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Zusammenfassung

Drehzahlverénderliche Antriebe ermoglichen einen energieeffizienten Anlagenbetrieb. Die
dazu erforderliche Leistungselektronik erzeugt Stromkomponenten mit (inter)harmonischen
Frequenzanteilen. Grofle Antriebsstringe kénnen geringe mechanische Dampfungseigen-
schaften im Bereich ihrer Eigenfrequenzen aufweisen. Ein Ubereinstimmen von interhar-
monischen Stromkomponenten mit mechanischen Eigenfrequenzen kann zur Anregung
von Drehmomentschwingungen und damit zur Lebensdauerverkiirzung des mechanischen
Systems fithren.

Schwerpunkt der Arbeit ist die Untersuchung einer Methode zur aktiven Dampfung von
periodisch angeregten Drehmomentschwingungen in Energiesystemen. Die entwickelte
Methode erlaubt eine elektronisch einstellbare Erhohung der Dampfung eines elektrisch
gekoppelten Systems, ohne dass Anderungen am mechanischen Design notwendig sind.
Die entwickelte Methode wurde numerisch untersucht und an groflen Antriebssystemen

erfolgreich validiert.
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Abstract

Variable speed-driven electric motor trains enable more energy efficient modes of oper-
ation. The variable speed operation is typically achieved by means of power electronic
converters, which create harmonics and interharmonics. Mechanical drive trains for high
power application have typically low inherent damping at their natural frequencies. Tor-
sional interaction, a coincidence of electrically generated harmonics with (one or more)
natural frequencies of a generator or motor train, can cause torsional oscillation issues,
which may have a negative impact on the lifetime of a drive train.

Main focus of this thesis is the investigation of new countermeasures against torsional
interactions. The developed approach is capable of increasing the overall damping behav-
ior of mechanical drive trains at their sensitive natural frequencies, without modification
of the mechanical train or power system. Thus, the applied damping becomes electroni-
cally adjustable. The approach has been numerically investigated by detailed simulation

models and validated in test setups with large electric motor driven trains.
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Introduction

Electric motor systems are by far the most important type of load in industry, e.g. in
the EU they account for about 70% of the consumed electricity [1]. It is their wide use
that makes motors particularly attractive for the application of efficiency improvements,
especially those using power electronic devices to allow variable speed operation. Variable
speed operation enables the largest energy savings in process industry applications, e.g.
compressor applications with variable flow requirements, fluid-handling applications or in
fan applications with variable cooling requirements. Driven by the high cost of electricity
and the power handling capability of modern power electronic devices, mechanical drives
and direct grid connected motors are increasingly being replaced by variable speed drives
(VSDs). This trend started many years ago and it has now reached multi-megawatt drives.
In these drive applications, VSDs were originally only applied as starter or helper motors
for other prime movers, such as gas turbines. Higher efficiency, operational flexibility,
speed controllability, lower annual maintenance costs, zero site air emissions or reduced
noise levels are benefits of replacing a mechanical prime mover by power electronics-driven
electrical machinery. But all power electronic designs produce harmonics with multiples
of the fundamental frequency, multiples of the switching frequency, a combination of both
frequencies and interharmonics. All these harmonics can produce pulsating torque com-
ponents and possibly interact with rotor-shaft systems.

Torsional interaction due to harmonic excitation is a frequent topic in today’s litera-
ture [2-5]. New developments in power electronic designs for large rotating machinery
reduce the effect of pulsating torques with complex, multi-level arrangements or new con-

trol strategies. But torsional oscillations with significant impact on the lifetime of the



2 Introduction

mechanical equipment can already be caused by electrical torque components with an
amplitude of less than one percent of the nominal torque, if their frequency corresponds
to one of the natural frequencies of the mechanical system.

Large drive trains typically have high moments of inertia, high torsional stiffness and low
natural damping of torsional modes. The low mechanical damping in high power trains is
one of the main reasons for torsional interaction between power system components and
the mechanical drive train. If one of the natural frequencies of the mechanical drive train
is excited to a torsional resonance, the resulting alternating mechanical torque can reach
values that cause damage or fatigue in components of the rotor shaft system. Larger
drive trains have multiple natural frequencies; therefore, a coincidence with significant
electrical harmonics is more likely, e.g. while running up the train.

Torsional interaction can occur for power generation and motor units. Problems of and
solutions for torsional interaction with large synchronous generator trains in utility ap-
plications have been discussed since the 1970’s. The first natural frequencies (modes) are
typically found at subsynchronous frequencies. Torsional oscillation can be excited by
single events, e.g. faults in the power system, but also continuously by pulsating torque
components, e.g. by subsynchronous resonance (SSR) phenomena in power systems [6].
The increasing trend of using large motors driven by power electronics has caused a new
generation of torsional interaction phenomena. Issues can occur in the mechanical system
driven by an electrical motor or in the power system supplying the electrical drive (VSD),
especially in cases where the nominal power of the VSD is in the same order of magnitude
as the nominal power of single synchronous generators in the power system. Some typical
effects of uncontrolled torsional oscillation in large drive trains are failed couplings, broken

shafts, and worn or fractured gear teeth in trains with gearboxes.
Examples for New Torsional Interaction Phenomena

Power generation trains installed close to power electronic devices with relevant nominal
power can be found in many areas, especially in remote power systems with island-like
structures, e.g. wind-farms or oil & gas industry power systems. Often, there are many
power electronic loads from different manufacturers connected in direct proximity to each
other. In such cases it is extremely difficult to link harmonic excitation of conventional
units to dedicated VSDs, especially if they are all operated at different speeds, thus caus-

ing different pulsating torque components that vary with time.
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Figure 1.1: Typical island power system, powered by two gas turbine driven synchronous
generators.

Figure [Tl shows an existing power system arrangement that is typical for industrial
applications of the process industry. There are several power electronic driven loads con-

nected to the distribution bus fed by synchronous generators.
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Figure 1.2: Torsional vibration level, measured on a synchronous generator as a result of
electro-mechanical interaction with VSDs, leading to a protective trip of the
generator ﬂ]

Figure shows the vibration level of a conventional generator caused by torsional in-
teraction with VSDs. The pulsating torque component causing this resonance excitation
must have been very low, because it took two minutes until a critical alternating torque
level was reached and a protective trip of the generator was initiated, with the result of
a system blackout.

A similar torsional interaction effect due to harmonic excitation can be observed with
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electric drives, which enable variable speed operation of large motors. Figure [[L3 shows a
measurement performed during string tests on a large compressor drive train while pass-
ing a critical speed. This case is quite similar to the first example, as there is typically
no possibility of preventing the crossing of the critical speeds or even operation at critical

speeds; the speed reference is typically set by process requirements.
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Figure 1.3: Measured shaft torque of a synchronous motor driven compressor drive train
while passing a critical speed.

1.1 TuErsis OBJECTIVE

This thesis investigates new countermeasures against torsional interaction in power sys-
tems. Conventional countermeasures are typically based on avoiding excitation of reso-
nances in the power system, e.g. using passive or active filters, or by mechanical ap-
proaches like improving the operational properties at critical speeds or moving natural
mechanical frequencies out of the operation area. The new countermeasures are based on
decreasing the sensitivity of large electrical machinery in the multi-megawatt range against
torsional interaction caused by harmonic excitation. This is achieved by increasing the
damping properties of the rotating equipment with power electronic devices. Torsional
Mode Damping (TMD) as a countermeasure to torsional interactions will be investigated
for different applications in island or island-like power systems feeding variable speed
driven motors.

The investigated systems will be modeled with appropriate granularity in the power sys-

tem, power electronics, electrical machinery and mechanical system to investigate and
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estimate the effect of torsional interaction. Input parameters for these models are the
mechanical design parameters of the drive train, the power system and drive system de-
sign together with all relevant controls. The simulation results will be validated and the
simulation will be modified based on field measurements where available. The appropriate
numerical simulation environments are used based on the application area and the focus

of the investigation.

1.2 THESIS STRUCTURE

The thesis is split into three main chapters: Chapter 2l summarizes the theory and mo-
deling aspects of coupled mechanical and electrical equipment relevant for torsional in-
teraction understanding and analysis. The focus in the mechanical modeling section is
the discussion of Q-factor determination and empiric (based on measurements) Q-factor
values, which is the most critical property for large mechanical drive trains with respect
to torsional interaction. The basic theory behind power electronics, especially their har-
monic production, is also discussed in this chapter, as power electronic converters are the
main source of harmonic excitation and torsional interaction.

Chapter [ introduces the topic of torsional interaction by harmonic excitation in power
systems. Typical sources of excitation in power systems are discussed; the relevant sources
for harmonic excitation are investigated and possible impacts of torsional interaction are
pointed out.

Chapter Ml and [{] are the main chapters in terms of the development and application of the
novel damping devices. After giving an overview of existing solutions against torsional
interaction, the thesis will propose new solutions, based on TMD, investigate the impact
of TMD on relevant system designs and describe how TMD designs can be applied and

optimized for different applications.






Modeling and Component Aspects

Numerical simulation is an important tool in science and engineering. A model must
be sufficiently detailed but simple to understand and easy to manipulate. A model is
typically defined by what is considered relevant. The modeling basis relevant for torsional

interaction is described in the following chapter.

2.1 MECHANICAL MODEL

Torsional interaction (TI) is an interdisciplinary topic that involves mechanical and elec-
trical engineering, as it occurs often in mechanical systems, but for electrical reasons.
TT can occur in all drive train arrangements, but it is mainly critical for large rotating
machinery with low inherent damping properties. The mechanical damping at a natural
frequency is the critical parameter for the impact of TI. The determination of damping
parameters mainly based on empiric knowledge will be discussed.

The analysis of the torsional behavior is mandatory for large drive trains, e.g. [8]. The
basic theory and important tools will be discussed in this section. The main focus is on

understanding and evaluating the torsional interaction of large drive trains.

2.1.1 SINGLE MASS SYSTEM

A typical way to represent a mechanical system is to use discrete elements for mass (m),

spring (k) and damping (d). The masses of the system are concentrated on n masses,
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which are connected by mass-less damping and spring components [9].
mi + di + kx = F(t) (2.1)

Equation 2] represents Newton’s law Y F' = 0. The eigenvalues of the equation can be

S = — o 4 (i) _k (22)

calculated to:

2m 2m m

The natural frequency of an undamped system can be determined with wy = \/g . The

solutions of the differential equation are:

° (%)2 — % > 0, two real eigenvalues, s; = 01, So = 05, the homogenous solution of
the differential equation is then in the form of z(t) = A - €' + B - e%2', aperiodic
behavior without oscillation;

. (%)2 — % = 0, double negative eigenvalue s,/ = —wy with the critical damping

drit = 2mwo, x(t) = A - e ", resulting in a periodic oscillation without damping;

. (%)2 — % < 0, a conjugate-complex pair s;/, = d £ jw, resulting in:

x(t) = e (A-e' + B-e ) (2.3)
where €% represents the damping function with the damping coefficient § = —%,
the expression in brackets a periodic oscillation function.

