratio is a
free parameter that is adjusted until a value is found for which the distance between
the curves is minimized. This value is quite accurately determined by trial-and-error.

For this machine, TR = 0.070 (see Fig. 5.16).

5.5.4 Evolutionary time-domain parameter estimation

In the proposed procedure, the generator is disconnected from the power sys-
tem and is rotated at 1800 rpm under no-load conditions. The voltage reference is
modified according to the profile shown in Fig. 5.17; this profile is the same as the
one of Fig. 4.18, on page 99. These perturbations force the exciter to operate in

all three rectification modes and create large variations in its magnetization state,
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Fig. 5.16. Hysteresis loop match for TR = 0.070.

so that the experiment contains enough information for characterizing the model.
The quantities of the internal rotating parts (Fig. 5.1) are not measurable because
slip rings were not installed. Therefore, the model is characterized based on termi-
nal quantities only, namely the synchronous generator voltage and the exciter’s field
current command, i%,. (In the test system, the actual current closely follows the
commanded current.) The GA searches for the parameter set that minimizes the
difference between measured and predicted time-domain data. Each individual of
the population, i.e. each parameter set, is evaluated by a computer simulation.

In order to quantify the difference between the measured and predicted wave-
forms, appropriate error functions must be defined. Since it is virtually impossible
to achieve perfect synchronization between experimental and simulated ac voltages,
the error is based on their envelopes. The “envelope” of the line-to-line voltage is

defined (as in Section 4.4) by

Vieny = \/ 3 [(%y + (vgls)?] , (5.104)

The difference at time sample i,k = 1,..., N between simulated and experi-

mental waveforms is

Av(ty) = min{|vfh,, () — v ey (6], Do} (5.105)

Wenv
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Ai(te) = min{|i ™ (tk) — (5 (t)], bi} (5.106)

for the voltage and current, respectively. The constants b, = 100 V and b; = 0.5 A are

upper bounds. The error takes into account the maximum and average difference: ©

E, = £ {max[Av(t)] + mean[Av(t)]} , (5.107)

E; = 5 {max[Ai(ty)] + mean[Ai(t)]} . (5.108)

6If z,k = 1,..., N are the data points of z, then mean(z) = (1/N) Z;:;l L.



140

Table 5.1
List of GA variables and settings for exciter characterization.

variable units gene type min. max. result

)\st Vs exp. 0.1 2 0.952
L gat mH exp. 0.5 5 3.37
w A lin. —50 0 —16.7
Ow A exp. 4 40 10.1
Om A exp. 4 40 15.9
L;’br mH exp. 1 5 2.31
Ligr mH exp. 0.1 1 (.490
éfds mH exp. 0.1 1 0.861

The fitness is obtained by a weighted sum of the two errors,

bv+wibi
= — > 5.109
f Ev+wLEZ - ’ ( O)

where the weight, w; = 1000, is used to compensate for the small magnitude of the
field current compared to the terminal voltage. The experimental waveforms were
sampled every At = 1 ms; the simulated traces were saved at the same rate.

The study-specific GA settings are listed in Table 5.1. The remaining GA pa-
rameter values were set to: Njpg = 100, Ngen = 100, 7 = 2, oy = 2.0, pme = 0.6,
Pm = 0.00625 (= 1/8/20), opm = 0.3, ppm = 0.025 (= 1/8/5), Ny = 25, 0y = 0.1
To accelerate the evolution process, the simulations were performed in a parallel
computing environment. The evaluations were distributed among a cluster of eight
computers (having AMD processors running at 1.67 GHz), and, for 100 generations,
approximately 12 hours were required.

