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Problem formulation

This Master’s thesis project serves as the starting point for parameter identification of a
synchronous machine at the Department of Electrical Power Engineering at NTNU, Trond-
heim, and acquiring experience in use of Standstill Frequency Response (SSFR) test for iden-
tification of synchronous machine parameters. The work is planned to cover tests on the
Siemens-Schuckert synchronous machine at the National Smart Grid laboratory at NTNU,
and synchronous machines with already known parameter values. The main motivation is
connected to planned research activities in the new Research council FME project HydroCen
and at Norwegian Hydro-power Centre, and is related to topics like stability studies, synthetic

inertia and converter fed operation of synchronous machines.

Due to the Siemens-Schuckert machine’s age, it is questioned that conventional testing might
risk the safety of the machine. The Standstill Frequency Response (SSFR) test has therefore
been chosen as the method to be used in parameter identification of the machine. Validation of
the test should first be performed on a synchronous machine with parameters already known.
The SSFR-test has as per January 2019 not yet been performed at the Department of Electrical

Power Engineering.
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Abstract

This Master’s thesis serves as the starting point in the work with parameter identification of the
Siemens-Schuckert machine at the National Smart Grid laboratory at NTNU in Trondheim,
and acquiring experience in use of Standstill Frequency Response (SSFR) test for identification
of synchronous machine parameters. The motivation is future collaboration studies between
NTNU, HydroCen and SINTEF Energy Research regarding the development of hydropower
technology.

The Siemens-Schuckert synchronous machine was tested with the Open-Circuit Characteristic
(OCC) test and Short-Circuit Characteristics (SCC) tests. The machine’s SCC and OCC was
constructed. A retardation test was also conducted to determine the machine’s inertia. The

inertial time constant was calculated to be H = 2.67s.

The Rudolf-Dietze synchronous machine was tested using the SSFR-test in order to validate
the test as an alternative to the traditional, but more demanding, sudden short-circuit tests.
The SSFR-test attempts to obtain the operational parameters of the machine. The operational
parameters can be expressed as rational functions in the frequency domain which are related
to the fundamental parameters that describe the electrical characteristics of the machine. The
machine is tested in order to construct the different parameters’ frequency responses. Using
curve-fitting tools, the rational form operational parameter functions can be obtained. The
SSFR-test is the main focus of this thesis.

A laboratory set-up and method of measurement for the SSFR-tests was developed based
on available laboratory-instruments. The frequency response of the operational parameters
Lq(s), Ly(s) and G(s) was constructed from the SSFR test-results. The oscilloscope used for
the measurements was not able to conduct measurements for the required frequency range
of 1mHz-1kHz, and measurements below 0.1Hz was omitted from the tests. An estimation
method based on the MATLAB System Identification Toolbox was used to estimate the oper-
ational parameter expressions. However, due to incomplete test-data, the estimates obtained
should be regarded as approximate at best. In order to accurately estimate the complete set of
the machine’s parameters with this method, accurate SSFR-measurements for the whole range
of frequencies are required. Thus, for future SSFR-studies, measurements should be conducted

with instruments enabling accurate measurements for the complete frequency range.
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Sammendrag

Denne Masteroppgaven utgjor oppstarten av arbeidet med a parameteridentifisere Siemens-
Schuckert-synkronmaskinen ved det Nasjonale Smartgridlaboratoriet ved NTNU i Trondheim,
samt a gke kompetansen pa feltet Stillstands Frekvensresponstesting (SSFR) som verktgy for a
identifisere synkronmaskinparametre. Bakgrunnen for oppgaven er samarbeidsstudier mellom
NTNU, HydroCen og SINTEF Energi der malet er viderutvikling av vannkraftsteknologi.

Siemens-Schuckert-synkronmaskinen ble testet for a identifisere apen-klemme-karakteristikken
og kortslutningskarakteristikken til maskinen. I tillegg ble det foretatt en utlgpstest for a
bestemme treghetsmomentet til maskinens rotor. Treghetskonstanten til maskinen ble bereg-
net til H = 2.67s.

Rudolf-Dietze-synkronmaskinen ble SSFR-testet for a validere SSFR-metoden som et tryggere
alternativ til den mer tradisjonelle kortslutningstesten. Malet med SSFR-testen er & etablere
maskinens operasjonelle parametre. Disse kan uttrykkes som rasjonelle funksjoner i frekven-
splanet, og er tett knyttet til maskinens fundamentalparametre, som er med pa a beskrive
maskinens elektriske karakteristikker og egenskaper. Maskinen blir testet pa en méate som gjor
det mulig a konstruere frekvensresponsen til de ulike operasjonelle parameterne. Ved bruk av
kurvetilpasningsverktgy kan de rasjonelle utrykkene til maskinens operasjonelle parametrte

bestemmes. Denne oppgavens hovedfokus ligger pa SSFR-testen.

Et laboratorieoppsett og en malemetode for SSFR-testen ble utviklet med tilgjengelig lab-
oratorieutstyr. Frekvensresponsen til de operasjonelle parameterne Lg(s), Lq(s) og G(s) ble
konstruert basert pa resultatene fra SSFR-testen. Oscilloskopet brukt for malingene evnet ikke
a gjore malinger for hele det ngdvendige frekvensomradet mellom 1mHz-1kHz, og malinger
under omtrent 0.1Hz ble derfor utelatt. En kurveestimeringsmetode basert pa verktgy i MAT-
LAB sin System Identification Toolbox ble brukt til & estimere de rasjonelle uttrykkene til
de operasjonelle parameterne, men grunnet ufullstendige maleresultater méa resultatene antas
ungyaktige. Mer ngyaktige SSFR-maélinger for hele det aktuelle frekvensomradet er ngdvendig
for mer presis estimering av maskinens parametrte. For fremtidige SSFR-studier bgr malingene
gjores med instrumenter som evner ngyaktige malinger over hele det ngdvendige frekven-

somradet.
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Chapter 1

Introduction

In recent years, the development of intermittent renewable technologies such as wind and solar
power, has seen a considerable increase as the world’s energy system undergoes a transition
towards a greener and more sustainable energy future [1, 2]. This development introduces new
challenges for the electric grids around the world. Traditionally large synchronous machines
were the main drivers of the electric grid, contributing to a predictable and reliable generation
of power. However, with the rapidly increasing penetration of renewables in the grid, and
the relatively unpredictable nature of its power generation, new requirements for already
existing energy services are set [2]. Increased fluctuations in the power supply will require
more flexible energy sources and storage solutions, and technology that provides the necessary
stability requirements for safe and reliable grid operation [1, 2, 3]. One such technology is

hydropower [2].

Today, hydropower is regarded as an enabling technology for the increased penetration of
renewables in the grid, its potential role as a supplier of both flexible power generation and
storage, in addition to grid stability support being the main arguments [2]. As one of the
leading hydropower nations in the world, Norway is therefore in a unique position to contribute
to the transition towards more renewable energy production and a greener, more sustainable
future [2]. As part of the Research Council of Norway’s FME-package, the Norwegian Research
Centre for Hydropower Technology (HydroCen), together with NTNU and SINTEF Energy
Research, forms a research platform from which to develop hydropower technology further and

strengthen Norway’s position as a hydropower nation [4].

In the National Smart Grid Laboratory at NTNU in Trondheim, a Siemens-Schuckert motor-
generator set exists which is to be used be used in collaboration studies between NTNU,
HydroCen and SINTEF Energy Research with regards to development of hydropower tech-
nologies. Research objectives include stability studies, synthetic inertia and converter fed
operation of synchronous machines [5, 6]. As of January 2019, a complete electric model of
the 75k VA Siemens-Schuckert synchronous machine does not exist however. Parameter iden-
tification of this machine, in the context of enabling the machine to be used in further studies,

is the main motivation for this thesis.
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1.1 Objectives

Traditionally, the sudden short-circuit test has been the main form of machine testing, both
providing a way of validating a machine’s ability to withstand the mechanical stresses that arise
during short-circuiting, in addition to determining both synchronous and transient machine
characteristics [7]. The machine in question is old however, and together with laboratory per-
sonnel, supervisor and representatives from Karsten Moholt AS, the company that performed
maintenance on the machine in 2016, it was discussed whether the machine might be able
to withstand the stresses associated with conventional short circuit testing or not [8, 9]. In
order to ensure the structural integrity of the machine, it was decided that another method
of testing would be needed in order to fully determine the machine parameters. One such
method is the Standstill Frequency Response (SSFR) test [7], and is the main topic of this

thesis.

The SSFR-test aims to obtain the operational parameters of the Machine Under Test (MUT)[10,
7]. The operational parameters Lq(s), Ly(s) and G(s) are transfer functions that help describe
a two-port representation of the MUT [10]. The parameters can both be related to the observ-
able behaviour of the machine, as viewed from its terminals under appropriate test conditions,
and to the fundamental parameters of the machine, i.e the parameters the completely describe
the electrical characteristics of the machine [10]. The parameters thus serve as a link between

testing the machine and obtaining the electrical characteristics that describe its behaviour.

As of January 2019, SSFR-tests have not yet been performed at the Department of Electric
Power Engineering [8]. In order to gain practical experience with the tests, and to validate the
test methods, it was decided that the tests should be performed on a synchronous machine
with parameters already known. The 8kVA Rudulf-Dietze machine, which was tested and
parameter-identified in a master’s thesis from 2017 [11], is such a machine, and was chosen as
the machine to be tested with SSFR-tests in this thesis.

The objectives of this thesis can thus be summarized as follows:

e Initiate parameter identification of the 75kVA Siemens-Shuckert machine by conducting

basic synchronous machine tests.

e Parameter identification using SSFR-tests on a synchronous machine with known pa-
rameters. The synchronous machine in question is the 8kVA Rudolf-Dietze machine
which was parameter identified in a master’s thesis from 2017. This is considered as the
thesis’ main objective, and most of the pages in this thesis are dedicated to the study of

these tests.

e Provide a foundation from which to strengthen the competence of SSFR-testing at the

Department of Electrical Power Engineering.
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1.2 Scope of work

Based on the objective stated above, the scope of this thesis include the following:

e Literature study of synchronous machines and synchronous machine testing, including
SSFR-testing.

e Conducting basic tests on the Siemens-Schuckert synchronous machine. This includes
tests to obtain the Open-Circuit Characteristic (OCC), the Short-Circuit Characteristic

(SCC) in addition to determining the inherent rotational inertia of the machine’s rotor.

e Development of a laboratory test set-up for the SSFR-tests with available laboratory

instruments.
e Development of SSFR-test procedure.

e Conducting SSFR-tests on the Rudolf-Dietze machine with the goal of identifying the

operational parameters of the machine.

1.3 Limitations

This thesis is limited to consider only the test results from the relevant tests. No subsequent
actions are taken on behalf of the obtained test results, i.e no further attempt at using the
obtained test results in calculations for further parameter identification is made. For the
SSFR-tests for example, this includes not using the operational parameters to derive the
fundamental parameters of the machine. In addition, acquirement of any equipment needed
was not considered due to the time allotted for the thesis work. This means that available

equipment already at NTNU had to be used for the tests conducted in this thesis.

1.4 Software

The software tools used in this thesis are all based on toolboxes from the MATLAB product
range. The toolboxes used are the System Identification Toolbox, for estimating transfer
functions based on SSFR-measurement data, and the Curve Fitting Toolbox. Also, a custom
made function from the Mathworks community File Exchange was used to create asymptotic

approximations of bode plots [12].

1.5 Report structure

The structure of this thesis diverge somewhat from what is usually seen in theses containing

laboratory work. Generally, the structure used for the such theses include chapters that

3 of 100



NTNU 2019 CHAPTER 1. INTRODUCTION

separately contain information about laboratory equipment used, measurement methodology,
results and discussion. In this thesis however, all this information is compiled in such a way
as to compress relevant information together, and is meant to create a structure that is easily

digestible for the reader. The complete report structure is summarized below:

Part I - Theoretical foundations

Chapter 1 - Introduction: Provides background and motivation for the thesis work and an

overview of objectives, limitations, software used and report structure.

Chapter 2 - Synchronous machine modelling: Outlines the fundamental modelling of salient
pole synchronous machines and describes the set of parameters that completely describe the

electrical characteristics of such machines, termed fundamental parameters.

Chapter 3 - Machine test procedures: Describes the test procedures of the short-circuit charac-
teristic test, open-circuit characteristic test and the retardation test used to test the Siemens-

Schuckert machine.

Chapter 4 - Standstill frequency response (SSFR) test: Outlines the theoretical foundation
for SSFR-testing in addition to describing the test procedure including instrumentation and

measurement set-ups.

Chapter 5 - Presentation of machines to be tested: Presents the two machines tested in this

thesis, including nameplate and other relevant electrical characteristics.

Part II - Laboratory work, results and analysis

Chapter 6 - Test results for Siemens-Schuckert machine: Presentation of instrumentation,

methodology and results from the tests conducted on the Siemens-Schuckert machine.

Chapter 7 - SSFR measurement set-up and test procedure: Introduction to the developed test
set-up and measurement procedure to be used for the SSFR-tests. Includes a brief presentation

of the development process.

Chapter 8 - SSFR-test results and analysis: Presentation of the SSFR-tests conducted on
the Rudolf-Dietze machine, including measurement results, data-processing and a basic curve-
fitting procedure used to identify the parameters of the machine. Where appropriate, analysis

of test results are provided.

Chapter 9 - Concluding remarks: Summary of the conclusions made based on the test results.

Includes a commentary on recommendations for further work.
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Part 1

Theoretical foundations

The theoretical foundation required to understand, interpret and appreciate the laboratory
work and results obtained in this thesis, is founded in part I of this thesis. This part is divided

into four chapters.

Chapter 2 contains fundamental modelling of salient pole synchronous machines and describes
the set of parameters that completely describe the electrical characteristics of such machines,
termed fundamental parameters. The relation these parameters have to the operational pa-
rameters of the machine during tests is also described. A brief introduction to inertia and

stability is also included.

Chapter 3 describes the test procedures of the short-circuit characteristic test and the open-
circuit characteristic test as described in the IEEE-test guide for synchronous machines [7].
The test procedure for the retardation test and how to calculate inertia based on the results

from this test is also provided.

Chapter 4 contains the theoretical foundation for SSFR-testing in addition to describing the

test procedure. This includes instrumentation and measurement set-ups.

Chapter 5 describes the two machines tested in this thesis, including nameplate and other

relevant electrical characteristics.
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Chapter 2

Synchronous machine modelling

2.1 Mathematical description of the synchronous machine

The classic, ’lumped circuit’ model of a synchronous machine is well known and illustrated
in figure 2.1. It consists of three stator windings, a, b and ¢, and three rotor circuits. Two
rotor circuits, the field winding and one amortisseur winding, are placed in the rotor Direct
axis (d-axis), while one damper winding is placed in the Quadrature axis (q-axis) [13, 10].
Electrical quantities associated with the field and damper windings are denoted f and k, while
subscripts d and g denotes the relevant axis. It should be noted that several such rotor circuits
may be present in a synchronous machine [10]. However, for the purposes of this analysis only

three rotor circuits are assumed.

Rotation

e,

w, elec. rad/s

g-axis

Rotor Stator

Figure 2.1: Schematic illustration of the ‘lumped circuit’ model of a synchronous machine [10]. The
stator circuits consists of three windings that produce induced voltages and currents, electrically displaced
by 120°. The rotor circuits contain two damper windings, one in each axis, and one field winding in
line with the d-axis.
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CHAPTER 2. SYNCHRONOUS MACHINE MODELLING NTNU 2019

In a rotating machine, the magnetic flux produced by the rotor field penetrates the stator
coils and an emf is induced. The voltage equations describing the relationship between rotor

and stator coils are described below [10]:

Stator voltage equations:

€aq 7 — g Rq (2.1)
ey = % — Ry (2.2)
o= ik, (23)
Rotor voltage equations:
efd = % +ifaRsd (2.4)
0= % — ikddRiq (2.5)
0= d?:q — kg g (2.6)

Here, e are the phase or field voltages, ¢ are the circuit currents and R is the circuit resistances.
The flux linkages, denoted by 1, describe the flux linking between the coils in stator and
rotor. Each of the different linkages are expressed as a product of the current and the mutual
inductance between the two linked coils [10]. In equation 2.7 below, the flux linkage of stator
phase a is expressed in such a way, with [,, being the phase a self-inductance, while I, l4c,
lafd, laka and lypq is the mutual inductance between the phase a winding and phases b, c,
field and damper windings respectively. The notation being used can be seen in the List of

symbols. Note that the expression below can be made for phase b and ¢ also.

Yo = —laata — laviy — lacic + lafdifd + lakdird + lakqikg (2.7)

The machine equations described above are further complicated due to the positional reliance
of the self- and mutual inductances in the machine. In a salient pole synchronous machine,
which is considered in this thesis, the airgap in which the flux passes through, varies along
the machine’s circumference [10]. This is shown in figure 2.2. The airgap is narrowest in
the d-axis and largest in the g-axis, affecting the total permeance of the flux-path taken by
the stator-flux at each new position of the rotor. Thus all self- and mutual inductances in
equation 2.7 above can be described as a function of permeance, or rotor position [10, 13].
An example of this is shown in equation 2.2 below, where the self-inductance of phase a is a

sum of the leakage flux, L,; and the expression for the positional dependent self-inductance
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NTNU 2019 CHAPTER 2. SYNCHRONOUS MACHINE MODELLING

Lgo + Laa2cos(26). Here 6 is the rotor position.

laa = LaiLgo + Laa2 cos(20) (2.8)

For the sake of this thesis, it is only relevant to know the reliance these inductances have on
rotor position. The complete mathematical description of the inductances in equation 2.7,
and in the corresponding equations for phase b and ¢, are therefore neglected in this thesis.

For sake of reference, these expressions can be found in [10] and [13].

qé_?

~ i i
90° 180° 270°
d-axis g-axis
P i
-90° 0° 90° 180° 270°

Figure 2.2: Permeance as a function of rotor position in a salient pole synchronous machine [10]

2.2 Park transformation and the dg-system

In order to simplify the above equations, the Park transformation is used. The Park transform
is a mathematical transformation performed to express both rotor and stator quantities in a
rotating reference frame, aligned to the d- and g-axes of the rotor [13]. With the transform, a
fictitious model of the synchronous generator can be made, where all machine circuits can be
represented as lumped and aligned to the two rotor axes, rotating with the rotor [13]. This is
illustrated in figure and implies that all inductances, associated with the different dq-windings,
are constant [10, 13]. The Park transform matrix, in this case ued to transform the stator

currents from abc- to dg-coordinates, is stated in equation 2.9 below:

iq cos(f)  cos(f — 2%) cos(6 + 2%) ig

iqg| = 3|~ sin(f) —sin(0 — 2?”) —sin(6 + 2%) 1p (2.9)
. 1 1 1 ;

i 2 2 2 te

Consequently, the flux linkage equations for the stator, as shown in equation 2.7, can be
rewritten as a function of constant inductances. This is shown in equations 2.10, 2.11 and
2.12 below:

8 of 100



CHAPTER 2. SYNCHRONOUS MACHINE MODELLING NTNU 2019

g = —Lgiq + Lagdifd + Lakdikd (2.10)

Vg = —Lqiq + Lakqikg (2.11)

o = —Loio (2.12)
L'l)‘r/_L\

Figure 2.3: dg-representation of a salient pole synchronous machine [13].

