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Abstract

The work was focused on the research and development of methods, software and the necessary
components of the measuring chain for the purpose of analysis and subsequent monitoring of
the torsional interaction of the turbine-generator with the events in the electricity network. As
described, the torsional interaction is enabled by means of the air-gap torque of the generator,
as this is a quantity dependent both on the motion state of the rotor as well as on the current
electrical state of the generator. The complexity of the problem is due to the fact that the
information on torsional vibration cannot be measured directly, as for example the absolute
vibration of bearings, but a special measurement and a relatively complex post-processing must
be used. As part of the work, an algorithm was developed and successfully validated for the
evaluation of the instantaneous angular velocity, from which the amplitude and frequency of
the rotor torsional oscillation can subsequently be evaluated. In addition, some limitations of
the proposed method are discussed, as well as limitations resulting from the nature of measuring
torsional oscillations with an incremental encoder. The presented case studies prove the
existence of significant oscillatory components with a variable frequency originating in the
power grid relevant for torsional viration excitation. Furthermore, examples were shown where
a sudden change in the state of the electricity network caused a transient excitation of the
torsional oscillations of the turbine-generator rotor. A TVMS Torsional Vibration Monitoring
System was assembled and programmed in the Labview programming language which has
already been deployed on 14 turbine-generators with a total capacity of 3 GW.



Abstrakt

Prace byla zaméfena na vyzkum a vyvoj metod, softwaru a potfebnych komponent méficiho
fetézce za ucelem analyzy a nasledného monitorovani torzni interakce turbogeneratoru s déji v
elektrizacni siti. Tato torzni interakce je zprostfedkovana momentem ve vzduchové mezete
generatoru, nebot’ ten je veli¢inou zavislou jak na pohybovém stavu rotoru tak na aktudlnim
elektrickém stavu generatoru. Slozitost tlohy je ddna tim, Ze informace o torznim kmitani neni
meéfitelna pfimo jako na ptiklad absolutni vibrace lozisek, nybrz musi byt pouzito specialni
méfeni a nasledné relativné slozity post-processing. V rdmci prace byl vyvinut a na praktickych
datech tispesné otestovan algoritmus pro vyhodnoceni okamzité tthlové rychlosti, z niz Ize
nasledné¢ vyhodnotit amplitudy a frekvence torzniho kmitani rotoru. Navic jsou diskutovany
néktera omezeni navrzené metody i omezeni plynouci z podstaty meétfeni torznich kmitt
inkrementalnim enkodérem. V ramci ptipadovych studii se podafila prokazat existence z
hlediska buzeni torznich kmiti vyznamnych oscilanich slozek s proménnou frekvenci s
puvodem v elektrizacni siti. Déle byla ukdzana tada ptikladt, kdy skokova zména podminek v
elektrizaéni siti zptisobila pfechodné vybuzeni torznich kmitd rotoru turbogeneratoru. Konec¢né,
byl sestaven a v programovacim jazyce Labview naprogramovan systém pro méfeni torznich
vibraci TVMS, ktery byl dosud nasazen na 14 turbogeneratorech o celkovém vykonu 3 GW.
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Introduction and objectives of the work

Introduction and objectives of the work

The subject of this dissertation thesis is the design and implementation of a system for monitoring of
torsional vibration of a turbine-generator rotor. This task includes both the creation of a suitable
measurement chain that will respect a wide range of restrictions resulting from the use of the system in
the machine room environment of a power plant, and - in particular - the design and implementation of
a suitable signal processing algorithm. From a cybernetic point of view, it will be a system that will have
a defined set of input quantities and a set of output quantities, the most important of which will be output
information on the amplitude and frequency of torsional oscillations. In addition, the system will be
affected by a certain set of disturbance variables, the effect of which will have to be compensated in a
suitable way.

The implementation of the torsional vibration monitoring system has one main goal. This is to ensure
that the amplitude of torsional vibrations does not exceed some specified safe limits. Exceeding these
limits can damage the rotor or some other key components such as turbine blades. Excessive oscillation
can take two basic forms. One is long-term oscillation above a certain limit, which leads to so-called
high-cycle fatigue. The second possibility are impact events with large instantaneous values of the
achieved mechanical stress in the material, which can, at a given moment, cause cracks to appear on the
surface of the rotor or at the root of the turbine blades. There have been many cases of severe to
catastrophic turbine-generator accidents due to excessive torsional oscillation.

A very specific feature of torsional oscillations is their close connection to events in the power grid. This
coupling evolves from the existence of the air-gap torque in the generator, which is dictated by both the
instantaneous electrical state of the generator and the instantaneous state of motion of the rotor. Thanks
to the existence of this coupling, a wide range of ways in which torsional oscillations can be excited
opens up, which of course have no analogues in other types of vibrations. For example, subsynchronous
resonance or excitation due to asymmetry in the power grid.

The need for a torsional vibration monitoring system has recently been growing strongly as the structure
of the power grid changes. The share of renewable energy sources is increasing, conventional sources
are operated in the regime of more frequent starts and shut downs, electrical energy is transmitted over
long distances from the place of production (e.g. off-shore wind farms) to the place of consumption.
These changes often cause a more frequent change in the operating state of the network and the
associated excitation of transient events, which in turn have an effect on the excitation of torsional
vibrations of turbine-generators.

Current power plants are not equipped with torsional vibration monitoring systems as standard.
Typically, only the lateral and axial vibrations of the rotor are monitored. However, neither of these two
guantities is in principle capable of capturing torsional oscillations. Thus, the rotor can vibrate
torsionally even with large amplitudes completely unobserved, while the lateral and axial vibrations
remain normal. Standardly measured rotor vibrations also have limits clearly defined by the standards,
which determine what level of vibration is still safe and at what level it is already necessary to take
counteractions. Such limits defined by a standard are unfortunately missing in the case of torsional
vibrations. If a system for measuring rotor torsional vibrations is currently installed at a power plant, it
is usually an ad-hoc solution, the installation of which was initiated by problems during machine
operation in the past. New machines can be equipped with vibration measurement in certain cases, but
this is an additional system, the outputs of which are not sufficiently interpretable for the plant operator
(What is too much, what is too little? What to do when the vibration is increased?).

The reason why torsional vibration monitoring is not a standard at power plants till this day is probably
primarily due to its complex implementation. The fact that torsional vibrations can be reasonably
measured only with wireless strain gauges attached to the surface of the rotor or with incremental
encoders practically precluded the construction or the economic profitability of such systems in the
"analog" era in the 20th century. Only with the rapid development of computer technology and the steep
drop in the prices of measuring hardware in recent time, the idea of including torsional vibration
monitoring among standard turbogenerator protection systems becomes relevant.

This thesis presents a system for long-term monitoring of torsional vibrations of a turbine-generator
rotor. It is a system of own design, the core of which is in advanced signal processing methods. These
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methods must be robust enough to provide sufficiently accurate results and still be calculable in real
time. In addition, the system was designed from the start with practical use in mind. This condition is
absolutely fundamental and has far-reaching consequences on the final form of the proposed system.
Starting with the measuring chain, whose set-up has been innovated several times during the
development of the system, mainly to ensure its reliability for long-term operation. Ending with the form
of the implemented signal processing methods, which must be built in such a way that they are able to
overcome practical problems and be robust against applied disturbances.

As this is a doctoral thesis, it must have a clear defined set of problems to solve. The fulfillment of the
objectives of the work is an indicator of the quality of the work done by the author/student and a
condition for the successful defense of the dissertation. In the following list the objectives of the thesis
will be given:

1. monitoring of the interaction between the turbine-generator unit and the electrical grid
2. measurement and evaluation of the torsional vibration signals
3. practical evaluation on data measured in power plants

At the end of this introductory text, we will briefly describe the chapters into which the thesis is divided.
The first numbered chapter is the Electromechanical model of rotor torsional vibration. It introduces all
the necessary terms and quantities that will be used for the rest of the work. At the same time, basic
physical principles are described, the understanding of which is necessary when investigating torsional
vibrations.

The second chapter is devoted to the interaction of a turbine-generator with the electrical grid. In this
chapter, three phenomena are analysed, which have their origin in the electricity network, but during
which the torsional oscillations of the turbine-generator rotor are excited. As will be shown, these
phenomena are related either to operations in the power grid or to the state of the power grid as such.
The third chapter is the core of the entire thesis and presents methods for evaluating torsional vibrations
from measured signals. As it turns out, the problem of evaluating torsional vibrations from measured
data is not trivial and requires multi-stage algorithmic processing. In addition to the derivation of the
necessary methods, the chapter also analyses their properties, and in a separate subchapter, the error of
the results that the proposed methods give is also analysed in detail.

The fourth chapter validates the results of the proposed methods directly on data from practical
operation. The chapter could only be created thanks to the exclusive access to these practical data, which
was made possible by the fact that the proposed system was deployed at several power plants in the
Czech Republic and around the world during its existence. Due to the variety of locations of the
individual installations, the variety of manifestations of torsional vibration, which was already discussed
a few paragraphs above, is clearly visible in the results.

The most important outputs of the work are summarized in the Conclusions. In addition, directions for
further research are suggested, which have the potential to expand the possibilities of applying the results
of the existing system, for example by combining it with the blade vibration monitoring system, or to
improve the quality of the system in its current form.

The series of appendices at the end of the work certainly deserve special attention, as they often contain
other important findings that were omitted from the main text in order to increase its readability.

-12 -



Electromechanical model of rotor torsional vibration

1 Electromechanical model of rotor torsional
vibration

In this chapter the most important physical laws regarding rotor torsional vibration will be explained.
Next, some more mathematical expressions will be derived which will further be addressed in later
chapters.

1.1 Mechanical model — rotor torsional vibration

1.1.1 Kinematic model of torsional vibration

Rotor torsional vibration manifests itself as a harmonic oscillation of the rotor angular speed. This is
regardless of the axial position on the rotor. An exception from this is the case when torsional vibration
is being measured exactly in the node of the oscillation.

If the rotor is subject to torsional vibration of more than one frequency, the resultant motion is the
superposition of the harmonic oscillations of the individual frequencies.

Besides the torsional vibration, however, the rotor is rotating with a constant or slowly changing
rotational speed w,-,+, Which is equal to 314 rad/s (3000 RPM) for two-pole machines.

Generally, the rotor instantaneous angular speed w(t) can be written as a sum of a constant angular
speed w,.,; and the contributions of the individual torsional vibration harmonic components, each having
a distinct frequency f;, a phase delay ¢; and an amplitude 4; in terms of

N
W(t) = Wy + ZAi sin(2nfit + ¢;) . (1.1)
i=1

By the integration of the instantaneous angular speed signal from Eq. 1.1, the rotor angular position
¢(t) measured from the beginning of the measurement can be found as

t

p(t) = f w(t)drt. (1.2)
0
After the substitution from the Eq 1.1 into the Eqg. 1.2,

t N

() = | |woe + ) A;sin(rufit+ ¢;)|dr, (1.3)

[l2

N t
P(t) = Wpoet + A;sin(2rfit + ¢;) dt, (1.4)

N 4 ¢
@(t) = Wpprt + ; ([— 2nf, cos(2rf;Tt + ¢i)]o> +C, (1.5)
LA Y

P(t) = Wpprt + ; (— 27Tlfl- cos(2rfit + ¢;) + Flficos(qbi)) + C. (1.6)

The constant of integration C can be obtained from the initial condition ¢ (0) = 0. After the substitution
t = 0, the first term on the right-hand side is zero, the other terms inside the sum operator diminish and
for ¢(0) = 0 to hold the constant of integration must be zero, i.e. C = 0. The final expression for
absolute rotor angular position having N torsional components is as follows

-13-



Electromechanical model of rotor torsional vibration

@(t) = wroet + z (

1.1.2 Rotor static torsion

The term static torsion will be used for the rotor twisting around its longitudinal axis under a torque
applied on both of the ends of the rotor. In the state of a static equilibrium, the sum of all torques must
be zero. If the rotor is subject to an external torque, the rotor twists, the atomic structure gets deformed
and thus a reaction torque appears. In a steady state, the value of this reaction torque is the same as the
magnitude of the external torque. Also, the torque is the same along the rotor length.

In addition, for a homogeneous cylindrical rotor the deformation is also constant along its length. As a
consequence, the angular deviation of the cross sections of the cylinder changes linearly, as illustrated

(i

Fig. 1.1 Rotor torsion as a consequence of two opposite torques N.

Af D). (1.7)

In the following text, the mathematical expressions describing rotor static torsion will be derived. The
torsion loading of a cylindrical rotor can be interpreted as deploying a shear stress to individual
cylindrical shells, see Fig. 1.2. Thus, shear strain of a cube, also known as Hooke’s law for shear stress,
can be taken as a starting point,

F

where F is a tangential force acting to the upper surface of the area S, u is the shear modulus which is a
material constant and 8 is the twist angle caused by the force F.

Fig. 1.2 Twisting of a cube which is subject to shear stress.
The relation between the twist angle and the external force in Eq. 1.8 provides a starting point for the

computation of the twist angle of a homogeneous cylindrical rotor which is subject to an external torque
M, i.e. in case of a static torsion loading of the rotor. The situation is illustrated in Fig. 1.3.
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¢

Fig. 1.3 Twisting of a cylindrical rotor.

It can be seen that by twisting one end by angle ¢ with respect to the other, the cylindrical surface is
subject to a shear deformation of the angle 8. If the twist is small enough, an approximate relation holds

0L = R (1.9)

The cylindrical rotor can be thought of as a composition of many thin cylindrical shells with their radius
changing from zero to the radius R of the rotor. The same effect as depicted in Fig. 1.3 applies for every
of the internal cylindrical shells. A detail of one internal cylindrical shell of a radius 0 < r < R is shown
in Fig. 1.4. The twist angle 6 is linearly decreasing from its maximum value for the outermost shell to
zero at the rotation axis of the rotor.

Fig. 1.4 Twisting of a cylindrical shell.

For the twist angle ¢ of the cylindrical shell and the angle of torsion displacement 8, the following
relation holds

0L = or. (1.10)
The cylindrical shell transmits a portion dM (r) of the total torque M so an integral can be written
R
f dM(r) = M. (1.11)

0

The value dM () is related to the tangential force dF (r) acting on that cylindrical shell to the distance
from the axis of rotation by

dM(r) =dF(r) -r. (1.12)
The magnitude of the force dF (r) can be evaluated by the Eqg. 1.8. As S the surface of the cylindrical

shell cross section 2rrdr is substituted. The twist angle 6 is obtained from Eq. 1.10. The final equation
is of the form

Qr
dF(r) = yTZHTdr. (1.13)

The total torque M transmitted by the rotor is obtained by combining Eq. 1.11, Eq. 1.12 and Eq. 1.13 as
R

M = Zn,u%f r3dr (1.14)
0
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and after integration

THR® (1.15)

The torque M is thus proportional to the twist angle ¢. The corresponding constant of proportionality is
the torsional stiffness

M =

4
ky = TUR

2L
that describes the capability of the rotor to oppose an external torque. It can be seen from Eq. 1.16 that
torsional stiffness decreases with the length L of the rotor and increases with the fourth power of the
diameter R. This means also a small change in diameter has a significant effect on the torsional stiffness.
Because the torsion angle 6 is proportional to the distance from the rotor axis, also the mechanical stress
does so. As a consequence, the maximum mechanical stress is reached on the surface of the rotor. For
that reason the cracks caused by excessive torsional stress initiate mainly on the surface of the rotor.
The distribution of the mechanical stress on a rotor cross section illustrates Fig. 1.5.

(1.16)

o

Fig. 1.5 The distribution of the mechanical stress on a rotor cross section.

Mechanical stress on the surface of a cylindrical rotor subject to an external torque M can be obtained
from Eq. 1.15. Let dM be a portion of the net torque that is transmitted by the outer cylindrical shell of
the thickness dr, thus

_muR*e  mu(R —dr)*e
2L 2L '
Under algebraic rules, the fourth power of (R — dr) can be written as an addition of R* — 4R3dr +
6R?dr? — 4Rdr3 + dr*. In this expression, the terms with higher power of dr can be neglected,

yielding an approximative form R* — 4R3dr. This is further substituted into Eq. 1.15. The final equation
has the form

dM (1.17)

n,uR‘*(pg
2L R’

Note, that Eq. 1.18 contains a term representing the net torque M from Eq. 1.15. By the substitution into
Eqg. 1.18, the final form is obtained

dM = 4 (1.18)

dr
dM = 4M§. (1.19)

The mechanical stress acting on the outer shell is
_dF _dM/R 120
M TAT (1.20)

The substitution for dM from Eq. 1.19 and for dS = 2mRdr yields
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2M
o =—F7.
nR3
Equation 1.21 describes the relation between the net torque transmitted by a homogeneous cylindrical
rotor and the maximum value of the mechanical stress that appears on the surface of the rotor.

(1.21)

The above discussion may be applied to the evaluation of mechanical stress on a turbine-generator rotor.
Here, however, the existence of stress concentrators is an additional issue that must also be considered.
These include locations where the rotor cross section has a shape that differs from a circular one such
as the whole length of the generator rotor that has drilled longitudinal slots for rotor winding. Other
example are locations on turbine tailored to the attachment of bladed discs. As stress concentrators act
also locations of rotor diameter change.

1.1.3 Torsional vibration of a discrete oscillator

In the last chapter the response of the rotor subject to an external static torque has been addressed. The
focus of this chapter will be the dynamic torsional response of the rotor. The free torsional oscillations,
torsional natural frequencies and natural shapes are the highlights. For reference, a detailed guide
regarding torsional vibration of mechanical systems can be found in [32].

Free torsional oscillations is a state of a repetitive transformation of kinetic and potential energy between
distinct parts of a rotor. Kinetic energy is linked to a motion of the rotor. Potential energy is linked to
the deformation of the material of the rotor caused by its twisting. This energy is nonzero every time
there are portions of the rotor which are twisted to each other related to the steady state.

The simplest example of free torsional oscillations is a system of two mass discs connected by a massless
torsional spring, see Fig. 1.6. Considering a small initial deviation the spring develops a torque that acts
in an opposite direction thus trying to take the rotor back to the equilibrium. The velocity of the discs
gradually increases and thereby also the kinetic energy increases. The spring acts with a non-zero torque
until the deformation is zero and the rotor reaches equilibrium. In that position, potential energy is zero
and it is fully transformed into the kinetic energy that reaches its maximum. However, the process does
not end by reaching equilibrium but, due to inertia, the rotor starts to deviate in an opposite direction.
Hereby, the spring is again being deformed and acting on the rotor in a way to slow down the rotor and
bring it back to equilibrium. The Kinetic energy is again transforming to the potential energy. In case of
zero friction, the motion will never end and the system will oscillate at its torsional natural frequency
forever.

=000

Fig. 1.6 The simplest example of free torsional oscillations.

For the system in Fig. 1.6 the torsional natural frequency as a function of blade inertia I and torsional
spring stiffness k; can easily be obtained. Thanks to the symmetry of the mechanical system the
deviation of each of the two discs will be equal but opposite at each time. The point in the middle of the
spring will be still and is called a node. The computation can thus be made for a simplified system
consisting of one bladed disc and a torsional spring of half the length (i.e. double stiffness k;” = 2k;)
fixed on one end.