The evolution of a representative GA run is displayed in Fig. 5.18. At the spec-
ified number of generations, the GA has reached a “plateau,” where the fitness in-
creases only incrementally. The achieved fitness (as defined by (5.109)) was f = 6.26.
The parameter values of the best individual are contained in Table 5.1. It is possible
that, if the GA had run for a larger number of generations, then a fitter individual
might have been obtained. However, since the predictions of the model with the

obtained parameter set were satisfactory, the GA was terminated.
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Fig. 5.18. Plot of fitness vs. generation number for the exciter GA.
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The experimental and simulated waveforms of terminal voltage and exciter field
current command are illustrated in Fig. 5.17 and Fig. 5.19, respectively. A plot of

the obtained Preisach function is shown in Fig. 5.20.

5.6 Experimental Validation

The generator is loaded with an uncontrolled rectifier that feeds a resistive load

through an LC filter, as shown in Fig. 5.21. The load parameters are: L = 7.5 mH,
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Fig. 5.20. Preisach function plot for w > 0 and m > 0. This function
is symmetric with respect to the w-axis.
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Fig. 5.21. Experimental setup of the exciter model validation study.

C =500 pF, R = 16.35). The quantities of the internal rotating parts (Fig. 5.1) are
not measurable because slip rings were not installed. Hence, the model is judged
based on terminal quantities only, namely the synchronous generator voltage and
the exciter’s field current.

In this case study, the generator’s voltage reference is modified according to the
profile shown in Fig. 4.18, on page 99. This series of commanded voltage steps cre-
ates an extended period of significant disturbances and tests the model’s validity for
large-transients simulations. The terminal voltage exhibits an overshoot, which is
more pronounced for the faster slew-rate steps. Moreover, due to the exciter’s mag-

netically hysteretic behavior, it does not fall to zero. The varying levels of remanence
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in the exciter machine reflect on the magnitude of the voltage and are captured fairly
accurately. The standard TEEE model [181] does not predict hysteretic effects. The
higher ripple in the experimental voltage waveform is attributed to slot effects, not
incorporated in the synchronous machine model (see Chapter 4). Simulated vs. ex-
perimental waveforms of the exciter’s field current command are shown in Fig. 5.22;
these correspond to the seven command steps of Fig. 4.18. The first plot depicts a
situation where the controller’s current limit (3 A) is reached. Such nonlinear control
strategies may not be studied using the IEEE model, which does not calculate the
exciter’s field current. The proposed model is able to predict both steady-state values
and transient behavior. From Figs. 4.18 and 5.22 it can be seen that the simulated
terminal voltage and field current are in good agreement with the measured quan-
tities for this loaded case, even though the parameter identification was conducted

using no-load data.

The corresponding variation of rectification mode is depicted in Fig. 5.23. Under
steady-state conditions, the exciter operates in mode II; however, the auto-delay
angle « varies with operating point. During transients, operation in all modes takes
place. Therefore, a simple mode I model would have been insufficient to predict this
behavior. The observed rapid mode alternations and ripple in the waveforms of u
and « result from the ripple in the main alternator field current, which in turn is

caused by the rectifier load on the main alternator.

An illustration of hysteretic behavior is shown in Fig. 5.24; the depicted tran-
sient corresponds to the first trapezoid of Fig. 4.18. The upper right hand plot
depicts the magnetization component of the magnetizing flux vs. magnetizing cur-
rent, Apmgu(ima); the upper left and lower right plots depict Apmam(t) and imq(?),
respectively. The 4,,4(¢) plot has been rotated 90° clockwise. As can be seen, the tra-
jectories move through four “steady-state” points, labelled A, B, C, and D (D # A).
These points do not lie on a straight line. This complex behavior could not have

been captured by a linear magnetization model (where \pg = Lingima)-
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In order to “initialize” the magnetic state, the commanded voltage is stepped
from 0 V to 560 V and then back to 0 V at 20000 V/s (not shown in Fig. 4.18). The
exciter’s flux is forced to a higher than normal level (see Fig. 5.24). According to the
deletion property, the previous magnetic history is erased. Furthermore, on account
of the congruency property, the return path depends only on the reversal point on
the A\j,g—imq curve. Hence, this initialization procedure is guaranteed to bring the
material back to the same state, regardless of the previous operating history. This

theoretically predicted behavior was experimentally verified.