Only the solution (%)2 — % < 0 is relevant in real applications and investigated within

this thesis. Applying initial speed (¢t = 0) = 4o and initial angle x(t = 0) = x¢, the

solution of the homogenous differential equation is then:

S
xp(t) = e [xocos(wt) + <u> sz'n(wt)} (2.4)
w
The characteristic of this equation depends on the damping coefficient ¢, which can be
e ) < 0, the amplitude of the oscillation is decreasing over time.
e 0 =0, the oscillation amplitude is constant, undamped oscillation.

e 0 > 0, the oscillation amplitude is negatively damped and increases with time.

Figure 2Tl illustrates the effect of different damping behaviors that can be observed with

TI. The damping at the natural frequency is the key component for torsional interaction
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Figure 2.1: Impact of different damping coefficients on the resulting amplitude of oscilla-
tion. Case 3 (0 > 0) is called negative damping (d < 0 ).

with large drive trains, as the mechanical inherent damping is very low at these frequen-
cies, and potentially negatively influenced by non-linearity in the power system, as will
be discussed in Chapter 2.1.3] and [3.

2.1.2 FORCED OSCILLATION

The partial solution of the differential equation depends on the type of external force F'(t).
Distinguishing between non-periodic and periodic excitation will be made in the following

section. These are the main types of excitation for torsional interaction (Chapter [3)).

NON-PERIODIC EXCITATION
Step function-like behavior as non-periodic excitation can be observed with TI, e.g. with
the torque response of a rotating drive train after an electrically close grid fault. A general

step function F'(t) can be formulated with:

0 fort<O
F(t)=14 . (2.5)
F fort>0
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The solution for the differential equation m& + di + kz = F(t) can be formulated with
#(t =0) =4y and x(t = 0) =z and ( = £ to:

2
mwg

& — 0(zo — ()

w

x(t) = e <(x0 — ()cos(wt) + S’m(wt)> +¢ (2.6)

Equation indicates that a step function applied to a mechanical system results in a
static deflection (, followed by a transient response mainly described by the damping
coefficient 9. This response is typical for torque steps acting on mechanical systems, e.g.
the mechanical torque response of an electrically driven train after a trip event of the
electrical system. Here, the system oscillates with a natural frequency wy of the drive
train; the decay is defined by the inherent mechanical damping of the mechanical system
as shown in Figure

2
1.8
1.6
LAttt g i
0414
0.2}~

%

T

L

x(t)

Figure 2.2: Time domain result of Equation with ¢ = 1 and two different damping
coefficients 0 = —0.3 (solid) and 6 = —0.15 (dashed) applied.

HARMONIC EXCITATION

Harmonic excitation is the main type of excitation relevant for TI within this thesis, and
can be observed e.g. with pulsating torques generated by interharmonics of power elec-
tronic devices (Section[2.3)) or imbalances in mechanical systems. The harmonic excitation

function can be represented with a Fourier series:
F(t)=ao+ Y _ arcos(kQt) + Y bysin(kQt) (2.7)
k=1 k=1

A simplified method for finding the solution for the inhomogeneous differential equation is

to reduce the number of harmonics to one, using F(t) = Fcos(Qt) as source for harmonic
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excitation. The particular solution can be written for (wg # 2) as:

E [(Q2 — wd) [cos(t) — e (Lsin(wt) + cos(wt))] + 28 (%‘%e&sin(wt) — Qsm(Qt)ﬂ

Tp(t) = ht
#l) 46202 4 (W — 2)?

(2.8)
with x(t) = z5(t) + xp(t) (za(t) - Equation 24]). A second simplification is to neglect
the damping behavior of the mechanical system, which can be appropriate for large drive
trains; the differential equation is then reduced to mi + kx = Fcos(Qt). The solution for

wo = ) can be written as:

~

x(t) = xocos(wot) + @Sin(wot) +

o T t - sin(wot) (2.9)

Harmonic excitation at the natural frequency results in an increasing deflection, propor-
tional with time, dependent on amplitude of excitation F', inertia m and exposure time t.
Even small harmonic magnitudes e.g. interharmonics in the power system, can result in
a large magnitude of alternating torque components of rotational equipment. The impact

of the excitation frequency 2 and the damping ratio D = 2\/‘;7 can be observed in Figure

2.3, where the excitation frequency €2 is normalized by the natural frequency wg on the
x-axis and the absolute value of deflection |Z(€2/wp)| in the y-axis.

Expressing w with the damping ratio D results in w = wyv/1 — D2 Q/wy = 1 illus-
trates the resonant point or the natural frequency of the system (Figure 23)). Large drive
systems typically have very low damping ratios; they are very sensitive at the torsional
natural frequencies. The value |#(€2/wp)| is also called amplification factor, in the area of

large drive systems also Q-factor.

x(Ya,)|

Qlw, 1

Figure 2.3: Amplification factor, dependent on damping ratio D and on frequency of
excitation.
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2.1.3 Q-FACTOR DETERMINATION

The mechanical damping is the most critical parameter for torsional interaction with
large drive trains. The term ”"damping” denotes the combined effect of influences due to
material damping, damping from windage, damping in bearings and electrical damping.
A quantitative assessment of the magnitude of damping has been possible only on the
basis of extensive measurements and tests [5]. The amplification factor caused by TT is
mainly critical close to the natural frequency. Figure[2.3]shows that the dynamic response
of mechanical systems is typically uncritical in frequency regions away from the resonance
point. Mechanical engineers prefer the expression amplification factor or Q-factor instead
of using, e.g., the damping ratio D, with @) = %.

The Q-factor determination requires empiric knowledge; shaft material as well as shaft
shear stress have significant impact on this value, which makes it difficult to calculate the
effective Q-factor.

A convenient way to determine the amount of damping present in a system is to measure
the rate of decay of a free oscillation, e.g. after a trip of a mechanical system, where
the basic response of a mechanical system in the time domain is similar to Figure 2.2]
The larger the damping, the higher will be the rate of decay. A measure of decay is the
logarithmic decrement A, defined as the natural logarithm of the ratio of any n successive

local maximum magnitudes 1, xo Figure 2.4l

T T=2n/0

/T\\//I'\\I//
AV 4

to to +T to +2T

9o —-

Figure 2.4: Logarithmic decrement determination based on time domain recording.

The expression for the logarithmic decrement applying Equation 2.4] with
x(t) = Cetcos(wt + ¢) then results in:

ot1
oA = Sl Ce’cos(wty + @)

2.10
T2 nC€§(t1+n~Td)cos(w(t1 +n- Td) + (b) ( )
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Using periodicity of the cos-function and the relation § = —Dwy and w = wyv1 — D?

results in the logarithmic decrement equal to:

1 z1 2D
A=—"Iln—=—— 2.11
n nm2 /1 — D2 ( )

The Q-factor can be calculated to:

Q=1 (2 ﬁ) (2.12)

Large drive trains typically have small damping values, Equation 211 can be simplified
to:

™ 1 T
A=971D = — — —In=2L 2.13
T 0 n nx2 (2.13)
The Q-factor can therefore be calculated to:
n-mw
= 2.14
Q=17 (2.14)

Empiric knowledge is essential for Q-factor determination. An empiric Q-factor relation
for steam turbines units with eigenfrequencies between 8 Hz and 150H z is identified by

Q= 0_1&"’5_16 (Figure IEE)H The Q-factor increases with increasing frequency.

1000

800

600 /’
%00 _—

_—

200 —

/

0 =

0 20 40 60 80 100
f.[Hz]

Figure 2.5: Q-factor for steam turbine units as function of natural frequency relevant for
TI [10].

Another common way of expressing the damping of a mechanical system is to link the
damping to the critical damping (D = 1, d = du4). A damping of d = (1%..2%) - deyi

An oscillation decay based on Equation 210 between 1.38s (black) and 2.21s (gray) for a decay to half
of the initial value, independent from the natural frequency has been measured for different units.
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results in a Q-factor value between 25 and 50 for synchronous motor-driven turbomachinery
(D = 4

dcrit

and @ = %it) reported in [11]. Measurements (e.g. Figure Z6) have shown
Q-factors between 100 and 1000 for large drive trains, which is more in line with Figure

and own experience during several measurements on large drive trains.

300 ‘: T ! !
q é | |
L | e R o :
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150
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50
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Figure 2.6: Measurement on a 144MV A generator after applying a step-load change
[12]: A Q-factor of 200 can be calculated in the frequency domain with

Q= fo/(f2— f1).

Table 2.1 summarizes these amplification factors for synchronous machines driving turbo-
machinery and for power generation applications, together with the rated power of the

synchronous units.

Application Typical Torsional Nat. Q (conservative
Nominal Power | Freq. of Interest value)
Geared turbomachine <50 MW < 200 Hz 25-33
Ungeared turbomachine <50 MW < 200 Hz 40
Flywheel generator 150 MW 20-30 Hz 200
Power generation <1000 MW 8-150 Hz 400 (full load) to

(utility steam turbines)

4000 (light load)

Table 2.1: Summary of Q-factors reported for high power drive trains [13].

According to Table 21l generic values used for analysis of TI should be chosen with
care, especially for new applications in the high power area because of the relatively wide
spread of Q-factors. Conservative values derived from similar designs should be applied

until measurement results become available.
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The damping of a mechanical system can also be influenced by non-linear elements, e.g.
gearboxes. The Q-factor of geared drive trains is typically lower than ungeared systems;

a factor of two is mentioned in literature [11].

2.1.4 MULTI-MASS SYSTEM

A single mass-spring system is typically not suitable for investigating torsional interac-
tions between electrical and mechanical systems. The minimum required complexity is
to represent multiple mechanical components in the form of discrete spring, mass and
damping elements (Figure 2.7)) to obtain desired natural frequencies and damping of the

mechanical system. The solution can usually be derived after cutting the mechanical

model free.
J1 Ja J3 JIn-1 " "
(50 )
di2 da3 dn-1)n

Figure 2.7: Mechanical multi-mass representation of a rotor-shaft system.

Rotor shaft systems are typically represented by the parameter J for the rotational mo-
ment of inertia, £ and d stand for the rotational stiffness and damping. The rotational
coordinate is ¢ (torsional angle). The complexity of the differential equation increases
with the number of discrete elements, and it is advantageous to write it in matrix format.