The Newton’s second law for rotational motion can be used as a starting point

M(t) = Ie(t), (1.22)

where M(t) is the torque acting on the disc, I is the moment of inertia of the disc and e(t) is its angular
acceleration. The torque M is caused exclusively by the torsional spring, it has the opposite sign than
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the deviation and its amplitude depends on the torsional stiffness k,” = 2k, and on the deviation ¢ of
the disc according to Hooke’s law

M(t) = =k @(t) = —2k,p(t). (1.23)

Combining Eq. 1.22 and Eq. 1.23 and considering that the angular acceleration e(t) is the second time
derivative of angular deviation ¢(t), the equation of motion of the free oscillations of the mechanical
system is

) 2k,
9O +— ) =0. (1.24)

Eq. 1.24 is a differential equation where a substitution w? = szt can be applied. The two solutions of

the characteristic equation

AP+w?=0 (1.25)
are A, , = tiw. A general solution of the Eq. 1.25 has the form
o(t) = CieMt + Cetet, (1.26)

C; and C, are constants which can be determined by the initial conditions. These are the nonzero
deviation from equilibrium ¢(0) = ¢, and a nonzero initial velocity ¢(0) = 0.

@(0) = CreM 0+ Ce?0 =€+ C, = ¢y
(j)(O) = /11C1€)“1'0 + Azc‘ZeAZ.O = (,()(Cl - Cz) =0

This is a couple of linear equations for two unknowns C; and C,. The solution is C; = C, = ¢,/2. By
the substitution into Eq 1.26 we have

o(t) = %ei“’t +%e“’“’t, (1.27)
which can be simplified using Euler’s identity to
@(t) = @,y cos wt. (1.28)

With respect to Eq 1.28 the quantity w can be interpreted as angular frequency of the free torsional
oscillations, i.e. the torsional natural frequency

w = k'/1. (1.29)

The oscillatory motion discussed above is the only one for that mechanical system that can exist without
any external torques. For more complicated mechanical systems with more discs and springs there will
also be a larger number of torsional natural shapes and frequencies. It’s a fact, that for a general torsional
system with N discs connected by N — 1 springs there are always N — 1 torsional natural frequencies
of the natural oscillations. Actually, there is always one more natural frequency with the value of 0
corresponding to a trivial case of uniform rotation of the whole system. Considering also this frequency,
there is a total of N torsional natural frequencies.

1.1.4 Continuous body torsional vibration
In the next section the torsional natural frequency of a homogeneous cylindrical rotor will be derived.

Let R be the radius of the rotor and L its length. Next, let ¢, = @41 (t), @, = @,(t) and ¢ = @(x,t)
denote the angular deviation at the two rotor ends and in an arbitrary position x.
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m{ . &\O

(pl(t) cp(x,t) ®(t)
Fig. 1.7 To the rotor torsional vibration.

Thanks to symmetry, the angular displacement is linearly distributed along the rotor length, thus

p(x,t) = co(t) +c1(Dx, (1.30)
and this can be written as

@(x,t) = @7 (x) - c(b), (1.31)

where ¢(x) = [1,x]7 a c(t) = [co(t), c;(¢t)]T. Defining a vector of boundary displacements q(t) =
[, (1), p,(t)]T the angular displacement in an arbitrary position can be computed as

a0+ [10] -1 [20] <50

Next, both sides of Eq. 1.32 can be multiplied by the inversion of a regular matrix § which gives c(t)
as

c(t) =S"1q(t), (1.33)
where
1 0
st= [_1 1]. (1.34)
L L
By the substitution for ¢(t) from Eq.1.33 into Eq. 1.31, we get
o(x,t) = ¢"(x)S ' q(2). (1.35)

In the following the Kinetic and potential energy of the rotor will be computed. Kinetic energy of an
infinite small rotor element is given by its instantaneous angular speed ¢ (x, t),

o, t) = pT(x)S1q(), (1.36)
and its moment of inertia which is given by
dl = pJ,dx, (1.37)

where p is the density of the rotor material and J,, is the polar moment of inertia. The kinetic energy of
the element is then expressed as

1
dEy = 5 ¢ (x,0) dl. (1.38)

The kinetic energy of the whole rotor is obtained by the integration over its full length

-19-



Electromechanical model of rotor torsional vibration

L

1 1
By = f 59 () dl = f S4"(OSTTPT(DPNST(0) plydx
O] 0

l
1
a7 ©|57 | oy [ #7COGx |57 |a©
0

1. :
= 54" (OMq(D). (1.39)
The integral within the braces can be computed as follows
L L L 1 E
T _ 1 _ 1 x _ 2
fd) (x)gb(x)dx—f[x] [1,x]dx _f[x xZ]dx—L L 2 (1.40)
0 0 0 E ?
The matrix M is then given by
1 L 1 1
1 ~ 1 2 1 0 33
_ 1 1=
M =pJ,l L 2 [__ _] I 3 (1.41)
0 -1l =l L L S
L1l2 3 6 3
where I is the moment of inertia of the whole rotor. The kinetic energy of the rotor is
1 7.
E, = Elq ®q(). (1.42)

The potential energy of the rotor is given by the integral of the deformation energy density A over the
volume of the whole rotor

E, = f AdV, (1.43)
(2]
where A is given by
1
A= 5;192. (1.44)

Considering the relation between the shear deformation angle and the deviation of the rotor cross section
(see Eq. 1.9), we get

0
o=2Lp (1.45)
dx
and after substitution from Eq. 1.36
_ 09"
- ox

0 S 1q(OR, (1.46)

the Eq. 1.43 can be written as
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L
1 0" (x) 0 (x)
I T -T -1 2
E, _Zf fuq t)s 7% % S tq(t)r<dAdx
0 (4)
L
1 aPpT(x)0
= f uq" (ST ¢6x(x) (gix)s_lq(t) f r2dA dx
0 (4
L
1 0" (x) 0 (x)
— _ T -T -1
—a©[s7| [wp = 2 B ax |57 a0
0
1 T
= 54" (DKq(®). (1.47)
For the integral within the braces we have
L L L
0PT(X)dPp(x) [0 (10 07, _ .0 0
f I % dx—f[l] [O,l]dx—f[o 1] dx—L[0 1]. (1.48)
0 0 0
The matrix K is then given by
1 —= 1 0
_ L|I[0 0 1 1l = 1 -1
K= upl , 1 [0 1] [_Z Z] = ke [—1 1 ] (1.49)

L
where k. is the rotor torsional stiffness defined by Eq. 1.16. The potential energy is given by

1 T
By = 5k () (1.50)

The problem of free torsional oscillations of a homogeneous cylindrical rotor is symmetrical, thus in
every time the ends of the rotor are deviated by the same angle. Here, two distinct cases are possible:
e The opposite ends move in the same direction

_[e@®
q(t) = [(p(t) (1.51)
e The opposite ends move in opposite direction
_[e®
qt) = [_(p(t)] (1.52)

Substituting Eg. 1.51 into the equation for the kinetic energy Eq 1.42 and potential energy Eq. 1.50 we
get

E, = 1¢2(t) (1.53)
E, = k;@*(t) (1.54)

The mechanical system has one generalized coordinate and so the Lagrange equation has the form

dt\d¢ dp  dp ’
where
d (aE"> = 21¢(t) (1.56)
dt\ag )~ <9\ '
OEy
—~=0a (1.57)
a¢
0y _ 2k, (t) (1.58)
a(p - f(p .

Substituting into the Lagrange equation we have the equation of motion describing the free torsional
oscillations
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1p(t) + k() =0, (1.59)
the solution of which is
@(t) = o cos(yke/I-t). (1.60)
Thus, the natural frequency w of the torsional oscillations is
w = k¢/l (1.61)

Eq. 1.61 defines the frequency of the first natural shape of the torsional oscillations of a homogeneous
cylindrical rotor. The computation of higher frequencies would be a more complicated problem which
is usually solved by numerical solvers, such as the software Ansys.

1.1.5 Specifics of large turbine-generators

For the sake of an exact analysis of natural shapes and frequencies of more complicated rotors, the best
and often the only way to do this is the use of specialized programs. In this chapter a method for
approximate natural shapes evaluation is presented. The method was published by Giesecke in [8] and
it can be used especially there, where no exact geometrical model of the rotor is available. The analysis
can be useful for example to decide where to place the torsion measurement sensors.

The starting point is the fact that large turbine-generators typically consist of several bodies. These are
the turbine segments, the generator rotor and the exciter. These are massive objects of relatively large
torsional stiffness. Between these bodies there is the rotor shaft of a relatively small diameter and thus
small torsional stiffness (see the fourth power of the diameter in Eq. 1.16).

A rotor built of N rotor bodies has N — 1 natural torsional shapes which correspond to such a kind of
torsional oscillation where the main torsional strain manifests on the low-diameter connecting shafts
and the individual rotor bodies behave as rigid bodies. Thus, at these low frequencies the rotor can be
thought of as a spring-mass system similar to that analysed in 1.1.3

| Mode 2 75H: \—

ModeSIASHz\\-.—f"-/

Torsional
Displacement

Torsional
Displacement

‘E ¢ ™\ A

4 e — :

2% | Mode 4 205k |
g N r
g._ j —

FE | Mode 5 218k

Torsional

% |Mode6 285Hz ‘
5 |
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Fig. 1.8 Subsynchronous natural shapes of a 1800 RPM rotor, adapted from [8].
The Fig. 1.8 shows subsynchronous natural shapes of a large turbine-generator rotor for a nuclear power

plant. The nominal rotational speed of the rotor is 1800 RPM. The individual modes are numbered
starting at 2 as the first torsional mode corresponds to the trivial case of constant speed rotation with no
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torsional deformation of the rotor. The mode no. 2 is the natural shape of the rotor for the lowest natural
frequency where the rotor ends oscillate in the opposite direction to each other and the trend of the
torsional dislocation between them is a monotonous function. Every subsequent mode adds one node to
the natural shape and one local antinode. Eventually, every rotor body oscillates in an opposite direction
to the surrounding bodies in case of the last - 6th — mode (although not very apparent in the figure).

It can be seen that for every mode the trend of the torsional displacement is approximately constant and
changes only along the connecting shafts. This corresponds to the fact that for subsynchronous torsional
modes the major part of the torsional displacement occurs at the connecting shafts whereas the rotor
bodies act as rigid bodies, thus the rotor acting as a spring-mass system.

In case of higher modes the torsional deformation starts to be significant also at the rotor bodies. One
group of these natural modes is presented by the coupled blade-shaft oscillation where the blades of the
largest low-pressure turbine couple with the rotor. For the turbine-generator being studied there are 9
such shapes in total.

Torsional

Displacement

T/l( Mode7 64.2Hz

£ E )L /“L
[v]
S8
v s v
'2 'g ( T—/
= Mode8 65.1Hz
e
E E —r \“/ T
o Q
=g Mode9 65.7 Hz

Axial Location
Fig. 1.9 Example of the first LP twisting modes of the turbine-generator coupled with the L-0

umbrella modes where the blades vibrate in the same direction as the rotor. Both L-0 and L-1
blade rows participate. Adopted from [8].
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Fig. 1.10 Example of the first L-0 umbrella modes of the turbine-generator. Adopted from [8].
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Fig. 1.11 Example of the first LP twisting modes of the turbine-generator coupled with the L-0
umbrella modes where the blades vibrate in the opposite direction to the rotor. Adopted
from [8].

Besides the above listed twisting modes there is, theoretically, an infinite number of other torsional
natural modes at higher natural frequencies. Their practical importance, however, gradually decreases
as for high natural frequencies, significantly more energy is needed for the displacements to be a hazard.
A special attention, however, should be paid for torsional modes near twice the grid frequency as this
frequency can be considerably excited by the generator rotor at some typical circumstances (see Chapter
2.2).
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1.2 Electrical model — synchronous generator

The most characteristic property of torsional vibration is its relation to events occurring in the electrical
grid. Changes in the generator air-gap torque are the main source of torsional vibration excitation. This
is something very unique compared to other types of turbine-generator vibration that is, for example,
excited by rotor unbalance or by aerodynamic forces.

The fact that torsional vibration is mainly caused by the power grid events has one benefit. The
information of the state of the power grid, if known, can be used to determine the excitation of the
torsional vibration, both qualitatively and quantitatively. This makes torsional vibration different from
other kinds of vibration where the excitation forces can usually not be determined.

In the beginning of this chapter we present a standard synchronous machine electrical model and the
derivation of the phasor diagram. Afterwards, we present the fundamental equations for active power
and for the power factor. Finally, we present the equations that determine the air-gap torque of the
generator.

1.2.1 Synchronous generator model and phasor diagram

In this chapter the principle of a synchronous generator will be explained. This will be necessary to
grasp the mutual relation between torsional vibration and electrical grid where the generator acts as the
linking element. In addition, mathematical equations will be derived in order to formulate the equation
of the air-gap torque. Equations and notation is adopted from [15].

A synchronous generator consists of a rotor and a stator part. The rotor supports the rotor winding that
acts as a simple coil whereas the stator consists of three stator windings forming three coils displaced
by 120° from each other. Although this generator design is not the only one being used it is probably
the most common and the rest of this text will refer to this design pattern. This kind of a generator is
called two-pole. The situation is depicted in Fig. 1.12.

Fig. 1.12 Schema of a two-pole three-phase synchronous rotor.

The rotor winding is supplied by an exciter that is a separate element with a constant direct current called
field current, ir. The field current creates a constant magnetomotive force Fy

where Ny is the number of turns of the rotor winding. The field mmf F; creates a magnetic flux ¢ that,
according to Ohm’s law for a magnetic circuit, is equal to

Fy
¢ = R (1.63)

where R is the reluctance of the magnetic current, i.e. the ability to conduct magnetic field. The
reluctance is mainly dependent on the thickness of the air-gap between rotor and stator. This air-gap is
constant all over the rotor circumference, thus the reluctance R does not depend on the actual angular
position of the rotor. As a consequence, neither the magnetic flux ¢, depends on the angular position.

The magnetic flux ¢ intersects the stator windings of the three phases. As a consequence the mutual
magnetic fluxes ¢4, Yrp and Yy are built. During the rotor rotation, the mutual magnetic flux at a
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certain phase is changing harmonically with a frequency that is equal to the rotational frequency w of
the rotor and with an amplitude . For phase A it reaches its maximum each time the d-axis is aligned
with the a-axis. This is mathematically expressed by a cosine function as

Yra(t) =Py coswt. (1.64)

For the other phases B and C an analogous relation can be determined. Considering that their phase
delay relative to the reference a-axis are 2m/3 and 4m/3 respectively, we have

Yrp(t) = Py cos(wt — 2m/3), (1.65)
Yrc(t) = Py cos(wt — 4m/3). (1.66)

The amplitude i is given by the product of magnetic flux ¢, and the number of armature winding turns
Ng. This can be written as a product of the mutual inductance of the rotor winding with one of the stator
windings My and the field current if as

Nr . ,

N
Yy = Ny =

The mutual flux through the armature windings of individual phases changes in time. As a result the
electromotive force (emf) is induced in armature windings. For the phase A, the induced emf e;, is

given by
dipra(t)
dt

This emf would appear on the generator terminal if the generator was disconnected from the grid.
Because the voltage has a harmonic trend with an amplitude equal to wM¢ i, its effective (rms) value E

is given by

1

However, if the generator is connected to the grid, there is a nonzero alternating current in the armature
winding which can be written for individual phases as

iy = I, cos(wt —1). (1.70)
ip = Iy, cos(wt —2m/3 —1). (1.71)
ic = ILycos(wt —4m/3 —1). (1.72)

where I, is the armature alternating current amplitude and A is a phase delay between rotor actual
angular position and the armature winding phasor. Typically, A € (r/2, ).

The time change of the armature current in each phase gives rise to mmf which act in the direction of
the axis of each phase and whose instantaneous amplitude is given by

F,(t) = NIy, cos(wt — 1), (1.73)
Fg(t) = NIy, cos(wt — 2m/3 — 1), (1.74)
Fc(t) = N,I,,, cos(wt —4m/3 — 1), (1.75)

The constant term N, = 2N, /7 is interpreted as the effective number of armature winding turns. It
counts for various effects related to the geometry of the stator such as the varying surface of the turns
wound on the cylindrical rotor. Adding the mmf vectors of all the armature windings the resultant mmf
is obtained

Fo(t) = F4(t) + Fp(t) + Fc(2), (1.76)
which can after some algebraic operations rewritten as
F,(t) = 1,5N,I,,e/@t-D), (1.77)
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In Eq. 1.77 the vector is written as a complex number. By doing that, the real axis has been identified
with the a-axis and the imaginary axis is perpendicular to the a-axis. Note, that the resultant armature
mmf F,(t) has a constant amplitude which is 1,5 times greater than the amplitude of the mmf of
individual phases. Next, it rotates at the same speed as the rotor and it has a phase delay A.

Figure 4.13 shows the time trends of the instantaneous amplitudes of the vectors F,(t), Fg(t) and
F-(t). Figure 4.14 shows how the mmf vectors are spatially composed to the resultant mmf F,(t)
according to Eq. 1.76.

Fa(t)

Fg(t)

Fe(t)

t=0 t=A/w

Fig. 1.13 Time trend of the absolute values of vectors F 4(t), Fg(t) a F:(t).

A t=Nw

Fig. 1.14 Resultant armature mmfF ,(t).

Hence, there are two different rotating mmf inside a synchronous generator. The first one is induced by
the direct current going through the field winding and is therefore rotating together with the rotor. The
second one is induced by the alternating current going through armature winding and is rotating thanks
to the interplay of the time delay and winding position effects. Because the rotational velocity of both
of these mmfs is the same, their angular difference is constant in time and the vector of the resultant
mmf can be constructed as

F,.(t) = Fp(t) + Fo(0). (1.78)

All three vectors in Eq. 1.78 form a fixed shape that is rotating with a constant velocity. This shape is
depicted in Fig. 1.15.
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F,
F~F
Fig. 1.15 Construction of the resultant magnetic field F,. as a superposition of the armature mmf
F, and field mmfF .

The rotating magnetic field caused by the mmf F,(t) induces time varying flux linkages in armature
winding. This, in turn, induces electromotive force in the armature winding.

Because of the effect of rotation the instantaneous amplitude of the projection of the vector F,(t) in the
a-axis is given by

Fo4(t) = F, cos(wt — A) = 1,5N,I,,, cos(wt — 1). (1.79)
The respective flux linkage is given by

NyF,,(t) 1,5NgN,
lpaA(t) = ¢; = §R¢ ¢

where L, is the armature reaction inductance. This time changing flux induces the armature reaction
emf e, 4, which is equal to

I, cos(wt — A) = LyI,y, cos(wt — 1), (1.80)

eqa(t) = T WLyl sin(wt — A). (1.81)
The term wL, can be interpreted as armature reaction reactance X,. From Eq. 1.81 it is also apparent
that the induced emf e, is delayed by m/2 behind the armature current.
The resultant voltage at phase A is given by the superposition of ef,(¢) from Eq. 1.68 and e, 4 (t) from

Eq. 1.81.

daa(t)
t

era(t) = epa(t) + eqa(0). (1.82)

The term e,.4(t) is the instantaneous terminal voltage at phase A of a generator connected to the grid.
Because both terms on the right hand side of Eq. 1.82 are harmonic functions of the same frequency, the
emf e, (t) is also a harmonic function that can be written as a phasor V

Vy = E — jXal. (1.83)

Figure 1.16 shows the relation between the phasors V;, E and jX,I. It is called the phasor diagram of a
synchronous machine. In addition, the vectors of the mmfs are also depicted in the phasor diagram.

Fig. 1.16 Phasor diagram of a synchronous machine.