5.7 Summary

The described brushless exciter model was successfully evaluated against experi-
mental results. The modeling of all rectification modes, the prediction of the exciter’s
field current, and the representation of magnetic hysteresis, are important features
that are not included in the standard IEEE exciter model. The proposed model is
thus a high-fidelity alternative for large-disturbance simulations, where a computa-
tionally efficient exciter representation is necessary. Hence, it is recommended for
transient stability studies and voltage regulator design.

The model was successfully parameterized using genetic algorithms. The GA
minimized an error based on the time-domain difference between the observed and
simulated waveforms of the synchronous generator system. The proposed experiment
was relatively easy to carry out; it did not require the installation of slip rings for
monitoring internal rotating quantities, and was performed at no load.

This work is pending publication in a peer-reviewed journal [221,222].
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6. CONCLUSIONS

This research ultimately resulted in a new class of electric machine models, ideal for
dynamic simulations of modern power systems. The proposed models are differenti-
ated from previous work in this area because of their underlying modeling philosophy,
based on the realization that pre-defined equivalent circuit structures may not be
sufficient for accurately reproducing the machines’ actual behavior. Rather, what is
required is the generalization of existing representations by means of arbitrary linear
networks, whose complexity and parameters are eventually decided from experimen-
tal observations. The successful integration of nonlinear elements and generic linear
systems to obtain highly accurate, computationally efficient mathematic formula-

tions is a major contribution of this thesis.

The proposed induction and synchronous machine models both adhere to the
aforementioned principles. Compared to existing models, they offer enhanced ca-
pabilities of simultaneously incorporating magnetic saturation effects and increased
order rotor representations. The proposed brushless excitation model does not em-
brace such detailed machine descriptions, since the exciter is in essence a “secondary”
machine used to drive the main alternator. However, the exciter’s significance with
respect to the power system’s stability properties can not be underrated, and this
work has thus focused on faithfully recreating its exact input—output relationship.
This model outperforms the widely used IEEE standard model by being valid for
large-disturbance transient studies, by calculating the exciter’s field current, and by

representing magnetic hysteresis.

In parallel with the theoretical model descriptions, appropriate experimental
characterization procedures have been designed and presented in detail. In particu-

lar, the application of evolutionary optimization algorithms to the parameter identi-
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fication process has been found to be straightforward and highly effective. Evolution-
ary algorithms are significantly simpler, more flexible, and more efficient for large-
dimensional problems, such as the simulation-based prediction-error-minimization
problem, than traditional optimization methods. A significant part of this research
was devoted to the development of a collection of genetic optimization routines and
the setting up of a parallel computing environment, which have proven instrumental

for identifying the proposed models’ parameters.

The proposed approach to electric machine modeling suggests several new re-
search avenues. It is reasonable that the next step should be the modeling of addi-
tional machines using the proposed representations, and their characterization with
the suggested methods. It would be interesting to apply the synchronous machine
model to solid-iron rotor generators, that traditionally have been described by high-
order rotor representations, or for performing subsynchronous resonance studies. The
amount of experience thus gained would more clearly reveal the proposed models’
capabilities as well as their limitations, and eventually would lead to more advanced

modeling approaches, even for other electric machine types.

The induction machine model lends itself to the design of novel drive control
schemes, that will take into consideration the high-bandwidth rotor behavior as well
as the magnetizing and leakage saturation, in order to achieve improved steady-
state and dynamic performance (for instance, the maximization of torque per stator
ampere). From a theoretical point of view, the minor inconsistency related to the
non-conservative nature of the leakage magnetic fields requires further investigation;
it may be possible to resolve this by adopting alternate forms of leakage inductance.
Once this issue has been addressed, the derivation of new synchronous generator

models with saturable leakage paths will also be attainable.