The inductances Lg, Lg, Lafd, Lakd, Lakg and Lo are a combination of constant inductance
values that originate from the positional dependent inductance equations, such as equation
2.8. The point here is not to show where all the different inductance values originate from,
but rather to show that machine modelling and analysis becomes considerably easier with the
equations expressed with constant inductance values [10]. It is left up to the reader to find

these relationships if needed. The relationships are expressed in [10] and [13].

Using the above transform, as well as the dg-model flux linkages, the stator voltage equations

for the machine can be rewritten as follows:

Stator voltage equations in dg-components

d
eq = % — hgwr — Raiq (2.13)
d
eq = % — Yaw, — Raig (2.14)
dio .
% R 2.15
o= io (2.15)

The same exercise can be made for the rotor equations, however the rotor voltage equations
stay the same as in equations 2.4, 2.5 and 2.6 . The flux linkages in dq-components are instead

expressed as in equations 2.16, 2.17 and 2.18.
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3
Yra = Lfpgita + Lprdirg — §Lafdid (2.16)
3
VYkd = Lfkatfd + Likdika — §Lakdid (2.17)
. 3 .
Vg = Lkkqirg — §Laquq (2.18)

2.3 Equivalent circuits

Based on the stator and rotor voltage equations describes in the previous section, d- and g-axis
equivalent circuits can be constructed. For this analysis, the equivalent circuits for a machine
with two rotor circuits in both axes are considered. The d-axis contains one field-circuit and
one damper winding, while two damper windings are present in the g-axis. The complete set
of voltage and flux-linkage equations for constructing the equivalent circuits are presented in

Appendix A

It should be noted that the following equations presented in Appendix A, and hence the
equivalent circuits presented below, are in per unit values. It is not the objective of this thesis
to explain the relationships or the calculation of base values used for the per unit system used
in this analysis, and it is left up to the reader to discover these relationships if necessary. The
base values chosen for the per unit system is the same as used in [10]. For the purposes of this
thesis however, it is only necessary to know that the correct choice for base values implies the

following assumptions:
e Per unit mutual inductances between windings are reciprocal, for example: Lqfrq = L 4.

e Per unit mutual inductances between stator and rotor circuits in each axis are equal.

For example: L,fq = Lakq-

In addition, the two self-inductances L4 and L, are assumed equal to the sum of the leakage
inductance L;, due to flux not linking any of the rotor circuits, and the mutual inductance L,

linking the rotor circuits. Then:

Lg=L;+ Ly, Lq =L+ Laq (219)

The d- and g-axis equivalent circuits are illustrated in figure 2.4 and figure 2.5 respectively.
Thus, a complete model describing the characteristics of a synchronous machine is developed.
It should be noted that in the literature, it is very common to neglect the series inductance
Lf1qg — Lqq in the d-axis rotor circuit [10]. Also, it is normal practice to simplify the equivalent

circuits by neglecting the stator circuits [10].
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The parameters, i.e resistances and inductances, expressed in the equivalent circuits below
completely describe the electrical characteristics of the machine [10]. They are termed funda-

mental parameters for future reference in this thesis.

d-axis Stator circuit d-axis Rotor circuit
Ra O L Lid-Lad
- + ifd
m—) =
+
A A+
I | Rtd
I | Rig
I |
| o
€d | | dt Lsg
| | L1gd
I | *
| |
- | I - -
Figure 2.4: d-azxis equivalent circuit. Adapted from [10].
g-axis Stator circuit g-axis Rotor circuit
o
R, . W ) L Iag
M Y «
n
I I
| I
| I Riq Rag
| I
| I dyq
eq : : ar iq Lag i1
| I Liq Lzq
| I
| I
| I
- | -

Figure 2.5: g-axis equivalent circuit. Adapted from [10].
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2.4 Operational parameters

Even though the complete electrical characteristics of a synchronous machine can be described
by the fundamental parameters presented in the previous section, these parameters can not
readily be determined from machine testing [10]. In order to be able to determine the machine’s
electrical characteristics, a different set of parameters are developed that can be related to the
observed behaviour of the machine during testing. These parameters are called operational

parameters [10].

Conceptually, the operational parameters can be determined from the machine’s observable
behaviour during testing, while at the same time being related to the fundamental parameters
of the machine [10]. This way, by determining the operational parameters, the fundamental

parameters can be obtained.

The operational parameters can be represented as transfer functions that relate the behaviour
between the rotor and stator terminals when the machine is considered a two port network
[10]. This is illustrated in figure 2.6. The idea is that, when the machine circuits are considered

a black box, a set of parameters can still describe the responsive nature of the machine.

B e — e + e
; d-axis : g-axis
Ay, B Ae,, Ay, A
network network

-— O - -—

Figure 2.6: The machine represented by a two-port network i the d- and q-azis respectively.

For a synchronous machine, the common way of representing the incremental relationship
between the field and armature terminal quantities is shown in equation 2.20 and 2.21. Here,
1 is the armature flux linkages, eyq is the field voltage and iy and i, is the d- and g-axis

armature currents respectfully. s’ is the Laplace operator.

Avg(s) = G(s)Aeyq(s) — La(s)Aig(s) (2.20)
Athg(s) = —Lq(s)Aig(s) (2.21)

The three operational parameters L4(s), Lqy(s) and G(s) can be described as follows:

G(s) is the armature to field transfer function. It is the Laplace transform of the ratio
between d-axis armature flux linkages and the field voltage, with the armature

open circuited [10].

12 of 100



CHAPTER 2. SYNCHRONOUS MACHINE MODELLING NTNU 2019

La(s) is the d-axis operational inductance. It is the Laplace transform of the ratio
between d-axis armature flux linkages and the d-axis current, with the field

winding short circuited[10].

Lqy(s) is the g-axis operational inductance. It is the Laplace transform of the ratio

between the g-axis armature flux linkages and the g-axis current[10].

The expressions for the operational parameters can be obtained by considering the circuit-
equivalents in figure 2.4 and 2.5, but is a mathematically demanding exercise. In order not
to clutter these pages with an unnecessary amount of equations, the derivation of the d-axis
operational parameters Lg4(s) and G(s) are referred to Appendix B. The resulting expressions,

both for d- and the g-axis, are shown below:

1+ (Ty +Ts)s + TyTgs?

L 2.22
Lo(s) = 1+ (Ty +Ts)s + TyTgs? (2.23)
1 1+ (1 +To)s + Ty T? '
1 T
G(s) = Gy (1 + sTka) (2.24)

1+ (T1 + T2)8 + T1T382

where

L d le
G . a T = —
0 Rpd k=R
L L
7, — Lad + Lyq T, = Log+ L1a
Rfd Rld
1 L ded 1 LoqL;
T:—(L +a7) T:i@ +7)
ST Rig\"M T Log + Lyq * Ryq T80 Loa + Ly
1 L,4L LogL gL
T5=7<L1d+L) T6:7<L1d+ adLpaly )
Ryq Lag + L; Riq LogL; + LogLyq+ LyqLy

It should be noted that the expressions are derived with the two-rotor circuit-model as derived
in section 2.3. The operational parameters can be extended to any number of rotor circuits,

however the two-rotor circuit model is usually considered adequate [10].

For the L,(s)-expression, the time constants can be written exactly as presented above, but
but changing the damper and field annotations with the second and first damper circuit an-
notations respectively. For example, all fd-annotations change to 1g, and all 1d-annotations
become 2¢ [10]. For future reference, it is ssumed that all expressions involving d-axis quan-

tities, also have a g-axis counterpart, but with the annotations changed as described here.
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In the literature, it is more common to express the equations for Lg(s), Ly(s) and G(s) in

factored form [10], as shown in the equations below.

(A sTH(+ ST

L) = Lot b0 ) .25
B (1+ST’)(1+ST”)

Lolo) = Loy o 517 (2.26)

G(s) = (1 + 5Tha) (2.27)

C(L+ sTh) (1 + sTy)

The relationship between time constants in equation 2.22, 2.23 and 2.24 and in the equations
below can be determined by way of comparing the numerators and denominators of the relevant
operational parameter. The classical way of portraying the time constants is by simplification
[10]. Knowing that R4 is much larger than R4 leads to Th being much larger than 75 and T3,
and Ty being much larger than 75 and Ty. This leads to the following, approximate relationship

between the time constants:

Té() ~ T1 TdO ~ T3 Tc/l ~ T4 Tél ~ T(; (228)

The same time constants exist for the g-axis [10]. Also, the G(s) time constant Tjq is as

described in the previous section. For more accurate relationships, refer to [10].

A comment should be made that the goal here is not to confuse the reader with a lot of
equations and a fair amount of subscripted quantities, but rather to show that the factored form
time constants derived above are related to the fundamental parameters of the machine. In the
next section, the operational parameters’ relation to the transient behaviour of synchronous

machines are investigated.

2.5 Transient parameters

One of the advantages of expressing the operational parameters in the factored form is that
they can describe the machine’s performance during transient conditions, as seen from the
generator terminals [10]. During a disturbances, currents are induced in the rotor circuits of the
machine, where the different rotor currents decay at different rates [10]. The fastest decaying
components are called subtransient components, while slower decaying components are called
transient components. Similarly to the decaying current components, machine parameters that
affect the most rapidly decaying components are called subtransient parameters, those that

affect the slower decaying components are called transient parameters, and those parameters
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that influence the steady-state components are called synchronous parameters [10].

The time constants that govern these rates are the same as presented in equation 2.25, 2.26
and 2.27 [10]. Consider the incremental form of the d- and g-axis flux linkages in equation

2.20 and 2.21 with the expressions for the operational parameters as shown below.

(1 + Sde)
(1 + sTh) (1 + sT)
(14 sT))(1+ sTY)
A =-L ! 4
Uals) = Lo YA )

(1+sT)) (1 + sTY)
1+ sT) (1 + sTy)

Aig(s) (2.30)

Atpa(s) = Go Aig(s) (2.29)

Aefd(s) — Ld(

With the stator terminals open (Aig = 0), and applying a change to the field terminals, the d-
axis stator flux, and hence the terminal voltage, experiences a change where the rate of change
is governed by the two time-constants 77, = T4 and T, = Tg [10]. Due to the large differences
in the field and damper resistances, 77, is much smaller than T;9. Thus, Ty, governs the rapid
changes and is termed the d-axis open-circuit subtransient time constant, while T, governs
the less rapids changes and is therefore termed the d-axis open-circuit transient time constant

[10].

The same exercise can be done for the d-axis when short circuiting the field (Aeyq = 0),
leading to the d-axis short-circuit subtransient time constant, T'/, and the d-azis short-circuit

transient time constant, T);. The g-axis constants can be derived in the same way [10].

Also the transient and subtransient inductances are of interest when considering a machine’s
transient behaviour [10]. These are the inductances as seen from the terminals of the machine
during transient or subtransient conditions. Synchronous inductances are associated with the

steady-state operation of the machine.

The synchronous inductance can be derived using the steady-state condition s = 0, while the

subtransient inductance is found using the subtransient condition s = co. Thus:

VT )

La(0) = Ly %:m@ﬁw%
TioTio

(2.31)

For the transient inductance, the transient condition can be seen as neglecting the effect of

the d-axis damper winding. This yields:

T/

) = La(o0) = La(:) (232)
do

The same exercise can be done for the g-axis inductances.
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The important thing to note from these derivations is that the operational parameters of the
machine can be derived from the synchronous and transient behaviour of the machine, as
measured from the machine’s terminals. In extension of this, the fundamental parameters of
the machine can be derived. The Standstill Frequency Response test (SSFR-test) is a test
that attempts to derive the operational parameters through machine testing. This form of

testing is discussed further in Chapter 4.

2.6 Equations of motion, inertia and stability

The rotor dynamics of a synchronous machine is governed by the so called swing equation [10]

and is presented in equation 2.33 below.

2
4 0m + Dddé—m = Tyn — Te (2.33)

J dt? dt

The equation relates swings in the rotor angle ¢ to disturbances in the grid [10]. As seen
from the equation, the rotor angle is balanced as long as the electromagnetic torque, 7., and
the mechanical torque produced by the prime mover of the machine, 7,,, are equal. The
electromagnetic torque is the torque produced by the electromagnetic forces in the machine
due, and oppose the mechanical torque [14]. Dy is the damping torque coefficient and accounts
for the mechanical rotational loss due to windage and friction, while J is the total rotor inertia
[15].

The swing equation can also be written in terms of electromagnetic and mechanical power, as

expressed in equation 2.34.

d%5,, A6
“ 4 Dgwm—2 = Py, — P, (2.34)

Jwm
W2 di

Here, w,, is the mechanical rotational speed, while P,, and P, is the net shaft power and the
electric air-gap power respectively [15]. The rotor angle can also be expressed in terms of
rotational speed, and thus relate either power or torque imbalances to changes in rotor speed
[15].

dém,

= (2.35)

Wm = Wsm
It is also common practice to express the inertia of the rotor mass in terms of an inertia
constant, H [15]. As shown in equation 2.36, the inertia constant H is expressed as the stored
energy at synchronous speed, divided by the machine rating, S. The inertia constant unit
is seconds, and can be interpreted as the amount of kinetic energy stored in the rotor at

synchronous speed in terms of the number of seconds it would take the generator to provide
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an equivalent amount of electrical energy when operating at a power output equal to its MVA
rating [15].

B lefn

H_2S

(2.36)

The equations above are important when analysing power system stability [14]. Power system
stability may be defined as the ability of a power system to remain in a state of operating
equilibrium under normal operating conditions, and to maintain and regain this state after
being subject to disturbances [10]. This usually refers to the ability of the synchronous ma-
chines in a power system to maintain synchronism during both small and large disturbances.
The nature of disturbances that affect synchronism, that is the rotor angle or the rotor speed
of machines, range from small disturbances, such as load changes, to larger more severe dis-
turbances in the form of short-circuits, disconnection of large loads or generators or loss of
transmission lines [10]. Stability studies of these disturbances and how they are affected by the
synchronous machine equations above are termed small signal stability and transient signal

stability respectively.

Small signal stability depends on the machine’ ability to maintain their operation without
severe changes to the rotor angle during small disturbances [10]. Transient stability concerns
itself with large disturbances that cause large changes to rotor angle position. It is normal
that post-fault conditions after such a fault may be different to the operating condition prior
to the fault[10]. For such faults, ancillary stability services are initiated in order to keep the
system stable [10, 15]. The role of the individual machines are therefore usually to maintain

the rotor angle long enough for other services to take over [15].

Consider the equations above. The two factors that affect the change in rotor angle position
are the damping torque coefficient, D; and the rotor inertia, J. For example, as seen from
the equation, during an unbalance in the torques 7, and 7., the magnitude of J determines
the rate of change of the rotor angle: A larger inertia leads to a slower retardation of the
rotor speed. The point to note here is that the inertia and damping torque affects the change
in rotor position due to disturbances, and are therefore important to determine for stability

studies of synchronous machines.

17 of 100



Chapter 3

Machine test procedures

In order to determine the performance characteristics of a synchronous machines it is necessary
to conduct tests to identify the parameters and relations describing a machine’s operating ca-
pabilities. These tests cover a wide range of conditions and characteristics including resistance
measurements, saturation tests, losses and efficiency, torque and synchronous and transient
parameters of the MUT [7]. An IEEE-guide has been developed for standardizing the accepted
tests for determining the performance characteristics of synchronous machines. This guide is
mainly used for the tests conducted in this thesis. The guide is primarily made with focus
on testing synchronous generators, but can however also be used to test synchronous motors,

synchronous condensers and synchronous frequency changers [7].

The following sections presents the test procedures used to test the Siemens-Schuckert syn-
chronous machine. The tests involve the Open-Circuit Characteristic (OCC) test, the Short-
Circuit Characteristic (SCC) test, and the retardation test used to determine the machine’s

inherent rotational inertia.

The Standstill Frequency Response (SSFR) test procedure, used to test the Rudolf-Dietze

machine, is covered in Chapter 4.

3.1 Open-Circuit Characteristic test

The Open-Circuit Characteristic test is used to construct the OCC of the machine. The OCC
is a curve of the open-circuit terminal voltage, V., as a function of the armature field current,
I;. The resulting curve, an example of which is illustrated in figure 3.1, is used to determine
the saturation characteristics of the machine [10]. When the field current is increased, the iron
saturates and the reluctance in the core-iron is increased dramatically. Thus, the magnetic
flux, or the internal generated voltage, increases much more slowly for increasing field current
[16], leading to the curved behaviour observed for higher field currents. The air-gap line is the

relationship between terminal voltage and field current if no saturation occurs [16].

The open-circuit test is performed by measuring the open-circuit armature terminal voltages

for increasing field current when the machine is operated at no-load and at rated speed [7].
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Figure 3.1: Caption

Since the machine terminals are open-circuited, no current flows, and the terminal open-circuit
voltage, Vp. is equal to the internal generated voltage, F, [16]. The IEEE-guide recommends
the following readings to be taken [7]:

e Six readings should be taken below 60% of rated voltage. One of these readings should

be at zero excitation.

e Between 60% and 110% of rated voltage, at least 10 readings should be taken approxi-

mately of every 5% increment in terminal voltage.

e Above 110% of rated voltage, at least two readings should be taken. One should be taken
at approximately 120% of rated voltage, or at the maximum voltage recommended by

the machine’s manufacturer.

All readings should be taken with increasing excitation. If the field current must be reduced
for whatever reason, the field current should be reduced to zero and then slowy increased to

the desired value in order to negate the effect of hysteresis [7].

The observed air-gap line can be obtained by extending the low-field-current linear part of the
OCC beyond the point from which the machine begins to saturate. If the low-field-current
region of the OCC is non-linear, the air-gap line can be constructed tangent to the OCC at

the origin [7].

3.2 Short-Circuit Characteristic test

The Short-Circuit Characteristic test is used to construct the Short-Circuit Characteristic

(SCC) of the machine. The SCC is the relationship between short-circuit armature current
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I, and the armature field current, I, as illustrated in figure 3.1. It is used, together with the
OCC, to determine the saturated and unsaturated synchronous reactance of the machine. In
addition, it can be used to measure the short-circuit losses as well as the stray-load losses of
the machine [7].

The SCC is obtained by measuring the short-circuit currents on a three-phase short circuited
armature for increasing field current. The machine should be run at rated speed. The short-
circuit current should be measured at 125%, 100%, 75%, 50%, 25% and 0% of the rated
current, starting with the highest excitation. This is to keep the temperature in the machine
nearly constant during the test [7]. The maximum test current value of 125% is normally
provided by the manufacturer as the machine should not be operated at above 100% without

risking damage to the machine [7].