The vectors Fr and F,. make a constant angle &¢-which is called the torque angle. It tells how much the
rotor advances its equilibrium position in the stator magnetic field. This angle also tells about the phase
delay between the emf phasor E and the terminal voltage ;. Another angle in the diagram is ¢ which
presents the power factor angle. This is the angle between the terminal voltage and current and thus
determines the ratio between the active power P and reactive power Q of the machine.
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For a better understanding of the mentioned derivation leading to the phasor diagram of a synchronous
machine, in which a large number of interdependent quantities appear, it will be useful to clarify which
quantities are the physical "cause” and which are the "effect”. When deriving the phase diagram, the
stator currents were used, from which the induced magnetomotive force in the stator winding F,(t) was
subsequently derived. Next, the resultant generator mmf F,.(t) was computed and finally the generator
terminal voltage V; was computed. In reality, however, there is a different cause-consequence sequence.
Instead, the terminal voltage Vj is fixed as it is dictated by the electrical grid (large interconnected grid)
and is independent of the actual state of the machine. So, the terminal voltage in fact acts as a starting
point for the other quantities. On the contrary, the internal emf E depends solely on the actual state of
the generator (rotor position and field current) and is independent of the state of the power grid.
Armature currents arise as a consequence of the relative phase delay and amplitude of the two phasors
V, and E. Referring to Fig. 1.16 it can be said that the phasors V; and E are given and the phasors  or

E,; = —jXq1 are formed in such a way for the equation V;, = E — E,, to hold.

1.2.2 Electrical power and power factor
For a three phase synchronous generator, the active power P is standardly calculated as
P =3IV, cos g, (1.84)

where [ is the armature current, 1, is the terminal voltage and ¢ is the power factor. Looking at the
phasor diagram, we can note the equivalence
V; cos@ = E cos(¢ + 6) (1.85)
which allows us to rewrite Eq. 1.84 as
P = 3IE cos(p + 6§), (1.86)

which also reflects the value of the field electromotive force E and the load angle 6.

Under typical circumstances, the phasor diagram is constructed based on the values of the quantities
P, Q and V; as these are the commonly measured quantities on a generator. From these the armature

current can be determined as

2 2
;P V+_Q (1.87)
g

and the power factor angle as

Q= arctan%. (1.88)

1.2.3 Generator air-gap torque model

In this chapter the generator air-gap torque will be computed. The nature of the force action between the
rotor and stator is in the angular misalignment between the field mmf vector Ff(t) and the armature

mmf vector F,(t). The rotor and the stator resemble two magnets whose opposite poles attract each
other.

The size of the air-gap torque can be computed from the actual active power P which is given by Eq.
1.86 as

P =3Vl cosp = 3Elcosp, (1.89)

where = &, + ¢ is called the internal power factor angle.
According to Eqg. 1.69 the rms value of the emf can be computed as E = 1/\/7wN¢¢f and the rms
value of the current as I = 1/+/2 I,,,. After substitution into Eq. 1.89 we have

3
P = EwN¢¢fIm cosf. (1.90)
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From the laws of mechanics follows that the power of a force acting on an object is equal to the dot
product of the vector of that force and the speed vector. An analogous law holds in case of a torque
acting on a rotating object. Thanks to the colinearity of these two vectors a simple scalar equation holds

Proch = TW. (1.91)

In a steady state the mechanical power P,,.., must be just equal to the generator active power P. By
comparing Eqg. 1.90 and 1.91, we get the equation for the air-gap torque as

P

3

By the interpretation of Eq. 1.92 it is necessary to keep in mind the mutual interconnection of the acting
measures. Its validity must be understood only for a small neighbourhood of the actual generator
operating point. For example, according to the equation there is proportionality between the amplitude
of the field magnetic flux and the amplitude of the air-gap torque. In practice, however, an increase in
excitation (i.e. field current) moves the armature current phasor /,,, and, eventually, increases the internal
power factor angle . However, the Eq. 1.92 will advantageously be used in Chapter 2 in the discussion
about rotor torsional vibration as a consequence of transient events in the power grid.
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2 Interaction of a turbine-generator with the
electrical grid

In this chapter the most significant phenomena capable of torsional vibration excitation will be
addressed. In general, they all are present continually. Their intensity, however, is usually below safety
limits and the corresponding material stress is below endurance limit. However, isolated events of
powerful torsional excitation followed by a considerable torsional vibration may occur. At these
moments, fatigue life is exploited or other permanent material damage may occur.

2.1 Transient events in the electrical grid

In this chapter the effect of transient events in the power grid on the turbine-generator rotor will be
analysed. Relevant transient events involve power grid configuration changes, lightning strikes to
electrical facility, short-circuits, stepwise load changes, etc. In addition, non-ideal synchronization can
also by a source of major torsional excitation.

First, the case of a step change of the terminal voltage phase will be analysed, i.e. the angle of the phasor
V,. The emf phasor E is considered to be unchanged as it is fixed to the rotor inertia and the field current
which is supposed to be constant. As a consequence, the torque angle &, and the amplitude and angle
of the current phasor I are subject to the step change so that the equation V, = E — jX,I still holds. The
situation is illustrated by the Fig. 2.1.

Fig. 2.1 Terminal voltage phasorV ,.angle change.

It can be seen from Fig. 2.1 that the armature reaction phasor —jX,I amplitude is larger. This can be
achieved only by the increase of the current phasor I. From the geometry of the situation follows that,
in turn, the angle S between the phasors I and E increses. Thanks to the increase of I and the
simultaneous decrease of 3, the projection I cos 8 of the phasor I into the direction of E increses.

As a consequence, the amplitude of the air-gap torque 7 increases according to Eq. 1.92 (the number of
turns Ny, is constant and the magnetic flux ¢ is dictated by the field current and thus constant as well).
This breaks the balance between the power provided by the turbine and the generator active power. The
machine starts to deccelerate. This decceleration also means the diminishing of the torque angle &,..
After certain time the twist angle returns to the value equal to that before the voltage phasor change. In
this state, the balance between the turbine power and the generator active power is re-established again.
However, the rotor has a lower velocity than the grid frequency. Due to its inertia the rotor starts to delay
the grid and the twist angle is increasing &y,.. Hence, the rotor is subject to an accelerating torque that is
willing to bring the rotor back to equilibrium state. To summarize, the rotor is oscillating around its
equilibrium state. This oscillation gradually diminishes thanks to energy loss on both the mechanic and
electrict side of the system.

In the following we determine a relation which will be used in one of the case studies in Chapter 4. Let's

consider the following situation. First, the generator is operating at a steady state described by P;, Q4,
V; and E. This implies a power factor angle ¢, and a load angle &;. Then, a sudden increase in the load
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angle happens due to a sudden rotation of the phasor of the terminal voltage V. Such a situation can
occur, for example, due to a sudden change in network impedance due to a certain operational
intervention. Let the magnitude of the terminal voltage phasor remain the same. Since the event occurs
suddenly, the phasor of the electromotive force can also be considered fixed during the event. Thus, just
after the event the generator operates at a different state described by new power quantities P,, Q,, the
amplitudes of the voltage quantities remain the same 1, and E but there are new values of the power
factor angle ¢, and the load angle &,.

For the analysis later in Chapter 4, we determine the equation for the ratio of P,/P;. From the phasor
diagram it can be seen that

sing - X4I = cos &, - E, (2.1)
This implies that during the conditions of the previous paragraph, we get
sind, - E
I, cosg,-X; Sind,-cosq,
2= == : (2.2)
I, sind;-E  siné; - cose,
cos @y - Xy
If we computed the ratio P, /P; by substituting into Eq. 2.2, we get the following expression
PZ sin 82
— = . 2.3
P; siné; 2.3)

Recall this equation is not of general validity but its validity is limited to the conditions given above.
However, in one of the case studies in Chapter 4 it helps us to determine the change of the load angle
during an event.

2.2 Unbalanced power grid

The term grid unbalance describes a state when the voltage phasors of individual phases differ in
amplitude or if they have a different angle than 120°. This situation can be the result of short-circuits,
unbalanced load or absence of transmission line transposition.

First, the grid unbalance caused by unequal voltage amplitudes on three phases will be analysed.
Specifically, let the phase A be subject to a voltage drop to 50 % of the original value. The Fig. 2.2
shows the time trends of voltage at the three phases in a time interval slightly greater than one period.

t=0 t=0/w

Fig. 2.2 Time trend of unbalanced voltage - 50 % drop of voltage amplitude at phase A

Figure 2.2 shows the resultant armature mmf vecor F,(t) and its three phase components for two
different time instances t = 0 and t = a/w. It can be seen that the vector F,(t) does not proceed in a
circle any more but rather in an elipse. This means that the amplitude of F,(t) decreases twice and
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increases twice within one rotation and so does the resultant mmf. As a consequence the air-gap torque
exhibits the same fluctuation leading to a torsional vibration excitation at twice the grid frequency. If
the grid frequency is 50 Hz the torsional vibration excitation frequency caused by grid unbalance is 100
Hz.

A t=a/w

Fig. 2.3 Armature mmf during grid unbalance - 50 % drop of voltage amplitude at phase A.
Second, another type of grid unbalance will be analysed, namely the case of phasors distributed other

than 120° from each other. In concrete, let the phase A phasor U, be delayed by 30°. Figure 2.4 shows
the time trends of voltage at all three phases in a time interval slightly greater than one period.

Ua(t)

Ug(t)

Uc(t)

t=0 t=0/w

Fig. 2.4 Time course of the voltage on the three phases in case of unbalance - phase A has
a phase delay of 30°.

Again, Fig. 2.5 shows the resultant armature mmf vecor F,(t) and its three phase components for two
different time instances t = 0 and t = a/w. It can be seen that the vector F,(t) does not proceed in a
circle any more but in an elipse. From the same reason as in case of amplitude unbalance the rotor will
be subject to torsional vibration excitation at twice the grid frequency.
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A t=a/w

Fig. 2.5 Armature mmf during grid unbalance - 30° delay of the voltage phasor at
phase A.

Grid unbalance can be interpreted by means of two sets of symmetrical components rotating in opposite
direction and an additional direct component. These are known as positive, negative and zero
components. The negative component is rotating in the opposite direction to the positive component and
thus they build together twice per rotation. Hence, the resultant vector is subject to an oscillation at twice
the grid frequency.

Figure 2.6 illustrates the break-up into symmetrical components. An arbitrary non-symmetrical set of
phasors Uy, Ug and U, is transformed into three symmetrical components: the positive sequence Uyp,
Ugp and U¢p, the negative sequence Uy, Upy and Ugy and zero sequence which are put into a single
phasor Uj.

Us
Usp
U o,
/\ ‘ ' Qg' —— U
Ua Unn
gC UCP

Fig. 2.6 Transformation of an unbalanced set of voltages into symmetrical components.

A positive sequence voltage put to armature windings creates a magnetic field F,p rotating in the same
direction as the resultant vecor of the original unbalanced voltages F,. That is why it is called positive.
On the contrary, a negative sequence voltage put to armature windings creates a magnetic field F,y
rotating in the opposite direction relative to the resultant vecor of the original unbalanced voltages F,,.
Thisis why it is called a negative sequence. The two vectors F,p and F 4 coincide twice per revolution,
thus the resultant vector F, moves along an elipse, similar to that shown in Fig. 2.3 and 2.5. This, as a
consequence, creates air-gap torque spikes at twice the grid frequency.

2.3 Subsynchronous resonance

Subsynchronous resonance (SSR) is a term reffereing to an oscillation within the electro-mechanical
system. Subsynchronous resonance can exist only if the electrical grid resonance frequency meets one
of the rotor torsional natural frequencies. Electrical grids with long series-compensated lines are prone
to SSR at most. This is because the series compensation brings a capacitive impedance to a system
(transmission line) which has a dominant inductive impedance by nature. Thus, a full RLC circuit is
created which has it’s own natural frequency of oscillation. The natural (resonant) frequency is given
by a simplified equation
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1
VLC’
where L is the series inductance and C is the series capacitance of the transmission line. Practically, the
resonance frequency f,. is lower than the mains frequency, thus the term subsynchronous resonance.
Subsynchronous currents enter the generator armature winding and induce an additional magnetic field.

By the superposition with the synchronous rotatory magnetic field beats are produced. The frequency
of the beats is fssg Which is equal to the subtraction of the synchronous and subsynchronous frequency

fssr =50 — frez (2.5)

In case the frequency fssg gets close to one of the torsional natural frequencies of the rotor, torsional
vibration at this frequency is steadily excited. Thanks to the relatively low modal damping of the
torsional vibration the resultant amplitude can be high enough to cause fatigue damage.

Kilgore et al. [14] present a detailed analysis of the autooscillations caused by the subsynchronous
resonance. First, the authors present the relation between the mechanical oscillation f the generator rotor
and the existence of two positive sequence components of voltage and current in the electrical grid at
the frequencies of w,o: — Wy, @ Wyror + Wy, This relation is obtained as follows.

Let the rotor be subject to a steady rotary motion with the velocity of w, and, in addition, to oscillations
at the frequency w,,, and amplitude A

fres = (2.4)

W(t) = wyor + A cos(wp,t). (2.6)
Under this condition the rotor angular position is given by
A
P(t) = Wpprt + —sin(wy,t). 2.7)
m

Now it will be shown that the magnetic field of the generator rotor whose motion is defined by Eq. 2.6
induces in the stator a couple of alternating emfs at frequencies w,o; — Wy, @ Wyor + Wy,. According to
Eq. 1.80 the armature flux linkage is dependent on the cosine of the rotor angle

P(t) = k cos(o(1)), (2.8)
where k = L,1,,. The corresponding induced emf is given by the time derivation of Eq. 2.8 as
e(t) = lp( =k sin(fp(t)) w(t). (2.9
By the substitution for ¢(t) and w(t) according to Eq. 2.7 and Eq. 2.9 we obtain
e(t) = ksin (wmtt + (;im sin(a)mt)) (Wyor + A cos(w,t)). (2.10)

Rewriting the sine and cosine function by complex exponential functions using Euler’s formula the
Eq. 2.10 can be written as

e(t) _ _< (wmtt+ A sm(a)mt)) e l(wmtt+ A sln(wmt))> (ert +§(€iwmt + e_iwmt)>. (2 11)

By multiplying the large parenthesis in Eq. 2.11 we get

A ) A
e(t) = wrot l(wmtt+— sm(wmt)) k;)iot e—t(wmtt+msm(wmt))
kA l(wmtt+wi sin(wmt)+wmt) kA —L(wmtt+ A sin(w,t)— wmt)
m 4i
kA L(wmtt+a;im sin(wmt)—wmt) _ k_Ae—i(wtha;im sin(wmt)+a)mt).
m 4i
An appropriate rearrangement of the members in Eq. 2.12 and the conversion of the complex functions
back to trigonometric functions the Eq. 2.12 can be simplified to

+
+

(2.12)
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A kA A
e(t) = kwyye Sin (a)mtt + w—sin(wmt)) + 7sin ((wmt — W)t + w—sin(wmt)>

m m

m

kA A
+75in (Wt + W)t + w—sin(wmt) . (2.13)

Note the term A/w,, inside the parenthesis — it is very small as the amplitude of the torsional vibration
is very small compared to the frequency of the mechanical oscillation. Under the condition of small
oscillation Eg. 2.13 can be simplified to

. A A
e(t) =k |wyor sin(wot) + Esm((wmt — wy)t) + Esm((wmt + wm)t)] . (2.14)

It is therefore clear that mechanical oscillation at the frequency of w,, induces currents at the frequencies
of Wyot — Wy ANA Wy + Wy, iN the armature winding.

Fig. 2.7 Armature mmf (black) and the induced mmfs caused by SSR (magenta).
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3 Torsional vibration analysis based on incremental
encoder data

In the previous chapters the problem of turbine-generator rotor torsional vibration has been discussed in
the perspective of vibration mechanics as well as the underlying electro-mechanical processes inside the
generator. It was explained that their understanding is crucial when building the overall picture of the
torsional vibration.

This chapter, which can be seen as the core of this thesis, is devoted to the development of a system
providing information about turbine-generator rotor vibration. In the very beginning, the reader is kindly
asked to consider following facts which demonstrate the complexity of the problem and justify the extent
of research and development being presented.

In operation, the generator rotor is rotating at 3000 rpm which is 314 rad - s~1. A level of torsional
vibration of a 380 MW unit which is considered to be dangerous is about 0,004 rad - s~1. Comparing
these two numbers it gets obvious that the torsional vibration causes only a fluctuation of the angular
speed by the order of 0,001 % (!). It is right this small amplitude which makes torsional vibration
undetectable with conventional measurement devices. Instead, a specialized monitoring system and data
analysis has to be developed.

As already written, this chapter is devoted to the design of a torsional vibration monitoring system. As
a first step, requirements on such a system have been defined:

e The system must be able to provide up-to-date information on torsional vibration

e This information must be available within a maximum predefined delay, e.g. 2 seconds

e The error of the result must be kept below a predefined limit

e The inputs of the system are time increments measured on the incremental encoder together

with the encoder geometry

From the first two requirements, there is a need to structure the system as a real-time system. In this
case, the data does not have the same weight in time. Their weight decreases from the newest data to
oldest data. From this it is clear that some recursive algorithm will have to be implemented in the system.
In other words, the system will certainly not provide some sort of offline analysis in historical data where
the entire time horizon of the measurement would be available. Such an analysis would require different
methods.
The condition that the result error must be kept below a certain limit is natural with regard to the intended
integration of the system into a wider turbine-generator protection system. In this case, the accuracy of
the results needs to be at least in order of magnitude comparable to the alarm values of the turbine-
generator protection system.
According to the fourth requirement, time increments measured by an incremental encoder are the
system input. In this context, it must be said that no prefabricated incremental encoder is used in this
work. This would be difficult to install in a turbine-generator rotor environment. Instead, a self-design
solution is used, consisting of an encoder tape glued to the circumference of the rotor.
The chapter starts with an introduction including the definition of the system structure and its inputs and
outputs. Then we develop a method for precise encoder geometry estimation. Afterwards we present
methods for instantaneous angular speed evaluation. And the last two sections are focused on error
evaluation and the explanation of a structural limitation of the proposed method.

3.1 System structure and input data

It is reasonable to start the chapter with the overall system description where individual components and
their purpose will be presented. Also the characteristics of the measured signals will be discussed as
these are the input information for the subsequent torsional vibration analysis.

Figure 3.1 shows the structure of the measurement system. On the left-hand side there is the turbine
rotor presenting the mechanical part which is subject to the torsional vibration to be analysed. On the
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rotor circumference a kind of zebra tape is attached. The zebra tape consists of a repeating pattern of
black and white stripes. A sensor attached to the stator part of the machine is able to distinguish between
these two levels by means of a rectangular signal on its output. The principle of the zebra-tape
measurement can be optical or elecro-magnetic as discussed in Appendix 6.1 in more detail.

The rectangular signal is then fed to a high precision A/D converter with an electronic preprocessor
which is able to determine the time increments, i.e. the time differences between two consecutive rising
edges in the rectangular signal. The time increments are the input information to the torsional vibration
analysis implemented in the torsional vibration monitoring system.

The time increments are used to compute the turbine instantaneous angular speed. Recall that torsional
vibration causes a fluctuation of the angular speed. Therefore, it is possible to evaluate torsional
vibration based on the knowledge of the angular speed. The reason, why we sometimes use the adjective
instantaneous, is to highlight the fact that not the standardly monitored turbine rotational speed but only
a precise angular speed can be used for torsional vibration evaluation. The computed angular speed will
always be given for a given measurement plane. The measurement plane is defined by the rotor cross
section whose axial location is given by the sensor.

The angular speed is, like any other velocity, rate of change of position with respect to time. In our case
it will be computed based on the measured time increments and the known encoder geometry. In order
to calculate the speed accurately, both of these quantities must also be known accurately. This means
that not only the measurement of the time increments must be precise but also that the encoder geometry
must be known accurately. As will later be shown, the encoder stripes can not be considered equidistant
but their individal widths must also be evaluated. Hence, encoder geometry is one of the sought-after
guantities.

For the end user which is supposed to be a power plant operation engineer the most important
information is whether torsional vibration is within limits or if the limits were exceeded. Hence, the
major outputs of the system are the torsional vibration amplitudes and frequencies.

bi ianal ti torsional vibration .
inary signa incrér:-neents amplitudes and
A/D + > torsional vibration frequencies
preproc. analysis

Fig. 3.1 The torsional vibration monitoring system.