For a n = 2 system, the differential equation is:
P1
P2

L‘O]{@}+ {@}+
0 J. 2 ¢2 ¢2
(2.15)

The matrices are mass matrix (J , diagonal), damping matrix D and stiffness matrix K

(dy +dy) —do
—dy (dy + d3)

(k1 + ko) —ko
—ko (ko + k3)

(
(symmetric about the diagonal)
tions, e.g. [J]T = [J], [D]T = [D] and [K]" = [K]. Equation can be generalized in

the form:

. Thus, the square matrices are equal to their transposi-

3]-{&} + D] {&} + K] - {6} = [F] - {u} (2.16)
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where J can be written as:

J 0 0
0 o ... 0

J=1. . . (2.17)
0 0 0 J,

The I" matrix (Equation 218 can be transformed into the damping matrix D in replacing
vz by d,, and into the stiffness matrix K in replacing v, by k,:

(M1 +72) —2 0

— +793) =y ... 0 0
I 219

O 0 O 0 —Yn-1 (f}/nfl + fyn)

The left side of Equation is the second order differential equation representing the
mechanical system, and is given by the mechanical design of the system (see Chapter
2.1.1). Matrix F represents the external forces acting on the mechanical system, u repre-
sents the input vector of the system.

Equation 2.5 transformed into the well-known state space representation results in:

G- e
Ul

with identity matrix I, rotational angle matrix ¢ = [¢1] b= [(bl] and <b = [(bl . The

¢2 ¢2 2

homogenous Equation .15 results in an input vector u of zero, which is not the general

case. The eigenvalues of a matrix are given by the values of the scalar parameter \ for

which there exist non-trivial solutions.
Ad = )\P (2.20)

The determinant (Equation [Z21]) gives the characteristic equation with n solutions A =

A1, Ag, ..., Ay, the eigenvalues of state matrix A.

Det(A — AI) =0 (2.21)
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The determination of the eigenvalues of the system is important for the modal analysis
(Chapter [Z1.5]), as it represents the natural frequencies of the mechanical system. For
any eigenvalue \; the n-column vector ®;, which satisfies Equation [2.20] is called the right

eigenvector of A associated with the eigenvalue \;. The eigenvector has the form:

O
Dy

(I)n,i

It gives the "mode shape” which is the relative activity of a state variable in a given mode

of the mechanical system (see Figure 2.8]).

1

1
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hn O W

1
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relative rotational displacement

S
(9]

1
—

Figure 2.8: Example of mode shape for a mechanical system. The x-axis represents the
location of three discrete masses (1a, 2a, 3a), the y-axis the related normalized
displacement at each mass.

Some important conclusions can be drawn from the mode shape representation (Figure
2.8): The polarity of the displacement indicates the parts oscillating against each other,
e.g. blue curve (15 mode): mass 1 (positive displacement) against mass 2 and 3 (negative).
The larger the displacement distance to the x-axis, the higher the sensitivity to be excited,
e.g. the small distance from mass 1 and mass 2 in the red curve (2"¢ mode) to the abscissa
means that the second mode cannot be easily excited from location 1. The best sensing
location can be determined by evaluating the slope of the mode shapes: Mode 1 can be

best measured between mass 1 and mass 2, mode 2 between mass 2 and mass 3.
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2.1.5 MoODAL ANALYSIS

Modal analysis is an important design tool for understanding the behavior of a mechan-
ical system at its natural frequencies, and is part of the torsional analysis, which is e.g.
specified in [§] for compressors in the Oil & Gas industry. The modal analysis allows
decoupling an n'’-order mechanical system into n first order systems with its parameters
(a) modal stiffness, (b) modal damping, (c) eigenfrequency and (d) mode shape.
Finding a transformation matrix X, which allows a transformation of stiffness and damp-
ing matrix into equivalent diagonal matrixes, finally representing a decoupled mechanical
system, is the usual task to be performed. The modal analysis can be obtained by calcu-
lating the eigenvalues from the homogenous part of the second order differential Equation
216 (see Equation [22]), and results after some steps into:

XIX ' Xé+XDX !X+ XKX-X¢p =0 (2.22)

Newly transformed modal parameters with a diagonal form can be introduced, resulting

together with new variables for angle, angle speed and angle acceleration into:
Jn-0+D,, - 0+K,, -0=0 (2.23)

The result is a decoupled system with the ability to determine mode shapes or modal
damping at each natural frequency separately. The approach of decoupling the differen-
tial equation corresponding to the physical mechanical system into decoupled equations,

applied to the state space representation can basically be written as:
Z=Az (2.24)

The important difference between Equation and the standard state space representa-
tion (Equation 219 is that A is a diagonal matrix whereas A, in general, is non-diagonal.
Equation represents n uncoupled first order differential equations.

An old and practical modal analysis approach is to apply the iterative ”Holzer [14]”
method to a discrete mechanical model. It can be used to calculate natural frequencies

and mode shapes of a torsional system:

Grmi1 = pn — Trn/ Ky

. (2.25)
Tnv1=Trn+ws - Jn1 - Gpat
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The starting condition of this algorithm is a unity amplitude at one end of the system,
¢s1 = 1 and progressively calculated speed and angular displacement at the other end.
The initial torque is calculated with T; = wj% - Ji. The quantities of concern are the
torsional displacement ¢ of each mass considered, the torque T' carried by each shaft, in-
dex n represents the mass position J,, along the structure and w = 27 f for the frequency
applied. Scanning with incremental frequencies f in the described iterative concept iden-
tifies the natural frequencies of the system:

The natural frequencies are the frequencies at which the torque at the n;, mass is calcu-
lated to be equal to zero, Tt cnq = 0, assuming that no external torque is applied. Figure
2.9 indicates the result of the iterative Holzer algorithm to an example multi-mass system.
The zero crossings are indicated with dots, they represent the natural frequencies of the

investigated system.

0 50 100 150 200 250 300 350 400 450
o [1/s]

Figure 2.9: Applying the iterative Holzer algorithm to a mechanical system represented
with three discrete masses. The natural frequencies are calculated to be w; =
182 [rad/s| and wy = 397 [rad/s|(where T cnq = 0 is fulfilled).

The related mode shapes can be found by printing the displacement ¢,, for each of the
natural frequencies (see Figure [2.8]).

Equation can be adapted, e.g. by modifying the transfer-matrix representation, to
also include the damping values at each location of the shaft. Since the torsional damping
in large drive trains is low, as discussed in Section 2.T.3] the resulting eigenfrequencies and
mode shapes will not significantly deviate from the results calculated without modification
of Equation [2.25]



20 Modeling and Component Aspects

2.1.6 MODEL REDUCTION

Simulation lives from simplification. It is not necessary to use a finite element represen-
tation of the mechanical model for the analysis of TI, as the frequencies of interest are
typically up to or around the synchronous frequency. It is therefore recommended to re-
duce complex mechanical systems, so as to be suitable for application in combined electro-
mechanical simulation environments, to limit the computational effort required with an
appropriate granularity of the mechanical representation. There are several methods avail-
able for a degree-of-freedom reduction for torsional systems. An iterative method is the
reduction approach introduced by RIVIN [15] and DI [16]. A torsional model with a high
degree of freedom can be subdivided into subsystems with one of the two representations
indicated in Figure 2.10: either a subsystem including two torsional springs associated
with one rotational inertia J;, (type a) or two inertias connected by one torsional spring
kri (type b). A n'" order torsional system can than be split into n subsystems of type a

and (n — 1) subsystems of type b.

Tk-1 ka k k
7 4 ! I
/
/ -
v 4

J k+1
a) Jk b) Jk

Figure 2.10: Two different types of subsystem of a reduced torsional model.

The eigenfrequencies for all subsystems k£ = 1,2,...,n — 1 and krg = kr(,41) = 0 can be
calculated based on Equation 2.2] with:
kr(h_1)+k ki (Jx+J,
Wi = TTEDTIR. 2 = Enellbdn), (2.26)

Equation results in 2n — 1 different natural frequencies for the subsystems. The max-

imum of all identified subsystem natural frequencies represents the most rigid subsystem:
wl%—ma:c = MAXk:lun [wzmwgk] (227)

A partial model reduction will be applied to the subsystem identified in Equation 2.27];
it will be split to the closest connected subsystems. Therefore, after each reduction step
the degree of freedom of the torsional system will decrease, until the desired degree of

freedom or maximum remaining eigenfrequency is reached.
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2.2 BELECTRICAL MACHINE

The electrical machine is the interface between the electrical power system and the me-
chanical drive train. The two most important ways of applying torque with electrical
machinery in the high power area are: (a) asynchronous, stator and rotor have different
"rotational” speeds, a field is induced from stator to rotor or from rotor to stator; and (b)
synchronous, flux linkage between stator and rotor, generated from independent sources
in stator and rotor, e.g. by current sources. The electrical machine models used in this
thesis are represented as quasi-stationary; the electromagnetic transients are typically

much faster than the mechanical time constants involved with torsional dynamics.

2.2.1 INDUCTION MACHINE

The most commonly used small to medium sized motor is the induction or asynchronous
machine because of the clear advantages: simple and robust machine design, self start-
ability, and comparably low initial cost. Induction machines in the high power range are
rare, but they exist [17]. More reactive power consumption and higher losses compared
to synchronous machines limit applications in the multi-megawatt range.

One special example of an induction machine in large drive trains is the doubly fed induc-
tion machine (DFIM) used with variable speed wind turbines. The design varies slightly
from the standard induction machine in that it has access to the rotor windings to ma-
nipulate the effective rotor current frequency. The dynamic behavior of a field-oriented,
controlled, doubly fed induction machine is close to that of a synchronous machine as
long as the frequency of interest is within the bandwidth of the current control, which is
at least around H0H z.

A conventional induction machine acts on pulsating torque components in the lower fre-
quency range with a nearly proportional torque-slip characteristic, providing additional
damping of non-fundamental frequency components to the mechanical drive train. The

dynamic characteristic of an induction machine derived in |18] results in:

M + (2$k + %) MQ + ((si +52)0% + %) M = 2M,s5;,50° (2.28)

The variables are torque M, synchronous speed 2, angular motor speed <;5, slip s and the
two parameters defining the torque-slip characteristic are the stall torque Mj and stall

slip sy.



22 Modeling and Component Aspects

Equation 228 linearized and reduced to the static case (¢ =0, M =0, M = 0) results
in:
SkS
M =2M,——— 2.29
g s2 4 2 (2:29)

the well-known Kloss equation.

Inertia low(™), medium{o) high(+)

) R S SN N S N S N N
0 5 10 15 20 25 30 35 40 45 50
frequency [Hz]

Figure 2.11: Damping effect of the slip of an induction machine, dependent on the fre-
quency of the pulsating torque components. The different colors indicate
different modulation amplitudes, "*’’o’ and '+’ different inertia values.