3.3 Retardation test and determination of rotor inertia

The rotor inertia of a machine can be determined by a number of methods used in the literature,
where some tests even require the removal of the rotor from the machine [17]. In the context of
this thesis and the machine involved, it was deemed unpractical to attempt separation of the
rotor from the rest of the machine. One common experimental method for determining rotor
inertia, that does not require any separation between rotor and machine, is the retardation
test [17].

The retardation test is performed by rotating the machine’s rotor at no-load, above rated
speed, before removing the prime mover, subsequently letting the rotor decelerate until stand-
still [17]. During this period, power is dissipated due to friction and windage, gradually slowing
down the machine. A typical retardation curve for an electrical machine is illustrated in figure
3.2.

n [min-!]

ce-=n A
oy

i t[s]
[ At R -

Figure 3.2: Typical deceleration curve for a rotor decelerating from above-rated speed [17].
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This curve can be described by the motion equation for free body rotation[15], also known as

the swing equation. This equation is shown in equation 3.3 below:

dw
J—"+Dgw=T (3.1)

dt
Here, J is the total rotor inertia, wy, is the mechanical speed in rad/s, T is the net torque on
the rotor shaft and D, is the damping-torque coefficient which accounts for rotational losses

due to friction and windage [15]. At constant speed, the derivative term %= = 0. This yields:

Daw =T (3.2)

Ty is the idling torque associated with driving the rotor shaft when the machine is operated
at no-load. Thus, the friction and windage "torque” is equal to the no-load torque of the
machine run at constant speed. Consider then a machine operated at constant speed and
no-load which is suddenly disconnected from its prime mover. The acting torque on the rotor

shaft is zero, leading to the following differential equation.

dwp,
J——=-D 3.3
“n — Dy (33)
Solving the above equation with the initial condition w(t = 0) = wq yields the following

equation for the deceleration curve:

w=wpe ™| T=— (3.4)

Thus, in order to calculate the rotor inertia, both the time constant of the deceleration curve
and the damping torque must be found. The time constant is defined as the time it takes for
the speed to reach % of the initial value [18], which can be extracted from the deceleration

curve.
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Chapter 4

Standstill Frequency Response test

The SSFR-test aims to obtain the transfer functions of the operational parameters Lg(s), Lq(s)
and G(s). By exciting the the armature terminals of the machine, and observing the response
in either stator or field windings, different relationships between voltages and currents in the
stator and field can be developed. These test results can further be used in order to derive the
operational parameters, which in turn is needed to derive the complete model of the machine
[19]. This chapter examines the theoretical background for SSFR tests in addition to the
methodical approach to SSFR-testing, test set-ups and instrumentation as recommended by
the IEEE-test guide [7] and other literature.

4.1 Theoretical background of SSFR-testing

The theoretical foundation that SSFR-testing rests upon is frequency response characteristics
of the operational parameters of the MUT. Consider the parameter L4(s) from equation 2.25
and the accompanying asymptotic approximation of its magnitude plot in figure 4.1. As illus-
trated, the corner points of the asymptotic plot is governed by the open- and short circuit time
constants of Lg(s) as well as the magnitude of both synchronous, transient and subtransient
inductance values, Lq, L/, and L/ respectively. The general shape of the plot shown in figure
4.1, in addition to the shapes of both L,(s) and G(s), is applicable to all synchronous ma-
chines. This also applies to the characteristic phase plots of the operational parameters [10].
The conceptual idea of SSFR-testing is thus that if these frequency response characteristics
can be constructed through experimental measurements, analytic methods and tools can be

applied in order to derive the characteristic parameters of the MUT [7].
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The conceptual approach, as described in [20], is summarized in short below:

Step 1 SSFR-test process. Measurement data from SSFR-tests are obtained, and used to con-

struct the frequency response characteristics of the operational parameters.

Step 2 Analysis procedure. The complete transfer functions of L4(s), Ly(s) and G(s) are ob-

tained using analytic methods and curve-fitting tools.

Step 3 Derivation of the complete machine model. The fundamental parameters are derived

from the operational parameters.
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Figure 4.1: Asymptotic approximation of the magnitude plot of Ly(s) [10].
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4.2 Methodical approach to SSFR-testing

The following sub-sections describes the general SSFR-test procedure, as outlined in the IEEE-
guide for test procedures of synchronous machines [7], in addition to discussing different aspects
of the test-setup. This includes instrumentation, required measurement accuracy and factors

that may affect the test results. A brief comment is also made on the analytic part of the test

procedure, and on which approaches that has been used in the literature.

4.2.1 Measurable quantities

In order to obtain the frequency response characteristics of the operational parameters, the

following quantities are measured:
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_ Aey(s)

Zals) = Aia(s) | aesg=0 b
_ Aeq(s)

Zg(s) = — Aig(s) (4.2)
_ Aeg(s

G(s) = SAesals) . (4.3)

From the above equations, each of the operational parameters can be derived. Z;(s) and Z,(s)
indicate the operational impedances as seen from the generator terminals. The operational
inductances can be derived from these by subtracting the armature resistances, as shown in

equation 4.4 and 4.5 below.

Ld(S) _ Zd(S)S_ R, (4 4)
Ly(s) = 2o~ T (15

An alternative to measuring G(s), and which is generally preferred to measuring of G(s), is
to measure small changes in the field and armature currents when the field winding is shorted
[19, 21]. This is shown in equation 4.6

B Airq(s)

SG(S) - SA’id(S) Ae =0

(4.6)

Also, the armature to field transfer impedance, Z,, is usually measured, as shown in equation
4.7.

B Aegq(s)
Zafo(s) N SAifd(S) Aipq=0 (4.7)

A brief note on the notation used in the above equations: The vertical bar to the right of some
of the expressions, and accompanying subscript, indicate the physical connection of the stator
or field during the test. Aeyq = 0 indicates that the field is shorted under test, while Aigg = 0
indicates an open field connection [7]. This is also indicated in the test setup schematics,

which is presented in section 4.2.3.
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4.2.2 Test procedure

As previously discussed, the objective of the SSFR test is to construct the frequency response
characteristic plots of the operational parameters, that is phase and magnitude plots, over a
wide range of frequencies [7]. Thus, tests are performed for each of the measurable quantities,
Zq(s), Z4(s), G(s) or sG(s) as well as Z,f0(5).

Conceptually, each test is performed by exciting the generator terminals with a current and
measuring the response in either stator or field, dependent on what parameter is being mea-
sured. From the measured response, the magnitude and phase difference can be calculated,
and a point on the frequency response characteristic plot is constructed. This process is then
repeated while adjusting the frequency of the exciting current between each measurement.
The tests should be performed for frequencies between approximately three times the rated
frequency of the MUT and down to around 1mHz, with at least 10 logarithmically spaced
measurement points per decade of frequency [7]. Measurement accuracy is discussed in sec-
tion 4.2.5. Eventually the measurements results in the construction of a magnitude and phase

plot as a function of frequency. A typical result of such a test is illustrated in figure 4.2.
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Figure 4.2: Typical frequency response test result. The schematic illustrates the frequency response of
the operational impedance, Zg4(s) [7].

4.2.3 Measurement setup

Typical test setups for the SSFR tests include a signal generator which provides the test
signals, a power amplifier that amplifies the test signal to suitable levels, the MUT and an
analyzer that must be able to measure both magnitude and phase angle differences of two

input signals [7].

The following four schematics illustrates the test-setup for each of the measurable quantities
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Z4(s), Z¢(s), sG(s) and Zgyo(s). Notice that the rotor position, i.e the direction of the field
winding, is different for tests in the d- and g-axis respectively. A brief note on rotor positioning

is made in section 4.2.4.

OSCILLATOR —
FREQUENCY POWER a 3
RESPONSE ANALYZER AMPLIFIER w
[+ [T
b
Yarm Lo SHUNT

| L

Figure 4.3: Test setup schematic for the d-azis operational impedance, Zy(s) [7].

OSCILLATOR — J
FREQUENCY POWER a
RESPONSE ANALYZER AMPLIFIER
Varm Larm SHUNT

Figure 4.4: Test setup schematic for the g-axis operational impedance, Z4(s) [7].
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Figure 4.5: Test setup schematic for the armature-to-field transfer function, sG(s) [7].
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Figure 4.6: Test setup schematic for the armature to field transfer impedance, Zqfo(s) [7].
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POWER 100 Hz
AMPLIFIER OSCILLATOR

Figure 4.7: Schematic of the stator connection used for d-axis rotor positioning. Adapted from [7].

4.2.4 Rotor positioning

Since the operational parameters are measured independently for the d- and g-axis, the rotor
must be positioned in such a way that the stator and field is properly aligned, dependent on
the axis the test is performed on [7, 19]. The following procedure, is used to correctly align
the rotor for both the d- and g-axis tests [7]:

d-axis alignment Excite all phases of the stator terminals with a 100Hz sinusoidal
signal, as illustrated in figure 4.7, and measure the induced field voltage with an oscil-
loscope. The generator shaft is then slowly turned until the magnitude of the observed
field voltage reaches zero. The field winding is then properly aligned with phases a and

b, which is used for the d-axis tests.

g-axis alignment For the g-axis alignment, the machine is connected to the signal
generator as in the d-axis measurement test setup in figure 4.3. As with the d-axis
alignment, the stator is excited with a 100Hz signal and the field voltage is measured
with an oscilloscope. The shaft is turned until the magnitude of the field voltage reaches
zero. The field winding is then properly aligned, and the setup is ready for the g-axis

measurements.

In machines with a large number of poles, a small change in mechanical positioning represents
a large change in electrical angle position. Thus, for these types of machines, it may be difficult

to accurately position the rotor to the correct alignment [19].
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4.2.5 Instrumentation and measurement accuracy

This section describes and considers the type of instrumentation and measurement accuracy
required for the SSFR tests. The type of instrumentation presented is as described in the
IEEE guide for testing of synchronous generators [7].

Signal generator and power amplifier

The signal generator must be able to generator sinusoidal signals from 1mHz and up to several
hundred Hz. In combination with the power amplifier, the signals provided should be able to
induce readily measurable responses in both stator and field. Test currents are not expected
to exceed 0.5% of the rated armature current of the MUT [7].

In addition, test currents should be small enough as to negate any temperature changes in
either the armature, field or damper windings. This is due to the effect temperature changes
has on the winding resistance values. In the low-frequency region of the frequency response
characteristics for the operational impedances, the armature resistance is mostly dominant,
and the test points in this region are therefore susceptible to variations in the winding tem-
perature [7, 22]. It has been reported that the winding resistance experiences a 20m{2 change
per degree Celsius, and that the phase measurement can experience a 2° change per m(2 [22].
It is normal to monitor the armature winding temperature during testing, especially in the

low-frequency range. Thus, resistance values can be corrected if necessary [19].

Frequency response analyzer

The frequency response is normally measured by a frequency response analyzer. This type of
equipment is able to measure the magnitude and phase angle difference of two input signals
[7]. It is also not uncommon that the above mentioned signal generator is part of the frequency
response analyzer [7]. The necessary basic specification of the analyzer is that it must be able
to measure signals in the 1mHz-1kHz region in addition to a phase measurement accuracy
down to 0.1° [7].

Measuring accuracy

As previously mentioned, the low-frequency region of the operational parameters are sus-
ceptible to large variations for the obtained test points. This may partly be attributed to
temperature changes is the windings, but also the noisy signals that appear for low frequen-
cies [7, 22]. Generally, data-acquisition in the low-frequency range is regarded as one of the
main challenges for the SSFR test [19], and several instances report the importance of accurate
data acquisition and measurement accuracy, especially in the low-frequency range, in order to
obtain the best results [7, 22, 19].
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The IEEE-guide reports a measurement density of about 10 test points per decade, logarith-
mically spaced, in the 0.01Hz-1kHz range and 40 test points in the 1mHz-0.01Hz frequency
range [7, 22]. However, noise-minimization by averaging the signal over several periods of sig-
nal measurement is seen as a way of reducing the amount of test points in the low-frequency

region to about 15 points per decade [7].

It has also been reported that higher sampling rates in the lower frequency range improved
test results. An example could be a sampling rate of 100Hz in the 1mHz-10mHz range, and
200Hz in the 10mHz-1Hz range [22].

It should also be noted that the g-axis measurements can be expected to be more susceptible to
noise than the d-axis measurements and that phase measurements generally are more difficult

to determine than magnitude measurements [22]

Measuring devices

For measuring the voltages and currents, voltage probes and current shunts are recommended.
For the voltage probes, instruments with differential inputs are preferred. In order to ensure
adequate measuring accuracy during testing, these measuring devices’ ratings should match
the expected test and response voltage and current magnitudes. In addition the connections
should be made as close as possible to the generator terminals, and measures should be taken

to minimize the effect of contact resistances that might affect the test results [7].

4.2.6 Analysis of test data

In order to produce a transfer-function that fits the test-data, several techniques can be used.
In the literature, most of these include some form of curve-fitting technique [7]. Among these
are the Maximum-Likelihood Estimation method MLE [20, 19] in addition to Levenberg-
Marquadt, and ”Pattern-Search” methods [7]. Other alternatives are digital software that
enables curve fitting and extraction of curve parameters based on measurement data. One such
option is the transfer-function estimation tools in the MATLAB System Identification Toolbox
[23], which estimates a transfer function on rational form with a predetermined amount of poles
and zeros. It is however, not up to this thesis to establish which of these methods are best to
use, and the methods in itself must be investigated separately. For the purposes of this thesis,

the transfer-function estimation options provided by MATLAB is used.
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Chapter 5

Presentation of machines to be
tested

In this thesis, two synchronous machines are tested using known parameter identification
tests. These machines are the 75kVA Siemens-Schuckert synchronous machine and the 8kVA
Rudolf-Dietze synchronous machine. At the time of writing (Spring 2019), the machines are
respectively located at the National Smart Grid laboratory and the F-151 Machine laboratory
at NTNU in Trondheim.

5.1 Siemens-Schuckert synchronous machine

The 75kVA Siemens-Schuckert machine is part of a motor-generator set constituting a syn-
chronous generator and a DC-motor. The synchronous machine has a double set of armature
windings, enabling each phase to either be coupled in double-star (parallel) or in single-star
(series). The coupling affects the rated parameters of the machine. For the purpose of this

thesis, the armature is coupled in series.

A schematic overview of the machine is illustrated in figure 5.1. The connections used during
testing is as shown on the figure. The nameplate of the synchronous machine is presented in
table 5.1.

Synchronous machine DC-machine

Neutral point

Armature terminals

Figure 5.1: An illustration of the Siemens-Schuckert motor-generator set. The armature of the actual
machine is coupled in series-star connection, as shown on the figure.
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Table 5.1: Nameplate parameters of the Siemens-Schuckert synchronous machine

Machine parameter

Symbol | Value

Power

Stator voltage (single-star connected) | V,,

Stator line current
Frequency
Speed

5.2 Rudolf-Dietze synchronous machine

75k VA
450V
96A

50Hz
1000 rpm

The 8kVA Rudolf-Dietze machine is also part of a motor-generator set consisting of a syn-

chronous machine and an asynchronous motor. A schematic illustration of the machine is

shown in figure 5.2, while the machine’s nameplate is listed i in table 5.2. The machine’s

synchronous, transient and subtransient parameters, in addition to fundamental parameters

of the d- and g-axis rotor circuits, has previously been identified in a master’s thesis from 2017

[11]. These parameters are listed in table 5.3.

8kvA Rudolf-Dietze synchronous machine

Armature  Field

Asynchronous machine

Figure 5.2: Schematic illustration of the Rudolf-Dietze machine. The armature and field winding in
the figure is portrayed exactly as the terminals appear on its real-world counterpart.

Table 5.2: Nameplate parameters of the Rudolf-Dietze machine

Machine parameter Symbol | Value
Power Sn 8k VA
Stator voltage (star connected) | V, 220V
Stator line current I, 26.1A
Frequency f 50Hz
Speed Ny 1000 rpm
Maximum speed Nmaz 1500 rpm
Excitation voltage - 110-140V
Excitation current - 3.5A
Pole-pairs PP 3
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Table 5.3: Parameters of the Rudolf-Dietze machine as determined in the Master’s thesis from 2017

[11].

Resistances and reactances Symbol | Value
Armature resistance Ra 0.2185 Q
Field resistance Ry 31.5 Q
d-axis synchronous reactance Zq 3.9 Q
g-axis synchronous reactance Tq 2.56 Q
d-axis transient reactance z!, 1.32 Q
d-axis subtransient reactance z!) 0.505 €2
g-axis subtransient reactance x! 0.756 Q

Time constants

d-axis transient short-circuit time constant T 0.069s
d-axis subtransient short-circuit time constant T/ 0.0062
Armature time constant TV 0.014s
g-axis subtransient short circuit time constant T/ 0.0062
d-axis transient open-circuit time constant Tc/lO 0.20
d-axis subtransient open-circuit time constant Tc’l() 0.16
g-axis subtransient open-circiot time constant éo 0.21
Mechanical time constant T 0.41s

Damper-, leakage- and magnetizing reactances

Stator leakage reactance Tsor 0.064
d-axis magnetizing reactance ZTad 0.58

Field winding leakage reactance Tio 0.21

d-axis damper leakage reactance TDo 0.022
g-axis damper leakage reactance TQo 0.073
d-axis damper resistance rD 0.035
g-axis damper resistance rQ 0.065
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Part 11

Laboratory work, results and

analysis

In part II of this thesis, the laboratory work, obtained results, data processing and analysis
of the results are covered. Part II consists of three chapters. Chapter 6 presents the results
of the tests conducted on the Siemens-Schuckert machine, namely the OCC-test, SCC-test
and the retardation test. Chapter 7 describes the development and resulting laboratory test
set-up and measurement method for the SSFR tests, while Chapter 8 presents the results of
the SSFR-tests conducted on the Rudolf-Dietze machine. All chapters contain one or more of

the following points:

Laboratory set-up and equipment A description of the equipment and laboratory set-up
used for the test. In addition, identification numbers for the different instruments and

equipment used is provided for ease of reference in NTNU’s digital instrument archive .

Method of measurement Description of the measurement method used to conduct the
test in question. Descriptions of any alterations done to the tests with reference to the

methods described in the previous chapters are also included.

Results and data processing Test results, in addition to any calculations performed on the
basis of test results are provided. Results are presented in table or graphic formats, or
should otherwise be accentuated in-text. Some test-data is considered too cumbersome

to present in the results. For these results, refer to the relevant Appendix.

Analysis Where appropriate, an analysis of and discussions around the test results are pro-
vided.

Concluding remarks and recommendations for further work are included at the end of part
I1.
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Chapter 6

Test results for Siemens-Schuckert

machine

I this chapter, the methodical approach used for testing the Siemens-Schuckert machine, in
addition to the results obtained from the OCC-, SCC- and retardation tests, are presented.

A schematic set-up for the tests is presented in figure 6.1. As illustrated, the prime mover used
to drive the machine during the tests was the DC-motor constructed as part of the Siemens-
Schuckert motor-generator set. The nameplate of the DC-motor is shown in table 6.1. The
field of the motor was supplied by the Elektro-Automatic DC-supply, while the armature was
excited using the in-house developed drive-converter for the DC-machine. The converter is a
6-phase interleaved chopper [24], fed by the Delta Electronica DC-supply. A complete overview
of instruments used for excitation of the machines, and the measurement instruments used, is

presented in table 6.2.