:

To illustrate how the presence of torsional vibration manifests itself in the output signal, let us have a
look at Fig. 3.2. The left-hand part shows the situation of no torsional vibration. It can be seen that the
output signal (blue line) forms a periodic rectangular function. On the contrary, in case of torsional
vibration, a phase modulation of the rectangular function can be seen. The phase modulation contains
the torsional vibration information.

Mg Sy Sy Sy Sy Ny Ny Ny Ny W N N N N NN, N,
Fig. 3.2 Rectangular signal in case of zero (left) and nonzero (right) torsional vibration.

Let us introduce important parameters and measures which will be used throughout the work. In Fig. 3.3,
we see a zebra tape and a sensor which is able to detect the rising edges in the signal. A rising edge is
generated at each transition from a black area to a white area. As a result we obtain the same number of
rising edges over a single revolution as is the number of white (or black) areas. That is why we introduce
a general term stripe which refers to every white-black couple. As a result the number of stripes is equal
to the number of white (or black) areas. The number of stripes is denoted as N.

Next, we define the angular width of a stripe as ¢ [rad]. Obviously, the sum of all angular widths gives
21 because the zebra tape goes around the whole circumference
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N
z ¢ = 2m. (3.1
n=1

The time during which the rotor rotates by a single stripe is denoted by t. The meaning of the measures
¢ and t should be clear from the highlighted lines of magenta color.

N
j ¢1}str|pe 1

stripe N

stripe 3

Fig. 3.3 Zebra tape and introduction of important measures.

Because most of the later derived methods will make use of continuous data, we introduce a continuous
index i. From the sensor’s point of view, one particular zebra tape stripe comes every N stripes, i.e.
indices i, i + N, i + 2N all refer to the same stripe. It should be clear that the sum of N consecutive
stripes always gives 27 no matter what is the starting index i because N consecutive stripes always build
the whole circumference. A similar principle holds also for the time increments. Both principles are
described by the following equations

¢+ ioat ot Py =21 (3.2)
ti + ti—l + ...+ ti—N+1 = Ti (3 3)

3.2 Encoder geometry and a method of its estimation

This chapter presents a self-design solution for encoder geometry computation based on the measured
time increments. Under the term encoder geometry we will understand a set of N angular distances
between N consecutive encoder stripes, formally written as

b0 biv1) o Pian- (3.4)

As a sidenote please note, that for the term distance between adjacent stripes, the term gap width is also
used in the text.

Chapter 3.2.1 presents one of the proposed methods of calculating the encoder geometry from the
measured time increments. This method would give accurate results assuming a constant encoder
geometry. However, in the beginning of Chapter 3.3.2 we will explain that this assumption is not
fulfilled in practice and the method of determining the encoder geometry must therefore be extended to
give usable results even in the case of changing encoder geometry. The result will be a system for
estimating the geometry of the encoder which will be the subject of Chapter 3.3.2.

3.2.1 Algorithm for calculating the gap width from measured time increments

The problem to be solved in this chapter is defined as follows. We assume an encoder with N stripes.
The goal is to calculate N angular distances, gap widths, formally written as

¢, i=1,..,N [rad]. (3.5)

In an idealized case without any disturbances, the width ratio of two adjacent gaps would be very well
approximated by the time increment ratio corresponding to these two gaps, as the effect of speed change
as well as the effect of torsional vibrations on the range of these two gaps would be negligible. In
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addition, this ratio for a given pair of adjacent gaps does not depend on the machine speed and therefore
does not need to be additionally compensated.

.
t.
tis |

Fig. 3.4 The meaning of the quantities t (time increment) and ¢ (gap width).
Let us denote the ratio by the letter  and define it by the equation
nats [-]. (3.6)

The measure r; can be evaluated in every iteration i and a history of the last N — 1 values can be kept
in memory

Ty Tiets = 5 TioN+2 (3.7)
In view of the above, the following equations must hold
bi-1 bi-2 Di-n+1
;= , Tiq = y e, T = . (3.8)
g T i N2 w2

Equations 3.8 can be seen as a system of N — 1 linear equations of N unknowns.

However, there is an additional condition for gap widths ¢;, ¢;_1, ..., ¢;_n+1, that their sum is equal to
2m, because they just fill the whole circumference. Recall that we assume a tape with N stripes. So it is
possible to write

$i+ di1t ot by =21 (3.9)

Combining equations 3.8 and 3.9 we obtain a system of N linearly independent equations of N
unknowns. Its solution leads to exactly one solution ¢;, ¢;_1, ..., ¢i_n+1- We solve the system by first
expressing the terms in numerators from Eq. 3.8 as

Gi—1 = diri, iz = i—1Tic1, o Pi—ne1 = Pi—N+2Ti-N+2 (3.10)

and we recursively substitute into each equation from the equations to the left so that on the right side
of each equation we get the product of ¢; and the terms r. The resulting notation is therefore as follows

Gi-1 = ity Piz = PiTiTic, e s Pimner = Gi(TiTicg  Timn42)- (3.11)
Now we substitute these expressions for ¢;_1, ¢;_2, ..., i_n+1 INt0 EqQ. 3.9, which yields
¢+ ¢iri+ i+ o+ Pi(nTiog o Tiong2) = 2m. (3.12)

By sticking the term ¢; on the left side of the equation and converting the remaining expression to the
right side, we get

_ 2m
1+ () + (riri—q) + -+ (i7i-1 - Tion+2)
Equation 3.13 gets even simpler if we substitute the terms r by the time increments ratios according to

Equation 3.8. By making this adjustment and a small rearrangement of the fraction, we get the resulting
relation

bi (3.13)

T H
tittigtt ot -+ ti_ne

b; =2 (3.14)

The last equation gives instructions on how to calculate the width of the i-th gap ¢; from the last N time

increments t;, t;_1, ti—», .. , ti_y+1. THiS process can be applied in each iteration i in order to
always calculate the width of the most recent gap ¢;. However, keep in mind, that from the nature of
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the continuous indexing, gap widths ¢;,,.x Where k € Z all correspond to one physical gap. So, we get
the value of the gap width in every rotor revolution. It may seem like unnecessary work to count one
value over and over, but as we will show in the next chapter, there are reasons why it makes sense.

3.2.2 Mathematical model for encoder geometry estimation

In practice, it is not possible to ensure that the gap widths, i.e. the distances between the encoder stripes
in the measurement plane is constant over time. Rather, during the measurement, phenomena may occur,
the effect of which cannot in principle be distinguished from a situation in which the gap widths would
change.

For illustration, Fig. 3.5 shows the long term course of three selected gap widths, specifically those of
indices 17, 48 and 61. Note that the size of the vertical axis interval is equal for all signals. First, it can
clearly be seen that the variance of the signals is not the same. Instead, signal ¢, seems to have the
largest variance whereas signal ¢, has the lowest variance. This will be an important finding for later
analysis. In addition, while the gap width ¢4, remains relatively constant over the one day period, the
gap widths ¢, and ¢4, are subject to a variation of the magnitude of up to 0,09 % in case of ¢,g. This
proves that encoder gaps can not be considered constant in time. Finaly, between the time 21 h and 24
h a significant increase of variation can be seen in the signal ¢,g to which we will focus our attention
later as well.

T

_0.08945 .
8 0.0894
= 0.08935
> 0.0893 .
0.08925

¢

T

0 6 12 18 24

T

0.08785
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0.0877 I
0.08765 J ,

0 6 12

T

Pyg [rad]

T

0.08845 -
0.0884 | .
0.08835 WWMMWMMWW”H
0.0883 .
0.08825 J , J :
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time [h]

T

Pg4 [rad]

T

Fig. 3.5 Long term course of three selected gap widths.

A whole range of hypothesis can be devised to explain the fact that the gap width is not constant:
- the combination of the axial movement of the rotor and the non-parallelism of the edges of the
encoder stripes causes apparent changes in the gap width
- uneven thermal deformation of the encoder tape may change the gap width
- relative movement of the stator (on which the sensor is located) relative to the rotor (to which
the tape is attached) may be a cause of apparent gap width changes
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- contamination of the tape, especially in the optical measuring principle, may shift the point at
which the edge is detected and cause apparent changes in the gap width
- also a change in the lighting conditions in the engine room may shift the point at which the
edge is detected and again cause apparent changes in the gap width
An analysis of the action mechanism of some of the above disturbances is given in Appendix 2.
From the above, it is clear that the encoder geometry can not be considered constant, but it is necessary
to continually update the information during the measurement. From Fig. 3.5 we can see that the effect
of encoder geometry changes on the resulting calculated instantaneous angular speed is in the order of
1071 %. This error is not negligible in the context of the turbine-generator rotor torsional vibration
analysis. Therefore, it will be necessary to design an algorithm that takes into account the variability of
the encoder geometry and appropriately compensates for these changes.

From now on, we will assume that the gap width is a time-varying quantity. Gap width changes can
generally occur continuously over time. From the point of view of the structure of our measurement,
however, it is relevant how this quantity changes between revolutions, i.e. between the detection of one
and the same gap in one revolution and the following revolution. Therefore, from now on we will
investigate the discrete quantity ¢; (k) at the moments of its detection in the k-th revolution. The index
i stands for the gap position over the rotor circumference.

To allow changes in the time evolution of the quantity ¢; (k) we will formally look at the quantity ¢; as
a random variable. In a general form, the time evolution of the random variable ¢;(k) can be described
by the relation

¢i(k +1) = ¢i (k) + (k). (3.15)

The quantity & represents the change of the random variable ¢; between two consecutive revolutions.
As shown in the following Chapter 3.2.3, Eq. 3.15 is a special case of a first order process that can
plausibly be used to describe the gap width. The quantity ¢ includes all effects that affect the change of
gap widths. It determines the distribution of the random variable ¢;. In the beginning, we do not know
the distribution of the random variable ¢. Depending on &, the random variable ¢ can have normal
distribution, the nature of a Wiener process or some completely other distribution. Formally, even the
case of & = 0 would have been of interest as this will simply indicate that the gap widths are not
changing. However, in Chapter 3.2.3 we show that a white noise is a good approximation of ¢.

The gap width estimation system can formally be described by the two following equations

pi(k+1) = ¢i(k) + (k) [rad]
yi(k) = ¢i(k) +n;(k) [rad] ’

where we forward that the quantity y; (k) is a function of time increments according to the following
relation (detailed derivation can be found in Chapter 3.2.1)

(k) & 2mt; (k) _ ntﬂk)
T G- DT 5k T

The quantity ¢, (k) expresses the true width of the i-th gap in the k-th revolution. We can therefore look
at it as the state of the system, which we will try to estimate as accurately as possible. The first equation
expresses the dynamics of the system, i.e. the time evolution of the gap width.

The quantity (k) will be called state noise and presents the gap width change between the k-th and
(k + 1)-th revolution. The reasons for the gap width to change have been mentioned above, such as tape
contamination or axial rotor movement. Because the causes can be different and independent of each
other, each can be expressed by its own quantity, leading to a more complex notation & = £(&,,¢&p, ... ).
However, the explicit decomposition of ¢ into individual components is out of the scope of this thesis.
But what we will consider is the different state noise value for different encoder stripes. Practical data
show that the time change of the gap width is different for different stripes. Some stripes have more
significant time change than others. Therefore, we introduce a total of N generally different state noise
quantities for N encoder stripes denoted by the indices i = 1, ..., N, written as

& i=1,..,N. (3.18)

(3.16)

. (3.17)
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Because we have no closer information about &, we will assume it is a random variable with a normal
distribution €~N(O, af). In fact, this assumption is only an obvious approximation. The nature of ¢ is
not that of a Wiener process. The reasons why we still get plausible results under this assumption, is
discussed in Chapter 3.2.3. The derivation of the standard deviation oz will be the objective of Chapter
3.2.5. Here we also revise the original assumption on the normal distribution of the quantity &.

The second equation of the estimation system defined by Eq. 3.16 is the measurement equation. It gives
information about the model of the measured data, i.e. what is the relationship between the state variable
¢; (k) and the measured time increments. The quantity y(k) is the measured quantity that will serve as
an input in each iteration. We will keep in mind that not the quantity y itself is measured. Instead, the
time increments t are measured and these are, afterwards, used to calculate the quantity y according
to Eq. 3.17.

The quantity n(k) will be called the measurement noise and it represents the uncertainty in the relation
of the measured quantity y(n) and the system state ¢;(n). It can be defined as a random variable with
a normal distribution n~N(0, o;,).

Assuming that the measured time increments t are subject to a normal distribution error with a standard
deviation g, the derived quantity y is also subject to a normal distribution error with a standard deviation
a4 according to the error transmission rules, where

21

Oy =0 (3.19)

In Eqg. 3.19 we consider the error of the determination of the measure T small compared to that of the
quantity t. Thus, the measure T can present a constant value in Eg. 3.19.
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3.2.3 Identification of the parameters of the model of the quantity gap width

In this chapter we look into detail at the state equation of the model given by Eqg. 3.16, i.e. the time
evolution of the gap width. To simplify the notation we omit the index i knowing that our discussion is
appliable for all encoder stripes i = 1, ..., N. The equation 3.16 is a special case of a more general linear
process given by

pk) =a,- gk =) +ay-plk =2) +-+a, p(k—n) (3.20)

which respects a natural expectation of some sort of causal dependence of consecutive samples. We will
investigate the simplest variant of this dependence for n = 1, in which we will determine only one single
parameter a, i.e.

d(k) =a-p(k—1). (3.21)

Now we can define a new variable A¢ (k) = ¢ (k) — ¢, which will represent the deviation of the gap
width from the idealized value ¢, i.e.

Ap(k) = ¢(k) = do. (3.22)

where the value of ¢, = 2mr/N represents the gap width of an idealized encoder with N equidistant
markers.

Ap(k) = a - Ap(k — 1). (3.23)

It can not be expected that this equation will accurately represent the actual situation. For that reason,
we will also introduce an error quantity e, which will express the error of the model. The resulting
relation including the error quantity e therefore has the form

Ap(k) = a- Adp(k — 1) + e(k). (3.24)

We can write Eq. 3.24 for a set of [ values A¢(k), ..., Ap(k + 1). We then write the obtained set of
equations in a matrix form as

§(k) —§(k—1) e(k)
|| ~ew |, |ewrn| 3.25)
fk+0]) l—ttk+1-1) etk +1)

The vectors in the equation will be denoted by Greek letters ©, Z, and €. We thus obtain a compact
notation of the equation

E=0a+e. (3.26)

The calculation of parameters a can be viewed as an optimization problem of minimizing the squares
of €. So we can write the criterion

J=¢€Te (3.27)
By substituting from Eq. 3.26 and further modifications, it is possible to write
eTe=(E-0a)T(E—0a) =E"E-E2T0a - a"O0"E + a’0T0a. (3.28)

The minimum J criterion value is obtained for the optimal a* value in the minimum of the function /(a),
i.e. in the point where the derivation is zero. Thus, we get

9/(@) =0=a=a" (3.29)
da
a* = (070) '0TE (3.30)

At this point, we have derived a procedure for calculating the parameter a that minimizes the error of
the model according to Eq. 3.24 in the sense of least mean squares. Now we are going to use a portion
of a measured signal to evaluate the value of a. After doing this computation in the MATLAB
environment, we get the value
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a=0,9999997 =1-3-107". (3.31)

As the resulting value of a is a number smaller than one, the model described by Eq. 3.24 is a stable
first-order process. Furthermore, as the value is close to one, we can approximate the process by a
Wiener process. This lead us to the state equation in the form of a Wiener process as written in Eq. 3.21.

3.2.4 Determination of measurement noise n characteristics (o, and o)

It can be reasonably assumed that the measurement noise n has a zero mean value. If this were not the
case, for example if the state noise of the first gap n, had a mean value > 0, then there would necessarily
have to be at least one other index i, where the state noise n; would have a mean value < 0. This follows
from the principle of the measurement, where the "end" of one time increment is also the "beginning"
of the next time increment. In addition, there are no physical reasons why the measurement noise should
have a non-zero mean. Even if the rising edge was detected in, say, half of the encoder stripe following
the actual edge, then this would happen on all stripes, and ultimately the edge detection times would
only shift by a certain offset and the measured differences and their statistical properties would remain
correct.

Figure 3.6 gives a better understanding of the course of the measured signal. The essence of the signal
consisting of alternating low and high voltage levels is clearly visible. The period of individual pulses
is equal to the product of the rotational period of the turbine and the total number of stripes of the zebra
tape. As there are 70 encoder stripes and the turbine was rotating at its nominal frequency 50 Hz, the
frequency of the pulses in the measured signal is 70 - 50 = 3500 s~ 1. In the place marked with a red
arrow, we can notice a gap that is slightly wider than the other gaps. This gap corresponds to the place
where the two opposite ends of the zebra tape connect to each other. It will serve us as a reference gap
for subsequent analysis.

Logger for channel mask 200 at 2022-10-29 14:31:16

e
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Fig. 3.6 Time course of the measured voltage signal.

Figure 3.7 shows a 200 us long portion of the measured signal in the vicinity of the rising edge of the
gap being investigated. On the left the rising edge connecting the two voltage levels —3,6 Vand —1,6 V
can be seen. On the right a part of the high level portion of the signal can be seen. In this measurement
setup, the value of —2,5 V was used as the threshold value indicating the time of the rising edge.
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Logger for channel mask 200 at 2022-10-29 13:53:53
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Fig. 3.7 Time course of the measured voltage signal

Unfortunately, measured signal was also contaminated by a harmonic noise as can also be seen in
Figure 3.3. This noise is best seen in the right part of the graph where the useful signal is constant.
However, the harmonic noise is present all the time, including the rising and falling edges in the signal.
This harmonic noise is a source of error in the rising edge detection. The numerical expression of the

error associated with it will be derived shortly.

Figure 3.8 provides even more detailed views on the signal from Figure 3.7. The upper part shows the
part of the signal around the leading edge. In this graph, the slope of the leading edge at the point where
the signal passes the threshold level is also indicated by the red line. This slope is closely related to the
leading edge detection error, as will be shown in a moment. The lower part of the image shows a
zoomed-in view of the high-level signal, which will later be used to determine the amplitude of the

harmonic noise contained in the signal.
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Logger for channel mask 200 at 2022-10-29 13:26:35
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Fig. 3.8 Time course of the measured voltage signal

The leading edge slope is crucial for the accuracy of the leading edge time detection. The slope is shown
by the red thick line in Figure 3.8. In addition, the black circle indicates the threshold level of —2,5V
which is used for the rising edge detection. The leading edge slope is 0,043 V /us.

The quantization step of the measured signal is 0,005 V and the amplitude of the harmonic noise is
0,013 V. Based on these values, it can be concluded that the quantization error alone would affect the
detection time with the error

5 0005 1
aant = 2 0,043

and therefore the specified detection time is given as
taet = taet £ 0,058 [us]. (3.33)

Similarly, the error in detection time solely caused by harmonic noise would affect the detection time
with the error

= 0,058 [us] (3.32)

Sharm = 0,013 - = 0,30 [us] (3.34)

0,043
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and therefore the specified detection time is given as
taet = taer £ 0,30 [us]. (3.35)

It can be noted that 8y4;-m > Okvane. Therefore, from now on only the quantization error &p,4,-m Will be
used in the calculations. For the transition from absolute error to standard deviation, the approximation
from Appendix 6.4 can be used, according to which

V3
Otger = ? 5harm- (3- 36)

Furthermore, it should be considered that the standard deviation of the time increments o, is equal to
twice the oy, ,, because t is obtained by the difference of the detection times of the two adjacent leading
edges. So it applies

V3
oy = 2?6harm = 0,35 [us]. (3.37)

To cross-check the results, we determine the standard deviation o, calculated from the measured data.
To do this, we use the signal of the time increment on the 32" gap (i.e. the gap that has been analysed)
of the encoder, which is shown in Fig. 3.9. A relatively short time of 6 s is used, during which the speed
can be considered constant and the fluctuations in the displayed signal can be attributed almost
exclusively to the leading edge detection error.