Figure 211 illustrates the effect of the pulsating torque frequency on the damping effect
introduced by the slip of an induction machine based on Equation 2228 The damping
effect of the slip reduces with higher pulsating torque frequency. The amplitude of the
pulsating torque has limited effect on the damping, as long as the stall torque is not

reached. This curve was derived as an electrical torque response to a change in machine

speed (Figure 2.12)):
AT(f)

~Aw(f)

The frequency axis (Figure 2.I1)) is related to the rotational frame of the electrical ma-

De(f) (2.30)

chine, the effective pulsating torque components have to be calculated as sideband of the
nominal electrical frequency. The slip value is equivalent to the losses of the induction ma-
chine; large drive trains have comparably low slip values, resulting in a large torque/slip

ratio, representing a relatively stiff electro-mechanical connection with limited damping

property.
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2.2.2 SYNCHRONOUS MACHINE

The synchronous machine is the most important electrical machine for power generation,
but also for motoring of high power loads. The conventional synchronous design allows
the control of reactive power by adjustment of the excitation voltage, and more impor-
tant for high power applications, a higher efficiency compared to the induction design
[19]. (a) Slip-ring or (b) brushless and (¢) permanent magnet excitation systems are the
main solutions for the exciter system. Disadvantages are lower reliability, especially for
higher operational speeds with slip rings (a) or a more complex motor construction due
to the presence of two windings on the stator and for the rotating diodes (b) [17]. The
permanent magnet synchronous machine (c) is the main driver for the utilization of the
synchronous machinery in the lower multi-megawatt power range, e.g. in wind turbines,
with higher complexity for the control of this type of machine. The rotor always rotates
with synchronous speed, resulting in a start-up challenge, which can be mitigated by using
a starting inverter or a starting (induction) machine or winding. Using induction-windings
results in well-known torsional interaction during start-up, caused by a match between
pulsating torques and natural frequencies of the drive train because of the typical asym-
metrical rotor design, salient poles generating torque output as a function of the rotor
position. The frequency of the torque pulsation is the difference in frequency between the
stator and the rotor, known as slip speed for induction type machines. The net result of

this is a torque pulsation that occurs at twice the slip frequency, which is defined as:

ng — N

fslip = fl

. (2.31)

to be:
Ng — N

Tpuls(n) = 2fslip = 2f1 (232)

s
The pulsating torque (Equation 232)) can be eliminated with using a starting inverter,
which is an elegant but rather expensive means of reducing the motor torques only during
start-up, e.g. as described in Chapter 2.3l This type of torsional interaction will not be
discussed further in this document. A direct startup of a synchronous machine in the
described way is relatively seldom.

The torque of a synchronous machine is nearly sinusoidal. The rotor lags behind the

rotating field with the (electrical) angle ©.

T = Thhaesin(O) (2.33)
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The relation torque/angle is the same as a spring characteristic of the air-gap torque.
Some design modifications allow uncritical operation by adding damping elements to the

characteristics of the synchronous machine [20]:

1. Asynchronous damping moment, similar to the induction machine where the rotor
slips to the stator winding. The asynchronous damping moment provides the major
contribution for the damping torque, mainly for higher load levels; but it is very

low for no-load operation.

2. The synchronous damping moment, caused by pulsating currents in the armature
because of angular oscillation; this term is always negative, relevant for low load
operation, where a continuous oscillation can be observed for large synchronous

generators.

3. Alternating damping moment, because of interaction between armature and (elec-

trical) angle, positive for generation, negative for motoring.

The positive damping of the asynchronous damping (1) has the highest influence on
the damping of the synchronous machine, and is typically amplified by the mechanical
damping provided by the load characteristic, typically higher damping for higher load
operation. The resistance in the damping winding is usually higher compared to that in
the induction machine design, resulting in a smaller overall damping effect; a factor 10

times smaller has been reported in [4].

2.2.3 TORQUE MODULATION

Electrical machinery converts electrical into mechanical, typically rotational, energy or
vice versa. Rotating quantities like torque can be expressed in terms of stationary, but
also in terms of rotational frame. The Park coordinate transformation can be used to link
harmonic currents e.g. produced in power converters to pulsating torque components.
The impact of the non-fundamental frequency components on the mechanical drive train
depends on the dynamic performance of the electrical and mechanical design. The rel-
evant electrical dynamics have already been discussed in Sections 2.2.1] and 2.2.21 The
mechanical dynamics are influenced by the drive train inertia J, which is accelerated by

the imbalance between the applied air-gap and mechanical torque:

dwyy,
T, —1T.=J—— 2.34
Jdt (2.34)
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The full electromechanical relationship can be identified in Figure 2.12]

K, |«
D
T, l
4l -
: O : O : 1 | @ -
Tyw i T+ T. Js A® S Ad
K, |«

Figure 2.12: Equation of motion for an electromechanical system: T), applies to the me-
chanical torque, K5 represents the mechanical stiffness coefficient, D the me-
chanical damping coefficient, and K the synchronization torque coefficient.

The equation of motion can be written to:
. 1
Aw = j (KlgA(S — DAw — Te) (235)

Hence, the higher the frequency component, the lower the magnitude of acceleration (Fig-
ure[2.13). The electrical dynamics have a similar characteristic, influenced by the effective

inductance of the electrical machine and the associated time constants 7(w) = Less(w)/R.
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Figure 2.13: Transfer functions: influence of the electrical machine - stator to field (black)
and drive train inertia (gray) [6].

High frequency variations in the field voltage are not reflected in the stator flux linkage
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and hence other stator quantities, they do not result in considerable pulsating torque

components [6].

2.3 POWER ELECTRONIC DEVICES

Power electronic devices play an increasing role in modern electrification scenarios. They
allow higher flexibility and higher efficiency, e.g. with variable speed operation in drive
train applications replacing conventional fixed speed electrical and non-electrical drives
(e.g. gas-turbines). The Electric Power Research Institute (EPRI) estimates, that 60%
to 65% of generated electrical energy in the US are consumed in motor drives. Most of
the machines operate at light load most of the time. Motor efficiency can be improved
by as much as 30% by reduced flux operation instead of operating with rated flux [21].
Power electronics is also widely used in transmission, e.g. for High Voltage DC (HVDC)-
Transmission or Flexible AC Transmission (FACTS). The focus in this document is (a)
the impact of power electronic designs used in high power applications with respect to T1,
and (b) the use of different designs for the active damping approach (Chapter [Hl). Two

principle converter designs are relevant in applications of high power electronics:

1. Voltage source converters, operating with a DC-voltage always with one polarity
and supported by a DC-capacitor. The power reversal takes place through reversal

of the DC-current polarity.

2. Current source converters, operating with a DC-current always at one polarity and
supported by a DC-reactor. The power reversal takes place through reversal of the

DC-voltage polarity.

Figure 2.4l summarizes the two principle design options and indicates fundamental differ-
ences in the capability of the design. A second way of distinguishing the power electronic
devices used in the high power area is to distinguish at the semiconductor level between
a self-commutated and line-commutated inverter type. The valves of Line-Commutated
Inverter (LCI) have only turn-on control capability; turn-off depends on the current zero
crossing as per circuit and system conditions. The valves of a self-commutated converter
have turn-on and turn-off capability. Devices such as Gate Turn-Off Thyristor (GTO),
Integrated Gate Bipolar Transistor (IGBT) and Integrated Gate-Commutated Thyristor
(IGCT) and similar devices have turn-on and turn-off capability. A property comparison
of the main types of power electronic converters, relevant for high power applications, is

summarized in Table 2.2l It explains why line commutated converters are still attractive
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Figure 2.14: (a) Voltage source converter design, (b) Current source converter design [22].

Characteristic Line-Commutated Self-Commutated
Design Options Current Source Voltage- or Current Source
Dynamic Performance Medium High
Rating 1-80 MW Up to 8 MW per Module
Efficiency High Medium
Reliability High Medium
System Cost Low High
Complexity Low High
Reactive Power Consumption Consumption or Production
Power Quality Low-Medium Medium-High
Torsional Interaction High Medium
Footprint Low Medium

Table 2.2: Relative comparison between line-commutated and self-commutated inverter
type [23-25].

for high power applications. Switching devices always produce harmonics, which can ex-
cite torsional natural frequencies, independent from the power electronics design, if the
generated harmonics are in coincidence with one of the torsional natural frequencies of
the mechanical drive train. It is essential to know the frequency and amplitude of the
generated harmonics to estimate the impact on the torsional behavior of the system.

Conventional countermeasures to the torsional interaction with power electronic devices
are based on increasing the frequency of low order torque harmonics (e.g. by increasing the
converter switching frequency) or decreasing their amplitude (e.g. by multi-level converter
topologies or by increasing the effective commutation inductance of load-commutated
converter). The fundamentals for harmonics production are discussed in the following

chapters.
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2.3.1 LINE-COMMUTATED INVERTER (LCI)

Line-commutated inverters are well known in the high power area because of their simplicity,
proven reliability and practically unlimited output power, but also because of limited dy-
namic performance. Typical LCIs in the high power range are based on a 6 or 12-pulse
design. It will be shown in the following subsections, that the pulse number significantly

influences the location and amplitude of the produced harmonics and interharmonics.

LCI CONTROL

The control of line-commutated converters will be discussed briefly in order to understand
the major aspects of the LCI operation. Figure indicates a principle control diagram
of a load-commutated converter. The components indicated in red belong to a success-

fully implemented torsional mode damping extension developed and discussed within this
thesis (Section £.2.2] and [5.3.2)).

Main Supply
Transformer
Reference(s « :
—>( ) (y-Control S;tte contro! S‘Z (L',‘l(r)]rewerter
Ng * DC Reactor
. 5 Gate Control Machine
] g N.
f (nl) 6 Senirel ‘" |Unit S‘Z Converter
Ap QD ITMD
Controller
Exciter S I _____ 1
Controller @ é}
) Sync.
Voltage Machine I H H
Set Value n |
[} a b Mechanical System

Figure 2.15: Principle control diagram of a load-commutated inverter.

There are two bridges to be controlled, the line side converter - rectifier (r) and the ma-
chine side converter - inverter (i). The rectifier firing angle, which is basically used to
adjust the power flow from the grid to the DC-link, is also called a-angle. The inverter
firing angle, adjusting the power flow from the DC-link to the electrical machine, is also

called §-angle. The rectifier controls the DC-link current to remain constant (current
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source converter type). Its value depends on the desired torque level of the connected
electrical machine; a superior speed control sets the current reference. The steady state
and dynamic behavior of the converter is highly nonlinear [26]. A change in the firing an-

gle command becomes delayed before becoming effective in the power circuit; the delay is

20

5 ms for a 6-pulse system with 50H z grid frequency. A typical approach is

between Oms..
to approximate the delay with Tr = 1.67ms for the given control design example (Figure
[2.16). The control dynamics are influenced by the time constant given by the commuta-
tion inductance, 7 = > L—é“ and by the period firing delay between 0...7),s., higher pulse
numbers allow faster controllability. The focus in this section is mainly on the current
control loop controlling the a-angle. This loop can influence the operation of the damping

loop, which will be discussed in Section [£.3.2

- L U - L
I, KT, T kK To
T

Figure 2.16: Simplified block diagram for an LCI current control, with k, and 7T}, as current
control settings, T as averaged firing delay time, k; and Tp defining a first
order DC-link time constant, and TF as first order feedback time constant.