It should be noted that values for voltage and currents in the subsequent sections are presented
in RMS-values.

The speed regulation option of the converter control system was used to excite the DC-machine
for operation at 1000rpm. The breakaway current, i.e the current required for starting the
machine, measured approximately 150A on the Delta Electronica supply. The machine runs at
rated speed when the Delta Electronice supply measures approximately 220V, the field excited
by approximately 42V and 3.66A.

Table 6.1: Nameplate of the Siemens-Schuckert DC-motor

Machine parameter Value

Power 46kW
Rated voltage 120V
Rated current 115A
Rated speed 1200rpm
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SCC-connections Retardation-test connections Generator field excitation DC-moter excitation
Oscilloscope DC-supply DC-supply
Neutral point 220
Soen L=d é (oo}
f # # éggg O -.--.-
RQOo0o0 DC-supply Converter
O -.--.-

Synchronous machine DC-machine

iC
G
E

Current tong

Neutral point

a4

QCC-connections

|OO od
Armature  Field

A

Armature terminals

Multimeter

Figure 6.1: Schematic set-up of the machine excitation systems and the connections on the armature
and field terminals of the synchronous machines for the different tests.

Table 6.2: List of equipment used for the open-circuit characteristic test, the short-circuit characteristic
test and the retardation test.

Number Instrument Model type ID-nr.

1 Synchronous generator Siemens-Schuckert — A02-0035
2 DC-motor Siemens-Schuckert  A01-0136
3 DC Power supply Elektro-Automatik B02-0729
4 DC Power supply Delta Electronica B02-0737
5 DC Power supply ET System B02-0527
6 Current clamp FLUKE 104-0308,/0327,/0324
7 Current clamp HIOKIT 3285 104-0373
8 Multimeter Fluke S03-0415/0465/0439,/0436
9 Oscilloscope Tektronix G04-0375
10 Milliohm meter HIOKI HO01-0128
11 Converter - -

6.1 Open-circuit characteristic test

The open circuit characteristic test was conducted with the set-up illustrated in figure 6.1. The
machine was operated at rated speed and the open-circuit voltage was measured on the three
FLUKE multimeters between each phase terminal and the neutral point. As recommended in
the IEEE-test guide, 6 measurements with 10% increments was recorded for the first 60% of
rated voltage. The synchronous machine field current supply was adjusted until the desired
percentage of rated voltage was measured on the multimeters. Between 60% and 110% of

the rated voltage, measurements per 5% interval in armature voltage were recorded. Due to
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the age of the machine, and to ensure its safety, only one of the two recommended readings
above 110% was taken. The reading was recorded at 120% rated voltage. Table 6.3 show the

measurements for each phase.

Table 6.3: Open-circuit characteristic measurements of the Siemens-Schuckert synchronous machine.

I¢ (A) Va(V) Vb (V) Ve (V)
0 2.09 2.09 2.09
0.6 26.1 26.13 26.1
1.3 51.9 51.9 51.9
1.9 77.4 77.4 77.4
2.6 104.1 104.1 104.1
3.2 129.5 129.6 129.6
4 156.4 156.5 156.4
4.3 169.2 169.3 169.2
4.6 182 182 182
) 195.1 195.2 195.1
5.4 207.8  207.8  207.8
5.8 221.2 221.3 221.2
6.2 234.2 234.3 234.2
6.6 246.9 246.9 246.8
7.1 260.1 260.1 260.1
7.5 273.2 273.3  273.2
8.1 286 286 286
9.2 311 311 310.9

The OCC of the machine was constructed using the average value of the measured phase
voltages. The measured points was fitted using the MATLAB Curve Fitting App from the
Curve Fitting Toolbox [25], with the resulting 2nd order function being V = —1.1391;.2 +
44.861f — 1.735, having a R?-value of R?> = 0.9994. Two air-gap lines were constructed.
Following the recommendations of the IEEE-guide, one air-gap line was constructed using the
tangent-line to the fitted OCC at the origin [7]. The other air-gap line was constructed using
a linear line-fit of the first 6 measurement points. The linear fit resulted in the expression
Voe = 39.671; +1.72, with R? =0.9997. The OCC-fit, including measurement points, and the

two air-gap lines are displayed in figure 6.2.

6.2 Short-circuit characteristic test

For the short-circuit characteristic tests, two cables was bolted between phase ’a’ and ’b’, and
between phases 'b’ and ’c¢’ on the synchronous generator armature terminals to create a solid,
three phase short-circuit. This is shown in figure 6.1. The machine was run at rated speed
using the speed regulating option of the supply-converter, ensuring that measurement were
taken at 1000rpm. Currents in each phase was measured using the FLUKE current tongs in

table 6.2. For phase ’'b’, the current tong enclosed both of the cables connecting the three

36 of 100



CHAPTER 6. TEST RESULTS FOR SIEMENS-SCHUCKERT MACHINE  NTNU 2019

500

Fitted OCC
air-gap line (tangent) ||
air-gap line

450

400

350 -

300
Rated voltage, 259.8V

250
200 -

150

Open-circuit voltage, VOC V]

0 1 2 3 4 5 6 7 8 9 10
Field current, I, (A)

Figure 6.2: Open-circuit characteristic of the Siemens-Schuckert machine, including two air-gap lines.
The first is tangent to the fitted line at the origin, the other is a linear fit to the 6 first measurements
of the OCC. Voltages are given as phase-to-neutral values.

phases. Measurements were taken at approximately 85%, 75%, 50%, 25% and 0% of rated
armature current, starting with the largest armature current as recommended by IEEE [7].
To ensure the safety of the machine, it was decided to not make any measurements above 85%
of the rated current. The measurements are listed in table 6.3. The MATLAB Curve Fitting
App was used to create a linear fit, I,. = 22.441; + 1.821, R? = 0.9998, which is displayed

alongside the measurements in figure 6.3.

Table 6.4: Short-circuit characteristic measurements of the Siemens-Schuckert synchronous machine.

Ie(A) Ia(A) Tp(A) L(A)
0 1.8 1.8 1.2
1 24.2 24.3 24.1
2.1 49.6 50.1 49.5
32 729 735 728
3.5 80 81 80.3

6.3 Retardation test

The retardation test was performed by operating the DC-motor up to rated speed using the
speed-regulation option of the converter. After about two minutes, the armature-current
supply was cut off, letting the rotor shaft of the machine freely rotate until standstill. The
rotational speed of the machine was measured continuously by a tachometer, the data being

processed by an oscilloscope. The resulting retardation curve is displayed in figure 6.4.

In addition, for the calculations conducted in the next section, measurements of armature

current and voltage was recorded. The recordings was performed with an amperemeter and a
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Figure 6.4: Retardation curve of the machine. The time constant is equal to 7 = 96.06s, as can be read

from the curve.

multimeter respectively, the multimeter being connected on the converter terminals. Measure-

ments of the armature resistance was conducted beforehand with the HIOKI Milliohm-meter.

The measured values are presented in table 6.5.

Table 6.5: Armature voltage- and current measurements at no-load and rated speed. The armature

resistance was measured at standstill.

Parameter

Measured value

Armature current, I,
Armature voltage, V,
Armature resistance, R,

38 of 100

37.7TA
115.1V
67.7mS?2



CHAPTER 6. TEST RESULTS FOR SIEMENS-SCHUCKERT MACHINE  NTNU 2019

6.4 Inertia calculation

The rotor inertia is calculated in the same way as conducted in [26].

From section 3.3, it was found that the equation for the retardation curve can be described
with the following equation, where the time constant, 7, represents the rate of decay of the

curve. This is the same equation described in section 3.3.

w=uwper |, T=— (6.1)

Notice that the time constant, 7 is dependent upon the damping-torque coeflicient, Dy, and
the rotational inertia, J. In addition, Dy can further be expressed by the idling torque, Ty
of the machine, that is the torque associated with running the machine at no-load and rated

speed. This is expressed in equation 6.2 below, which is also described in section 3.3.

Tp = Dgw (6.2)

Thus, by knowing the idling torque, Ty, and the time constant, 7, the inertia of the rotor can
be obtained. The idling torque can be determined by considering the equations for induced

torque and induced voltage in a DC-machine [16], as expressed in equation 6.3 and 6.4 below.

E, = kdw (6.3)
Tina = k@I, (6.4)

Here, k, is a machine constant, ® is the air-gap flux, w is the rotational speed of the rotor,
I, is the armature current, while £, and T;,4 is the internal generated armature voltage and

induced torque respectively. Combining these equations yields the following:

Ealq
w

T;Lnd =

(6.5)

Using the measured values in table 6.5, and Kirchoff’s voltage law for DC-machines [16], the

internal induced voltage is calculated:

E, =V, — Ryl, — E, = 110.55V (6.6)

Here, Ej is the brush voltage drop. This voltage can be neglected, or is usually a fixed voltage
drop of 1-2V [16, 27]. In this thesis, the brush voltage drop is considered to be 2V.
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Using the calculated value of E, and I,, the idling torque, Ty becomes:

Eo-1, 110.55V - 37.7A
w 1000Tpm%—g

Ty = = 39.8Nm (6.7)

The damping-torque coefficient is then determined by utilizing equation 6.2:

T 39.8
Dy="=__""__ —0.38Nms (6.8)
w 1000rpmg5
The time constant can be extracted from the deceleration curve. The time constant is defined
as the time it takes for the speed to reach I of the initial value of wy = 1000rpm [18]. From

the curve, this equates to 7 = 96.06s.

Thus, the rotational inertia of the machine can be computed as follows:
J=17-Dg=96.06s-0.38Nms = 36.5kgm? (6.9)
It can also be expressed as the inertial time constant, H.

_ 1Jw?  136.5kgm® - (100035)° &

H_z S 2 75V A

= 2.67

(6.10)

»n
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Chapter 7

SSFR measurement set-up and test

procedure

This chapter concerns itself with the development of the laboratory set-up and the test proce-
dure used for the SSFR-tests. Preliminary tests were conducted, based on the recommended
measurement methods outlined in Chapter 4, and available equipment. The goal with these
tests was to obtain practical experience with the instruments, to establish what instruments
provided the best test results and establishing a test-procedure to be used in the final SSFR-

tests.

This chapter is divided into two parts. First, the resulting laboratory test set-up is described,
including descriptions of the most notable equipment used. Secondly, the test-procedure de-
veloped from the preliminary tests is presented, including strategies for enhancing the test

results.

The actual SSFR-tests are presented in Chapter 8.

7.1 Laboratory set-up development

A schematic for the laboratory test set-up used to conduct the d-axis operational inductance
measurements is illustrated in figure 7.1. The test set-up shown here is principally the same
as for the other d-axis and g-axis tests, only changing the rotor position and the measurement

probe connections between tests. The other test set-ups are illustrated in Chapter 8.

The set-up includes a function generator to excite the terminals of the synchronous machine,
an amplifier for amplifying the test signal and an oscilloscope for measuring the resulting wave-
forms and phase shifts. A complete list of the equipment used for all further tests presented
in this thesis, is listed in table 7.1.
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Figure 7.1: Principal schematic of the developed SSFR test set-up.

Function generator

The Tektronicx AFG31052 [28] was used as the arbitrary function generator in the set-up. The
generator has the capacity of generating sinusoidal signals of 10Vpp in the required frequency
interval of 1mHz-1kHz. It is equipped with two independent channels, in addition to an
external trigger channel. During preliminary testing on the Rudolf-Dietze machine, a 10Vpp
signal output of the signal generator measured an approximately 200mA input current on the
generator. With a rated current of 26.3A, this was deemed sufficient for the recommended
magnitude of test currents, about 0.5% of rated armature current. As is discussed later, it

was discovered that the test currents would decrease for lower frequencies.

Power amplifier

In order to keep the armature current constant at approximately 0.5% of the rated current,
the Toellner TOE 7610-20 power amplifer was used. The power amplifier is able to amplify
the input voltage from the signal generator up to 40Vpp, and a maximum output current of
7.5A [29]. The amplifier also has a frequency bandwidth of 2Hz-30kHz for AC-coupling and
0Hz-30kHz for DC-coupling .

Oscilloscope

The Rohde & Schwarz RT 02044 digital oscilloscope was used as a substitute for the recom-
mended frequency response analyzer in order to measure the magnitudes and phase shift of
the measured waveforms. An attempt at acquiring a frequency response analyzer was made

by e-mail to other departments at NTNU, but was unsuccessful, and it seems that no such
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equipment currently exist at NTNU. For future SSFR-studies, a frequency response analyzer

should be acquired.

The oscilloscope was chosen due to its high sample rate of up to 20Gsamples/s, accurate
trigger system, low noise-floor and high presicion measurements [30]. In discussions with the

laboratory personnel, this seemed like the best option in lieu of a frequency response analyzer.

Measuring probes

For the measurement probes, the preliminary tests provided comparable measurements from
which to establish which of the probes were the best and most accurate to use for the SSFR-
tests. Several probes, both differential and current probes were tested. The signal-to-noise
ratio for the different probes were mainly considered due to the corrupting nature signals with
larger signal-to-noise ratios had on the measurements made by the oscilloscope. This resulted
in the choice of the Rohde & Schwarz RT-ZC30 and FLUKE current probes, in addition to
the Tektronix P5200 differential probe.

Table 7.1: Measurement list for the instruments and equipment used for the SSFR-tests.

Number | Equipment Model type ID nr.
1 Oscilloscope Rohde & Schwarz RT02044 G04-0385
2 Function generator Tektronicx AFG31052 B03-0629
3 Power amplifier Toellner TOE 7610-20 B03-0479
4 Differential probe Tektronix P5200 106-0490
5 Current probe FLUKE 104-0520
6 Current probe Rohde & Schwarz RT-ZC30 | G04-0385-03
7 Milliohm-meter HIOKI RM3548 HO1-0127
8 Synchronous generator | Rudolf Dietze A02-0021

7.2 'Test procedure

As described in section 4.2.5 about measuring accuracy, accurate data acquisition is important
to consider for the best possible test results. It was therefore important to identify aspects
of the test-setup and the test procedure that might affect the measurements. These aspects
include factors that affect the actual measurements, such as winding temperature, but also
aspects regarding the test set-up and correct operation of test instruments and equipment.
Preliminary tests were performed, both to obtain experience with the equipment and to iden-
tify where in the test set-up sources of error might arise, and what measures that could be
taken to eliminate these sources of error. Based on these tests, a strict test procedure was
developed with the goal of eliminating source of error, and strategies to use in order to enhance

the accuracy of the test results.
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The test-procedure is separated in two distinct procedures: an initiation procedure, which in-
cludes preparations to be done before testing, and the method of measurement, which includes
strategies for enhancing the accuracy of test results. The complete measurement procedure

applies for all the SSFR-measurements.

7.2.1 Initiation procedure

The initiation procedure was performed at the beginning of each measurement cycle. The
goal was to create a basis for measuring to ensure that all measurements taken was taken on
the same system, eliminating any differences in the test-setup between measurements. The

complete initiation procedure is described step-wise below:
Step 1: Oscilloscope calibration

The oscilloscope was calibrated using a split signal from one of the function gen-
erator output channels connected to the oscilloscope channels to be used for the
actual measurements. The set-up is illustrated in figure 7.2. A 100Hz 10Vpp signal
was applied. The two sinusoids shown on the oscilloscope was then positioned right
on top of each other by adjusting the position of one waveform either horizontally
or vertically. This way, any relative measurements between the channels, such as

phase measurements, is taken on the correct reference.
Step 2: Probe calibration

Measurement probes used for the measurements was correctly calibrated, as de-
scribed in their respective user manuals [31, 32, 33]. The user manuals can be

found in NTNU’s digital instrument archives.
Step 3: Rotor alignment

Correct rotor alignment was initiated with the machine being connected to the
function generator and oscilloscope as illustrated in figure 7.3. The connection used
was dependent on wheteher d- or g-axis tests was to be done. A 100Hz 10V pp signal
was applied to the armature terminals, and the resulting induced field voltage was
observed on the oscilloscope. The rotor was then turned until the voltage waveform

was nearly nulled, and the minimum voltage obtained was recorded.

7.2.2 Measurement method

The measurement method follows the general test procedure as outlined in section 4.2.2, with
some adjustments. This section describes the procedure in detail. When using a digital oscil-
loscope with fine resolution such as in this thesis, it was discovered that the obtained signals

often contained varying degrees of noise. In addition, for frequencies <~1Hz, it was difficult
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Figure 7.2: Schematic set-up for oscilloscope calibration.
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Figure 7.3: Schematic set-up for d-axis rotor alignment. The q-axis connection for g-axis rotor align-
ments is illustrated in the bottom left corner. An ancillary trigger signal can be used for easier waveform
triggering.

to obtain stable waveforms. This affected the ability of the oscilloscope to make accurate mea-
surements on and between the test signals. Therefore, during the preliminary tests, strategies
for enhancing the test signals and for obtaining more accurate results was developed. These

strategies are briefly described below, in addition to the measurement procedure.

Measurement procedure

Step 1: Test set-up

[0 The instruments were set up and connected according to the relevant test. These

test set-ups are illustrated in figure 8.1, 8.18 and 8.16, in the relevant results- and

analysis sections.
Step 2: Data acquisition

O A 1kHz signal was applied to the machine’s armature terminals, and the response
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of the resulting waveforms of currents and/or voltages in either stator or field was

measured on the oscilloscope.

[0 The signals were measured using the ’High’- and ’Phase’-measurement types on
the oscilloscope. The 'High’-function measures the highest point of the waveform,
i.e the largest amplitude measured, while the ’Phase’-function measures the phase

shift between the two waveforms [30]. The phase shift is measured in degrees [30].

[0 The ’Statistics’-function on the oscilloscope was used to obtain a statistically more
accurate measurement of the amplitude and phase shift. The ’Statistics’-function
measures the relevant parameters over several cycles of the test signals, enabling
the recording of quantities such as averages, RMS-values, standard deviation and
the amount of waveforms the calculations take into account [30]. The calculated
averages of the amplitude and waveform phase difference were recorded manually

in a Microsoft Excel sheet.

[0 The process described above was then repeated a number of times, each time chang-
ing the frequency of the generated test signal. The frequencies used for testing
was predetermined in order to generate approximately 10 recordings per frequency

decade, as discussed in section 4.2.5.

Measurement accuracy strategies

As previously mentioned, preliminary tests showed that noisy waveforms might heavily distort
the oscilloscope’s ability to make accurate measurements of both amplitude and phase shift.
In addition, for lower frequencies, it became harder for the oscilloscope to portray waveforms
correctly, and to maintain a steady waveform on-screen, which also affected the measurements
performed. Thus, several strategies was developed in order to enhance the oscilloscope’s ability

to conduct these measurements.
Signal filtering

A digital filter of 100kHz was used to reject high frequency noise on the measure-
ment signals [30]. This filter was applied to all measurement channels, and was

used at all times during the SSFR-testing.
High-res mode

In order to portray waveforms with higher vertical resolution, the "High-res’ mode
of the oscilloscope’s acquisition set-up was used. This option changes the sampling
method of the oscilloscope by averaging n numbers of samples and portraying the
average value as one sample point [30]. This strategy was utilized during rotor

positioning and for almost all the SSFR-tests, especially for lower frequencies.