As far as the exciter model is concerned, a further improvement would be the
inclusion of damper windings, and the subsequent derivation of an average-value

model. Alternatively, one could concentrate on improving the Preisach hysteresis
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model, for example by incorporation of hysteresis along the g-axis as well, or the

utilization of more advanced “dynamic” Preisach models.

Perhaps the most significant disadvantage of gd-axes models is the difficulty of
incorporating iron core losses. However, it might be possible to achieve this by
transforming the (nonlinear, but single-valued) magnetizing branches into hysteretic
elements, as was done within the proposed exciter model. Of course, since hysteresis
loss is dependent on the ac frequency, the analysis would have to be performed in the
reference frame of the actual physical magnetic field; for example, in an induction
machine the rotor “sees” a magnetic field alternating at slip frequency, while in the
stator, the field varies at the electrical frequency. Hence, the challenge would be to
extend the orthogonal axes theory so that the combination of two reference frames

(frequencies) in a single model becomes feasible.

In regard to model parameterization, it should be possible to emulate the experi-
mental procedures using finite element or magnetic equivalent circuit analyses. This
would require very accurate iron models, also able to predict minor-loop excursions
for recreating the machine’s small-signal behavior (the Preisach model might prove
useful in this case). Indeed, parameterization from the design stage offers significant
advantages, such as lower costs and optimal designs for the specific application at
hand (perhaps using evolutionary algorithms). In addition, the possibility to extract
the models’ parameters from on-line data presents numerous opportunities for future

research.

The investigation of more advanced (in terms of convergence speed and effi-
ciency) evolutionary optimization techniques should be continued. The tremendous
potential of genetic algorithms (and other evolutionary optimization methods) for
parameter estimation has not yet been fully exploited. Genetic algorithms offer a
great Hexibility to the analyst. In general, a variety of available information about a
system (be it in the frequency-domain, the time-domain, or a combination of both)
may be readily incorporated in a fitness function. Furthermore, GAs not only pro-

vide means for characterizing complex models, such as the ones herein, but should
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also encourage the derivation and utilization of more detailed and state-of-the-art

models that would otherwise have been intractable to parameterize.
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REALIZATION ALGORITHM WITH DIAGONAL
SYSTEM MATRIX
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The following algorithm produces a realization with matrix A diagonal [83]. Tt

is valid only for the case where the roots of the minimal polynomial are distinct. It

is assumed that the transfer function matrix elements are given by (4.19)—(4.21), in

page 69.

1. Compute the roots of the minimal polynomial:

my(s) = s(s— A1) (s —An,—1).

2. Expand Y,(s) into partial fractions:

1 Ng—1
Yd(S) == —S' RO —+ z
k=1

The 2 x 2 residue matrices may be computed by

Rk = lin

1
S——>)\k

and are of full rank; however,

-1

Ro =Yg
-1 1

is a matrix of rank 1.

3. Write
Rk = CkBk7

Ry.
S—)\k b

(s = Ak)Ya(s)

(A.5)
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for example by computing the LU decomposition. The matrices Cy, By are

2 x 2. Ro may be factored as

1
Ro=CyBy=| Yy [1 —1] .

4. The realization is given by

A1

—1

)\212

Ang-1l2)

C= [Co Cy o CIV(1~1:| :
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APPENDIX B
SYNCHRONOUS GENERATOR PARAMETER SET
UNIQUENESS PROOFS

The input-output characteristics of the d-axis may be conveniently expressed
using transmission matrix descriptions of three series-connected two-port networks.