<10*
2,835 X190
283} FATAL IV AT ]
< 2.825 1 | ‘
- \‘ I \“ i | ‘ ‘ ' [} \1“\ I\l
2.82 ] ' /IR S
2.815 i
0 1 2 3 4 5 6
time [s]

Fig. 3.9 Time course of the time increment on the investigated gap.

The standard deviation of the time increments calculated from the measured data is
o; = 0,34 [us]. (3.38)

It can be seen that the standard deviation calculated on the basis of the theoretical derivation from the
error transmission rules from Eqg. 3.17 and the standard deviation evaluated directly from the measured
signal from Eq. 3.38 come out very close to each other.

In the next part, the standard deviation o,, = o, (c;) of the quantity y according to Eq. 3.17 will be

determined similarly. This standard deviation will then be identified with the standard deviation of the
measurement noise o, = ;).

Substituting for a; from equation 3.25 to equation 3.19 we obtain
oy =2m-0,35-1076/0,02 = 110 - 107° [rad]. (3.39)

Again, to cross-check the results we determine the standard deviation o, from the measured data. Figure

3.10 shows the course of the width of the first gap calculated from the measured data t according to Eq.
3.17.
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Fig. 3.10 Time course of the width of the first gap.

The standard deviation of the quantity y calculated from the measured data is
oy = 115-107° [rad]. (3.40)

Again, it can be stated that the theoretically calculated value according to Eq. 3.39 is in a relatively good
agreement with the value according to Equation 3.40.

From the point of view of the model described by equations 3.16, the quantity o,, expresses the standard
deviation of the measurement noise, therefore it is possible to write

o, = 0y, = 115-107° [rad]. (3.41)

3.2.5 Determination of state noise ¢ characteristics (o).

In the next part we will focus on determining the state noise &. Again, it can be assumed that the state
noise ¢ has a zero mean value. If this was not the case, e.g. on a certain index the mean value of the
noise would be positive, there would have to be at least one other index on which it would be negative
in order for the sum of the gaps across all indices to be equal to 27z. Moreover, there are no physical
reasons for the existence of a state noise value other than zero.

The standard deviation of state noise o is calculated using a large number of short-term non-recursive
state averages, i.e. averages of the widths of a given gap. In our case, the phrase "large amount™ will
mean data from one whole day. The short-term averages will be calculated from measured data sections
of 4 s, which is long enough to eliminate the effects of torsional vibration with frequencies in the tens
of Hz and short enough to eliminate the effect of long-term turbine speed changes with frequencies in
the order of small fractions of a second.

Fig. 3.11 shows such all-day trends of four second averages of the width of the 17" and 61 gap, i.e.
the values of ¢, and ¢4;. Note the same signals have already been shown in Fig. 3.5. In addition to
these signals, the adaptive mean value and the interval +¢ are also shown in the graphs. It can be seen
that the standard deviation of the signal ¢ is larger than that of the signal ¢;.
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Fig. 3.11 Long-term gap width signals with the mean value and standard deviation trends.

To give a larger picture of the situation, Fig. 3.12 shows the mean values and especially the standard
deviations for all encoder gaps as computed over the same one day. It can be seen in Fig. 3.12 that there
are gaps where the state noise is stronger than elsewhere. Also, comparing the upper and lower graphs
in Fig. 3.12, it can be seen that there is no relationship between the magnitude of the state noise and the
size of the gap.

The only way to deal with this property is to allow different standard deviations of noise ¢ for different
indices i, i.e. to introduce a set

E1~N(0' 0-51)

§~N(0, o,) (3.42)

fNNN(&)' o-fN)

with generally different standard deviations. This notion makes it possible to consider for each encoder
gap its own standard deviation, which is denoted as og,i=1,..,N.
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Fig. 3.12 Characteristics of the quantity gap width

3.2.6 Gap width random variable — running summary

At this point, we have designed a procedure to compute the properties of the gap width random
variable ¢. Specifically, in section 3.2.4 we have designed a procedure to express the standard deviation
of the measurement error of the time increment and in section 3.2.5 we have designed a procedure to
express the standard deviation of the time change of the gap width quantity.

This gives us a complete description of the state noise ¢ and the measurement noise n which appear in
the equation 3.5.

For illustration, we can show a complete description of the properties of noises ¢ and n for the 17"
encoder gap:

517 ~ N(O, 16 * 10_6)
T]17 ~ N(O, 37 N 10_6)
Having the full information of the noises ¢ and n we can now focus on the development of an algorithm

which will be able to compute the gap widths and cope with the problems presented in section 3.2.2.
This will be the objective of the next section.

(3.43)

3.2.7 Kalman filter design for system state estimation

For the system defined by Eq. 3.16 state estimation can be performed using a Kalman filter in the form
of

¢k +1) = ¢ (k) + K; (k) - (v:(k) — i (K)) (3.44)

with the initial conditions
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a2[¢;(0)] = P;(0) = oo,
E[¢;(0)] = ¢;(0) = 27/N. (3.45)

Additionally, variance P;(k + 1) of the quantity ¢;(n + 1) is calculated at each step as

Pi(k+1) =(1-Kk)) - Pi(k) + o7 (3.46)
This variance is then used to compute the Kalman gain in the following step according to the equation
-1
K;(k) = Py(k) - (P(k) + of) (3.47)

Kalman gain [ ]
o
[4)]

1 1 1 1 1 1 1

0
0 1.5 2 2.5 3 3.5 4 4.5 5
time [s] %1073
Fig. 3.13 Kalman gain.
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Fig. 3.14 Kalman filtered gap widths.

3.3 Instantaneous angular speed evaluation based on incremental encoder
measurement

Data measured by the incremental encoder described in Chapter 3.1, i.e. the time differences between
the rising edges in the output signal of the sensor, are subsequently used for rotor instantaneous angular
speed computation. This quantity presents a superposition of nominal rotation of the rotor, subject to
some low-frequency fluctuations, and higher-frequency components that are associated with torsional
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vibration. In the frequency domain it is therefore relatively easy to separate the information about
torsional vibration and get the torsional vibration velocities in [rad/s]. If needed, these velocities can
then be integrated to get vibration angular deflection in [rad].

The methods on how to calculate the instantaneous angular speed are the topic of this chapter.

3.3.1 Velocity computation by definition

The basic principle of the angular speed computation is relatively simple. It follows from the definition
of the angular speed as a time change of the angle of rotation
_de(®)

w(t) =—3— (3.48)

If we choose a sufficiently short time interval so that the change in speed during it is negligible we can
rewrite Eq. 3.48 as

_Ay
At
For the nominator in Eq. 3.49 the angular distance between two consecutive encoder stripes can be
substituted. It should be clear that this value equals the gap width between these two stripes and thus
Ap = ¢;(k). For the denominator the time difference between the detection times of these two
consecutive rising edges in the measured signal can be substituted. This quantity equals the time
increment t as defined in Chapter 3.2.1. For a general situation of a rotation within the i-th encoder gap
the following equation can be written

w (3.49)

_9i(k)
YR

Note that the form of writing in Eq. 3.50 is rather symbolic. Strictly speaking, it does not cover the case
of a transition between the last mark of one revolution and the first mark of the next revolution. However,
a formal notation that would apply in general would be disproportionately more complicated. Since in
practice the transition between revolutions is not more complicated, we will prefer a simpler symbolic
notation.

(3.50)

3.3.2 Velocity computation without encoder geometry compensation

To justify the effort devoted to calculating the exact geometry in Chapter 3.2, we will first assume a
hypothetical, simplified case assuming the geometry is constant. The encoder geometry only expresses
the arrangement of stripes on the encoder tape and without additional knowledge it can reasonably be
assumed that the angular distance of every two consecutive stripes is 2 /N where N is the total number
of encoder stripes. In the following paragraphs it will be shown what consequences this assumption has
and the need for a more precise algorithm will be more obvious.

Figure 3.15 shows angular speed signal computed according to Equation 3.50. The time increments that
were used for the calculation were practically measured time increments on a turbine-generator. The
encoder tape consists of 36 stripes and the rotational speed was at the nominal value of 3000 RPM, i.e.
314 rad/s.

It can be seen that the offset of the signal is at an expected value of 314 rad/s and besides this there
are some peaks of the amplitude of approximately 1 rad/s. Because the actual motion of the rotor is
not known, it can not be distinguished whether these peaks are caused by a noise or whether they
correspond to the actual motion of the rotor. In addition, regular peaks of the amplitude of approximately
2rad/s can be seen showing up every 0,02 s which means they appear at every single revolution

2m [rad]
(314 [rad/s] ~ 0,02 [S])
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Fig. 3.15 Computed rotor angular speed

Looking at Fig. 3.15, it is obvious that the angular speed computation in its simplest form is not suitable
for practical use. The resultant signal contains elements which do not correspond to the actual motion
of the rotor.

A question is which part of Eqg. 3.50 contaminates the resultant signal with these undesirable elements.
Is it the term in the numerator relating to the encoder geometry or is it the denominator relating to the
detection times? A clue to answer this question provides the fact that the undesired elements show up at
a frequency equal to the rotor rotational frequency. Yes, theoretically there could be a measurement
error showing up at a frequency equal to the rotational frequency but there is no physical reason for that.
Thus, it is reasonable to focus on the way how the angular positions of the encoder stripes are
represented. We accept that the encoder marks are not equidistant and we use the encoder geometry
estimation system derived earlier in Chapter 3.2.

3.3.3 Velocity computation algorithm incorporating the encoder geometry estimation

As shown, the simple algorithm for angular speed computation described in Chapter 3.3.2 does not yield
satisfactory results. The reason for that is that the size of the encoder stripes is not constant. This is why
we developed a separate algorithm for encoder geometry estimation.

The objective of this chapter is to link the knowledge from Chapter 3.2 to advance the basic algular
speed computation formula given by Eq. 3.50. This will give us the final form of the algorithm for rotor
instantaneous angular speed evaluation.

First, recall the estimation system for encoder geometry

Ptk +1) =¢;(k) + & (k) [rad]
yi(k) = ¢;(k) +n;(k) [rad]

where the quantity y; (k) is a function of time increments according to the following relation (detailed
derivation can be found in Chapter 3.2.1)

(3.51)

2mt; (k) ti(k)
O I P W A R T (3.52)
j=i+1 G\ j=1%
These equations will be incorporated into the angular speed equation
_ ¢i(k)
w; = tl-(k) . (353)

The nominator in Eq. 3.53 is the gap width at stripe i and the denumerator is the time increment over
that same gap. After substitution
Thus, we get
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ki) + 2K (k) 1)
' t;(k) '

Eq. 3.54 presents the final form of the algorithm for rotor instantaneous angular speed evaluation. It
includes the Kalman filter for encoder geometry estimation that was developed in Chapter 3.2.

(3.54)

3.4 Error of the encoder geometry and angular speed calculation

As shown in previous parts of Chapter 3, the path from measuring the detection times of the encoder
stripes to the resulting torsional vibration signal is a chain of several steps. Each element of this chain
brings certain error to the result. The goal of this chapter is to present and analyse these partial sources
of error.

Specifically, we focus on the random measurement noise, the choice of the measuring principle, the
SNR of the sensor used and the systematic error of the proposed algorithm for calculating the
instantaneous angular speed.

3.4.1 Random measurement noise

The designed torsional vibration method starts with measuring the incremental encoder signal. The
idealized course of that signal was shown in Fig. 3.2 and a portion of a real signal was shown in Fig.
3.7. Random noise contained in the measured signal affects the accuracy of the rising edge detection in
this signal. It can be shown that the steeper the leading edge, the less is the effect of signal noise to the
detection time evaluation.

Let the sensor output x(t) consist of a useful signal x*(t) and an additive white noise x(t)~N(0,c2).
Therefore, x(t) = x*(t) + k(t). The leading edge detection time is determined as the time at which the
signal x(t) exceeds a predefined threshold value. The additive noise ¥ modelled as a white noise with
a variance o2 is a physical cause of the error in the determination of the rising edge time of arrival. This
error can, similarly, be modelled as a white noise with a variance ¢ and the following relation holds

oZ =tany - 02. (3.55)
The validity of this relationship can be seen by the illustration in Fig. 3.16.

Fig. 3.16 Sensitivity of the result on the slope of the rising edge.

According to Eq. 3.55, the detection time variance is directly proportional to the measured signal
variance provided the angle of the rising edge is constant. Alternatively, for a given measurement
variance the detection time variance is directly proportional to tan y where y is the slope angle of the
leading edge. The latter statement implies that a signal with steeper rising edges is, in general, more
robust to additional measurement noise.
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3.4.2 Systematic error of the instantaneous angular speed calculation algorithm

In this chapter we will analyse the influence of torsional vibration, or more generally of the variability
of the rotor angular speed, on the computed encoder geometry. We will perform the analysis for two
special cases. The first case is an uniformly accelerated/decelerated motion in which the rotor is subject
to a constant acceleration or deceleration. The second case is a harmonic motion that simulates the case
of torsional vibration.

First, consider an uniformly accelerated motion described by the following equation of motion

w(t) = Wy + at, (3.56)

where w(t) represents the instantaneous angular speed at time t, w,.,; the initial angular speed and «
the angular acceleration of the rotor. By integrating Eq. 3.56 and assuming a zero initial condition, the
relation for the instantaneous angular position can be written as

1
P(t) = wypet + Eatz. (3.57)

For a specific i-th encoder gap of the width ¢ (t) = ¢; and with a time increment t; we get

o= —Wrot wzot + 2¢;a
- .

i

(3.58)

Similarly, the period of rotation T can be obtained by the substitution ¢ = 2. As a sidenote, who reads
this sentence deserves great admiration from the author of the thesis. Thus, we get

2
_ —Wror Wy + 4TI
- :

For the following discussion, let us first consider Eq. 3.44 which presents the Kalman filter state
equation. It is a recursive equation where the Kalman gain K controls the weight of the previous value
of the state variable compared to the measured value on the actual value of the state variable.
Considering a special case of K = 1 we get a situation where the filter output is purely dictated by the
measurement. This is helpful for current analysis, as we can directly substitute from Eq. 3.17 into 3.44

and get
t; —Wyot T vV w?ot + 2§0ia

Q; =2m— =21 .
l T —Wrop + WPy + 4TI
As a cross-check, the value ¢; can be calculated at zero acceleration a = 0. Because this would lead to

a limit of the type ,,0/0* the L’Hospital can be employed (note all requirements for the L’Hospital rule
are met). Hence, we get

T (3.59)

(3.60)

1 w?, + 2¢;a

—Wrot + AY; wzot + Zq’ia . 2 vV wrzot + 2§0ia
= lim 2@ 5
—Wyor + W +4ma @0 1 W FATA

2 w2, + 4na

20

Pila=o = lim 2m @i (3.61)

Equation 3.61 proves that in case of unaccelerated rotational motion the calculated gap width ¢; is just
equal to the actual gap width ¢;.

A useful quantity will be the relative error of the calculated gap width obtained as a subtraction of the
calculated and actual gap width divided by the mean gap width

0; — i
afl 7L .62
€ 27N (3.62)

After substitution from Eq. 3.60 into 3.62 we get
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N — Wy W2, + 20
e = | gy —Lrot rot piax @, (3.63)
21 —Wrot + v WEy + AT
and after a small adjustment
14 2¢;a/w?, —1 No;
E:N'\/ pia/wlyy =1 No; 3.64)

1+4naj/wl, —1 21

From a practical point of view, it will be useful to analyse 2 dependencies:

1 e=¢€(o)

2. e =¢€(a)
The dependency of the computed i-th gap width on its index i, in other words on its position relative to
the phase stripe, is shown in Fig. 3.17. It can be seen that the error reaches the maximum value around
the 25" stripe, i.e. in the middle of the revolution.
Practical consequence is that during the machine start-up the method will systematically yield wrong
computed angular positions of the encoder stripes. This error would not be eliminated even by the
filtering algorithm from Chapter 3.2.7.
From a quantitative point of view, the magnitude of the error in the order of 107>, i.e. about 1073 %,
can be assessed as insignificant.
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Fig. 3.17 The systematic error of the calculated angular position of the encoder stripes
depending on their location.

Figure 3.18 shows the error e of the computed angular position of the first encoder stripe depending on

the rotor acceleration a. As expected the error linearly increases as the acceleration increases. At zero
acceleration the error is zero as already shown before.
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Fig. 3.18 The systematic error of the computed angular position of the first encoder stripe
depending on the rotor acceleration.
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In the following the case of harmonic fluctuation of the angular speed will be considered. This reflects
the situation of simple harmonic torsional vibration.
In this case, the angular speed is described by the following equation

w(t) = Wyor + Asinuft + ¢p), (3.65)

where w(t) presents the instantaneous angular speed at time t, w, is the DC component of angular
speed, A is the torsional vibration amplitude in the units of angular speed, f is the frequency of torsional
vibration and ¢ is the initial phase of the harmonic oscillation relative at time t = 0. By the integration
of Eq. 3.65 and assuming zero initial conditions the equation for instantaneous angular displacement
can be rewritten as

A A

@(t) = Wpprt — ﬁcos(ant +¢) + ﬁ cos(¢). (3.66)
Equation 3.66 is a transcendent equation whose general analytical solution for t does not exist. However,
using numeric solvers, solutions can be found for specific values of @, w,o¢, 4, f a .
As in the previous case, special attention will be paid to the dependence t = t(¢;), which will now be
extended by the initial phase ¢. Hence we get a function of two variables t = t(¢;, ¢). The three-
dimensional plot of the function t = t(¢;, ¢) is shown in Fig. 3.19. The remaining parameters are set
as follows: w,,; = 2m - 50 = 314 rad/s,A=1-10"3rad/s, f = 20 Hz.
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Fig. 3.19 Three dimensional plot of the functiont = t(g;, ¢).

On one hand, after averaging over the axis of initial phases ¢ the error € is zero for all stripes. On the
other hand, averaging over the entire interval of the initial phases 0 < ¢ < 2w does not occur in practise.
This is an interesting fact that will now be proved.

Consider torsional vibration at the frequency of 20 Hz, i.e. period 0,05 s, superimposed on a rotational
frequency f,,; = 50 Hz, i.e. rotational period 0,02 s. As a result only 5 distinguish initial phases ¢ exist
reoccuring with a period of 0,1 s. In fact this number is the least common multiple of the numbers 0,02
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and 0,05. This principle is illustrated in Fig. 3.20 which shows the relative position of two harmonic
functions with frequencies of 20 Hz and 50 Hz. In addition, the black lines depict the phase of the ,,20
Hz* harmonic function at the times when the ,,50 Hz* harmonic function starts a new period, i.e. when
the rotor starts a new revolution. It can be seen that 5 different initial phases exist on any time interval
of 0,1s.

X / / f’ | ﬁft / / fr \ /
— o) LA ¥ / A | \_\ / ———50 Hz
= NV A VN VST ,I/- / ;l ——— 20 Hz
\ f / / / 1/ /

i
0.15 0.2

Fig. 3.20 Relative position of two harmonic functions at frequencies 20 Hz and 50 Hz.

However, a remarkable fact is shown in Fig. 3.21. The existence of only 5 different initial phases ¢ has
no effect on increasing the error in the calculation of angular positions by averaging. Figure 3.21 shows
the error of the angular positions after averaging over the entire interval 0 < ¢ < 2w (blue line with
crosses) and Fig. 3.22 shows the error after averaging over the set of five reachable initial phases (red
line).