Waveform averaging
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The ’Average’ waveform arithmetic method was used when signals became too
difficult to measure using the default specifications of the oscilloscope. This includes
low-amplitude, high-noise and/or low-frequency waveforms. The method builds the
digitized waveforms based on the average of several acquisition cycles. It reduces
random noise [30] and seems to create a signal more suited for measurements. The

strategy was used extensively during testing and for accurate rotor positioning.
Ancillary trigger signal

An ancillary trigger signal was used when the oscilloscope had difficulties triggering,
i.e creating stable waveforms based on the test-signals alone. The strategy is based
on creating an easily portrayable signal for the oscilloscope to trigger on. Channel
2 of the function generator was set to apply a signal with the same frequency
as the exciting signal used for the SSFR-tests, while directly connected to a free
channel on the oscilloscope. This channel was then used as the trigger-channel in
the trigger set-up menu. In the schematic for axis-alignment shown in figure 7.3,

the connections of such a signal is illustrated.
Sampling rate

For lower frequencies, i.e < 5Hz, the sampling rate was reduced in order to produce

more readily measurable signals.
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Chapter 8

SSFR-test results and analysis

In this chapter, test set-up, results and analysis of the SSFR-tests are presented. The chapter

is divided in four parts, as described below.
1. Preliminary tests

Preliminary tests of L4(s) and Ly(s) were performed in order to test the test set-
up, decide what equipment was best to use and how to obtain the best results.
Test results and analysis are provided. Results regarding the test-instrumentation
has previously been discussed in Chapter 7 and is therefore not discussed further.

Measurement results are included in Appendix F.
2. Resistance measurements

The method for accurate determination of the armature winding resistance R, is

provided. Measurements are presented in Appendix D.
3. SSFR-tests

Four tests are performed, one for each of the operational parameters Lq(s), Lq(s),
sG(s) and Zgro(s). Test set-ups, measurement method, results, data-processing and
analysis of results are provided. Measurements results are provided in Appendix

G.
4. Parameter estimation

A parameter estimation method using a MATLAB transfer-function estimation
function is presented. A validation study of the method is performed on a machine
with known parameters. Lastly, the method is used in an attempt at estimating
some of the transient parameters of L4(s), Ly(s) and G(s). Analysis of results are

provided.

A note should be made that, if not otherwise specified, the initiation- and measurement
procedure, as well as the measurement strategies stated in the previous chapter, are all used

for all relevant tests presented in the following sections.
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8.1 Preliminary tests

For the preliminary tests of the operational parameters Lg(s) an Lg(s), the test set-up as
illustrated in figure 8.1 was used. The difference in test set-up was the rotor positioning,

which was correctly positioned in advance of each test, as outlined in section 4.2.4.
Three types of tests were performed:

e Base test The base test was performed by exciting the terminals with a constant 10V pp

signal for all frequencies.

e Constant current In order to keep the test-current in the preferred 0.5%-range of the
machine’s rated value, a test was performed while keeping the test-current at approxi-
mately 150mA for all frequencies. As shown in table 5.2, the machine’s rated current
is 26.1A.

e High current The high current test was performed in order to test if a higher current
had any significant impacts on the results. The test-signal was maintained at approxi-

mately 250mA for all frequencies.

The constant- and high-current tests was performed with the amplifier connected. The base
test was performed exclusively with the function generator. Also, the high-current test was

only performed during testing of Ly(s).

When calculating the operational inductances, the armature resistance R, is needed. The
armature resistance was therefore measured using the HIOKI milliohm-meter. Each of the
phases were measured separately, and the average values of these measurements were used in
the calculations. The obtained value was R, = 0.231€2. This value is relatively consistent

with the value used in earlier testing of the machine [11], which was measured at R, = 0.21851).

8.1.1 Preliminary measurement results

The results from the Z;(s)- and Z,(s)-measurements are shown in figure 8.2a and 8.2b. The
resulting curves are consistent with what was expected. At higher frequencies, the resistance
of the conductor is higher due to decreasing skin depth. This is illustrated by the increasing
linear part of the magnitude curves of Z;(s) and Z,(s), and can also be illustrated by plotting

the real part of the impedances, as illustrated in figure 8.3.

Also, the phase increases for higher frequencies. At low frequencies, the magnitude of the op-
erational impedances are mostly governed by the armature resistance, leading to a magnitude
which is almost purely resistive, and accompanied by almost zero phase shift. However, as the
inductive part of the operational impedances increase, both the magnitude and phase shift

increase. This is consistent with an impedance that shifts towards a more inductive nature.
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Figure 8.1: Schematic test set-up for the d-axis operational impedance measurements. The dotted square
in the top-right corner illustrates the connections using the amplifier. In that case, the output signal
connectors are connected to the armature terminals of the machine.
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Figure 8.2: Comparison of the resulting frequency responses for the d- and g-axis operational impedances
Z4(s) (a) and Z,(s) (b).

By using equations 4.4 and 4.5, the operational inductances L4(s) and Ly(s) was calculated.

The script used for the calculations are shown in Appendix C.2. The resulting frequency

responses is illustrated in figures 8.4a and 8.4b.

In contrast to the operational impedances, the magnitudes of the operational inductances

decrease for higher frequencies. As the expression sL(s) = Z(s) — R, states, the magnitude

of the inductance should decrease due to the increasing value of R, for higher frequencies.

However, what is most apparent with the frequency responses illustrated in figures 8.2 and

8.4 is the relatively short frequency range of measurement, the degree to which the base test,
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constant current test and the high current test diverge. This is discussed further in the next

section.

8.1.2 Low-frequency measurements

During the preliminary tests described above, it quickly became apparent that the oscillo-

scope, used for measuring waveforms, had increasing difficulties with measurements in the low

frequency region. As can be seen from the frequency responses for the operational impedances

and inductances, the measurements stops in the 1-10Hz range for the base case, and 0.1-1Hz

range for the constant and high current tests. In these parts of the frequency spectrum, stable
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and triggered waveforms was increasingly difficult to obtain until, at some point, it became
virtually impossible for the oscilloscope to obtain any reasonable data or make any measure-
ments at all. For example, the leftmost point on the curves in the frequency response plots
above was the last point that the oscilloscope was able to measure using the strategies de-
scribed in section 7.2.2. The oscilloscope was not able to measure anything for frequencies

any lower than this.

The main reason for these difficulties comes from the fact that the oscilloscope was not able
to create a stable, triggered signal for low frequencies. When measuring the test points, as
described in section 7.2.2, an averaging of the signals was used to provide the most accurate
measurement possible. However, this function only works for relatively stable and triggered
signals, and when no waveforms can be generated, no measurements based on this ’averaging’
can be done. Consequently, the measurable frequency range of the tests performed in this

thesis is approximately 0.1-1000Hz.

At the same time, signals take longer to complete a full cycle for lower frequencies. When
‘averaging’ these low-frequency waveforms, fewer cycles are used for the ’averaging’, possibly
making the measurements less accurate. In combination with noisier signals and small response
amplitudes, the lowest amplitudes in this range being in the order of several hundred pV to
1-2mV, these factors may cause less accurate measurements. For this reason, data acquisition

in the low frequency range can be assumed to be less accurate than for higher frequencies.
From this, the following conclusions can be made:

e It is impossible to obtain the complete frequency response of the operational parameters
with the current test set-up. The implications of this is that it is impossible to identify

the complete set of machine parameters.

e Measurements in the low-frequency region can be assumed less accurate than in the

high-frequency range.

e With regards to competence development, and to future work and studies into SSFR-
tests on the Rudolf-Dietze machine, the SSFR-tests are still performed, but only in the

measurable frequency region.

8.1.3 Sensitivity to armature resistance

As can be seen in figure 8.4, the base case, constant current and high current tests seem to
diverge somewhat, especially in the low-frequency region. The reason for this might be less
accurate measurements in the lower frequency range, as discussed in the previous section.
However, when taking figure 8.2 and the operational impedance measurements into consider-
ation, the measurements seem to still be consistent with the trend in the measurements, not
diverging in any significant way. This makes an argument that other factors might affect the

diverging nature of the different operational inductance plots.
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One such factor is the armature resistance, R,. In the literature, the armature resistance is
deemed an important parameter to accurately determine in order to mitigate possible large
errors in the operational inductance for low frequencies [7]. Consider first figure 8.5, and
how dramatically the low frequency region of the plots are affected to even small changes in

armature resistance.
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Figure 8.5: The figure illustrates the sensitivity of the operational inductances, Ly(s)(a) and Ly(s)(b),
to the armature resistance value, R,. The test used for comparison, in both (a) and (b), are the constant
current test cases.

In addition, notice how different the base case is from the constant- and high current tests
in figure 8.4. Even though all operational inductances were calculated using R, = 0.231, the
curves look drastically different. With the constant- and high current tests however, there
seems to be small differences between the curves, in contrast to the base case. As already
discussed in section 4.2.5, the temperature in the windings may affect the resistance in the
armature windings. In the example of the constant- and high current tests, the current is
relatively constant throughout the test, the currents held constant at approximately 150mA
and 250mA respectively. Thus small resistance changes would be expected throughout the
tests. In the base case however, the current changes throughout the test, varying in the range
of 30-180mA in the 1-5Hz frequency range. This may cause the armature resistance to change
during the test, especially in the lower frequency region when more time is needed to record
any measurements. This may explain the more sudden increase or decrease in magnitude and
phase for the base case when compared to the constant- and high current cases. It may also
explain why the constant- and high current cases seems to follow each other more closely in
the low frequency range. When the current is constant, the temperature change is minimal,
which results in small changes in resistance. The differences between the constant- and high
current cases can then be attributed to the difference in winding temperature between the two

tests, however this has not been confirmed.

From this, the following conclusions can be made:
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e The operational inductance calculations are very sensitive to the armature resistance,
R,. In order to provide the most accurate test results, accurate determination of the
armature resistance value is required. The following section discuss the determination

of a more accurate value of the armature resistance.

e In order to obtain accurate test results, the temperature must be kept as constant as
possible throughout the test. For further tests, the temperature is then kept constant by
keeping the test currents at approximately the same level throughout the test. All further

tests were performed by keeping the test-current constant at approximately 150mA.

8.2 Armature resistance measurements

A new, more accurate armauture resistance measurement was performed in order to obtain a
more accurate value for the armature resistance of the Rudolf-Dietze machine. The process of

measuring is described briefly below.

The resistance measurements on the Rudolf-Dietze machine were performed using the HIOKI
Milliohm-meter. The ’neutral-chip’ connecting the three-phase windings in a neutral point
on the machine was removed. In order to connect the alligator-clips of the milliohm-meter
to the banana-plug connectors on the machine, two small banana-plug cables were used. A
measurement series of 10 measurements were used to determine the resistance of the cables.
These measurements are listed in table D.1 in appendix D. The sum of the average value of

these measurements are listed in table 8.1 below.

The resistance of each of the three-phases on the machine was then measured. A measurement
series of b measurements per phase were performed, the average of which are listed in table

8.1 below. The per-phase measurement series are listed in appendix D.

The winding resistance was then calculated by subtracting the series resistance of the two
cables from the average per-phase resistance value. The resulting armature resistance value is
also listed in table 8.1 below.

Table 8.1: Measured resistance values for the measurement cables and three-phase armature windings
of the Rudolf-Dietze machine. The resistance values Ry, Ry and Ry are the per-phase measured

resistance values, not subtracting the resistance of the cables. R, is the average of the three-phase
resistances presented, with the resistance value of the cables subtracted.

Resistance Value (mf2)

Rcables 17.9
Ry 232.91
Ry 233.93
Rw 233.03
R. 215.39

The resulting resistance value of R, = 215.39m{2 is much more in line with the previously
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measured value of R, = 218.5mf? as measured in [11].

Another method for measuring the armature resistance is to consider the real part of the

operational impedances, as illustrated in figure 8.6. The armature resistance can be obtained

by extrapolating the data of measured points towards

zero frequency [7].
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Figure 8.6: Real components of the operational impedances Z4(s)(a) and Z4(s)(b) plotted as a function
of frequency. The test data used is from the constant current preliminary tests.

The data was extrapolated using the Curve Fitting App [25] from the MATLAB Curve Fitting

Toolbox on test points in the frequency region of <10Hz. The curve fit was performed using

the Polynomial fit option and choosing the degree that resulted in the best R-square value.

The resulting fit, using a 3rd order polynomial fit, is illustrated in figure 8.7.
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preliminary tests. Figure (a) display the curve fit of Zy(s), while figure (b) shows the Z,(s) curve fit.
The curve fit was performed on test points for frequencies below 10Hz.
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When extrapolating the curves to zero frequencies, the resulting values of the armature re-
sistance becomes, R, 4 = 224.3mf) for the d-axis measurements, and R,, = 223.1m for
the g-axis. The resulting values differ from each other by approximately 0.5%, and from the
measured value for R, by approximately 3-4%. It is clear that these values differ from the
measured value to a relatively large extent. This may be attributed to the fact that the oscillo-
scope was not able to measure anything for lower frequencies than approximately 0.1Hz. This
means that two decades of data that normally would be taken into account, i.e frequencies
between 1mHz-0.1Hz, was not part of the data used for the curve fit. This may have caused
discrepancies in the resulting extrapolated R,-values. In combination with the fact that the
low frequency measurements are deemed less accurate, as discussed in section 8.1.2, these

values are deemed approximate at best.

Therefore, the measured value of the armature resistance value, R, = 215.39m¢2, is the per-

phase armature resistance value used for further calculations throughout this thesis.
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SSFR-tests

The following sections presents the test set-up, measurement results and analysis of the com-

plete set of frequency response characteristics for the operational parameters: Lg(s), Lq(s),
Zato(s) and sG(s).

In order to negate the tests’ sensitivity to armature resistance changes, as established from the
preliminary test results, the SSFR-tests in these sections were performed using the following

conditions:

e The tests were performed using the amplifier and keeping the test current near constant

at approximately 150mA., around 0.5% of the machine’s rated current of 26.1A.

e An armature resistance value of R, = 215.39m{) was used in the calculations of the

operational impedances Lg(s) and Ly(s).

When recording the measurable parameters for each test, such as armature voltage or current,
additional recordings of the accompanying standard deviation value of the associated parame-
ters were also taken. This possibility is enabled by the "Statistics’-function in the measurement
options of the oscilloscope. When averaging the measurements of a waveform over several cy-
cles, all of the oscilloscopes recorded values for each acquisition is saved into one point [30].
The variance in the data set used to calculate the measurement average is represented by a
standard deviation value. This value was recorded for all measurable parameters in the tests,

except for the armature to field transfer impedance Z,,(s).

The recording of the standard deviation values was made in an attempt at illustrating the
spread in the measurement data. When performing calculations using quantities with at-
tached uncertainty values, such as standard deviations, it is important to properly estimate
the propagation of uncertainties [34]. The formulas used for calculating error propagation in

this thesis is presented in Appendix E.

The measurement data files, including recorded values of accompanying standard deviation

values and test frequencies, is presented in Appendix G.
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8.3 Direct axis operational inductance, L;(s)

The direct axis operational inductance frequency response characteristics were obtained using
the laboratory set-up and connections illustrated in figure 8.1. The rotor was positioned as
outlined in section 4.2.4, and the minimum voltage recorded was eyq = 280uV. The resulting

frequency response characteristic is displayed in figure 8.8.
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Figure 8.8: Frequency response characteristic of the d-axzis operational impedance, Zy(s), including
standard deviation envelope.

The resistive part of the impedance was calculated using the MATLAB-script in Appendix
C.1, and the resulting curve is illustrated in figure 8.9a. A 4th degree polynomial fit of the
curve was performed using the MATLAB Curve Fitting App [25], the results of which is shown
in figure 8.9b.

3 0.31
O Measurement points
03[ Line fit 1
25¢
0.29

2 0.28 O
§ § 0.27 -
151 8
2 2 0.26 %
3 3 (e2]
[ [ o/

1 0.25 o

/ o
/ 0.24 e
/ .
05 // ] o) o‘pCpe0
T 0.23 o
0 . . . 0.22
107 10° 10' 10? 10° 102 107 10°
Frequency [Hz] Frequency [HZ]
(a) (b)

Figure 8.9: Resistive part of the d-axis operational impedance, Zq(s) (a) and 4th degree polynomial fit
of the same curve for frequencies below 10Hz (b).
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The extrapolated value of the armature resistance was R, = 223.9mf). This value is a little
higher than the measured value of R,, diverging with approximately 4%. However, as discussed

in section 8.2, the extrapolated value is deemed too uncertain to be used in further calculations.

The operational inductance was calculated using the MATLAB scripts as presented in Ap-
pendix C.2. The resulting curves are showed in figure 8.10, in addition to standard deviation
envelopes. Notice the increased uncertainties in the lower frequency range. As shown in figure

8.11, the uncertainties are larger for lower frequencies, especially the phase measurements,

sometimes amounting to as much as 5-10°.
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Figure 8.10: Frequency response characteristic of the d-axis operational
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The figure illustrates the increased variance in Ly(s) for lower frequencies.
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8.4 Quadrature axis operational inductance, L(s)

The quadrature axis operational inductance frequency response characteristics were obtained
using the laboratory set-up shown in figure 8.1 using the g-axis connections. The rotor was
positioned following the g-axis rotor alignment procedure as outlined in section 4.2.4. The
minimum voltage recorded was ey, = 350uV . The measured frequency response characteristic

is shown in figure 8.12.
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Figure 8.12: Frequency response characteristic of the g-azis operational impedance, Z,(s), including
standard deviation envelope.

In the same way as for the d-axis, the resistive part of the impedance was calculated and
extrapolated to zero frequency with a 4th order polynomial fit, as shown in figure 8.13. The

resistance value estimate was R, = 0.2198, a 1% difference from the measured value of R,.
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Figure 8.13: Resistive part of the g-azis operational impedance, Zy(s) (a) and 4th order polynomial fit
of the same curve for frequencies below 10Hz (b).
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The operational inductance was calculated in the same way as for the d-axis measurements.

The resulting frequency response characteristic is displayed in figure 8.14a, while the increased

variance for frequencies below 1Hz are accentuated with figure 8.14b. Compared to the d-axis

measurements, variations in the g-axis magnitude and phase measurements are significantly

greater, and contain much more variance in each measurement point. This is not only true for

the measured standard deviation values, but also for variance between measurements. When

considering the frequency plots of the d-axis in figure 8.10, both magnitude and phase plots

appear much more consistent, resulting in more smooth and even curves than the correspond-

ing g-axis plots illustrated below. These plots, on the other hand, contain a more 'choppy’

and uneven nature in the low-frequency region.
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Figure 8.14: Frequency response characteristic of the g-axis operational inductance, L,(s), including
standard deviation envelope (a), and illustration of the increased variance in Ly(s) for lower frequen-

cies(b).