Figure 2.16] can be used to derive control parameters for the current control loop. The

open loop transfer function can be formulated to:

ky(1+ sT,,) 1 k
F =L LA . > 2.36
oL(s) sT,  1+sT, 1+sTp (2.36)
Te:TT+TF7 ksz %7 TD: Il'é_g’
The classical approach of the ”symmetrical optimum” then results in:
T,
T =T =" 2.
»=1Tb, K AD2K,T, (2:37)

The current control performance can be varied with D,., e.g. D. = 0.5 for fast, D. = 0.9
for a slow current control performance.
The inverter open-loop control affects the power factor of the connected electrical machine.

A typical approach is to maintain the power factor at a high level to minimize the losses
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and current rating of the equipment. The power balance between the AC and the DC

system is given and can be calculated, neglecting the converter losses, to be:

P =3 -VinIpcosp = Vyly = (Vycosa)ly (2.38)

Hence, the power factor is proportional to the firing angle:

COS¢ ~ cosa (2.39)

Equation .38 and thus Equation 2.39] can be applied for both rectifier firing angle o and
inverter side firing angle 3. The (-angle value is typically derived from a table and in-
fluenced by the actual speed and torque of the connected electrical machine (no feedback

control of J-angle).

LCI HARMONICS

Harmonics produced by power electronic devices are the major source of a harmonic exci-
tation of torsional oscillations. The harmonics can result in pulsating torque components
affecting the torsional behavior of a sensitive drive train (comparable large Q-factor), if
the frequencies are close or match the natural frequency of the train. Harmonics are
generated on the DC-side of the converter, the DC-link voltage has AC-voltage compo-
nents (DC-Harmonics), and on the AC-side of the converter, where the current includes
multiples of the fundamental frequency.

Both harmonics are linked by the firing pulse clock, which acts like a modulator known
from the amplitude modulation theory.

DC-Link-Harmonics

On the DC-side of the converter, the output voltage is of a form, which depends on the
pulse number, angle of delay a and angle of commutation . The output voltage consists
of a DC-voltage with superimposed harmonics; which can be calculated by applying the
Fourier transformation.

The v* harmonic can be calculated for uncontrolled valves with p as pole number of the

inverter bridge (e.g. p = 6) to be:

2
v?2—1

|al,| =Uy-

(2.40)
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for v = p-kand (k =0,1,2,...). The amplitude of the " harmonic for controlled circuits

\/51\/1/2 — (v? = 1)cos?a (2.41)

2 —

can be written as:

UV:Ud'

with « as firing angle. The maximum harmonic magnitude can be observed for a firing
angle equal to 90°, which represents no load operation. Figure .17 indicates the nor-
malized harmonic amplitude for a 6-pulse design, dependent on the firing angle of the
inverter. Equation [2.41] shows that the magnitude of the produced harmonic decreases

with higher order of v.

0.25

0.2

Amplitude u,/ u,

120 150 180

Firing Angle [°]

Figure 2.17: Amplitude of harmonics n = 6,12, .. of a 6-pulse inverter design, dependent
on the firing angle a.

The firing angle dependency of the produced harmonic is an indication of why torsional
interaction is more likely to occur during light load operation, where the firing angle is
closer to 90°.

Another ”degree of freedom” in terms of harmonic magnitude is the commutation angle

~. It can be formulated with:

v = arcos(cosa — 2d,,) — « (2.42)

where d, = %%—’“Ujd includes the values having impact on the commutation time: com-
k

mutation inductance X, = wly, current I; and commutation voltage Ug. For a small
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commutation angle 7, the harmonic magnitude increases with increasing firing angle «
until a >= 90°, see Figure .17 For a constant angle «, the harmonics decrease with
increasing commutation angle v and reach a first minimum at, approximately v = 7 /v,

e.g. for a 6-pulse design at v = 30°.

Zli Ioe | glz
I AC1 VD+C 1 Vsz I AC2

Vaci F;, Fs, ‘f VACZ

Figure 2.18: LCI one-line diagram with rectifier (1) and inverter (2) bridge and DC-link
reactor.

Figure 2.18 indicates two DC-link voltages Vpc1 and Vpee, which contain harmonics at:

dependent on the frequency f, of the AC-voltages Vi1 and Vyeo. Harmonics based on
Equation are called integer (k) pulsating torque component if superimposed in the
air-gap torque of an electrical machine.

Another set of harmonics in the DC-link is produced if the frequencies on both AC-sides
are not equal, e.g. in case of variable speed operation, where the grid frequency f, is
nearly constant and the machine side frequency f; depends on the desired rotational
speed of the electrical machine and the pole-pair number. In case of asynchronous power
systems, it depends on the second grid frequency f;. The DC-link current consists of

Vbci,de—VDC2,de

ipc = — the DC-component and of an AC-component responsible for an

interharmonic content in the DC-link:

. 1
tac = T / Vbctae — Vbez,acdt (2.44)
DC

A non-infinite DC-link inductance is the reason for the interharmonics, Equation 2.44]

which does not perfectly decouple the two AC-systems. The interharmonics are therefore
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present in both AC-systems. The resulting interharmonics are in the form:

fu12=|]€'17'f1im'p'f2| (245)

The frequencies fi,f> of both AC-systems are multiplied with the independent integer
variables k,m = 1,2, 3, ... and the effective pulse number of the utilized converter bridge
p. The harmonics, also called non-integer harmonics, are the main reason for TI between
power electronics-driven systems and conventional rotating machinery, which transform
them into pulsating torque components. Some of them are in the lower frequency range,
and they vary with varying frequency, so that a large number of frequencies can be
excited by this set of harmonics (see also Figure 2Z19). Equation will be derived
in the next subchapter. A design criterion for modern LCIs in high power applications
is the production of interharmonics with magnitudes as low as possible, less than one
percent of the nominal power can be achieved. But this can still cause relevant torsional
excitation [27]. This low level of pulsating torque production has also been observed in
air-gap torque measurements during tests performed on a 30MW O&G train driven by
an LCI.
AC-Side Harmonics
Current harmonics produced on the AC-side of the converter can be derived from the
typically rectangular like current shape, as shown in [22]. The generated harmonics are
in the order of:

n=p-k£1 (2.46)

where n is the harmonic order, £ = 1,2,3,... and p the pulse number of the inverter
bridge. Higher harmonics and higher pulse numbers result in lower magnitudes; the n'*

harmonic has an amplitude of:
I, =2 (2.47)

The commutation process mainly influences the higher frequency harmonics to be smaller,
as the wave shape is slightly closer to a sine wave.

Equation indicates DC-harmonics for v = k-p and k£ = 0,1, 2, ..., and for the same
converter on the AC-side (Equation2.46])) AC-harmonics with n = p-k41. The bridge acts
as a modulator, with the firing pulse clock as modulator. The interharmonics discussed in

Equation [2.44] can be derived on the AC-current side. Figure 218 gives the nomenclature:
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Inverter 1 is not fully decoupled from inverter 2 by the DC-link inductor, and can therefore
see the harmonics produced by inverter 2. The total current on inverter 1 can therefore

be written as:
iac = %3 (cos(wit) — cos(bwit) + Lcos(Twit) — srcos(1lwit) + ...) -

. ‘ . (2.48)
{]d + A(;SZTL(GWQt + ¢6) + Algsm(Ingt + ¢12) + AugSZTL(lSWQf + ¢18) + }

with A, = 2.40 DC-link impedance. Using the trigono-
metric identity cos(A)sin(B) = % [sin(A + B) — sin(A — B)|, Equation 248 can also be

written as:

\/§A6 [sin(wit + 6wt + ¢g) — sin(wit — 6wt — ¢g)]
% (5w1t + 6W2t + ¢6) - sin(5w1t — 6W2t — ¢6)]
%76 [ n(Twit 4 6wat + ¢g) — sin(?wlt — 6wat — ¢g)]

=

A~ o~ o~ o — —
o
—_ — Y~ Y

+fA12 [ (wlt + 12&)2t + ¢12) (wlt — 12(4)2t — ¢12)] d (249)
—\/?gAT [sin(Bwit + 12wat + ¢12) — sin(bwit — 12wt — ¢1o)] e
FB A [gin(Twt + 12wst + dra) — sin(Twit — 12wt — ¢10)]  (f

...etc.

with i, as the Fourier series based on Equation 2.46l Equation illustrates selected
components of the current harmonics for a six pulse converter feeding into the power
system, which can potentially result in pulsating torque components. As an example, (b)
and (c) of Equation will be modulated into the components fgg = |6 f1 =6+ f5
based on Equation after the modulation of the electrical machine. The current
harmonics introduced into the power system can be better analyzed in graphical form
with the Campbell diagram. Figure shows a typical Campbell diagram for a 6-pulse
system, including integer and non-integer pulsating torque components. The 6f; 2, 12f; o
components are based on the current waveform.

The intersection of integer harmonics (Equation 243]) with relevant torsional natural
frequencies of the system can generally be avoided within the operation speed range. The
intersection of non-integer harmonics with torsional natural frequencies of the mechanical
system cannot be excluded if the drive train is design to operate below and above a motor
supply frequency of approximately the grid frequency, which is typically the case. And
all harmonics and interharmonics are also present on the grid side of the converter. They
can potentially interact with natural frequencies of electrically close connected power

generation systems (synchronous generators).
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Figure 2.19: Campbell Diagram of pulsating torque components generated from inter-
harmonics and harmonics (Equation 2:49). The two gray lines indicate the
current harmonic |6f; — 5f2| and |6f; — 7fs|, which are transformed into a
pulsating torque component of |6f; — 6f5].

2.3.2 SELF-COMMUTATED INVERTER

Self-Commutated Inverters have some significant advantages over line-commutated in-
verter types, as summarized in Table 2.2]

They are known to produce significantly less torque ripple than line-commutated inverters,
which is one critical item for TT in addition to others such as exposure time of excita-
tion and proximity between a generated harmonic and a natural frequency of the drive
train. Self-commutated inverters are still reported as one source of torsional excitation,
e.g. in [28]. Conventional countermeasures to the TI with power electronic devices are
based on increasing the frequency of low order torque harmonics (e.g. by increasing the
converter switching frequency) or by utilizing different control schemes e.g. using Pulse-
Width Modulation (PWM) or hysteresis control instead of square wave. Converter losses
are typically the limitation, which are very critical in high power electronic applications.
The amplitude of low-order torque harmonics can also be reduced by multi-level converter
topologies, where the resulting wave shape is closer to the desired sine wave compared to,
e.g., two level designs. The control complexity as well as the reliability decreases with an

increasing number of devices.
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HARMONICS

The integer pulsating torque component of the fundamental frequency can always cross a
natural frequency of a mechanical system, e.g. during start up. Additionally, the square
wave operation has fundamental disadvantages as discussed in Chapter 2.3.1] for LClIs.