%1073

5 10 15 20 25 30 35 40 45 50
stripe [ ]

Fig. 3.21 Error of the angular positions after averaging over the entire interval 0 < ¢ < 2m
(blue line with crosses).
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Fig. 3.22 Error of the angular positions after averaging over the set of five reachable initial
phases (red line).

As can be seen in Fig. 3.22 the error is zero also if only the five reachable initial phases are used in the
averaging. This property applies in general, which will be analytically proven in the next paragraph.

Proof:

Consider a harmonic function of frequency f and be interested in the sum of its values in equidistant
time intervals 7;,i = 1, ...,n,n € N represented by

n

s = Z sin(2rft; + ¢o) . (3.67)
=1
In addition, let 7,, = ?,m € N, hence more generally 7; = i% The sum according to Eq. 3.67 can be
rewritten in the form

s = i sin (ZEi% + o), (3.68)
i=1
s= an: [sin (Zm' %) cos ¢ + cos (Zm' %) sin (,‘bo] , (3.69)
n-—1 n
s = cos ¢ Z sin (Zni %) + sin ¢ Z cos (Zni %) . (3.70)
i=1 i=1

The next step will be to prove that both sums on the right side of Eq. 3.66 are under the condition that
m,n € N equal to zero. First, the following identity will be used whose proof will be left on the reader
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n n n
Zsm Zm— =0 A Zcos 2m— = Z an_ 0. (3.71)

i=1 i=1 i=1

The term X1, /(22 is a sum of complex numbers thus also a complex number. A complex number
is zero if and only if the real and imaginary parts are both zero.
It will be useful to first deal with the case where m = 1. In this case, the phasors of complex numbers

e’ (Z”E) in the complex plane form a symmetrical pattern and their sum will therefore always be zero,
see the upper left plot in Fig. 3.23.

1 n=2 ’ n=3
0.5 0.5
E 0 E 0
05 -0.5
-1

Fig. 3.23 Demonstration of the principle that the sum of complex exponentials according to Eq.
3.37 is always zero.

For a general value of n € N, it can be noticed that the expression Y™ ; e’ ( 5) is a sum of n complex
numbers, whose position vectors in complex plane uniformly divide the angle 2rm. What happens if
m = 2, e.g. in case of n = 23? The angle between two adjacent position vectors is doubled, but the
resulting pattern is the same as in the lower right plot in Fig. 3.23.

ej(mr-l-%) 4ot ej(Zn-n-%) +
ej(zn'l'%)ej(znﬁ) 4+ oo 4 ej(ZTrn-%)ej(ZT[%) +

ej(zn-'l'%) ej(znT) + . 4 ej(Zn-n-%) ej(zan_l)
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n-1 n-1 n-1
m
Z sin Zm— (Z sin 2m— + Z sin 2n(n —1i) ;)) =

i=1 i=1

m im im
2mi —) + sin(2m) cos (Zn—) — cos(2m) sin (27T—>] =
n n n

N| =
S
/\

) m im ) im
sin (Zm z) +0:cos (Zn 7) —1-sin (Zn 7)] =0 (3.72)

N| =
—

2mi —) + cos(2mm) cos (Zm %) + sin(2mm) sin (Zm %)] =

N =
M= 5
—

(@]

o

v
/N

5 ; cos Zm— + 1-cos (2711;) +0- sm( lr:)] (3.73)

4

In this case, the property of the cosine function was used, that cos (Znn %) = cos (Zn -0- %)
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Fig. 3.24 Error of the angular positions after averaging over all initial phases.
A repeated solution can be used to construct the function t = t(¢;), which determines the encoder

stripes detection times. Having this function the formula for the angular position of the i-th stripe can
be written as

t(p;)
*=12 . .74

The error of the calculated angular position will be written by the following equation

, P
After the substitution

t(p;) No;

_ _ 3.76
t(2m) 27w ( )
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The dependence of the error of the calculated angular position of the i-th mark on its index i is shown
in Fig. 3.25. It can be seen that the maximum value is reached around the 16" encoder mark. In addition,
on the other parts the function is not monotonous any more as opposed to the situation in Fig. 3.24.
Namely, there is a local minimum around the 47" encoder mark.
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Fig. 3.25 Error of the angular positions after averaging after averaging over all initial phases..
However, the shape of the curve in Fig. 3.25 depends on the initial phase of the harmonic component of

the rotor speed and to properly evaluate the effect of torsional vibration, it will therefore be appropriate
to extend the graph by another dimension representing the initial phase of the harmonic component.
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Fig. 3.26 Error of the angular position of the 1t encoder stripe as a function of torsional
vibration amplitude.
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3.4.3 The problem of oscillation at the rotational frequency and its multiples

In this chapter we will discuss one major structural limitation that exists when using a simple incremental
encoder of unknown geometry for torsional vibration evaluation. This limitation is that torsional
oscillations at the rotational frequency and its multiples can not be distinguished from the encoder
geometry error.

We will first answer the question of when this fact is really limiting. Are there situations in practice
where the rotor oscillates synchronously with its rotation? As for oscillations at natural frequencies,
rotors are typically designed so that their natural torsional frequencies are not close to the nominal
rotational frequency and multiples thereof. However, the situation is different for forced oscillation
caused by harmonic fluctuations of the air-gap torque. As was discussed for example in Chapter 2.2,
when the three-phase network is unbalanced, an air-gap torque component is created in the generator
oscillating at twice the network frequency, i.e. at 100 Hz. In the case of two-pole synchronous machines,
it is therefore an excitation at twice the rotational frequency. This would be the situation where the
described limitation comes into play. On the contrary, this limitation does not apply to asynchronous
machines operating with a certain frequency slip to the mains frequency or to oscillations at a frequency
other than synchronous.

Table 3.1 presents an overview of combinations of generator frequency slip during operation and
frequency of torsional vibrations. Recall zero slip reflects the synchronous machines and non-zero slip
reflects asynchronous machines. Only case 4. is subject to the limitation discussed in this chapter.

1. Non-zero slip, non- 2. Zero slip, synchronous
synchronous vibration vibration

3. Non-zero slip, non- 4. Zero slip, synchronous
synchronous vibration vibration

Tab. 3.1 Overview of combinations of generator frequency slip during operation and frequency
of torsional vibrations. Only case 4. is subject to the limitation discussed in this chapter.

For a better understanding, the situation can also be represented graphically, as in Fig. 3.29. This figure
is divided into four parts that correspond to the definitions of the operating state according to Tab. 3.1.
First, we explain how to interpret the figures. The black thick circle shows the circumference of the
rotating rotor. The position of the stationary sensor of the incremental encoder is represented by the
black circle on the right adjacent to the circle. Thanks to the blue and red lines, the mutual movement
of the rotor and the excitation air-gap torque can be read.

The blue line can be thought of as a record of the angular speed of the rotor over time. For each point,
the angle of its position vector is given by the momentary rotation angle of the rotor from the beginning
of the measurement, and its amplitude is given by the momentary angular speed. As the angular speed
in our model example is given by the superposition of the nominal rotational speed and an additive
harmonic component representing the torsional oscillation, the amplitude of the position vector
fluctuates between two concentric circles representing the resulting extreme values of the rotor angular
speed.

The red line can be imagined as a record of the time course of the air-gap torque. For each point, the
angle of its position vector is given by the momentary rotation angle of the rotor from the beginning of
the measurement, and its amplitude is given by the momentary air-gap torque amplitude. As the air-gap
torque in our model example is given by the superposition of a nominal value and an additive harmonic
component representing the torsional oscillation, the amplitude of the position vector fluctuates between
two concentric circles representing the resulting extreme values of the air-gap torque.

In our model example, we suppose the mains frequency is fixed to 50 Hz. In cases 1. and 2., where non-
zero slip is indicated, the rotor rotation frequency is 10% below mains frequency, i.e. 45 Hz. This means
that on the 0,08 s time window of 4 mains revolutions the rotor ends up in a position delayed by 4 -
360°/10 = 144°. This fact is highlighted by the blue arrows indicating the position vector of the final
point on the blue line. On the other hand, in cases 3. and 4. there is zero slip therefore the rotor motion
keeps in unison with the mains frequency. Again, this fact is highlighted by the blue arrows being
collinear with the red arrows.

-65 -



Torsional vibration analysis based on incremental encoder data

In cases 1. and 3. we consider non-synchronous vibration (there is a harmonic component in the air-gap
torque oscillating at 120 Hz). This fact reflects itself in the shape of the red lines. After the end of one
mains revolution the phase of the vibration does not end up at the initial value but has an advance of

1 _ 1
20120 o4 360 = 144°

120

in every mains revolution. On the other hand, in cases 2. and 4. we consider synchronous vibration. This
means the value of the air-gap torque for a particular mains phase is the same in all revolutions.
Therefore the red lines overlap on our 0,08 s time interval of 4 revolutions and form a single ellipse-like
shape.

360° -

1. Non-zero slip, nhon-synchronous vibration 3. Zero slip, non-synchronous vibration

2. Non-zero slip, synchronous vibration 4. Zero slip, synchronous vibration

Fig. 3.27 Excitation force (red) and rotor acceleration (blue).

Now let's realize what is relevant in terms of influencing the encoder geometry calculation by the
existence of torsional oscillation. In order for the recursive algorithm to yield an unbiased value of the
gap width estimate, it is necessary that the torsional oscillation does not always affect a given gap in the
same way, but that the positive and negative contributions from the torsional oscillation be distributed
as best as possible, i.e. the blue line has at a specific point for different revolutions different values. This
condition is obviously fulfilled in all cases except case 4. In case 4, for each encoder stripe the
contribution from torsional oscillation will be the same in each revolution, and it will not be possible to
distinguish the effect of torsional oscillation from the error of the encoder geometry. For a specific
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example, if due to torsional oscillations the rotor is always slowed down at the moment when the i-th
strip passes around the sensor, this fact will not be distinguishable from the condition where the i-th
stripe would be oversized compared to other stripes.

3.5 Programmatic implementation of the algorithm

The algorithm for torsional vibration evaluation described in this chapter has been developed and tested
extensively in Matlab software. However, for the practical use on power plants a copy in LabVIEW
software has been made. The LabVIEW environment brings several benefits such as

o clarity of interconnections between functional blocks

o the possibility of color differentiation of functional blocks according to their classification into

a logical unit

e easy connection to the used HW from NI

o easier code readability for people unfamiliar with the code
The following figure shows an example snippet from the code. The function block nature of the code
can be seen. Furthermore, the hierarchical structure of multiple sub-VI levels and the united coloring of
sub-VIs of similar logical function can also be seen (note the pink sub-VIs on the right side).

p\

S pe= COMPINCETRANSIENT:

Fig. 3.28 Example snippet of the LabVIEW code.

The LabVIEW environment is also beneficial by providing an easy graphical user interface (GUI)
capability. The GUI of the torsional vibration monitoring system has been designed with respect to
clarity and functionality. It allows the user to set all necessary parameters and show important values
and graphs.
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u Torsional Vibration Monitoring System *
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Fig. 3.29 Graphical user interface.
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4 Practical case studies for the analysis of torsional
vibration interaction with the power grid

In this chapter, several practical case studies will be presented. They allow us to show the correct
functioning of the proposed algorithm for the evaluation of instantaneous angular speed and torsional
vibrations and its applicability in the detection of manifestations of electro-mechanical interaction of the
power grid and the turbine-generator units.
In order to avoid possible misunderstanding, let us state that all input data were obtained based on
measurements in power plants using the hardware and procedures presented in this thesis and were
subsequently processed also in the spirit of the methods also developed in this thesis.
Some case studies presented in this chapter stand out by documenting rare instances of interaction. It
can be said that we were lucky in these cases and were in the right place at the right time. These
highlights are definitely
- evaluation of torsional vibrations of the turbine-generator rotor of a 385 MW unit of a coal-fired
power plant in the event of a three-phase short circuit at the generator terminals
- detection of manifestations of interaction between the power grid and turbo-generators in a
network characterized by a long unbranched line
- capturing a transient event resulting in torsional vibration response with LP turbine blade
vibration excitation
- analysis of torsional vibration together with generator terminal voltage signal at the time of a
major power grid disturbance

4.1 Subsynchronous torsional vibration resonance events

This chapter will cover several case studies related to such a turbine-generator torsional vibration
interaction with the power grid that has a nature of a resonance event. All case studies are associated
with the same power plant. In the beginning we will introduce the powerplant setup and it’s context in
the power grid. This will help us to understand the phenomena that we are about to analyse.

500 kV / 2 x 3AC

157 MW GT G

===
580 km

94 MW  VT/ST NT G

375 MW  VT/ST NT G ;—

Fig. 4.1 Power plant overview.

The plant with a total installed capacity of more than 600 MW consists of three turbine-generator units.
The first two units with a total installed power about 250 MW are parts of a combined-cycle unit (157
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MW gas turbine + 94 MW steam turbine using the waste heat from the gas turbine). The third unit is a
coal-fired unit with a 375 MW steam turbine. These three units are connected to the interconnected
power grid via a relatively long line of 580 km.

The extensive length of this line presents a good initial condition for subsynchronous resonance effects.
This fact was already known during the planning phase of the power plant, and therefore the requirement
for on-line monitoring of torsional vibrations of the rotors was included in the conditions for approval
for operation. Thanks to this, conditions were created under which an online torsional vibration
monitoring system could be installed in the power plant, in which the author of this thesis also

participated.

4.1.1 Subsynchronous resonance and forced vibration

One day between 21:33 and 21:48 local time, the 375 MW machine showed a significant increase in the
amplitude of torsional vibrations at the first natural torsional frequency of 18.9 Hz. Given the shape of
the amplitude increase at the beginning of the event and the amplitude decrease at the end of the event,
see Fig. 4.2, and given the fact that there was no increase at any other natural frequency or twice the
mains frequency, see Fig. 4.4, it can be assumed that the oscillation was caused by the presence of the
relevant oscillating component in the voltage in the electricity network.

%107

i+ [rad]
Y
1
]

100 200 300 400 500 600 700 800

i[s]

Fig. 4.2 The overall view at the resonance event — band pass filtered vibration at the torsional
natural frequency.

10

o [rad]

240 260 280 780 800 820
t[s] t[s]
Fig. 4.3 Detailed view at the initial and the terminal phase of the resonance event.
In the following figure, the short-time Fourier transform spectrogram can be seen. This proves the timely
localized nature of the resonance event. In addition, the frequency localization is also clearly visible.

The amplitude increase at the frequency of 34 Hz corresponds to the second torsional natural frequency.
This proves to be excited permanently and independently on the first torsional natural frequency.
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Fig. 44 The same resonance event in terms of a short-time Fourier transform spectrogram.

An extremely interesting observation was made by analysing the vibration of a nearby unit. Although
this nearby unit has a different first torsional natural frequency of 20,3 Hz, the forced vibration at 19 Hz
can be detected at this unit as well.

Natural frequency
of the first rotor 19 Hz

17
200 400 600 800 200 400 600 800
t[s] t[s]

Natural frequency
of the second rotor 20,3 Hz

Forced vibration
at 19 Hz

Fig. 4.5 Comparison of the forced vibration at two different units — resonance occurs when the

excitation frequency matches the natural frequency.

We can conclude, there has been an oscillation component in the grid at 19 Hz, but only one of the units
responded with a significant increase at this frequency as it was close to its natural frequency. For the

-71 -




Practical case studies for the analysis of torsional vibration interaction with the power grid

second unit, there is a larger gap between the grid frequency and the natural frequency and thus the
resultant amplitude is much lower — no resonance occurs.

4.1.2 Subsynchronous resonance and beat phenomenon

Another example of subsynchronous resonance has been detected on 9.12.2018. Here, another highly
interesting nature of the power grid oscillation can be observed. Figure 4.6 shows the time signal of the
torsional vibration filtered out at the first torsional natural frequency as well as the corresponding short-
time Fourier spectrogram.

%107

1 1 1 1 1 1 1 1 1 1 1

50 100 150 200 250 300 350 400 450 500 550
t[s]

50 100 150 200 250 300 350 400 450 500 550
t[s]

Fig. 4.6 Subsynchronous resonance detected on the 09.12.2018.

Contrary to the example in Fig. 4.4, in this case we can see a frequency component in the background
which starts at the frequency of 20 Hz, then gradually decreases until it reaches the frequency 19 Hz. It
keeps resting at this frequency for about 400 s and, afterwards, gradually increases back to higher
frequencies. While the component rests at 19 Hz, torsional vibration gets excited significantly as this is
the torsional natural frequency. The resonance takes place just like in the previous example.
Amazingly, we can also observe the beat phenomenon is this example. As the excitation frequency is
close to but different from the torsional natural frequency at the beginning and at the end of the resonance
(i.e. at times just before 100 s and just after 500 s), the forced response oscillation and the natural
oscillation superimpose to each other and create beats. As the frequency difference is changing, the beat
frequency is also changing which is demonstrated in Fig. 4.7. The left side of the figure shows a detailed
view of the signal in Fig. 4.6 — at the time when the forcing oscillation leaves the torsional natural
frequency and the beats phenomenon occurs. The right side of the figure proves that the frequency of
the beats (blue line) matches well with the difference between the forced response oscillation frequency
and the torsional vibration frequency. It is true that with an increasing difference between these two
frequencies the beat frequency increases; on the other side, the system moves further away from
resonance and thus the amplitude of the beats decreases.
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Fig. 4.7 To the beat phenomenon analysis.

4.1.3 Forced vibration components in all-day spectrograms

In this chapter we further investigate the nature of the vibration components which are clearly seen in
the background of the short-time Fourier transform spectrograms of the torsional vibration signals. As
there is no physical reason for this vibration to be mechanically induced (does not stick to natural
torsional frequencies), the only possible explanation is they are a forced vibration excited by an electrical
oscillations present in the power grid. Although this forced oscillation is not of great direct importance
to the excessive oscillation of turbine-generator rotors, it is nevertheless useful to pay attention to it. It
turns out, the frequency of this oscillation changes over time. These changes are apparently the result of
a larger number of changes in the electricity network and its reconfiguration. And when the frequencies
of these electrical oscillations change, intersection of the rotor natural frequencies may happen. At this
point resonance and thus increased torsional vibration can occur.

To analyse this forced vibration we will use all-day short-time Fourier transform spectrograms of the
instantaneous angular speed signals. First we show two all-day spectrograms for the same day for the
two 385 MW and 97 MW units, according to the power plant overview in Fig. 4.1. A special attention
should be paid for the forced vibration component highlighted with the dotted line. It can be seen this is
a common vibration component for both machines. As these machines are of different type and thus
having different natural vibration frequencies, the only explanation is there is such an oscillation in the
power grid that causes this forced vibration response.

-73-



Practical case studies for the analysis of torsional vibration interaction with the power grid

o
AN WA WA | ORIl R0 ¥ o g
16 17 18 19 20 21 22 23 24
tih]
<10
o
=]
g

16 17 18 19 20 21 22 23
t[h]

Fig. 4.8 Forced vibration component tracking on the 385 MW machine (upper spectrogram) and
the 94 MW machine (lower spectrogram).

The forced vibration component present in the spectrograms in Fig. 4.8 does not intercept any of the
torsional vibration components of the two machines, thus the vibration amplitude remains neglible.
Recall, that the purpose of Fig. 4.8 was to demonstrate the existence of forced vibration excited by
oscillation originating from the power grid.

A different situation can be seen in Fig. 4.9. Here we see similar forced vibration components, but this
time these components intercept the second torsional natural frequency of the machine. Here, it can
clearly be seen that while crossing the natural vibration frequency, resonance takes place and the
vibration amplitude becomes significantly amplified. The upper and lower spectrogram in Fig. 4.9 shows
exactly the same spectrogram, but in the lower one the forced vibration components are highlighted and
also the resonance amplitude increase at the intersection with the torsional natural frequency (,,2nd
TNF*) of 37 Hz is depicted with the circles.
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Fig. 4.9 Forced vibration component trancking on the 94 MW machine from 26.6.2019.