The d-axis transmission matrix is the product of these three matrices [223]. Specif-

ically, )
{7md - 1 —(7‘5 -+ Sles) @ds (B 1)
ng - Sled ""5+5<§ll;::Lmd) gds
Vg | t11(s) t12(s) | |Dma (B.2)
—*%Ifdr_ tgl(S) tQQ(S)_ _%dr
and o o
Vgar | 7 —aruTR Uga (B.3)
~ i gy 0 STR | |~y

The rotor transmission parameters are related to the admittance parameters (4.19)—

(4.21) by

ti(s) tia(s) _ 1 ~y11(s) 1 (B.A)
ta(s) ta(s)] 91209 |y ()ma(s) — ya(s) ~uma(s)
It is important to note that
[taa(s)]s=0 =1, (B.5)
[Stzl(S)]S:O ={. (BG)

These relations are verified by substituting the functional forms of (4.19)-(4.21) in

(B.4) and evaluating them at zero.
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Hence, the terminal characteristics of the d-axis are given by

v fdr 'IN]ds

=T (B.7)
~“Zfdr 2ds
where
1 3
wr s IRy tn(s) tia(s) T —(rs+sLis)
[T(s)} _ |1IR 23 . . . ot Lo (B.8)
O ETR tzl(S) tQQ(S) o 2 SLnid =

Proof [of Theorem 3] The proof is based on equating the transmission parameters
of the two networks, i.e. T=T". By means of (B.8), it is possible to solve for the

transmission parameters of the second network:

t1(s) = srmtosrr [5t11(8) Lna(Lias + Lyng — Luas) +

+ t12(8)(Lids + Ling — Ligs — Lra)l (B.9)
t12(s) = ap—(5t11(8) Lna(Ligs — Luas) + t12(s) (Luds + Lina — Liy)] (B.10)
t51(s) = ;:Fﬁ%”“pm[stm(s)[/md(ﬁds + Ling — Lugs) + ’

+ toa(8)(Ligs + Lima — Lige — Lyg)] s (B.11)
t52(s) = gmra—lstar(s) Lna(Lizs — Lias) + t22(8)(Luas + Lma — Lig,)]. (B.12)

It is also true that [sta1(s)]s—0 = [st5;(5)]s=0 = 0, and [t22(8)]s=0 = [t55(8)]s=0 = 1,
for the selected form of rotor transfer functions. Multiplying both sides of (B.11)
by s, and evaluating at zero yields (4.85). By substituting this result in (B.12),
and again evaluating at zero, (4.84) is obtained. These two conditions allow the

simplification of the transmission parameters expressions, which now become:

* * * 2
= stui () F (Ligs — Luas) + (G ) " taals)

Il

Stgl(S)%(L?ds - les) + tQQ(S) .
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The new impedance matrix, Z%(s), is computed by using the transformation

N 55(5) 1
Zy(s) = B | 1 e (B.17)

and (4.86) is obtained. B

Proof [of Theorem 4] The input—output behavior of the g-axis is characterized by

its input impedance, which is

LimgZ,
Z4s(8) = 15+ 8 Ligy + miZalel, (B.18)

where Z,(s) = 1/Y,(s). If two networks are equivalent, then

[é_@;r_} - [_Zg_(i:f_} R (B.19)

s s
which implies (4.88). Then,

8LmqgZq(8)

qu(S) =75+ S( ;qs + L:nq - Lmq) + 8Lmg+Zq4(s) =

_ o SLngZy(s)
=75 + 5L, SLh, 22 (s) 7

(B.20)

which can be solved for Z;(s) to yield (4.89). |
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APPENDIX C
SYNCHRONOUS GENERATOR PRIME MOVER
MODEL

The generator’s prime mover is a Dyne Systems 110-kW, 590-Nm, 3600-rpm, four-
quadrant, vector-controlled, induction motor-based dynamometer. Its mathematical
model is shown in Fig. C.1. The parameters’ values are: J = 8.40 Kg- m?, srl =
20.94 rad/sz, Terp = 49.8 ms, Oy, = 402.1rad, K5 = 91.5 N -m, nq = 0.255 s, Tig =
3.51ms, K, =406.0N-m-s, 7, = 0.803 8, Wery, thr = 10.0rad/s, T, pin = ~600N - m,
Tt max = 600N - m.

T,

—srl
.t 11 1 O
wm — t.vrI i s "

‘ lwcrrl < a)err,ﬂ.\r

Fig. C.1. Prime mover block diagram.