These inconsistencies may come from the fact
that the low-frequency test-points in the g-
axis was much harder to obtain than for the
d-axis, and that greater accuracy when ob-
taining the test-points in this region is re-
quired. In order to demonstrate the in-
consistencies when making measurements in
this region, another test was made. The
operational-inductance for this test is shown
in figure 8.15. As illustrated, the same
upward- and downward-sloping trends of the
L,(s) magnitude and phase plots seem to be
consistent for the two tests. However, the
relative large scatter of points in this region

indicates low measurement-accuracy.
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Figure 8.15: gq-axis inductance frequency response
characteristic for the additional q-azis test, includ-
ing standard deviation envelope. Notice the scatter
of test-points in the low-frequency region.
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8.5 Armature-to-field transfer impedance, Z,,(s)

The armature-to-field transfer impedance was measured using the test set-up schematically

illustrated in figure 8.16, and the rotor aligned for d-axis measurements. The lowest field

voltage measured during the alignment was efq = 270uV .

Measurements with amplifier

Oscilloscope Function generator Power amplifier
Function generator ggo o II oo o
i P e [ |
o] External trigger (] OE“:' e0o/ee '
o 5980 poo @ 0 o 09
oooo Do | | - S
n 0O CcH [nlnlalla)
I— Output signal
Current probe Voltage probe
i
) e
© G
(@] G
Armature  Field

Figure 8.16: Schematic test set-up for the armature-to-field transfer impedance measurements.

The armature-to-field transfer impedance frequency response characteristic was calculated
using the MATLAB-script presented in Appendix C.3. The resulting frequency response
characteristics are displayed in figure 8.17. The goal of this test is purely to supplement
further studies with comparable results. The results of this test is therefore not discussed

further.
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Figure 8.17: Frequency response characteristic for the armature-to-field transfer impedance, Z,y,.
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8.6

sG(s)-test

The frequency response characteristic of sG(s) was obtained by measuring the field-response

with the armature excited, using the test set-up as illustrated in figure 8.18. The rotor was

aligned for the d-axis measurements, and the lowest field voltage measured during alignment

was

efq = 150pV.
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Figure 8.18: Schematic test set-up for the sG(s) measurements.

The magnitude of sG(s) was calculated using the MATLAB-script presented in Appendix C.4.

The resulting magnitude- and phase characteristics is illustrated in figure 8.19a. Dividing

sG(s) by s, results in the characteristic for G(s), shown in figure 8.19b.
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Figure 8.19: Frequency response characteristic for sG(s) (a) and G(s) (b).
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Parameter estimation

As illustrated and discussed in the previous sections, the oscilloscope only enables complete
measurements of the frequency response characteristic down to between 0.1-1Hz. This is
clearly not enough measurements to obtain the complete form of the characteristics, and in
extension it is impossible to say anything about the complete set of fundamental parameters.
However, with the goal of competence development and to present a practical way of extracting
said parameters, it was decided to make an attempt at measuring some of the parameters based

on the SSFR-tests performed in the previous sections.
The ensuing sections contain the following:
e Parameter estimation method Presentation of the estimation method used.

e Validation test The method is validated using a machine with known parameters, as

known from [19].

e Estimation of transient parameters The method is then performed on the test
results for L4(s), Lq(s) and G(s) in an attempt to estimate some of the transient pa-

rameters.

8.7 Parameter estimation method

The estimation method used is based on the transfer function form of the operational pa-
rameters, as shown in equations 8.1,8.2 and 8.3, and the corresponding frequency response
characteristics. These equations are the same as presented in section 2.4. Two examples of

corresponding frequency responses are illustrated in figure 8.20.

o) = (1 + sT)) (1 + sT7))
bl = B (U sy &1
(1 + 8T,) (1 + sT))
Lolo) = Loy (v 517 (82)
Gls) = (1 + 57ha) (8.3)

O+ sTyy) (1 + sT)
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In order to estimate a transfer function based on the frequency response characteristic, an
estimation tool using the ’tfest’-function of the MATLAB System Identification Toolbox was
used. The function’s output is a transfer function on a rational form, as shown in equation
8.4, based on an input of a set amount of zeros and poles, and frequency-domain measurement
data as obtained from the SSFR-tests [23].

(T +sT)(1 4+ sT3) - -
Hs) = (1+ ST;))(]. + sTi) e (84)
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Figure 8.20: Asymptotic approzimation of the magnitude plot of Lq(s) (a) and phase plot of sG(s)(2)
[10]. Notice how the time-constants and the synchronous and transient inductance values govern the
characteristic form of the frequency responses.

8.8 Parameter estimation method validation test

In order to validate the estimation method, the parameters of a known machine was used to
create frequency response characteristics on which to test the ’tfest’-function. The parameters
are listed in table 8.2, and were used to create a bode-plot for the machine. The machine in
question is a 55.6MVA salient pole machine tested with SSFR-testing in [19]. The resulting
frequency response plot of the machine’s d-axis operational inductance is displayed in figure
8.21a.

Using the ’bode’-function, a test-curve was made using vectors containing 100 evenly spread
frequency-domain data from the original bode-plot. In order to create more oscillatory test-
data, to model the rough measurement data from the tests, noise was added to the frequency-

domain vectors. The resulting 'test-curve’ is shown in figure 8.21b.
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The ’tfest’-function was then applied, creating a second-
order estimated fit of the original bode-plot, as shown in

figure 8.21c.
made "asymp’-function [12] was then used to plot the esti-

Resulting time constants and The custom

mated bode-plot including asymptotic lines, as illustrated
in figure 8.21d. For the MATLAB-script used for testing
the d-axis operational inductance, L4(s), see Appendix C.5.
Note that the figures presented is just the result of one such
test. Several tests were performed by changing the amount
of noise and the amount of test-points in the test-curve.

Some of these results are presented in table 8.3 and 8.4.

Table 8.2:

of the

Parameters

55.6MVA salient pole machine [19].

Parameters Value
T) 1.25s
T 0.06s
T} 2.82s
T 0.07s
Tq” 0.07s
(;’0 0.12s
Lg 1.19pu
L, 0.86pu
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Figure 8.21: a) d-axis operational inductance frequency response, based on the known parameters in

table 8.2.

b) Test-curve of 100 ’measurement’-points, including noise, based on the curve in (a).

¢) Estimated curve fit for the test-curve in (b) for a second-order model (2 zeros, and 2 poles). d)
Asymptotic approximation curves of the estimated frequency response curve in (c).
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From the resulting curves in figure 8.21, the estimation method provides a relatively accurate
result. The fitted curve in figure 8.21c seems to follow the same trend as the original curve.
It seems as long as the ’tfest’-function i provided an input of the correct order of the transfer
function being fitted, the results are consistent. For comparison, the fitted line and its ac-
companying asymptotic bode plot for a third order system, thus introducing subsubtransient
quantities, are shown in figure 8.22. In order to produce the best results, the order of the

transfer function, i.e the amount of rotor circuits in the machine, should be known.
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Figure 8.22: 3rd order estimation fit (a) and accompanying 3rd order asymptotic plot (b) of the d-axis
operational parameter Lqy(s) of the known machine parameters in table 8.2.
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The method also produce a more accurate fit for less noisy test-curves, as is shown in table
8.3. This is seen in both the fit-to-estimation data percentage, and in the fit for the different
parameters. As the amount of noise reduces, the general trend is that the parameters fit
better to the actual measured parameter values shown to the left in the table. This is not true
in all cases however. For example, the d-axis subtransient time-constant diverge more from
the actual value for Case 2 than for the less noisy Case 3. This can, however, probably be
attributed to the fact that the test signal changes between tests due to the randomly generated
noise. This is bound to cause such discrepancies. Had the signal been the same for each case,
only changing the amplitude of the noise, the results would probably be more accurate for the

less noisy signals, which is to be expected.

For the results based on changing the amount of test points in the test-signal, as shown in
table 8.4, no certain trends were discovered. An observation based on both tables however,
indicate that the subtransient time-constants experience the most relative change between
tests. This indicates that these values are most susceptible to variations using this method of

parameter determination.
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Table 8.3: Estimated d-azis time constants and inductances for 100 measurement points. The numbers
in parenthesis represents the maximum amplitude of the noise added to the original bode-plot.

Original Case 1 (0.2pu/3°) Case 2 (0.1pu/2°) Case 3 (0.05pu/1°)

Fit (%) - 45.16 711 85.4
! (s) 1.25s 1.09 1.34 1.26
T (s) 0.06s 0.025 0.058 0.086
T (s) | 2.82s 2.30 3.06 2.8

Ty (s) 0.07s 0.029 0.064 0.099
Ly (pu) 1.19pu 1.158 1.209 1.186
L, (pu) | 0.53pu 0.552 0.528 0.535
L (pu) | 0.46pu 0.475 0.479 0.464

Table 8.4: Estimated g-axis time constants and inductances for a constant 0.1pu and 1° amplitude
on the noise added to the original bode-plot. The numbers in parenthesis represents the amount of
test-points in the test-curve.

Original Case 1 (100pt) Case 2 (200pt) Case 3 (400pt) Case 4 (1000pt)
Fit (%) - 71.1 70.57 69.71 71.51
T (s) 1.25s 1.34 1.18 1.27 1.33
TY (s) 0.06s 0.058 0.041 0.04 0.062
Ty (s) 2.82s 3.06 2.7 291 3.01
T (s) 0.07s 0.064 0.05 0.046 0.075
Lq (pu) | 1.19pu 1.209 1.19 1.188 1.21
L, (pu) 0.53pu 0.528 0.52 0.52 0.533
L' (pu) | 0.46pu 0.479 0.437 0.452 0.443

8.9 Estimation of transient parameters

It is clear from the resulting frequency plots in sections 8.3, 8.4, 8.5 and 8.6, that it is impossible
to obtain the full set of time constants and inductance values using the method described above.
This is due to the fact that the frequency plots only provide data for approximately half the
desirable frequency range of 1mHz-1kHz. However, the rightmost parts of the frequency plots
may be accurate enough to indicate a value for the smallest time constants and some of
the transient inductances. The resulting curves from the SSFR-tests for the d- and g-axis
inductances, Lg(s) and Lg(s), in addition to G(s), was therefore estimated using the ’tfest’-
function as described in the previous section. It should be noted that the results from SSFR-
tests was used as input-data for these estimations. In addition, the goal of this is not to obtain
accurate values for the different parameters. As already discussed, this is simply impossible
with the current range of frequency data. However, the results from these estimations may
serve as a baseline from which to compare results for future studies into the SSFR-testing and

the parameters of the Rudolf-Dietze machine.

The resulting estimation fit, including asymptotic approximation plots, are shown in figure
8.23 for Lg(s), 8.24 for Ly(s), and figure 8.26 for G(s).
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Figure 8.23: 2nd order estimation fit, compared to measured data (a), and accompanying asymptotic

plot (b) for the d-axis operational inductance, Ly(s).

For the Ly(s)-fit, the 2nd order estimation seems to fit the measured data relatively good, and

any time constant or inductances measured above 1Hz can probably be regarded as a good

estimate of the respective machine parameters. It is possible, however, that these parameters
could be shifted along the frequency axis if the estimation was based on the whole frequency

range down to 1mHz. The value obtained here should therefore be regarded as approximate.

The resulting time constants and inductances are listed in table 8.5.
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Figure 8.24: 1st order estimation fit, compared to measured data (a), and accompanying asymptotic

plot (b) for the g-axis operational inductance, Ly(s).
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For the g-axis inductance fit, a 1st order estimation was first applied. The first order fit
was used because transient quantities is disregarded in a salient pole machine [10]. However,
as figure 8.24 shows, this estimation has a less than satisfactory fit when compared to the
measured data. A 2nd and 3rd order estimation was therefore performed, the results of which
are presented in figure 8.25. As can be seen, the 3rd order estimation seems the best fit to the

measured data. Time constants and inductances for all three cases are listed in table 8.5.

The armature-to-field transfer function, G(s), was estimated using 2 poles and 1 zero for the
'tfest’-function input due to the structure of the function, as shown in equation 8.3. The fit
is relatively good, but in the same way as for the Ly(s)- and Lg(s)-fits, the estimated time
constants must be regarded as approximate. The resulting time-constants are listed in table
8.5.

Table 8.5: FEstimation of parameters for Lq(s), Lq(s) and G(s) based on the resulting asymptotic
approximations.

L1 T T,
L,(s) 1st order fit | 18mH 6.6mH  0.4799s -
Ly(s) 2nd order fit | 8.49mH  5.5mH  0.017s  0.0268

L,(s) 3rd order fit | 8.58mH  5.75mH 0.0217s  0.0324s

Ly L Th T, Th T
Lg(s)-fit | 12.25mH  3.54mH 0.1060s  0.0309s - -
G(s)-fit - - - 0.245s 0.2989s 0.115s

To summarize the results from this parameter-estimation exercise, parameters obtained based
on the asymptotic approximations should be regarded as approximate at best. The reason
for this is due to the fact that it is hard to conclude anything valid based on only partly
complete measurement data, and that the estimation function may have a hard time basing

its estimations on the less accurate low-frequency measurements.

However, when used on a machine where the whole frequency response is known, the proposed
estimation method seems to be able to extract relatively accurate parameter values. This is es-
pecially true when the noise in the measurement data, i.e the variance between measurements,
is low. For future SSFR-studies, the proposed estimation method may therefore be able to
extract relatively accurate parameters when ensuring measurements are taken over the whole
frequency range, and that the accuracy of the measurements are satisfactory. The literature
proposes that measurements for low frequencies are more susceptible to become less accurate
[7, 19, 22]. Where this is the case, several tests may be conducted so that the estimation
function may work on a larger data-set. This may mitigate the less accurate low-frequency

measurements somewhat.
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Figure 8.25: 2nd and 8rd order estimation fit (a and c¢) and accompanying asymptotic approzimation
plots (b and d) for the g-azis inductance Ly(s).

8.10 Summary of discussion

During preliminary testing it became apparent that the resulting frequency responses for L4(s)
and L,(s) was very susceptible to resistance changes in the windings. This both applies to the
measured armature resistance, R,, as well as the resulting magnitude plots of the operational
inductances, Z5 and Z;. In order to mitigate this possible source of error, future studies in
SSFR-testing should be performed with more or less constant test-currents. In addition, the

care should be taken to measure the armature resistance as accurately as possible.

A parameter estimation method using a MATLAB transfer-function estimation function was
used in order to estimate values for the d- and g-axis synchronous and transient inductances
as well as transient time constants. The method was validated by being used on a known syn-

chronous machine from [19]. For the best possible estimation results, the SSFR-measurements
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Figure 8.26: Estimation fit of G(s) using 2 poles and 1 zero as input for the ’‘tfest’-function.

should be performed with as much accuracy as possible. This way, the machine’s parameters
can be determined relatively accurately. The method was used on the resulting frequency
responses for Lg(s), Ly(s) and G(s), however, the resulting estimate must be regarded as
approximate at best. This is due to the fact that the measurement data only partly describes
the complete frequency response of the parameters in question, and that the measurement

data seem less accurate for low frequencies.

The most notable result however, which affected most of the results obtained in this thesis, was
the oscilloscope’s difficulty obtaining accurate measurements for the whole relevant frequency
range of 1mHz-1kHz. Without these limitations, more accurate parameter estimation could
probably be obtained. For future SSFR-studies, measurements should be conducted with

instruments enabling accurate measurements for the complete frequency range.
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Chapter 9

Concluding remarks

This thesis serves as the starting point in the work with parameter identification of the
Siemens-Schuckert machine at the National Smart Grid laboratory at NTNU in Trondheim.
The motivation is future collaboration studies between NTNU, HydroCen and SINTEF Energy
Research regarding the development of hydropower technology. Research objectives include

stability studies, synthetic inertia and converter fed operation of synchronous machines [5, 6].

In this thesis, the 75kVA Siemens-Schuckert synchronous machine has been tested, the goal of
determining the machine’s SCC, OCC, as well as its inherent rotational inertia. The results
from the OCC- and SCC-tests are presented in the relevant chapters. In addition, the 8kVA
Rudolf-Dietze synchronous machine was tested using the Standstill Frequency Response test
in order to validate the test as an alternative to the traditional, but more demanding, sudden
short-circuit tests. The SSFR-test has been the main focus of this thesis.

A retardation test was performed in order to determine the inherent rotational inertia of the
Siemens-Schuckert machine. Based on the rate of decay of the resulting deceleration curve,
the machine’s inertia was calculated to be J = 36.5kgm?. This corresponds to an inertial time
constant of H = 2.67s.

For the SSFR-tests, a laboratory set-up and method of measurement was developed based
on available instruments and equipment at the Department of Electrical Power Engineering.
Preliminary tests were performed, the results of which affected how the main SSFR-tests were
conducted. In addition, a possible parameter estimation method, using a MATLAB estimation

function, was presented and validated.

During the preliminary tests it became apparent that the resulting frequency responses was
very susceptible to resistance changes in the windings. In order to mitigate this possible
source of error, future studies in SSFR-testing should be performed with more or less constant
test-currents. In addition, the care should be taken to measure the armature resistance as
accurately as possible. The measured per-phase resistance of the machine’s armature windings
was R, = 215.39mf).

The operational parameters Ly(s), Lq(s) and sG(s), in addition to the armature-to-field trans-

fer impedance, Z,f,(s) was measured using the SSFR-test procedure. The test-current was
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held approximately constant at I = 150mA for all tests. The oscilloscope used to measure
the resulting waveforms had difficulties obtaining measurement for the whole frequency range
of 1mHz-1kHz, and approximately 2 decades of measurement data, i.e the frequency range
between 1mHz-0.1Hz, was omitted from the tests. In order to identify the complete electrical
model of the machine, data for the whole range of frequencies are required. For future SSFR-
studies, measurements should be conducted with instruments enabling accurate measurements

for the complete frequency range.

To estimate transient inductances and time-constants, an estimation method using a transfer-
function estimation function from the MATLAB System Identification Toolbox was used. The
method was validated by being used on a known synchronous machine from [19]. Estimates
of some of the transient inductances and time-constant in Lg4(s), Ly(s) and G(s) was then
conducted. The resulting estimate must be regarded as approximate at best, due to low
measurement accuracy for low frequencies and incomplete SSFR-test result data. In order to
accurately estimate the complete set of the machine’s parameters with this method, accurate

SSFR-measurements for the whole range of frequencies are required.

9.1 Recommendations for further work

This section discuss recommendations for future studies regarding SSFR-testing, including
acquisition of suitable measurement instruments, development of parameter-estimation algo-
rithms and validation studies to validate the machine parameters identified with this kind of

testing.