4.2 Torsional vibration response to air-gap torque disturbances

In this chapter, we will pay attention to another type of electro-mechanical interaction of the turbine-
generator and the power grid, namely the one in which the initial impulse is a change in the operating
point of the grid or synchronous machine. Such events are associated with a sudden change in the load
angle of the machine, which leads to a sudden change in the air-gap torque and, eventually, the excitation
of torsional vibration of the machine.

4.2.1 Three-phase generator terminal short-circuit torsional response diagnostics on
RD

The first case study in this sub-chapter will concern the torsional vibration evaluation of the turbine-

generator rotor of a 375 MW unit of a coal-fired power plant during a three-phase short circuit at the

generator terminals. This is the turbine-generator of the same power plant that we have already discussed
in Chapter 4.1 regarding subsynchronous resonance analysis.
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The event occurred on during a short-circuit tests on a very high voltage line, near the block transformer.
During the tests, the generator was disconnected from the network, however, at nominal speed and
energized at nominal voltage (no-load operation). In the event of a short circuit, an extremely strong
discharge occurred, resulting in the formation of a cloud of ionised air. By an unfortunate coincidence,
according to witnesses, the ionised air reached the 40 m away outlets from the generator, where it caused
a secondary short-circuit on the generator disconnector.

500 kv © 12 kV

500 kV 12 kV

Fig. 4.10 The upper picture shows the situation just after short-circuit on the very high voltage
side of the transformer. The lower picture shows the situation few seconds later, as the cloud of
ionised air reached the generator terminal.

At the first moment, in accordance with the laws of physics, there was a sharp increase in the braking
electric torque and the machine was slowed down. The turbine speed controller responded to this braking
and opened the valves. However, about a second later, a black-out occurred from the short-circuit and
the turbine was automatically tripped.

Figure 4.11 shows a simplified rotor model. Since the rotor is composed of 3 bodies, the first 2 natural
frequencies can be expected as subsynchronous, i.e. less than 50 Hz, and the others supersynchronous
(see Chapter 1). Indeed, the values of the first four rotor torsional natural frequencies provided by the
operator are 18.83 Hz, 34.14 Hz, 116.59 Hz and 128.71 Hz.

VT/ST NT G

Eil_—><A><A

Fig. 4.11 Schematic of the turbine-generator with marked measuring planes.
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At the same time, the position of two measuring planes is marked in the picture. One measuring plane
was at the free end of the rotor where the standard machine speed measurement gear is located. The
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second measuring plane is located between the low-pressure part of the turbine and the generator and is
formed by a zebra-tape glued to an exposed piece of the rotor circumference.

For subsynchronous self-oscillations, the torsional deformation mainly takes place on relatively flexible
pins, while the individual rotor bodies behave as rigid bodies. The approximate shape of the torsional
natural shapes is shown in Fig 4.12.

Fig. 4.12 Torsional deflection for the first and second torsional natural shape.

The first eigenshape (green line) can be expected to be detectable on both measurement planes, with
greater amplitude at sensor 1, which is further from the node of this oscillation shape, and less at sensor
2, which is closer to the node. The second eigenshape (orange line) should be well detectable at sensor
1, but a very small amplitude can be expected at sensor 2, as this sensor lies close to the node of this
oscillation. The next two figures 4.13 and 4.14 confirm these expectations. Figure 4.13 shows the
instantaneous angular speed of the rotor at measurement locations 1 and 2. In addition to oscillations
associated with torsional vibrations, the signals show an exponential decrease in speed caused by the
fact that the machine was shut down immediately after the event.

Sensor1

0 0.5 1 15 2
t[s]

Sensor?

0 0.5 1 1.5 2
t[s]

Fig. 4.13 Instantaneous angular speed signals at sensors 1 and 2.

The Fourier frequency-amplitude spectra of the instantaneous angular speed signals from Fig. 4.13 are
shown in Fig. 4.14. It can be seen that while both first two natural frequencies are clearly excited on
sensor 1, only the 1st torsional natural frequency is excited on sensor 2.

The values of the first two torsional natural frequencies of the rotor read from the spectrum are 18,9 Hz
and 34,9 Hz. The following table shows a comparison of model natural torsional frequencies provided
by the manufacturer and those determined based on measurements.
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Fig. 4.14 Amplitude frequency spectra of instantaneous angular speed signals.

Model Measurement | Error
1st natural frequency 18,8 Hz 18,9 Hz 0,5%
2nd natural frequency | 34,1 Hz 34,9 Hz 2,3%

Tab. 4.1 Comparison of modelled and measured natural torsional frequencies.

The amplitude of oscillations at the first natural frequency of sensor 1 is 0.3152 rad/s, which corresponds
to 2.64 mrad. For sensor 2, the amplitude is 0.0980 rad/s, which corresponds to 0.82 mrad. The ratio of
these two amplitudes is 3.2.

Finally, the course of the static twist of the rotor between measurement planes 1 and 2 will be shown.
To obtain this signal, the instantaneous angular speed signals were first integrated, thereby obtaining the
courses of the instantaneous angular position of the rotor, and these signals were subsequently subtracted
from each other, thus obtaining the twist between the measurement planes.

001

t [rad]
=

-0.005|
-0.01 | : : : .
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Fig. 4.15 Rotor twist during the event.

4.2.2 Evaluation of rotor torsional vibration and static torsion

Another case study will concern the evaluation of torsional vibrations of the turbine-generator rotor of
a 250 MW unit of a coal-fired power plant. During torsional vibration monitoring, an event was captured
during which the machine was tripped from full power. The event occurred due to exceeding the limit
temperature of the stator winding. The sudden unloading of the rotor had the effect of a strong torsional
excitation, which resulted in the excitation of the rotor's torsional natural frequencies.

Figure 4.16 shows a diagram of the turbine-generator with marked measurement planes of the TVMS
system. In the plane marked with number 1, the existing gear with 80 teeth and a hall probe was used,
in plane 2 a paper zebra tape with 137 marks was installed in combination with an optical sensor.
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Fig. 4.16 Schematic of the turbine-generator with marked measuring planes.
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First, we evaluate how the sudden unloading of the turbine-generator affects the value of the static torque
between planes 1 and 2. When the turbine-generator is in operation and loaded, i.e. there is a constant
transfer of energy from the turbine to the generator, the rotor transmits torque. The transmission of this
torque is realized by elastic forces in the material of the rotor arising during its torsional deformation.
Torsional deformation is smaller on the individual parts of the turbine-generator and larger on the pins
between them, since the pins generally have a smaller radius and therefore less torsional stiffness. An
approximate course of torque and torsional deflection along the axis of the rotor is shown in Fig 4.17.

A\

Fig. 4.17 Approximate torque and torsional deflection course along the rotor related to the first
torsional natural shape.

From the measured data, information about the sudden change of the torsional twist can be obtained
from the course of the detection times on the 1st mark of the encoder. A change in static twist manifests
itself as a shift of the detection times of all encoder marks within one revolution by the same interval
forward (if the twist change in the given plane was in the direction of rotation) or backward (if the twist
change was in the opposite direction to rotation). The reason for choosing the 1st mark is that the
detection time at the 1st mark is least affected by the instantaneous angular speed changes.

The course of detection times on the 1st mark of the encoders in planes 1 and 2 is shown in Fig. 4.18.

x10"

Fig. 4.18 Detection time of the first encoder marker at the measurement planes 1 and 2.

It can be clearly seen from the figure that the detection time of the 1st marker in plane 1 will step-up by
1,1- 107> s. No step change appears in plane 2, which is consistent with the fact that the phase marker
was installed on plane 2 to synchronize the measurements. Therefore, the difference of the change in
the detection times of the first stripe in planes 1 and 2 during before and after the event is equal to 1,1 -
107> s. This means a angle value of 3,5- 1073 rad at the nominal speed of 3000 rpm. This value
represents the change in static twist between planes 1 and 2 during the event. The course of static torsion
between planes 1 and 2 is shown in Fig. 4.19.
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Fig. 4.19 Rotor twist during the event

The change in torque between planes 1 and 2 during this event can also be computed. From the change
in active power of 250 MW at 3000 rpm, the change in torque is 796 kNm. The comparison of the static
twist and the torque change gives the turbine designer the opportunity to validate their calculations. This
can also be considered a useful output of the analysis presented in this thesis.

4.2.3 Evaluation of instantaneous angular speed and generator terminal voltage signals
of a 250 MW turbine-generator

The next case study will concern the same turbine-generator as in the previous subsection. In this case,
however, it will be an evaluation of rotor torsional vibration during a significant event in the power grid.
Due to operations at a nearby distribution station, a transient event occurred in the power grid, which
caused a significant fluctuation of the performance of the machine.

During the monitoring of torsional vibration on this turbine-generator, the terminal voltage on one phase
of the generator was also measured. The aim was to examine the interaction of transient events in the
power grid and the relevant mechanical torsional response of the rotor. Thanks to this, it is possible to
better show the connection between electrical and mechanical responses during the event.

300 MW

1257 MW

200 MW + £ 1f #
‘ 182 MW

283 MVAR. .
%’}”” Ay by s

NE o b Lt
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17:00 g 18:00 19:00 20:00

Fig. 4.20 Active and reactive power waveforms. The event in question occurs at 17:23.

Figure 4.20 shows the active and reactive power curves. The event in question occurred at 17:23
according to the horizontal axis. The graphs provide an idea of the machine's power state at the time of
the event. It can be seen that before this event the machine was operating at a steady active power of
204 MW and a reactive power of 72 MVAr. During the event, the active power first fluctuated up to a
maximum value of 370 MW, followed by a swing to the opposite side up to a minimum value of 77
MW, and then the machine re-stabilized at the original value of 204 MW. Reactive power also shows a
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transient event with an initial decrease to 13 MVAr followed by an increase to 90 MVArr, finally settling
down to the initial value. The subsequent reduction of reactive power around 17:30 is no longer directly
related to the event. Note that the vertical axis belongs only to active power. The graphs were provided
by the plant operator.

We will now analyse how this sudden active power increase affects the torsional response of the rotor.
From the measured detection times, the instantaneous angular speed was first evaluated according to the
algorithm described in Chapter 3. The course of the angular speed is shown in Fig. 4.21.
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Fig. 4.21 Evaluated instantaneous angular speed.

The amplitude spectrogram of the short-time Fourier transform of the instantaneous angular speed signal
in the vicinity of the event is shown in Fig. 4.22. In the spectrogram, the excitation of the first and second
torsional natural frequency of the rotor is visible at 20,3 Hz and 39,3 Hz. It can be seen that the first of
the natural torsional frequencies is more excited. This corresponds with the intuitive idea that a step
change in the load at one end of the rotor best oscillates the rotor in the sense of the first natural shape,
i.e. when the opposite ends of the rotor swing against each other.
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Fig. 4.22 Instantaneous angular speed Fourier spectrogram.
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The detailed course of the oscillation at the first torsional natural frequency is shown in Fig. 4.23. This
signal was obtained by band-pass filtration of the signal from Fig. 4.21. An exemplary oscillatory
impulse response can be seen with a steep rising excitation and an exponential decay lasting several tens
of seconds.
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Fig. 4.23 Torsional vibration amplitude at the 1st natural frequency.

In the previous discussion we analysed the pure mechanical response of the turbine-generator rotor to
the event. In the following we discuss the linkage with the electrical side of the problem. This can be
achieved with the measured terminal voltage V signal. Unfortunately, this signal was measured only on
one phase, so our conclusions will only be approximative as we will not be able to reconstruct the true
angles of the voltage phasors but we will assume a quasi-stationary states with symmetrical phasors. For
the analysis to be reliable we should ideally have measured both voltage and currents of all three phases.
However, the analysis still enables us to get a deeper understanding of what has happened during the
event.

The measured voltage signal is a harmonic signal. Based on a hypothetical reference harmonic wave
with the frequency of 50 Hz we can obtain the actual voltage phasor with a definite magnitude and phase
in every period of the reference wave. The sampling frequency is 1613 Hz which yields slightly more
than 32 samples per one period of the reference wave.

The course of the I; phasor magnitude is shown in Fig. 4.24. It can be seen that the amplitude changes
only very slightly during the event at 27 s, and therefore we will consider the 1, phasor magnitude as
constant in the subsequent simplified description of the event.
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Fig. 424 Terminal voltage phasor magnitude.

The course of the V; phasor angle is shown in Fig. 4.25. It can be seen that the voltage phasor angle
decreases over time, which is due to the fact that the instantaneous rotation frequency is less than 50 Hz

-82-



Practical case studies for the analysis of torsional vibration interaction with the power grid

for most of the length of the monitored section. At about 27 s, the manifestation of the event is visible.
This event manifests itself as a sudden drop followed by a dynamic transient response.
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Fig. 4.25 Terminal voltage phasor angle.

A quantity tightly related to the terminal voltage phasor angle is the rotor angle with respect to a
reference frame rotating with a constant frequency of 50 Hz. This quantity can be evaluated from the
instantaneous angular speed signal by first subtracting the reference rotation speed of 2r * 50 [rad/s]
and then integrating it to change from speed quantity to angular quantity. Figure 4.26 shows the course
of the rotor angle computed that way. It is not surprising that this quantity drops sharply at the first
moment of the event, as this is related to the fact that the velocity drops. Similar to the terminal voltage
phasor angle, the whole signal is decreasing because the rotation velocity was slightly below 3000 rpm.

-100 | |

5 10 15 20 25 30 35 40
t[s]

Fig. 4.26 Rotor angle with respect to a reference frame rotating with a constant frequency of 50
Hz.

At this moment we have evaluated the course of the voltage phasor angle and also the course of the
rotation angle of the rotor relative to the rotating reference system. By subtracting these two values the
course of the load angle change can be obtained. This quantity is shown in the following figure. The

most important thing for us will be the size of the first swing of the load angle just after the event.
According to the graph this value is § = 8°.
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Fig. 4.27 Load angle change course (for the course of the absolute value see Fig. 4.30).

So far we have calculated the course of the load angle change but we do not know the absolute value.

Furtunately, we have enough values to compute also the absolute value, yet making an approximative
assumption that the voltage remains harmonic after the event.

Fig. 4.29 Phasor diagram of the generator just after the event.

We start with a more detailed discussion of what happens during the event. The nature of the event in
question is a transient event with the origin in the grid. The primary cause of the event was an abrupt
rotation of the terminal voltage phasor 1, by 8° as shown in Fig. 4.30. The magnitude of V; remains
relatively unchanged as seen in Fig. 4.24. Next, we can assume the emf phasor E to be constant during

the event as its angle depends solely on the actual rotor rotation angle and its length depends on the
excitation voltage and these are values that do not change on the short time scale of the event. This
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shows Fig. 4.28.

assumption could be violated especially by the operation of the excitation regulator, which unfortunately
we have no information about. An idealized view of the phasor diagrams before and after the event

The following table summarizes the active power values obtained from Fig. 4.20 and the value of the
load angle change that can be read from Fig. 4.27.

Before event | After event Change
Active power [MW] P, = 204 P, =370
Load angle [°] 6, =? 6, =6,+8 8

Tab. 4.2 Input data for the load angle computation.

the event

Based on the values from the table we are able to compute the initial load angle ¢, just before the event-
We will use the Eq. 3.35 and substitute, which relates the active powers and load angles before and after

P, sin(6; +8)
P, siné,;
where we substituted &; + 8 for the §, as the load angle after the event. This equation has an infinite
number of solutions but the one that has physical sense in our case is the solution §; = 9,6°. The

following Fig. 4.30 shows the load angle over time, with the right image showing only a zoomed-in
view of the right image. Unlike Fig. 4.27, this time the load angle curve is plotted with the correct offset
9,6° in the vertical axis.
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Fig. 4.30 Load angle course offset to true values.

To conclude our analysis, based on the available active power data and terminal voltage course we were
able to perform an idealized calculation of the load angle. As seen in Fig. 4.30, the peak value of the
load angle just after the event is 17,6°, which is well below the critical stability limit. Thus, the generator
was well within the stable region of operation. As already said, the analysis of the load angle could have

been much more reliable if both voltage and currents of all three phases was measured and if we knew
whether the voltage regulator really did not intervene to change the E emf phasor during the event as
we assumed.

-85 -



Practical case studies for the analysis of torsional vibration interaction with the power grid

4.2.4 Torsional response of a 250 MW nuclear power plant unit to the outage of a
nearby unit with LP turbine blade vibration excitation

The last case study will concern the evaluation of torsional vibrations of the turbine-generator rotor of
a 250 MW block of a nuclear power plant during an unplanned outage of a nearby 250 MW machine.
The uniqueness of this case study lies in demonstrating the fact that the blades of the low-pressure part
of the turbine oscillate during significant torsional excitation of the rotor. Or alternatively, that the
designed system for measuring and evaluating torsional vibrations of the rotor can also be used to
monitor the oscillation of the blades of the low-pressure part of the turbine.

The mentioned unit was the first one in which the system for torsional vibration monitoring was
installed. It was still an off-line form of the system, i.e. the measured detection times were stored on a
hard disk and the analysis was performed only after the hard disk was taken from the power plant to the
university. Even the method of measuring the detection times was more of a pilot, as paper reflective
zebra tapes were used with optical sensors directly sensing the tape. No waveguides were used to allow
the sensors to be placed further from the moving surface of the rotor. However, even this pilot
installation provided high-quality input data for the evaluation of this torsional event.

From the measured data, the instantaneous angular speed was evaluated according to the algorithm
described in Chapter 3. Its course around the event is shown in Fig. 4.31. In the course of the angular
speed, the manifestation of several phenomena can be observed. What first attracts attention is the
transient event started at time 68 s. The manifestation of this event is actually made up of two different
effects. The first is the effect of a transient event in the speed of the machine, which is caused by a
sudden change in the operating point of the machine during the event, and which practically disappears
after only a few seconds. The second is the effect of excited torsional vibrations, which have a longer
decay time and can be observed for several tens of seconds after the excitation of the transient event.
Furthermore, in the course of the angular speed, we can observe the manifestation of system oscillations,
which have a period of several tens of seconds and which are not related to the event. And finally, after
the event, the creation of a new frequency in the network can be observed. This is because of the outage
of the nearby 250 MW source. The new frequency gets stabilized at the new lower value after the
primary control intervention, i.e. when other sources in the network that work in the primary frequency
control mode compensate for the active power outage of the failed block. The new frequency in the
network is about 0.1 rad/s (0.017 Hz) lower than before the outage, which agrees with the standard 3000
MW /0.2 Hz gain of the primary regulation.
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Fig. 431 Evaluated instantaneous angular speed.

From the point of view of torsional vibrations of the rotor, we are even more interested in the course of
torsional oscillations. Let us recall that a step change in the electrical load of the generator acts as a step
mechanical excitation of the torsional vibrations of the turbine-generator rotor. During this excitation,
all frequencies are excited, however, the rotor's natural frequencies are the main components of the
response. The amplitude spectrogram of the short-time Fourier transform of the instantaneous angular
speed signal in the vicinity of the event is shown in Fig. 4.32. In the spectrogram, the excitation of the
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first and second torsional natural frequencies of the rotor of 17.0 Hz and 28.4 Hz, as well as two higher
natural torsional frequencies of 96 and 98.4 Hz, can be seen. These last two frequencies come from the
interaction of the rotor and the last rotating blades of the low pressure segment. This is a very valuable
proof that the blades of the low pressure segment of the turbine can be oscillated during large events in
the network. These components are perceived as the most delicate part regarding the torsional vibration
of the turbine-generator. There are cases where blades have been severely damaged or even torn off as
a result of network events.
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Fig. 4.32 Instantaneous angular speed Fourier spectrogram.