The "advanced” PWM operation produces harmonics basically described by:

with k; as frequency multiplier, e.g. a carrier frequency f. = 540Hz at a power system
with f; = 60H z results in k; = 9. The variables n and ks are integers. A typical harmonic

spectrum for PWM operation is shown in Figure 2.20.
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Figure 2.20: Typical PWM harmonic spectrum with synchronous switching strategy and
fundamental frequency f;.

In general, the harmonic frequencies can be relatively high, and passive filters can be
used to attenuate the amplitudes. However, lower frequency harmonics, also called beat
harmonics or beat frequencies, can be present and more difficult to reduce with passive
filters since they are closer to the required voltage bandwidth. These beat components can
occur at frequencies both above and below the fundamental frequency. Many converters
operate with a synchronous PWM strategy, where the carrier frequency is a fixed inte-
ger multiple of the output fundamental frequency of the converter. However, this is not
desirable when operating at low fundamental frequencies since the switching frequency is
constrained to low values leading to poor harmonic performance.

Harmonics can also be produced in addition to the theory due to the influence of the
modulator design, e.g. spectrum smearing of the modulator due to distorted measure-
ments, but also by control internals like the sampling process, feedback filtering, DC-link

component design or cabling, as reported recently, e.g. in [3].
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2.4 SUMMARY - MODELING AND COMPONENT ASPECTS

The critical parameter for multi-megawatt drive trains coupled to or electrically close to
power electronic converter is the damping of the mechanical system at its natural fre-
quencies. Low torsional damping parameters (large Q-factors) result into a very sensitive
response to harmonic excitation (Section 2ZI.3]). Such excitation can easily be caused by
harmonics and interharmonics produced from power conversion units.

A coincidence of electrically generated harmonics with a natural frequency of a large drive
train can result in significant torsional excitation. The most relevant parameter of the
electrical excitation source is its frequency (proximity to critical natural frequencies) and
the exposure time of excitation, not its magnitude. Therefore, a greater electrical excita-
tion source, if not located close to a mechanical resonant frequency, will have less impact
on the shaft than a smaller excitation localized at or near that resonant frequency. None
of the existing converter topologies available for high power applications, voltage source
and current source converter, can generally be excluded from producing harmonics and

interharmonics. Both are potential sources for torsional interaction.






Torsional Interaction Analysis

Definition of the Torsional Interaction (TT) phenomenon with turbine generators:

”Torsional interaction occurs when the electrically induced subsynchronous torque in the
generator is close to one of the torsional natural modes of the turbine generator shaft.
When this happens, generator rotor oscillations build up and this motion induces armature

voltage components at both subsynchronous and super synchronous frequencies” [29].

3.1 SOURCES OF EXCITATION FOR TORSIONAL OSCILLA-

TIONS

Excitation of torsional oscillation always follows the same principle, a disturbance in
the torque-balance between the mechanical system, e.g. compressor load or gas turbine,
and the electrical machine, e.g. motor or generator. These disturbances can be in the
form of step functions but also discrete frequencies, exciting the natural frequency of
the drive train. The magnitude of a resonant vibration depends on the proximity of the
stimulating frequency and a natural frequency, on the magnitude and duration of the
excitation, and on the damping of the excited natural mode [30]. The impact of non-
local ”excitation sources” on large rotational equipment depends on the effective electric
impedance between the source of disturbance and the rotating machinery.

The main disturbances responsible for TI in rotating equipment are grid events [31],
harmonics produced by power conversion, interaction between electrical and mechanical
resonances (subsynchronous resonances which are out of the scope of this thesis) and

improper operation of equipment. TI can lead to increased material fatigue, system

39
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outages due to trip, or instantaneous damage of the drive train (see Section B.2]).

3.1.1 GRID EVENTS

Lightning strikes into the transmission system can lead to short circuits, resulting in
one-, two- or three-phase faults, a major disturbance in the power system. High voltage
created from a high current injection can be a source of excitation, if non-linear devices like
transformer saturation limit those high voltages. Over-voltages also occur during normal
or abnormal switching operation e.g. in medium- and high-voltage systems with vacuum
switches which are known for very steep over-voltages because of their very fast switching
capability. Generally, planned and unplanned switching operation of loaded lines and
units result in an impedance change in the power system and act, therefore, like a step
function for the power system and the connected units. These events can excite torsional
oscillations (Equation [2.8] Figure[22]). Examples are short circuits, trip and reconnection

of transmission lines, but also failed synchronization of synchronous machines [|32].

3.1.2 TORSIONAL INTERACTION WITH LARGE POWER SYSTEM UNIT

CONTROLS

Large grid-connected equipment having fast regulating controls is another potential source
of torsional interaction, as it can affect the damping of torsional vibration on generator
shafts. This phenomenon is also referred to as Sub-Synchronous Torsional Interaction
(SSTT). Interaction with generator excitation controls, e.g. with a power system stabilizer
(PSS) acting through the excitation system have been reported in the past [33]. Those
PSS are typically tuned to a certain frequency and use an available speed measurement
e.g. from the generator end of a drive train. The stabilizing function is typically designed
to provide zero phase shift at the frequency to be stabilized. The applied filter can, as
will be discussed in the Chapter 4] act as a negative damping for frequencies other than
the stabilized natural frequency. This results in the instability of that mode, even if the
feedback magnitude at the mode is attenuated by the applied filter. Using very high gain
in the exciter control, to keep the terminal voltage within a limited band, can also lead
to torsional instability due to higher frequency components in the voltage signal.

The speed governor of generation units can interact with torsional modes if the bandwidth
of the governor allows action in the range of natural frequencies. Filter design and tuning
are the keys in tuning the controls so that they do not interact with natural frequencies,

which can lead to instability.
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Power conversion devices, with e.g. constant power control as in HVDC transmission, have
been reported to be a source of torsional excitation: Turbine-generator rotor motion, in
addition to the constant rotational speed, causes variation in both magnitude and phase
angle of the AC-voltage. A line-commutated HVDC system connected and therefore
locked to this AC-voltage modifies the apparent firing angle away from the steady state
phase shift because of equidistant firing angle control. This affects both direct current and
voltage, and thereby the transferred DC-power transferred. The closed loop controls on
direct current, direct voltage or firing angle react to correct for these changes, impacting
magnitude and phase in the DC-transferred power, with the frequency of the initial rotor
motion. The ultimate effect of the change in DC-power is a change in generator air-
gap torque. The impact of the interaction depends on the strength of the AC-system
compared to the DC-system, and on the electric distance between the turbine-generator
and the HVDC system [34], [35].

The Unified Interaction Factor (UIF) [36] has been established as an important design
factor used in preliminary studies to identify potential SSTI based on large-scale interac-
tion studies. The UIF value allows one to decide whether more detailed studies of SSTI

are needed.

3.1.3 HArRMONICS PRODUCED DUE TO POWER CONVERSION

Harmonics are produced with all kind of power electronic devices, as already discussed
in Section 2.3l These harmonics are distributed through the connected power system,
dependent on the impedance distribution to connected units like electrical machinery.
They can transform the harmonics with non-fundamental frequency through the air-gap
torque (Section 22) and, in case of coincidence of the pulsating torque components with
eigenfrequencies of the mechanical system; they can excite these natural frequencies.
Figure B.1] represents a Campbell diagram for a 12-pulse LCI, including electrical fre-
quencies (solid), which are mostly dependent on the rotational speed of the drive train;
and mechanical frequencies (dashed) representing the eigenfrequencies of the drive train,
which are typically fixed over the whole operational speed range. The intersection of elec-
trical and mechanical frequencies are called critical speeds; they can result in torsional
interaction, dependent on the amplitude of the pulsating torque (electrical), the mode
shape at this frequency and the effective modal damping.

This effect occurs especially in island-like power systems as shown in Figure B.2] where
several power electronic loads are connected close to similar sized generation units. In

this case, the magnitude of the harmonics produced can be large enough to significantly
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Figure 3.1: Campbell diagram: relevant electrically generated frequencies for a 12-puls
design (black) together with relevant natural frequencies of the mechanical

system, indicated with Mode; / Modes (gray - dashed).
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excite the mechanical drive train of the power generation units, which are typically based

on synchronous generators. Power outages or broken shafts can be the consequence.

3.1.4 SUBSYNCHRONOUS RESONANCE

The subsynchronous resonance is a special case of TI. An electrical resonance at a fre-
quency f., interacts with a mechanical natural frequency of a drive train f — f.. and
can result in a resonance catastrophe. Subsynchronous resonances typically happen with
series capacitor-compensated transmission systems forming, with generator inductances,
an electrical resonance circuit. A small voltage induced by rotor oscillation can result
in large subsynchronous currents, which will produce an oscillatory component of rotor
torque. The phase of the rotor torque is such that it enhances the rotor oscillation, like
a positive feedback loop, so that the coupled electromechanical system will experience

rapidly growing oscillations.

3.1.5 EXCITATION DUE TO LOAD VARIATION

So far, only electrical sources that excite torsional oscillation of rotating machinery have
been described, mainly because the natural frequencies typically begin in the high one-
digit frequency range and the load characteristic, which has typically low bandwidth,
is therefore not capable of exciting these natural frequencies. An exception can be wind
turbines, where statistically fast wind variations, but also the "shadow effect” of the pylon
acting on the blades and subsequently on the rotating drive train, results in a torque
variation. A frequency spectrum of typical wind speed variations is shown in Figure 3.3]
calculated with a Von Karman Wind Turbulence distribution including roughness of the
area around the wind turbine or a standard deviation of the wind speed distribution.
The dominant frequency components are located in section A; section C includes relevant

frequencies for torsional excitation, which have almost negligible contribution.

Another potential excitation can be found in geared drive trains in which the gear mesh
can generate higher frequency torque components. It is also found in the operation of
unbalanced drive trains producing pulsating torque elements with multiples of the me-
chanical rotational speed. And there are several situations with combustion engines that
can lead to torsional vibration problems [38]: engine misfire, pressure imbalance, ignition

problems, leaks or instability of the control.
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Figure 3.3: Wind speed variation in frequency domain [37]

3.1.6 TORSIONAL INTERACTION BETWEEN CLOSED COUPLED UNITS

Another not uncommon scenario for TI is the interaction between electrically close (con-
nected through low impedance) coupled units. Figure indicates two identical genera-
tion units connected to the same busbar, which couples those two machines through the
electrical system. The eigenfrequencies and eigenvectors (Figure B.4]) of the two or, in
general n units are calculated to understand the principle reaction to torsional excitation.
The network strength influences the electrical stiffness, which connects the mechanical
system. The electrical stiffness adds another mode to the mechanical modes of the sys-
tem (subplot 1 - Figure B.4)).