9.1.1 Acquisition of frequency response analyzer

The main result from this thesis is the current available instruments’ inability to make accurate
measurements for the whole frequency range. Thus, in order to use the methods presented
in this thesis to completely identify the machine’s parameters, instruments able to make
the correct measurements must be acquired. Considerations for such instruments should
be the ability of the instrument to make measurements down to the 1lmHz-range and with
satisfactory measurement resolution. An example of such an instrument, which has reportedly
been used in SSFR-testing of a 55.6MVA synchronous machine [19] in the literature, is the
frequency response analyzers provided by Ametek Scientific Instruments [35]. The 1260A
model incorporates a frequency resolution of 0.015ppm, a frequency range of 15uHz-32MHz,
and a magnitude and phase measurement accuracy of 0.1% and 0.1° respectively [36]. Other
alternatives may be the Newtons4dth Ltd. frequency response analyzers. Similar to Ametek,
several variants exist. The PSM1700 model features a 104Hz-35MHz frequency range and an

accuracy of 0.02dB and 0.02° for magnitude and phase measurements [37].

In addition, the instrument should be able to produce measurable signals to be used both for
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the Rudolf-Dietze and Siemens-Schuckert machines. For the Siemens-Schuckert machine, the
rated current of which is 96A, the set-up should be able to produce test-currents up to and
above approximately 0.5A for the whole frequency range. An amplifier able to produce this
current, based on the input from the frequency response analyzer, and keep the test-current
constant for the whole frequency range may also have to be acquired. Lastly, measurement

probes used in the set-up must be able to handle the 0.5A test-currents.

9.1.2 Development of parameter-estimation algorithm

The method for parameter estimation used in this thesis is a simple method based on trans-
fer function estimation using the MATLAB System Identification Toolbox. An asymptotic
approximation plot of the frequency response of estimated transfer function was used to ex-
tract the values of transient inductances and time-constants. This is a simple approach to
parameter estimation however, and even though it were not in the scope of this thesis, other
approaches to estimating the machine’s parameters might be better. In the literature for ex-
ample, curve-fitting procedures such as Maximum Likelihood Estimation (MLE) is used to
completely establish the rotor model [19]. Other curve-fitting algorithms include Levenberg-
Marquadt and ”Pattern-search”-methods [7]. Development of such an algorithm is therefore
suggested if the goal is to obtain more accurate alternatives for transfer-function estimation,

and parameter identification.

9.1.3 Validation studies

After acquisition of instruments with the proper measurement specifications, a validation study
can be conducted by testing the Rudolf-Dietze machine using SSFR-methodology. In order to
validate the SSFR-method, the test results can be compared to the parameters of the machine
as identified with the traditional sudden short-circuit test. Parameters for comparison can
either be extracted from the results in a Master’s thesis from 2017 [11], or from the results of

a completely new test-run of the machine, using the traditional short circuit test.

As an alternative, Electromagnetic Transients (EMT) simulation software can be used for
model validation. DIgSILENT Powerfactory represents one such software-solution, and should
be available for use at the Department of Electrical Power Engineering. By modelling the ma-
chine with the resulting SSFR-parameters in the EMT-software, and simulating the machine’s
response to a sudden no-load three phase short-circuit, the resulting waveforms can be com-
pared to the machine’s actual response to the sudden short-circuit. This type of validation

study has also been reported in the literature [19].
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9.1.4 SSFR-test and validation studies of the Siemens-Schuckert machine

Parameter identification of the Siemens-Schuckert synchronous machine using SSFR-tests can
be conducted as soon as instruments with satisfactory measurement specifications are acquired.
To ensure the safety of the machine, studies including three-phase short circuits is probably
not applicable to the machine. The validation studies described in the previous section is
therefore unsuitable, and an alternative way of validating the eventual SSFR-test results must
be identified.
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Appendix A

Per unit equations for a

two-rotor-circuit synchronous

machine

The equations presented below are all in per unit form, and are used to construct the d-

and g-axis equivalent circuits in section 2.3. Note that the following assumptions apply, as

explained in section 2.3.

Logd = Laga = Lga = Lakd = Lida

Laq = Lak’q = qua

Lka = Liar
Stator voltage equations
d
eqd = % — Yqwr — Raiq (A.4)
d )
eq = % — Yawr — Raiq (A.5)
d
€y = % — Raio (AG)
Rotor voltage equations:
d .
efd = % +ifaRyq (A7)
d
0= Z’tld — i1qdRg (A.8)
dprg .
0= dtq — 11414 (A.9)
d :
0= % — ZQqRQq (A.lO)

Stator flux linkage equations

Ya = —(Laa + L1)iq + Laditqa + Ladiia

(A.11)

thg = _(Laq + Ll)iq + Laqilq + Laqi?q

o = —Loig

Rotor flux linkage equations

Yra = Lyfaifa + Lf1ai1d — Ladta
Y14 = Liairqa + Liidgira — Ladia
wlq = Lllqilq + Laquq - Laqiq

w2q = Laqilq + L22qi2q - Laqiq
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Appendix B

Derivation of operational

parameters

In the ensuing derivation of the operational parameters Lg(s) and G(s), the two-rotor circuit
in figures 2.4 and 2.5 are considered, and the mutual inductances L 14 and L,q are considered
equal. The following operational form expressions for the d-axis flux linkages can thus be

expressed as follows:

de(s) = —Ldid<8> + Ladifd(s) =+ Ladild(s) (B.l)
1/}fd(8) = —Ladid(s) + Lffdz'fd(s) + Lad'ild(s) (B2)
¢1d(5) = _Ladid(s) + Ladifd(S) + Llldild(s) (B3)

The operational form of the rotor voltages can be expressed as:

era(s) = stpa(s) — ¥a(0) + Ryaiga(s) (B.4)
0= swld(s) — ¢1d(0) + Rldild(s) (B.5)

Here, the 1(0)-terms express initial values of the relevant flux linkages. If the equations above
are expressed in incremental values about the steady-state operating point, the initial values
can be neglected [10]. Substituting equation B.2 and B.3 into the rotor voltage equations

above, while neglecting the initial-value terms, yields:

Aefd(s) = *SLadAZ'd(S) + (Rfd + SLffd)Aifd(S) + SLadAild(S) (B.6)
0 = —5LagAig(s) + sLaqAiga(s) + (Rig + sLi1a)Aira(s) (B.7)

The two equations above can be solved in terms of efq and ig4:
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1

Aigq(s) = D) ((Ria + sLi1a)Aefq(s) + sLaa(Riq + sL1g)Aig(s)) (B.8)
. 1 .
Airq(s) = D) ( — sLaaAefq(s) + sLaa(Ryq + std)Azd(s)) (B.9)
where D(s) equals:
D(s) = SZ(LHdefd — de) + S(leded + Lfdeld) + RigRyq (B.10)
and
L= Loq + Ly, Lftqg= Laqg + Lyq, Liiqg = Laa+ L4 (B.11)

Thus, substituting equations B.8 and B.9 into the incremental form of equation B.1 yields the

operational form of the d-axis flux linkage.

Ag(s) = G(s)Aeyrq(s) — La(s)Aig(s) (B.12)

Where Ly(s) and G(s) then can be expressed as follows:

L+ (Ty + T5)s + TyTss?

Ly(s) = B.13
(14 5Tkq)
G(s) =G B.14
( ) 0 1+ (Tl + T2)8 + T1T382 ( )
where
L d le
G - a T = —
0 Rpd k=R
T — LadR+ Lyq T, = LadR+ Liq
fd 1d
1 LaaLtq 1 LoaLy
T:—(L +“7) Tz—(L +7)
ST Rig\"M T Log + Lyq * Ryq T80 Lad + Ly
1 L,gL gL
T5:i<le+M) T6:7<le+ adLlifali )
Ry Log+ Ly R4 Loaly + LogLyq+ Lyqly

L,(s) can be written exactly as Lg(s), but changing the damper and field annotations with
the second and first damper circuit annotations respectively. For example, Rfq becomes Ry,
and R4 becomes Raq [10].

82 of 100



Appendix C

Data processing and
MATLAB-scripts

The following appendix lists all relevant MATLAB-scripts used for data processing of the test
results. Note that some parameters that are defined in the MATLAB-code may have changed
during the data-processing step and when retrieving results to be used in this thesis. For
example, the armature resistance value, Ry, listed in some of the MATLAB-scripts below may
have changed during different tests. What armature value was used during the different tests

are described in the relevant part of the thesis.

C.1 Calculations of Z;(s) and Z,(s)

%% Calculation of Zd/q
%Varm and Iarm are vectors containing the measured values

%of the armature voltages and currents respectively.

Z=(1/2) .*(50*Varm./Iarm) ; %Varm is multiplied with 50 due

%to attenuation of voltage probe.

%% Estimating the Armature resistance, Ra
%Ra is estimated by plotting Re[Z] and extrapolating

hto zero frequency.

Z_cplx=(Z.*cos (PHASE)+1j.*Z.*sin (PHASE) ) ;
Z_real=real(Z_cplx);

figure ()

semilogx(F,Z_real,'-0');

xlabel ('Frequency [Hz]')

ylabel ('Resistance [\Omegal')
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C.2 Calculations of L,(s) and L(s)

%% Calculate and plot Ld/q(s)
%#Calculating Ld/q(s) by L(s)=(Z(s)-Ra)/s. PHASE and F are
%vectors containing the measured phase-shift (in radians)

%at the different frequencies in F.

Ra=0.21539; %Armature resistance (ohm)
L_cplx=(Z.*cos (PHASE)+Z.*1j.*xsin(PHASE)-Ra) ./ (1j*2*xpi() .*F);
L_abs=abs (L_cplx); Jhmagnitude of L (H)
L_angle=angle(L_cplx) .*(180/pi()); %phase angle of L (degrees)

C.3 Calculation of Z,,(s)

%% Calculation of Zafo(s)
Zafo=cos (30*pi()/180) .*(Vfd./Iarm) ;

C.4 Calculation of sG(s) and G(s)

%% Calculation of sG(s)
sG=cos (30*pi () /180) .*(Ifd./TIarm);

%% Calculation of G(s)

sG_cplx=cos (30*pi()/180) .*(Ifd./TIarm) .*xexp (1j*PHASE) ;
G_cplx=sG_cplx./(1j*2*xpi() .*F);

G_abs=abs(G_cplx);

G_angle=angle(G_cplx) .*(180/pi());
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C.5 Parameter estimation validation test

%% Parameter estimation validation test

%The following code tests the validity of the 'tfest'-function.
%% Known synchronous generator

%The parameters below are the parameters of a known machine

hestimated using the SSFR-test.

Tdi=1.25; %Td"'
Tdii=0.06; 4T
Td0i=2.82; %Tdo '
Td0ii=0.07; %Tdo "
Tqii=0.07; %Tq "'
Tq0ii=0.12; %Tq0 '
Ld=0.3; %pu

Lq=0.86; Y%pu

s=tf('s"'); %Initialize transfer function

w=logspace(-3,4,1000); Jfrequency vector

%% Original bode plot

%A bode plot is generated based on the known machine parameters.
Ld_s=(Ld*(1+s*Tdi) *(1+s*xTdii))/((1+s*Td0i)*(1+s*Td0ii));
bodeplot (Ld_s)

h=bodeplot (Ld_s);

setoptions (h, 'FreqUnits', 'Hz', 'MagUnits', 'abs' , 'Xlim',
[0.001, 1000], 'MagLowerLimMode', 'manual', 'MagLowerLim',
0.00001) ;

%% Generate 'test-points

%The following code extracts 1000 points of frequency-domain
data in

%three vectors.

[MAG,PHASE ,W] = bode(Ld_s, w);

MAG=reshape (MAG(:,:,:) ,1,1000);

PHASE=reshape (PHASE(:,:,:) ,1,1000);

W=transpose(W(:,:,:));

%% Noise gemnerator
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%“Noise is generated by adding a random number between 0-1 to the
%“frequency-domain data vectors.

sig=0.01;

noise_mag=sig*randn (size (MAG));

noise_phase=randn(size (PHASE));

MAG=MAG+noise_mag; %Magnitude vector including noise

PHASE=PHASE+noise_phase; %“Phase vector including noise

%% Estimate transfer function

data = frd (MAG.xexp (1j*PHASE*pi/180) ,W); hcreate a frequency
%response data mode 'data' the complex
%form r*e~theta where theta is the

hangle in rads.

Np=2; %Number of poles
Nz=2; %Number of zeros
sys = tfest(data,Np,Nz) %estimate transfer function
“parameters for a transfer function
%with tfest(data,np,nz) np poles
%and nz zeros.
figure ()
h=bodeplot (sys);
setoptions (h, 'FreqUnits', 'Hz', 'MagUnits', 'abs' , 'Xlim',
[0.001, 1000], 'MagLowerLimMode', 'manual', 'MagLowerLim',
0.00001) ;
grid on

%% Estimated bode-plot
%A bode-plot is constructed based on the estimated
“transfer function fit.

g=tf (sys.Numerator,sys.denominator) ;

[Mag_est ,Phase_est ,W_est] = bode(g,W);
F_est = W_est/(2*pi);

Mag_est=reshape (Mag_est ,[],1);
Phase_est=reshape (Phase_est,[],1);
F_est=reshape(F_est,[],1);

%Create a figure with two plots, the magnitude and phase as a
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%function of frequency

subplot (2,1,1);

semilogx (F_est ,MAG, F_est, Mag_est);
grid on

subplot (2,1,2);

semilogx (F_est ,PHASE, F_est, Phase_est);

grid on

%% Create asymptotic plot

%The code creates an asymptotic plot based on the

%estimated transfer function fit.
figure ()
asymp (sys)
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Appendix D

Resistance measurements

Table D.1: Resistance measurements of measuring cables used for measuring the Rudolf-Dietze ma-
chine’s armature resistances.

Measurement nr. | Cable 1 (m2) | Cable 2 (m)

1 11.4 8.0
2 11.3 7.3
3 11.2 6.7
4 11.2 6.5
) 8.6 7.6
6 12.6 6.8
7 10.0 8.2
8 8.5 8
9 9.2 6.6
10 7.6 7.3

Avg. 10.16 7.3

Table D.2: Per-phase resistance measurements of the Rudolf-Dietze armature windings.

Measurement nr. | U (mQ) | V (mQ) | W (mQ)
1 233.00 234.16 233.10
2 232.86 | 233.80 | 232.98
3 232.90 233.90 233.01
4 232.86 | 233.76 | 232.96
) 232.95 234.03 233.1
Avg. 232.91 | 233.93 | 233.03
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Error propagation

Consider a set of quantities, x,....,z, that are measured with uncertainties in the form of stan-
dard deviations Ax,...,Az and used to compute the function q(x,....,z). Then the propagated

uncertainty in q can be generally written as [34]:

Ag = \/<:;qCAx>2 +oet <gZAz>2 (E.1)

The following sections outline the calculation of standard deviations for the different opera-

tional parameter functions.

E.1 Z;(s) and Z,(s)

Z; depends on two parameters, e, and i,, with accompanying uncertainties Ae, and Ai,. Z;

can be written as follows:

_1ea

z@y_ma (E.2)

Thus, when using equation E.1, the uncertainty AZ; can be written as:

azi= (A Eae) 1 (Loani) (E.3)
=\ 25,7 220 :

E.2  Z,(s) and sG(s)

Zato(s) and sG(s) are equal in the sense that their mathematical expressed by a fraction,

multiplied with the constant cos30°. Their uncertainties are therefore calculated the same
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way. Zafo(s) and sG(s) depend on the parameters e¢q and ig, or isq and iq , respectively.

cos 30°€e g4
Zafols) = ———14 (E.4)
id
30°
sG(s) = 22 1d (E.5)
1d
Thus, their uncertainties, AZ, s, and AsG can be written as follows:
cos 30° 2 cos30°€erq , . 2
AZqro = - Aegq | + fAZd (E.6)
iq i5
30° 2 30°i 2
AsG = \/(COS. Aifd) + (COS,QZNAZH) (E.7)
iq i5

E.3 Ly(s) and Ly(s)

L; is a complex quantity that depends on the complex function Z; = Ze'® witch accompanying

uncertainties, AZ and A¢. L; is written as follows:

L =202 " (E.8)

s (L) o (S(EE s e

<
(o) - (5]
(

:\/ AZ* _SQZQA&) i26 (E.11)
_ AZZ;ZQA¢2<COS<¢)+ism(¢)) (E.12)

The complex quantity, L;, can then be expressed as Re{L;}+Im{L;} + Re{AL;} £ Im{AL;}.

Note that A¢ in the expressions above must be in radians.
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Preliminary test measurement data

Table F.1: Measurement data for the base test for Zy(s).

Va (mV) Ia (mA) Phase (°) Frequency(Hz)

114.4 144.7 81.5 1000
100 155.63 81.9 800
85.8 164.5 82.4 640
73.1 1714 82.6 512
61 177.4 82.9 410
50.2 182.3 83.3 328
40.7 185.3 83.5 262
33.6 187.3 82.7 210
274 189.2 82.2 168
22.3 190.2 81.3 134
16.8 190.8 79.5 100
13.6 191 77.5 80
10.9 190.2 75.9 64
8.9 189.2 72.5 o1
7.3 188.2 68.2 41
6.1 186.3 63.9 33

5 184.3 59 26
4.2 180.3 54.3 21
3.6 175.4 49.4 17

3 165.5 43.2 13
2.5 152.7 37.7 10
2.2 138.8 32.6 8.00
1.9 124 294 6.40
1.6 107.7 26 5.12
1.3 91.4 23.7 4.10

1 76.6 20.7 3.28

0.87 63 21.3 2.62
0.7 51.6 19 2.10
0.52 41.8 18.3 1.68
0.42 33.8 18 1.34
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Table F.2: Measurement data for the constant current test for Zy(s).

Va (mV) Ia (mA) Phase (°) Frequency(Hz)

119.570 153.160 81.5 1000
107.710 168.970 82.1 800
92.095 176.500 82.4 640
68.340 161.340 82.5 012
51.779 152.670 82.8 410
40.119 147.430 83.2 328
35.970 164.860 83.2 262
27.964 157.610 82.9 210
23.850 167.570 82.3 168
18.020 156.620 81.0 134
13.880 161.560 79.4 100
10.710 154.640 77.6 80
9.430 168.480 75.4 64
7.430 163.400 72.2 51
5.820 154.840 69.0 41
4.950 158.800 64.9 33
4.050 158.600 60.1 26
3.610 162.530 54.9 21
3.130 160.570 49.9 17
2.670 155.340 42.7 13
2.450 157.710 36.9 10
2.240 153.750 32.1 8.00
2.200 160.870 28.2 6.40
1.890 146.570 25.7 5.12
1.980 157.710 22.6 4.10
1.620 136.350 21.1 3.28
1.840 159.290 19.2 2.62
1.670 153.750 19.1 2.10
1.700 152.960 17.6 1.68
1.560 151.380 14.8 1.34
1.590 157.110 14.2 1.00
1.380 141.200 12.4 0.80
1.450 149.210 10.6 0.64
1.540 161.480 9.6 0.51
1.410 150.800 7.3 0.41
1.360 146.450 6.9 0.33
1.470 157.260 4.8 0.26
1.390 151.680 3.7 0.21
1.380 152.700 3.2 0.17
1.070 117.090 2.0 0.13
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Table F.3: Measurement data for the high current test for Zy(s).