In the spectrogram, it can be seen that the first of the natural torsional frequencies is the most excited,
which is also in line with the intuitive idea that a step change in the load at one end of the rotor best
oscillates the rotor in the sense of the first natural shape, i.e. the oscillation of the opposite ends of the
rotor against each other.
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Fig. 433 Forced vibration component tracking on the 94 MW machine from 26.6.2019.
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The detailed course of the oscillation at the first natural torsional frequency is shown in Fig. 4.33. An
exemplary oscillatory impulse response can be seen with a jump excitation and an exponential decay
lasting several tens of seconds.
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5 Conclusions

The work was focused on the research and development of methods, software and the necessary
components of the measuring chain for the purpose of analysis and subsequent monitoring of the
torsional interaction of the turbine-generator with the events in the electricity network. As described,
the torsional interaction is enabled by means of the air-gap torque of the generator, as this is a quantity
dependent both on the motion state of the rotor as well as on the current electrical state of the generator,
i.e. the network. If the torque in the air gap does not remain constant, but, for example, changes in steps
or harmonically fluctuates, this is manifested by the excitation of torsional vibrations of the turbine-
generator rotor. Under certain conditions, vibration excitation of sufficient amplitude may occur to
exceed the material strength limits of the shaft or other rotor components, particularly the turbine blades.
Permanent monitoring of torsional vibrations of turbine-generators is not yet a standard in practice. If
torsional vibrations are ever evaluated, it is usually as a temporary experimental solution to answer a
particular problem of the machine in question. The urgency of torsional vibration monitoring can also
be reduced by the fact that torsional vibrations do not have any outwardly observable manifestations,
such as the vibration of bearings or outer covers of the turbine.

In Chapter 1, the basic physical principles necessary to understand the issue were presented both from
the perspective of the mechanics of torsional oscillations and from the perspective of electrical
guantities. Thanks to this, a mathematical-physical model of the most important forms of torsional
interaction of the turbine-generator and the power grid could be given in Chapter 2.

Chapters 3 and 4 are key from the point of view of meeting the objectives of the work. In short, Chapter
3 can be said to describe the path from the measured signal to the torsional vibration signal. The
complexity of the content of this Chapter is due to the fact that the information on torsional vibration
cannot be measured directly, as for example the absolute vibration of bearings, but a special
measurement must be used and then a relatively complex post-processing. In the end, this is the only
way to obtain sufficiently high-quality and reliable information about the torsional oscillation of the
rotor. After a short introduction defining the format of the input data, a method for the precise
determination of the encoder geometry is first derived. It is a theoretically derived recursive method, the
parameters of which are subsequently calculated based on the properties of practical measured data.
Subsequently, a method for evaluating the instantaneous angular velocity is derived. This is a quantity
that contains the DC nominal speed of the machine, possibly its fluctuations and oscillating components
related to torsional vibrations. By transforming the instantaneous angular velocity signal into the
frequency domain, the exact frequencies and amplitudes of the torsional oscillations of the turbine-
generator rotor can be determined. In addition, at the end of the third Chapter, some limitations are
discussed, either those related to the proposed method or those independent of the method used, arising
from the nature of measuring torsional oscillations with an incremental encoder

The last, 4th Chapter is devoted to case studies that demonstrate that the chosen methodology is suitable
for practical evaluation and monitoring of the torsional interaction of the turbine-generator rotor and the
power grid. The case studies are divided according to the nature of the interaction into those concerning
resonance interaction and those concerning one-time transient events. Within the first group, it was
possible to demonstrate the existence of oscillating components with a variable frequency originating in
the electricity network, which, depending on their frequency, have the ability to torsionally oscillate the
rotors of turbine-generators. Within the second group, i.e. case studies related to transient events, a
number of examples were shown where a sudden change in conditions in the power grid caused transient
excitation of torsional oscillations of the turbine-generator rotor.

The value of this work can be seen on several levels. On the one hand, a more systematic summary of
the physical principles applied in the relatively complex phenomenon of the torsional interaction of the
turbine-generator and the power grid was given. Furthermore, the methodology of analysis and
monitoring of this interaction was proposed and tested on specific practical problems. Last but not least,
some important features of the proposed methodology were described in greater depth, which adds to
its credibility for practical use and gives the user information about its possibilities and limits.

The topic of the torsional interaction of the turbine-generator and the power grid is far from exhausted
and offers a number of open problems even in the future. Starting with the extension of the mechanical
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model with the model of the oscillation of the blades of the low pressure turbine stage or the creation of
a model of fatigue of the rotor by torsional oscillation, ending with the creation of a kind of digital twin
of the physical system, which would only use the measurement of electrical quantities, or the creation
of automatic damping of torsional oscillations by appropriate regulation of the excitation current of the
generator. At the same time, it can be expected that the importance of this topic and awareness of it will
grow with the ongoing transformation of the electricity network, when more and more renewable
sources will be connected and traditional sources will be operated outside their optimal design area.

As part of the work on this dissertation, a TVMS torsional vibration measurement system was assembled
and programmed in the Labview programming language. This system has already been deployed on 14
turbine-generators with a total output of approximately 3 GW. Some of the installations even have a
safety-critical status, when exceeding limit values of torsional vibrations evaluated by the system trigger
a trip of the unit.
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6 Appendices

6.1 Appendix 1: Incremental encoders

As was already said, the source of the input data for torsional vibration evaluation are incremental
encoders. It is important to explain why standard incremental encoders are not suitable for this task.
Although these sensors are widely available on the market, their design usually emphasizes other
features such as position control (applications in robotics) or measuring range (applications in electrical
drives). In addition, if these sensors had to be used for turbine torsional vibration evaluation they would
have to be located at the end of the rotor which is usually an inaccessible location in practice, or they
would have to be somehow attached to the surface of the rotor. Such realizations are not suitable for
long term monitoring campaigns.

Due to the above-mentioned reasons, a new incremental encoder was designed to meet all the
requirements. The design consists of a zebra tape attached to the rotor circumference at a certain location
and a sensor fixed to the stator part in such a way that the sensor head points perpendicularly to the rotor
surface on the tape. The term zebra tape refers to the alternating pattern which repeats all over the
circumference. The pattern is originally formed by alternating black and white stripes but can also be
formed by copper rectangles molded into a kapton tape as will be shown in the following text.

The purpose of the sensor is to detect the alternating pattern and convert it into an electrical signal where
two signal levels correspond to the two possible zebra tape states (black/white, copper/kapton, ...)

An important requirement regarding the zebra tape is its robustness against the centrifugal force on the
surface of the rotating rotor. By the substitution of the area density u into the centrifugal force equation
we get

F, = uw?r, (A1.1)

where w is the rotor angular speed, r is the radius of the rotor and F, is the centrifugal force at the rotor
surface. The centrifugal force must not exceed the strength of the glue attaching the zebra tape to the
surface otherwise the tape will peel off.

6.1.1 Optical incremental encoders

The first type of the tape was a paper tape of the area density of 0,1196 kg - m~2. Unfortunately this
tape suffered from a lack of mechanical robustness and from the fact it tend to absorb oil which is always
present in the vicinity of rotor bearings. From that reason another type of zebra tape has been
manufactured. The new type was a teflon tape of the area density of 0,3225 kg - m~2. This tape showed
better mechanical robustness, however due to the larger weight it did not withstand long on the shaft.
For the teflon tape of the area density of u = 0,3225 kg - m~2, nominal rotational frequency of 50 Hz
and the rotor circumference of 1,4 m the centrifugal force is 7092 N - m~2 which corresponds to the
weight of approximately 723 kg - m~2. The teflon zebra tape is shown on the left side of Fig. A1.1.
For both tapes the same optical sensor has been used. It was the Briiel & Kjar 2981 laser sensor as
shown on the right side of Fig. A1.1. The sensor was attached perpendicular to the rotor surface so that
the laser beam pointed in the middle of the tape. Here, the axial displacement of the rotor during
operation has to be considered. Two main causes of the axial displacement are the thermal dilatation of
the rotor body and the unbalanced axial load of the steam on the turbine. The axial displacement
amplitude is dependent on the axial distance from the thrust bearing and it varies from zero to the orders
of millimeters, possibly centimeters. Hence, the sensor has to be placed so that a correct laser beam
location is ensured during operation.
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Fig. A1.1 Teflon reflexive zebra tape and the optical sensor B & K 2981.

Despite the maximum distance of 70 cm from the reflective surface declared by the manufacturer, in
which the sensor can be placed, a distance of around 1 cm has proved to be the most effective. For a
distance larger than 3 cm a reliable zebra tape stripe detection could not be ensured.

The output of the optical sensor is a voltage signal whose amplitude depends on the reflectivity of the
surface where the output beam reflects back to the sensor detector. By the alternation of more and less
reflective surface the output of the sensor gets a form of a rectangular signal. An illustration of this

output signal is shown in Fig. A1.2.
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Fig. A1.2 Voltage output signal of the sensor.

Overall, the optical measurement can be seen as suitable for laboratory applications where there is no
risk of fouling the tape or lens of the sensor, but unsuitable for the power plant environment, where there
is relatively high dust and oil aerosol near the rotating parts.

6.1.2 Electromagnetic incremental sensors

As mentioned, optical measurement has some properties that make it unsuitable for use in a power plant
environment. Especially the risk of foulishing of the tape or the sensor head by oil and dirt. Therefore,
it was an attempt to construct an analogous measurement, but one that would be based on the
electromagnetic principle. This effort led to the production of a custom-designed kapton tape with
molded copper rectangular marks. The tape is manufactured as a 50 cm long and 3 cm wide kapton tape
embedding 25 copper rectangular marks. The areal density of the tape is 0,316 kg/m?.
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The left hand side of Fig. 6.3 shows the kapton tape. The right hand size of the figure shows the
electromagnetic sensor Emerson PR 6423 which is accompanied with an amplifier Emerson CON 041.
For the placement of the sensor similar rules as that for the optical sensor are applied.

Fig. A1.3 Kapton zebra tape and the eddy current sensor Emerson PR 6423.

The main benefit of the electromagnetic measurement principle is its robustness against fouling. In
addition, the kapton tape attached to the rotor surface with two-component epoxy is characterized by
high durability and resistance to mechanical damage. All of these are invaluable features for use in
industrial environments.

In Fig. Al.4 the output signal of the sensor Emerson is shown for illustration.
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Fig. A1.4 Voltage output signal of the sensor.

One fact that must be mentioned is that the distance between the sensor and the rotor surface affects the
offset of the output signal (note the sensor Emerson is primarily designed for distance measurement).
The triggering level found for a certain sensor setup might not be usable after the sensor moved closer
to or further from the rotor surface. For a proper long-term measurement campaign, it is therefore
necessary to ensure that the distance between the sensor and the rotor surface remains unchanged.
However this is something that can easily be ensured once the worker knows about it. Therefore we can
say that the encoder using the electromagnetic principle designed in this way is more suitable for the
demanding environment of the power station, especially for its robustness to fouling.
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6.2 Appendix 2: Disturbances affecting encoder gap width

In this appendix the mechanism of action of disturbances affecting the encoder gap width will be
addressed. These disturbances include those that actually change the width of the gap as well as those
that do not change the width of the gap, but their final effect is equivalent.

For every mechanism the corresponding mathematical equations will be derived. The sought-after
guantity is the change of the cross-sectional angle defining the distance of two adjacent stripes.

By means of the notation used throughout the work, we can define A¢ as

Adp = A(pir1 — Do) (A2.1)

In addition, we also set specific values which are close to the practical situation. This will make it
possible to compare the individual disturbances according to their significance. The considered gap
width will be ¢;,, — ¢; = 0,02 m and the rotor circumference 1,4 m.

6.2.1 Non-parallelism of the edges of the encoder stripes

A non-parallelism of the edges of the encoder stripes alone will have no effect. However, in combination
with a nonzero axial displacement it causes an apparent change of the gap widths. This kind of
disturbance can occur in optical as well as electromagnetic measurement principle.

A good understanding of the mechanism gives Fig. A2.1. In the picture there is a short rotor section
close to the measurement plane defined by the zebra tape and a sensor. For simplicity, only two encoder
stripes are depicted in the zoomed view. It can be seen that the stripes, or their edges, are non-parallel.
Due to this non-parallelism, if the rotor shifts axially, the apparent gap width projected in the fixed-
position measurement plane changes. The gap width corresponding to the two extreme values of the
axial displacement is depicted by the red double arrows.

Fig. A2.1 Non-parallelism of the encoder stripes - the mechanism.
Next, we make a mathematical analysis of the actual effect. Let a represents the relative angle of the

two adjacent encoder stripes as depicted on Fig. A2.2. We now want to calculate the gap width change
resulting from the axial displacement d.

Fig. A2.2 Non-parallelism of the encoder stripes — mathematical analysis.

From the definition of the sine function and considering that « is very small we can write the following
approximation

Ax =sina-d ~ a - d. (42.2)
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Let us consider the axial displacement d = 0,01 m and the angle @ = 1 - 1073 rad which corresponds
to a rotation of the stripe by 5 % of its width. Then the value of the gap width change is

Ax=1-10"3.0,01=1-10"5 [m]. (42.3)

Finally, we convert the circumferential distance Ax to the angular quantity A¢. In this calculation we
use the knowledge of the rotor circumference of the size of 1,4 m. Let A¢ denotes the angular size of
the discontinuity, then obviously

21
Ap = Ax =W =45-107° [rad]. (A2.4)

)

6.2.2 Zebra tape resolution error

The error analysed in this chapter is associated with the printing resolution of a printer with a finite dot
density (dpi). The idea is that if the dot rows created by the printer are not parallel to the direction of the
stripes, discontinuities in the encoder stripe edge will inevitably arise. Obviously, this kind of
disturbance can occur only in the optical measurement principle. Similarly as in Chpater A2.1, not the
discontinuity alone but its combination with an axial displacement is what causes the measured change
of the gap width.

Figure A2.3 illustrates the situation where due to a nonzero angle between the edge direction and the
direction in which the dotrows are printed a discontinuity arises. If the axial displacement causes
fluctuations of the measurement plane around the point of discontinuity, gap width changes will be

detected.

\Ax

Fig. A2.3 Discontinuity in the encoder stripe edge caused by finite printer DPI.
Consider a printer resolution of 600 dpi. This means the distance between two adjacent dot rows is
1
Ax = ——-0,0254 = 42 - 10~° [m]. (A2.5)

600

which is also the considered size of the discontinuity. The task for now is to convert this distance to
angle. In this calculation we use the knowledge of the rotor circumference of the size of 1,4 m. Let A¢
denotes the angular size of the discontinuity, then obviously

21
A¢p = Ax - T2 =190-107° [rad]. (42.6)

)

6.3 Appendix 3: Detection times generator

In this last part of the chapter on incremental encoders, a relation will be derived according to which the
detection times of the encoder stripes located on the rotor, the motion of which is prescribed by equation
6.7, are governed. Right the encoder stripes detection times are then used to evaluate the instantaneous
angular speed. The model, which will be derived here, will be used in the next chapter to simulate the
measured data for different test cases.
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First, annotation used later in the equations will be introduced:

N number of encoder stripes
i index of the i-th stripe, i =1, ...,N
k index of the actual revolution

Let the encoder consist of N stripes whose distribution along the rotor circumference define angular
positions ¢;. The angular position presents the angle between the sensor and the i-th stripe at the time
t = 0. In other words it presents how much the rotor rotates so that the i-th stripe gets aligned with the
sensor axis. If there are N equidistantly distributed encoder stripes, then

i
Qi = NZ”' (43.1)

however in case of an encoder with non-equidistant stripes the values of ¢; form any ascending sequence
on the interval (0, 27)

The numbering of the stripes is defined in that way a stripe with a lower index was detected before an
other stripe with a larger index. The way stripes and the corresponding angles ¢; are numbered is
illustrated in Fig. A3.1. On the left hand side the situation at the time ¢t = 0 and the angular rotation
¢@(0) = 0 is depicted. On the right hand side the situation at a general time t > 0 where the rotor is at
an angular position ¢(t).

rotation
m e

rotor

sensor

Fig. A3.1: Introduction of the angular measures used later in the text.

The detection of the mark by the sensor occurs just at the moment of the passage of the mark below the
axis of the sensor. For an i-th stripe, this situation occurs every time the sum of the stripe‘s angular
position and the sum of the previous revolutions equals the actual rotor angular position ¢(t). Let t;
denotes the detection time of the i-th stripe in the k-th revolution. Then the previous condition can
mathematically be written as

o(tix) = @; +2m(k — 1) (43.2)

where t; , denotes the detection time of i-th mark in the k-th revolution. By the substitution for ¢ from
the Eq. A3.1 and by putting all of the terms at one side we get the following implicit form

N A; A;
Wrottix + Z (— 2nf cos(2mfity + ;) + —_cos(d)i)) —@;—2knr=0 (A3.3)
i=1 :

27 f;

Equation A3.3 is a transcendental equation with the unknown variable t; , which can not be solved
analytically. The equation can be solved numerically in the Matlab software Vi = 1, ..., N and Vk € N,
to obtain the detection times ¢;  of the i-th encoder stripe in the k-th revolution.

For the sake of correctness, it is necessary to mention one assumption, which is, however, formal and

from a practical point of view in no way limiting, namely the monotonic growth of the quantity ¢(t).
In practice, this assumption is always met because the rotor instantaneous angular speed is always
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positive thanks to the relatively large rotor angular speed and relatively small contribution of the angular
speed fluctuations caused by torsional vibration.

6.4 Appendix 4: Detection time uncertainty approximation by means of normal
distribution

The subject of this appendix will be a discussion of how to move from the uncertainty in the
determination of the detection time given in the form t =t £ § to the approximation by a normal
distribution in the form t~N(t, a2) and how to get the parameter .
t=t+6 - t~N(t,0?)

The procedure will be divided into two sub-tasks:

1. Find the true detection time distribution

2. Find the parameters of the approximate normal distribution
It is not trivial to determine the true detection time distribution . In fact this leads to solving the equation

at + cos(t + ty) = const., (44.1)

on the left side is the sum of the useful signal (modelled only by a linearly rising leading edge) and the
harmonic noise. On the right is a constant representing the threshold level. The symbol t denotes the
variable time, t, ,represents the initial phase and thus the mutual shift of harmonic noise and useful
signal.

Equation A4.1 is a transcendental equation for the variable t for which there is no analytical solution.
So we will solve the problem numerically in the Matlab program. First, we plot the dependence of the
error in determining the leading edge detection time on the relative shift of the harmonic noise and the
useful signal. Since the noise is harmonic, it is sufficient to investigate the relative shift interval {0, 27).
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Fig. A4.1: Introduction of the angular measures used later in the text.

Although the resulting function shown in the upper plot of Fig. A4.1 does not have a symmetrical shape,
the histogram of its values shown in the lower plot shows that the function values are approximately
uniformly distributed on the given interval (—3§,d), except at the edges of the interval, where an
increased number of values is recorded. However for the purpose of distribution approximation it is
possible to consider the distribution as uniform.

Thus, we have shown above that the additive harmonic noise leads to an approximately uniformly
distributed leading edge detection time error on the interval (-4, §).

In the next we will look for the parameters of the approximate normal distribution, ie the mean and

standard deviation. The mean value will probably be half the interval (—&,6), thus 0.The standard
deviation o will be obtained using the standard relationship
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_(b-a)?
12
where a and b are the limits of the interval of the uniform distribution. After the substitution of the true
limits +6 and after the square root operation we get

s-=®)" 1
o= / =8, (44.3)

The resulting distribution of detection times is thus t~N (O,

o? (44.2)

Al
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