The relation between electrical network strength X and mechanical stiffness k& can be
found with & ~ 1/X. A stronger system (smaller X) results in higher stiffness. The
resistive part of the grid impedance influences the damping of the additional mode. One
significant question for the understanding of the interaction is the cause of excitation:
(a) if one of the generators is excited from the mechanical side, than this generator can
oscillate e.g. against the other generator, with an anti-phase oscillation (subplot 3 -
Figure B.4)). (b) If there is an external excitation then both generators oscillate probably
in-phase (subplot 2 - Figure B4]). The closed coupled torsional interaction could be
potentially of interest as wind farms usually have many wind turbines of an equal type.
Most state-of-the-art wind turbines in the MW class are connected to the grid via power
electronic converters, which have the advantage of effectively decoupling the mechanical
system from the power system for frequency components within the bandwidth of the
torque controller. But there are wind turbine designs operating variable speed without
power electronics, e.g. a hydrodynamic torque converter connected to a medium voltage

synchronous generator [39).



3.1. Sources of Excitation for Torsional Oscillations 45

pooee — 2. 29.28Hz
3a 2a 1a 1b 2b 3b

— 3. 30.81Hz

relative rotational displacement

—05. 62.72Hz
3a 2a 1a 1b 2b 3b
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Figure Both units have three main masses (1, 2, 3). The original 2"
natural frequency (subplots(4,5)) is not significantly influenced from the net-
work parameter, as there is no strong coupling of this mode to the electrical
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Figure indicates the dependency of the eigenmodes of two electrically close generators
on the electrical coupling between the generators. A low coupling (low stiffness) results in
equal eigenfrequency of the in-phase and anti-phase modes. The difference between the

modes increases with increased stiffness of the electrical coupling of the system.

3.2 IMPACT OF TORSIONAL INTERACTION

Lifetime reduction is one major impact of T, as alternating load cycles can have significant
influence on the remaining lifetime of the mechanical system. But there are other factors
to be considered with TI. For instance, expensive equipment is protected against TI, and
may have to be tripped at a certain level of vibration, with the possible consequence of

system outages, as reported in [7].

3.2.1 LIFETIME REDUCTION

A broken turbo generator shaft was the first incident in which the impact of subsyn-
chronous resonances, a kind of TI, was recognized [40]. Broken shafts as a result of TI
represent worst-case lifetime reduction, and can hardly be found in literature. But it is
quite common in industry not to publish severe damages.

The majority of known TT’s impact the lifetime of a system because of the increased stress
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at shaft sections and couplings of rotating machinery. Components usually fail because of
fatigue. Fatigue is defined as failure at relatively low stress levels caused by repeated load
cycling [41]. The alternating torque amplitude, the average value of the cycles and the
number of load cycles, influences the lifetime consumption of mechanical shafts. Typical
alternating torque limits for drive trains in the multi-megawatt range are below 20% to
30% of the static torque rating. Fatigue damage from torsional vibration is cumulative
over many events. TI can frequently induce relatively small torsional vibration in addi-
tion to the static (nominal) torque, so that high generator shaft lifetime expenditure can
quickly be accumulated.

The assessment of the impact is mainly based on empiric knowledge and numerous mate-
rial tests. There are several monitoring systems which estimate the shaft fatigue damage
including loss-of-life per event and cumulative loss-of-life for planning maintenance or in-
spection while damage is minimal, to prevent more costly repairs [42]. Those systems are
only utilized with very expensive generator units in power plants, e.g. with ratings above
100MW.

A common approach in industry to guarantee a certain lifetime with alternating torques
during operation is to over-dimension the shaft to sustain higher alternating torques. But
there are economical limits for over-engineering large rotor shaft systems, especially at

high rated power levels.

3.2.2 Loss orF PRODUCTION

Large generation units with comparably high Q-factor are typically equipped with moni-
toring and protection mechanism, to disconnect the electrical machine as a consequence
of uncontrolled excitation of torsional oscillations, to prevent mechanical damage, such
as failed couplings or broken shafts. Examples for protective devices are torsional motion
relay, armature current relay or unit tripping logic schemes [3].

Protection schemes mainly based on vibration measurements are applied for synchronous
motor driven compressor trains in the multi-megawatt range. They trip the total com-
pression system after certain level of alternating torque is reached (Figure [[2)). The
protection algorithm can be quite complex, as many criteria have to be considered to

prevent unwanted system trips.

3.2.3 VIBRATION - NOISE

Torsional interaction can cause torsional vibration, which can be transferred via a gearbox

into lateral vibrations. These vibrations can potentially cause high sound pressure levels,
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which can exceed stringent environmental requirements, e.g. for systems installed in
densely populated areas with low-noise requirements. Problems are known e.g. for wind
turbines, where gear-mesh excitation could potentially excite acoustic resonances resulting

in high noise pressure levels.

3.3 SUMMARY - TORSIONAL INTERACTION ANALYSIS

The consideration of torsional interaction is important for high power systems, in indus-
trial as well as in power generation applications. Torsional interaction directly affects the
operation of the system only in a minority of cases, e.g. in cases with subsynchronous
resonances, where the system can be damaged within seconds or with system blackouts
due to a protective shut down of generation units.

More frequent are effects that are identified after months or years because of broken shafts
or damaged gearboxes. The reason is mainly the unknown stress in the mechanical shaft
due to torsional interaction because of lack of appropriate sensors connected to the shaft
(Section [B.T]). Some industries, like Oil & Gas, require a torsional analysis in the design
phase e.g. for centrifugal compressor systems.

But it is not always possible to prevent excitation of torsional interaction during opera-
tion, especially with growing complexity in industrial power systems due to an increased

percentage of power electronic loads.



Damping of Torsional Interaction

Effects in Power Systems

Torsional interaction resulting in excitation of torsional oscillation can be observed mainly
in large rotating machinery. Countermeasures have been discussed for decades [43] because
of fatigue and subsequent structural failure of the equipment, but also because of noise
generation (Section B.2). The focus of this chapter is on damping of torsional oscillations
in large drive trains for industrial or utility applications, since large drive trains have
typically low damping properties and low natural frequencies.

In case of large drive trains with low damping properties, it is impossible to design an
overall system, which operates in all conditions without experiencing any of the discussed
effects at the natural frequency of the drive train. This makes it necessary to apply coun-
termeasures against TI to the system, to prevent fatigue effects and to stay operational

over the specified lifetime of the system.

4.1 STATE OF THE ART - COUNTERMEASURES AGAINST T1I
Large drive trains have unique properties compared to other mechanical systems:

1. Low inherent damping, high Q-values, as discussed in previous sections

2. Natural frequencies in the subsynchronous range

3. High initial and operational costs

49
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It is very challenging to apply new damping strategies because of the technical properties
mentioned and a conservative operational attitude of the drive train owners. Hence the

existing solutions for active damping in the area of large drive trains are quite limited.

4.1.1 PASSIVE COUNTERMEASURES

Passive countermeasures have advantages in reliability terms, but are limited in possi-
ble application, are less flexible and have typically higher initial costs. They have to be
considered in the design process to be applied, retrofit solutions are quire rare. One can
distinguish between mechanical and electrical counter-measures:

A very common countermeasure against T1 is to Shift Resonant Frequencies by modi-
fying the drive train stiffness and/or inertia, e.g. by changing the shaft material, diameter
or overall length, mainly during the design phase. This can be done when the expected
frequency spectrum of pulsating torques is known, e.g. with known electrical resonance
frequencies in the power system, which is fixed as long as there are no changes in the
system. [38] reported several cases where adding a flywheel to the main shaft resolved the
problem of torsional interaction, at the expense of changing the mechanical design of the
drive train. This approach works only for relevant harmonics with fixed frequency com-
ponent. Viscous dampers are often used in reciprocating engines to help limit torsional
vibration and crankshaft stresses. A viscous damper consists of a flywheel that rotates
inside the housing, which contains a viscous fluid such as silicon oil that provides a shear
motion of the fluid between the internal flywheel and damper housing. The damping
characteristics can be adjusted by changing the internal clearances between the housing
and flywheel. Adding Soft Couplings with damping components, usually rubber, can
achieve an increase in the overall system damping of a mechanical drive train [38] plus
detuning the torsional natural frequency of the shaft. The coupling is termed ”soft” be-
cause it typically has a lower torsional stiffness than the shafts it is connected to. Soft
couplings are not preferred because of increased maintenance, and they are not available
for drive trains in the multi-megawatt range [41].

Another mechanical approach is a Passive Absorber with inertia J,, stiffness k, and
damping d,, attached to a primary mechanical system. It is tuned to absorb the energy
of an undesired critical frequency with w, = \/m, which cannot fully be achieved
because of the presence of the damping value d,. The mechanical properties of a pas-
sive damping device cannot be adjusted, resulting in a very narrow and fixed interval of
operating frequency to be damped. The passive damping device coupled to the original

mechanical design adds another degree of freedom to the primary structure, with an addi-
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tional natural frequency of the overall system. A theoretical elimination of the undesired
critical frequency w, results therefore in two new natural frequencies, appearing typically
as sidebands of the undesired natural frequency. The distance to the ”"old” natural fre-
quency depends on the physical dimensions of the passive damping device. Numerous
variations and improvements to the passive absorber structure can be found in the liter-
ature, e.g. in [44], [45]. They deal with ideal resonators by active elimination of d,, but
also with actively tuned absorber devices with superimposed angle dependent reactions
(varying effective k,) or acceleration-dependent reactions (varying effective .J,), for a wide
frequency operation up to damping all frequencies in a certain band. All partially passive
methods need additional components attached to the primary mechanical system, which
is typically undesirable for high power rotational drive trains.

A Static Blocking Filter made up of LC-tank circuits inserted in series with the device
to be protected can be tuned to contribute positive resistance with frequencies, which are
coincident with the complement of the torsional natural frequencies. In essence, the filter
isolates the machine from the system at the critical natural frequency. This hardware is
expensive, and can’t be applied e.g. to power electronics-driven electrical machinery [43].
A similar approach is a Line Filter, which can protect a conventional unit from torsional
interaction when the source of the problem is a single line, but it loses its effectiveness
with changes in the power system.

A Bypass Damping Filter based on a resistor in series with a parallel combination of
a reactor and a capacitor are tuned to have very high impedance at system frequency,
and relatively low impedance at the complement of the torsional natural frequency of the
conventional unit to be protected.

All filters have the drawback that this kind of equipment is limited in flexibility, requires
design changes to the existing power system, and becomes expensive at high voltages

levels.

4.1.2 AcTivE COUNTERMEASURES

The active countermeasures can also be divided into mechanical and electrical counter-
measures. The active electrical countermeasures typically try to avoid the coincidence
between complementary electrical and torsional natural frequencies in the system, or
they try to eliminate the complementary electrical frequency components, e.g. by means
of control or a specific switching algorithm for power electronic devices, especially with
voltage source converters. Active mechanical countermeasures improve the mechanical

system at the natural frequency to be less sensitive at those points.
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Resonant Frequency Avoidance is the main approach against torsional excitation of
natural frequencies for large variable-speed drive trains, to avoid operation at critical
speeds. It can be achieved by reducing the allowable operational range of the system, or
by quickly bypassing any determined resonant speed by adding a dead-band in the control
logic at these points, thus exciting the natural frequencies for only a very limited time.
The problem with the approach is that the process typically sets the reference speed. The
process can ask the variable-speed drive to operate at the excluded speed, resulting in a
toggling around the critical speed due to the exclusion.