Va (mV) Ia (mA) Phase (°) Frequency(Hz)

200.110 251.980 81.3 1000
168.480 259.880 81.7 800
135.960 259.880 82.2 640
104.160 245.990 82.5 512
88.430 255.930 82.7 410
71.620 259.880 82.9 328
56.818 255.930 82.8 262
44.860 253.950 82.7 210
36.067 255.930 81.9 168
28.162 253.700 82.1 134
21.890 253.860 80.3 100
17.885 255.930 78.1 80
14.140 251.980 76.1 64
11.550 252.800 72.9 51
9.780 257.910 69.8 41
8.020 257.910 66.0 33
6.818 261.860 60.9 26
5.968 263.830 55.6 21
5.010 255.430 50.6 17
4.387 256.400 43.9 13
4.010 261.860 38.1 10
3.610 255.930 33.1 8.00
3.250 238.380 28.3 6.40
3.240 250.000 24.7 5.12
3.300 263.830 21.7 4.10
3.040 252.020 19.8 3.28
3.004 257.910 174 2.62
2.869 253.950 16.0 2.10
2.690 250.000 14.8 1.68
2.645 249.100 13.5 1.34
2.562 250.000 12.1 1.00
2.490 250.000 10.6 0.80
2.450 251.980 9.6 0.64
2.360 250.090 8.8 0.51
2.350 251.980 7.8 0.41
2.480 269.370 6.5 0.33
1.390 151.080 5.2 0.26
1.240 136.360 4.0 0.21
1.010 111.660 3.8 0.17
0.816 87.950 2.8 0.13
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Table F.4: Measurement data for the base test for Zy(s).

Va (mV) Ia (mA) Phase (°) Frequency(Hz)

140.810 113.440 76.6 1000
129.690 126.880 77.8 800
116.130 139.550 79.2 640
104.730 152.150 80.1 512
90.614 162.450 81.1 410
77.069 171.150 81.9 328
65.214 178.260 82.2 262
53.921 183.000 83.0 210
44.451 186.890 83.2 168
36.234 189.330 83.2 134
27.620 191.700 82.7 100
22.360 192.490 81.9 80
18.155 192.490 80.5 64
14.560 191.710 78.8 o1
11.910 190.910 77.1 41
9.650 189.340 74.9 33
7.816 186.620 70.3 26
6.390 183.000 67.1 21
5.220 177.500 63.7 17
4.020 168.100 59.6 13
3.110 155.340 55.3 10
2.500 141.900 49.8 8.00
1.960 126.090 45.6 6.40
1.490 105.700 41.5 5.12
1.200 91.897 36.3 4.10
0.882 76.887 34.2 3.28
0.734 63.439 27.9 2.62
0.571 51.976 25.0 2.10
0.434 42.194 20.9 1.68
0.386 33.805 16.4 1.34
0.294 25.490 14.5 1.00
0.222 20.356 17.3 0.80
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Table F.5: Measurement data for the constant current test for Zy(s).

Va (mV) Ia (mA) Phase (°) Frequency(Hz)

196.150 152.700 75.9 1000
161.560 153.660 774 800
131.600 154.210 78.6 640
108.130 156.130 79.7 012
84.783 152.170 80.6 410
69.330 154.550 81.2 328
56.640 156.770 81.7 262
44.565 153.750 81.9 210
36.130 154.720 81.8 168
28.780 154.550 81.7 134
21.420 152.960 80.8 100
17.560 155.160 79.7 80
14.050 154.550 78.7 64
11.250 154.550 774 51
9.340 156.130 75.4 41
7.770 157.710 72.5 33
6.290 154.550 69.5 26
5.410 158.500 66.6 21
4.520 156.920 63.3 17
3.620 152.170 58.8 13
3.060 154.550 54.3 10
2.730 156.920 50.0 8.00
2.440 157.710 46.6 6.40
2.110 152.960 41.9 5.12
1.907 152.600 37.1 4.10
1.730 152.960 33.1 3.28
1.650 152.960 27.9 2.62
1.630 159.290 23.8 2.10
1.490 149.800 19.9 1.68
1.510 156.900 16.3 1.34
1.460 156.130 12.2 1.00
1.390 151.980 10.3 0.80
1.380 153.750 8.5 0.64
1.380 152.960 7.0 0.51
1.400 154.570 5.1 0.41
1.340 149.060 5.2 0.33
1.380 153.240 3.1 0.26
1.390 154.550 2.4 0.21
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SSFR-test measurement data

Table G.1: Measurement data for the armature to field transfer impedance Z,50(s).

Vf (mV) Ia (mA) Phase (°) Frequency(Hz)

1094.900 151.680 54.6 1000
928.850 152.670 57.3 800
796.440 145.550 59.4 640
650.200 149.230 61.2 512
563.240 153.750 62.9 410
456.520 149.010 64.2 328
412.060 158.500 65.4 262
327.080 151.200 66.3 210
281.620 155.340 66.8 168
230.730 153.710 67.3 134
187.3 156.920 67.3 100
152.670 153.750 67.3 80
126.980 152.960 67.1 64
107.910 154.550 66.6 51
90.514 154.550 66.0 41
76.285 153.750 65.2 33
65.020 155.800 64.4 26
57.115 158.500 63.7 21
48.140 155.340 63.3 17
42.095 160.870 63.1 13
35.474 159.290 63.7 10
30.490 158.500 64.8 8.00
26.186 157.710 66.5 6.40
21.838 153.750 68.5 5.12
18.478 152.170 70.6 4.10
15.620 151.380 72.2 3.28
13.192 152.350 74.2 2.62
11.206 153.750 75.2 2.10
9.216 151.380 76.3 1.68
T.747 152.170 7.3 1.34
5.990 149.010 78.0 1.00
5.290 154.550 77.5 0.80
4.320 152.500 77.6 0.64
3.600 152.960 76.8 0.51
2.740 155.340 77.6 0.41
1.947 160.080 75.6 0.33
1.860 156.920 76.2 0.26
1.400 151.860 77.0 0.21
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Table G.2: Measurement data for the d-axis operational impedance Z4(s).

Va (mA) Stdev. Va(uV) Ia (mA) Stdev. Ia (1A) Phase (°) Stdev. Phase (°) Frequency(Hz)

121.340
101.570
81.000
65.200
52.600
42.300
34.400
27.500
22.200
17.700
13.200
10.800
8.800
7.200
5.760
4.500
4.020
3.430
3.020
2.600
2.300
2.100
2.060
1.940
1.890
1.880
1.840
1.830
1.800
1.800
1.760
1.710
1.700
1.650
1.650
1.630
1.640
1.590
1.560
1.590
1.500
1.460
1.480
1.430
1.450
1.440
1.490
1.430
1.410
1.450
1.120
0.931
0.753
0.637

150.000
92.000
127.000
0.000
35.000
80.000
114.000
100.000
80.000
75.000
78.000
80.000
57.000
11.000
50.000
10.000
17.000
13.000
15.000
30.000
15.000
28.000
23.000
22.000
38.000
11.000
10.000
12.000
26.000
10.000
10.000
17.000
10.000
22.000
16.000
11.000
10.000
7.000
13.000
16.000
10.000
14.000
8.000
10.000
8.000
10.000
0.000
6.000
10.000
10.000
9.000
10.000
10.000
11.000

153.63
157.61
155.63
153.66
154.64
154.71
156.65
155.34
156.16
156.12
155.33
157.71
158.50
159.26
155.34
156.13
155.37
155.34
156.83
157.71
155.34
156.13
156.13
155.34
155.34
155.34
153.75
155.34
155.23
155.99
154.84
154.55
153.75
154.55
154.10
154.55
156.13
153.57
154.30
159.00
154.55
150.59
153.75
149.00
152.96
152.80
157.71
152.17
151.38
155.81
121.34
100.80
81.03

67.00

132.000
0.000
36.000
0.000
0.000
250.000
370.000
0.000
160.000
50.000
78.000
0.000
0.000
145.000
0.000
0.000
200.000
0.000
200.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
300.000
300.000
380.000
0.000
0.000
0.000
550.000
0.000
0.000
336.000
970.000
410.000
0.000
0.000
0.000
620.000
0.000
1013.000
0.000
0.000
0.000
400.000
0.000
0.000
0.000
0.000
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81.600
82.000
82.500
82.600
83.300
83.400
83.600
83.300
82.700
81.700
80.200
78.600
76.200
73.500
70.400
66.600
61.600
57.000
51.800
45.200
38.500
33.800
28.600
24.700
22.700
21.100
19.900
18.700
17.400
16.600
15.700
15.500
14.200
14.000
13.400
12.900
12.400
10.900
10.200
0.400
10.000
9.700
9.200
7.900
7.600
7.000
6.200
5.900
5.600
4.400
3.000
3.470
1.510
0.510

0.080
0.080
0.100
0.100
0.100
0.200
0.200
0.200
0.300
0.300
0.400
0.400
0.600
0.100
0.200
0.200
0.300
0.200
0.200
0.800
0.600
0.700
0.400
0.600
0.600
0.300
0.400
0.300
0.300
0.300
0.300
0.600
0.300
0.300
0.500
0.500
0.500
0.100
0.200
0.400
0.450
0.500
0.200
0.300
0.400
0.200
0.200
0.200
0.200
0.400
0.600
0.600
1.500
0.650

1000
800
640
512
410
328
262
210
168
134
100

80
64
51
41
33
26
21
17
13
10

8.00
6.40
5.12
4.53
4.05
3.61
3.23
2.88
2.57
2.30
2.05
1.83
1.63
1.46
1.30
1.16
1.00
0.89
0.80
0.71
0.64
0.57
0.51
0.45
0.40
0.36
0.32
0.29
0.23
0.18
0.15
0.12
0.10
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Table G.3: Measurement data for the q-axis operational impedance Zy(s).

Va (mA) Stdev. Va(uV) Ia (mA) Stdev. Ia (uA) Phase (°) Stdev. Phase (°) Frequency(Hz)

199.940 320.000 156.09 170.000 75.900 0.100 1000
163.540 160.000 156.13 0.000 77.300 0.100 800
130.920 120.000 153.89 300.000 78.500 0.130 640
107.210 38.000 155.33 40.000 79.600 0.070 512
88.142 30.000 156.12 46.000 80.500 0.090 410
72.332 0.000 158.49 57.000 80.700 0.090 328
56.522 0.000 155.97 306.000 81.400 0.200 262
45.720 160.000 156.46 392.000 81.800 0.150 210
36.810 88.000 156.10 150.000 81.700 0.190 168
29.560 70.000 156.21 220.000 81.300 0.210 134
22.320 100.000 157.02 300.000 80.500 0.260 100
17.890 57.000 156.87 165.000 79.500 0.290 80
14.260 57.000 155.23 245.000 78.300 0.370 64
11.470 86.000 154.55 0.000 76.800 0.510 51
9.380 55.000 155.34 0.000 75.000 0.390 41
7.800 60.000 155.34 0.000 72.300 0.560 33
6.460 21.000 156.92 0.000 69.300 0.180 26
5.420 21.000 156.89 146.000 66.500 0.190 21
4.500 11.800 157.69 96.000 63.500 0.270 17
3.760 10.600 156.13 0.000 58.800 0.320 13
3.170 24.000 156.90 118.000 54.500 0.600 10
2.760 11.000 156.92 0.000 50.500 0.290 8.00
2.420 10.000 156.13 0.000 46.100 0.360 6.40
2.140 10.000 156.13 0.000 41.900 0.360 5.12
2.040 36.000 156.92 0.000 39.700 0.520 4.53
1.950 10.000 156.92 0.000 37.200 0.220 4.05
1.850 10.000 155.34 0.000 34.400 0.150 3.61
1.790 10.000 156.13 0.000 32.000 0.260 3.23
1.710 17.000 155.71 400.000 29.900 0.440 2.88
1.690 9.000 156.13 0.000 27.500 0.500 2.57
1.580 14.000 150.59 0.000 25.300 0.450 2.30
1.610 7.000 156.13 0.000 22.800 0.260 2.05
1.590 19.000 156.13 0.000 20.900 0.520 1.83
1.520 44.000 156.13 0.000 19.500 1.400 1.63
1.500 32.000 156.92 200.000 17.900 0.800 1.46
1.490 8.000 156.13 0.000 15.900 0.300 1.30
1.470 8.000 154.49 600.000 14.200 0.700 1.16
1.460 12.000 155.34 0.000 13.100 0.710 1.01
1.440 25.000 155.34 0.000 11.700 0.520 0.90
1.430 11.000 156.92 0.000 11.000 0.630 0.81
1.410 19.000 156.13 0.000 9.600 0.550 0.72
1.420 15.000 155.07 427.000 8.100 0.470 0.64
1.410 16.000 153.36 1635.000 7.490 0.520 0.57
1.415 9.000 155.34 0.000 6.600 0.580 0.51
1.400 10.000 155.59 180.000 6.100 0.360 0.46
1.380 10.000 155.34 0.000 6.000 0.280 0.41
1.390 17.000 154.55 0.000 4.100 0.430 0.36
1.390 0.000 155.34 0.000 4.300 0.150 0.33
1.380 10.000 154.55 0.000 3.500 0.330 0.29
1.390 6.000 155.34 0.000 2.700 0.220 0.26
1.360 11.000 154.55 0.000 2.500 0.270 0.23
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Table G.4: Additional test measurement data for the g-axis operational impedance Z,(s).

Va (mA) Stdev. Va(yV) Ia (mA) Stdev. Ia (1A) Phase (°) Stdev. Phase (°) Frequency(Hz)

197.130
165.510
132.910
108.200
88.930
71.540
57.115
45.650
36.960
29.550
22.230
17.800
14.476
11.610
9.540
7.810
6.470
5.400
4.610
3.810
3.170
2.770
2.470
2.230
2.080
1.980
1.870
1.820
1.760
1.700
1.660
1.610
1.570
1.520
1.518
1.510
1.480
1.460
1.460
1.470
1.440
1.410
1.400
1.430
1.410
1.400
1.380
1.390
1.410
1.360
1.350

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
39.000
0.000
19.000
0.000
50.000
11.000
14.000
12.000
0.000
16.000
9.000
10.000
15.000
33.000
12.000
16.000
13.000
10.000
9.000
10.000
14.000
15.000
19.000
11.000
8.000
12.000
14.000
10.000
13.000
35.000
8.000
8.000
15.000
14.000
8.000
16.000
0.000
10.000
10.000
13.000

153.57
156.60
154.62
155.63
158.32
156.92
156.92
156.13
156.13
156.13
156.13
155.34
156.13
156.13
156.92
155.38
156.92
156.13
156.92
156.92
156.13
156.13
156.92
156.92
156.60
155.34
155.34
156.13
156.13
156.13
156.49
155.72
156.92
156.13
156.92
156.13
155.34
157.70
156.92
155.35
156.13
154.55
154.55
156.13
154.55
156.92
154.55
156.92
156.92
156.13
154.55

262.000
150.000
170.000
0.000
300.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
165.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
400.000
0.000
0.000
0.000
0.000
0.000
400.000
401.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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76.000
77.300
78.600
79.700
80.600
80.900
81.500
81.800
81.500
81.400
80.600
79.700
78.300
76.700
74.700
72.300
69.800
66.800
63.700
59.500
55.100
50.200
46.400
41.600
39.300
36.900
34.300
32.200
29.700
27.500
25.500
23.200
21.900
19.200
17.500
15.600
14.100
12.900
12.100
10.100
9.100
7.900
7.400
6.500
5.100
5.400
4.430
4.600
3.500
3.000
2.700

0.150
0.140
0.140
0.140
0.170
0.130
0.130
0.130
0.130
0.140
0.180
0.170
0.220
0.110
0.140
0.360
0.200
0.190
0.230
0.300
0.700
0.600
0.200
0.500
0.400
0.300
0.430
0.400
0.170
0.310
0.360
0.370
0.700
0.600
0.380
0.400
0.620
0.770
0.760
0.580
0.640
0.370
0.560
0.360
0.490
0.620
0.340
0.220
0.200
0.200
0.340

1000
800
640
512
410
328
262
210
168
134
100

80
64
51
41
33
26
21
17
13
10

8.00
6.40
5.12
4.53
4.05

3.61

3.23
2.88
2.57
2.30
2.05
1.83
1.63
1.46
1.30
1.16
1.01

0.90

0.81

0.72

0.64

0.57

0.51

0.46

0.41

0.36

0.33

0.29

0.26

0.23
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Table G.5: Measurement data for sG(s).

Ia (mA) Stdev. Ia (mA) Ifd (mA) Stdev. Ifd (uA) Phase (°) Stdev. Phase (°) Frequency(Hz)

154.700 0.900 6.75 31.00 -0.200 0.600 1000
158.100 1.400 6.89 8.00 0.500 0.600 800
155.500 1.200 6.82 6.00 1.200 0.500 640
160.900 1.100 6.97 12.00 1.900 0.500 512
156.600 1.700 6.75 17.00 2.500 0.600 410
156.300 1.000 6.66 7.00 4.000 0.900 328
156.300 0.800 6.80 12.00 4.400 0.300 262
155.500 0.700 6.46 16.00 5.500 0.400 210
151.800 0.800 6.28 19.00 6.700 0.400 168
158.500 1.100 6.43 17.00 7.600 0.400 134
158.500 0.600 6.30 15.00 9.100 0.300 100
155.200 0.500 6.02 19.00 11.200 0.160 80

153.400 0.500 5.76 17.00 13.500 0.200 64

160.300 0.400 5.85 19.00 15.200 0.200 51

154.600 0.600 5.45 19.00 17.800 0.250 41

157.900 0.800 5.37 20.00 20.300 0.230 33

158.100 1.200 5.00 17.00 23.600 0.440 26

159.500 0.400 4.86 17.00 25.500 0.200 21

157.700 0.400 4.45 12.00 29.100 0.200 17

159.500 0.500 4.21 11.00 31.800 0.200 13

158.600 0.250 3.77 9.00 35.600 0.200 10

156.700 0.300 3.39 13.00 39.100 0.140 8.00
155.100 0.500 3.00 15.00 42.900 0.130 6.40
155.200 0.400 2.68 13.00 46.400 0.130 5.12
129.850 0.350 2.18 38.00 49.100 0.300 4.10
125.700 0.550 1.77 0.00 53.700 0.200 3.28
126.700 0.350 1.60 9.00 57.400 0.300 2.62
119.700 0.400 1.28 18.00 62.500 0.340 2.10
93.600 0.200 0.83 9.00 66.100 0.500 1.68
89.000 0.300 0.66 10.00 70.100 0.600 1.34
85.200 0.400 0.51 9.00 72.400 0.600 1.00
82.100 0.400 0.42 15.00 75.000 1.300 0.80
80.650 0.272 0.35 6.00 75.800 1.800 0.64
83.500 0.200 0.31 8.00 75.500 0.600 0.51
72.300 0.500 0.27 22.00 74.400 2.400 0.41
69.460 0.400 0.22 16.00 73.300 2.400 0.33
67.300 0.180 0.19 17.00 78.000 3.700 0.26
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