The prime mover control parameters were obtained using evolutionary optimiza-
tion. A genetic algorithm minimized a root-mean-square error between estimated

and measured speeds. The GA fitness function involved two studies: (1) a sud-
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1800 rpm s /’\\ presteasirein—3- 1M

e
1s

G
110 rpm

Fig. C.2. Speed variation during a torque change.

1800 rpm > time
20 rme 1s

G

1750 rpm

Fig. C.3. Speed variation during a change in speed reference.

den torque change from 10 Nm to 80 Nm, with a constant commanded speed of

Wy = 1800 rpm; (2) a change in speed reference from wy, , = 1800 rpm to
Wy = 1750 rpm, at no load. The measured and predicted (with the optimal

parameter set) speeds are superimposed in Figs. C.2, C.3. The generator’s torque,
denoted by 17 in Fig. C.1, was computed from terminal voltage and current. The

exciter’s torque was ignored.



175

APPENDIX D
SYNCHRONOUS GENERATOR VOLTAGE
REGULATOR COMPONENTS

The voltage regulator was custom built at Purdue University, and is using a

Digital Signal Processor to apply the control logic.

The measured voltages and currents are pre-processed to remove low- and high-
frequency noise. Any dc measuring offset is subtracted by the high-pass filter; the
computed peak is filtered again with a second-order low-pass filter. The filtering

process in block diagram form is shown in Fig. D.1.

Both peak voltage and current are monitored by the system’s supervisory control.
If they are within specified limits, the control signal o,,. enables the operation of
the voltage regulator, depicted in Fig. D.2. Normally, the controller operates as a
Proportional-Integral control, outputting a commanded field current. A hysteresis
controller that is implemented in hardware maintains the actual current within a

hysteresis band, whose peak-to-peak amplitude was set equal to 2Ad . = 36 mA.

The hardware configuration of the exciter drive is shown in Fig. D.3. The switches
are controlled by the hysteresis modulator. For simulation purposes, the single-phase
rectifier is modeled as a constant dc voltage source, vt = 172 V. Also, the hysteresis

modulator is modeled by an average-value representation; if

Db =g — gy, (D.1)
Von = Vrect — T'swl fds (DQ)

Vot = —Urect — Uq — rdifds 3 (D3)
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o, tfz\ U
L 1 . P s ™ [TETTT 2 1 N
7,5 + 1 S K V@) +00) [Pl e
+ ﬁbc
Dbc hfzj ? 1 1
_T K _2 2
L 1 0,11-3 O _l/i.g_]
s + 1
i
i 3E)—
L 1 j P s P -~ 2 -~ 2 1 .
75 +1 ~P K. L p (;s)+(ld:) »m—‘*lpk
. +/‘\ ’i>bs
Lys » 2
Ty =2y
1 K==~
3 -1 1
7,5 + 1 2

Filter time constants:
7,=10.0s
7,= 10.0 ms

v, = estimated peak line-to-neutral voltage
i, = estimated peak line current

Fig. D.1. Pre-processing of measured voltages and currents.

0,  Anti-windup

* +
Uu’rms @ kpv

Dln,pk

Controller constants:

k, =245 mA/V
7,=02s
b = 3 A

\ [ .
"fds, max &
0/ ™ Las

our
o
OD}‘

o,, = voltage regulator on/off signal (logical)
Iy, = exciter field current command
Uyms = COMManded line-to-line rms voltage

Fig. D.2. Voltage controller logic.
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Doy = 0.685V
Fog = 35 mQ

Total switch-on resistance: r, = r,, + 7., =402 mQ
Total diode-on resistance: r, = 2r, , = 70 mQ

on,d

Total diode-on voltage drop: v, = 20,,, =137V

Fig. D.3. Exciter’s field winding drive circuit.

then

. Ai .
min {von,von-Ali—ﬂ—;} for A1 <0,
Vfds =

max {voﬁ, Voff AiA,jax} for Ai > 0.

177

(D.4)
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