Active Compensation can be applied, when the disturbance has a periodic character
and continuously excites the structure in steady state. This forced vibration attenuation
problem can be addressed by introducing a controlled excitation moment to the mechan-
ical design with appropriate amplitudes and phase angles at the disturbing frequency.
The feed-forward control allows a theoretical cancellation of the disturbance at the sen-
sor location, fuist(t) = feomp(t). The practical realization results in a relatively complex
controller, including adaptive control paths, because of the importance of gain and phase
matching the disturbance, to prevent the vibration canceling system becoming the major
disturbance. The active compensation approach is well understood and applied, for ex-
ample, in the area of noise canceling in numerous applications. The difference to torsional
interaction is the disturbance amplitude and the effect on the surrounding system. Noise
canceling applied, as in the car industry, is tuned to eliminate unwanted noise in the
automotive cabin at the passengers heads. The noise has significant amplitude, which
directly influences driver satisfaction. The disturbance in torsional interaction effects is
typically a frequency component in the air-gap torque corresponding to a natural fre-
quency of a drive train with comparably little amplitude, e.g. below one percent of the
nominal torque. The unwanted effect is not the air-gap torque but the reaction of the

drive train to that disturbance.

Disturbance
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Figure 4.1: Active compensation block diagram including forward path (FP).
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Active compensation is one method applied in the Active Damping of Torsional Os-
cillation in Low Power Applications e.g. servo drive applications. The disturbance
can mainly be found in the mechanical system (Section B.I.5). Harmonics and interhar-
monics produced by the servo-drive power electronic converter are typically not critical
(no torsional interaction effect) because of significantly better damping properties (Sec-
tion 2ZT.3) of the mechanical system at its natural frequencies. Natural frequencies can
be relevant up to the Kilohertz range for servo-drive applications. The comparably lower
stiffness requirement of lower power drive trains allows observing torsional oscillation by
means of high precision speed or acceleration sensing equipment. This signal can be fed
through the high dynamic converter control to cancel out the effect of the disturbance
(Figure [4.1] summation point). Mainly sensing, complex signal processing and different
control implementation into dynamically controlled power electronic systems are discussed
in literature. The first two aspects are also relevant for high power applications, but typ-
ical industrial high power converters cannot be controlled as dynamic as low power servo
drives, which makes it difficult to apply already available methods for low power systems
into the high power application area. Already the effect of a torsional oscillation is dif-
ferent at lower power level. For instance in the printing industry, the main objective of
reducing torsional oscillations is to increase the product or process quality, not to achieve
the desired lifetime of the mechanical system (Section B.2)).

A conventional Dynamic Stabilizer, which was developed as a countermeasure to SSR
in power systems, consists of thyristor-modulated shunt reactors. It is connected to the
isolated phase bus of the protected synchronous generator. It responds to a measured
oscillation of the conventional generator around a quiescent operation point. In the ab-
sence of rotor oscillation, the quiescent operation of the stabilizer is like a continuous
reactive load. It can’t be applied to power electronics-driven electrical machinery; the
voltage at the motor terminals is usually distorted and thus difficult to synchronize to.
Drawbacks of dynamic stabilizers are the reactive and active power consumption (losses),
the production of harmonics and its associated high costs.

An Active Damping Control via Exciter Controller is a very sophisticated approach
to active damping of torsional oscillation. It has been developed for large synchronous
generators. A damping reference, based on external measurements such as rotational
speed, AC-bus frequency or acceleration power, is added to the exciter control [46]. The
controller has to produce an electrical torque component on the rotor (by modulation
of the generator flux), which is in phase with the speed variation to provide additional
damping to the mechanical system. The control has to compensate for gain and phase of

the excitation system, power system and the generator, as these components influence the
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effect of the generator flux on the resulting torque [47]. The typical frequencies of applica-
tion are in the range of approximately 0.2H z to 2.5H z, sufficient for very large generation
units. Higher natural frequencies can hardly be addressed because of time constraints of

the exciter converter and the exciter implementation, especially for rotating exciter.

4.2 NEW DAMPING APPROACH

None of the available approaches (Section [4.1]) is capable of enabling electrically driven
multi-megawatt trains and power generation units to operate in their designed way with-
out being possibly affected by torsional interactions. Large drive trains have very limited
damping properties (Section 2-T.3). This makes them very sensitive to torsional interac-
tion. The approach introduced and developed within this section decreases the inherent
sensitivity of the mechanical system and thus allows operation of such multi-megawatt
drive trains without the negative effects discussed in Section 3.2

The damping method chosen for application with large drive trains can be derived from

Newton’s equation of motion:

3]- {6} + D) {o} + K- {6} = B]- {u} (4.1)

where J represents the systems matrix of inertia, D the damping matrix and K the stiff-
ness matrix. The part of the equation to the left of the equal sign describes the mechanical
system with its properties, as described in the Chapter 2l The matrix B, on the right side
of the equation, represents all input components acting on the mechanical system, includ-
ing pulsating torque components. The basic approach of the developed active damping
method is to modify B in such a way that it behaves like an increased damping matrix
D on the mechanical system, but only at the natural frequencies of the system, where an
increased damping is required. This is achieved by basically modulating active power at
the natural frequency of the sensitive drive train.

The developed method is a mechatronic control approach. It utilizes a mechanical feed-
back signal to introduce limited damping power, and it has the capability to compensate
for dead times typically existing in large converters without significant loss of damping
performance. It provides a very robust design for slight natural frequency variation and
mistuning although it modulates active power exactly at the resonant frequencies of the
mechanical system. It operates only at the natural frequency of the sensitive drive train,

and allows high damping performance with very limited power. More than one mode
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can be damped simultaneously based on superposition, but dependent on the controlla-
bility of that mode. This can be analyzed by the introduced mode shape characteristic
of the mechanical structure. This restriction is, typically, not a limitation, because all
modes excited by the electrical machine can also be damped by the same machine with
the developed method. One kind of realization utilizes an existing small DC-link storage
device (inductor or capacitor) for generating active power at the natural frequency of the
mechanical system in order to use it as damping power. The damping power is than per
se not an energy loss. The new damping scheme can be integrated into existing large
drive topologies, but it can also be applied by means of low cost separate devices. Figure

gives a very good insight into the fundamental functionality.
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Figure 4.2: Electromechanical simulation: Effect of Torsional Mode Damping applied to
a large compression train. Py - Active power exciting torsional oscillation
("disturbance power”). Typqp - Effective shaft torque of the mechanical sys-
tem. Pyump - Active power at the natural frequency, exchanged between the
sensitive drive train and the damping converter (”damping power”). Ty -
Air-gap torque component at the natural frequency of the mechanical system.

The black line - Typq 4 - in the upper subplot indicates the measured shaft torque from the
mechanical system which is used as an input signal for the control. It shows the reaction
of the drive train to a pulsating torque introduced by means of the air-gap torque. The

corresponding electrical power is indicated in blue on the second subplot - Py. The
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mechanical damping of the drive train is not sufficient; the alternating torque increases
until the active damping is enabled (¢ > 3s). The damping controller adds another compo-
nent - Pyumyp - green - with effective +90° (Figure .3]) phase shift to the mechanical torque
and reduces the alternating torque component over time (as compared to compensation,
which would try to eliminate the alternating torque components immediately), until the
oscillating torque component reaches an acceptable limit. Active power is modulated at
the natural frequency of the sensitive drive train. The reduction of alternating torque com-
ponents over time allows the implementation also with low bandwidth controlled systems.
After the disturbance disappears, the damping component decays and the oscillation in
the measured torque almost disappears. The damping controller is designed to stay en-
abled at all times. The principle indicated in Figure is only for demonstration and
tuning purposes of the controller. It can easily be recognized that the damping controller,
when enabled, acts like an increased natural damping of the mechanical drive train and is
electronically adjustable. The effective air-gap-torque (red) shows that the air-gap-torque
is not compensated to zero at any time when enabled. The damping power compensates
the disturbance power only when the disturbance reaches a steady state amplitude and
phase (Figure I2]- 3.3s < t < 3.4s.). But this has rarely been observed in the numerous

measurements performed while testing this active damping method.

4.2.1 AcTivE DAMPING TOPOLOGY

The block diagram in Figure 4.4] represents the mechanical structure of a two mass sys-
tem with an additional, simplified damping circuit. The damping loop acts based on a
torque measurement of the shaft T between the two masses represented by J; and Js.
Two variables, an additional delay time T, and a gain V', can be adjusted to provide an
additional damping component to the air-gap torque 77.

The adapted transfer-function between the air-gap torque 7 and the shaft T can gener-

ally be formulated with:

TT (%S + 1)(Tdel3 + 1)

I 1 _JJ T 1 N J dT d VJ T VJ
! EJll— +32 aets® + (Ehl— +;2 Tk del) s*+ (E (1 B J1+?72> + del) 5+ (1 - J1+32>
(4-2)

This equation does not reflect the full implementation, as there is much more complexity
in between the measurement and the air-gap torque response of the electrical machine,
e.g. the power system and the non-linear behavior of the large drive. It shows a control

system description, the active damping is adjusted with appropriate values for V' and Tj;.
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Figure 4.3: Zoom of Figure £.2I Damping torque acting with ¢ = +7 phase at wpu
between shaft torque Tip,f: and effective damping power Pygmp.

Figure can be used to determine the required phase relations between pulsating torque
component and damping component. As already mentioned in previous sections, the
principle approach is to add a +90° phase shift to the open-loop system response to
achieve damping behavior.

For explanation purposes, Ty can be initially understood as a pulsating torque component
acting on the air-gap torque and exciting the mechanical system at the desired natural
frequency. The open-loop transfer-function G,,44(s) between the assumed pulsating torque
T, and the natural damping component proportional to the speed of the mechanical system

T,q can be calculated with:

T D s
Gaa(s) = Tdd =7y ©(Gmaa(s)) = ) (4.3)

The delay ¢(Gmaa(s)) calculated in Equation refers to a pulsating torque component
exciting the mechanical system, adding a negative damping component to the natural

damping of the mechanical system. A positive damping component requires therefore a



58 Damping of Torsional Interaction Effects in Power Systems

V. Tgel > d Tz
9, o, Ao Agp +l l- B, o
119 :/._dr —»(‘?_ :/..dz—» k 11, r/..dz >
, Tr

K12:
D |«
T, l T, led
¥ Y 1 | wo -~
T\pf;T T, Js | A LS (A
K|«

Figure 4.5: Active damping component Ty acting through the air-gap torque on the me-
chanical system.

phase shift between the introduced pulsating damping torque and the natural damping
of:

P(Grnaals) =+ (4.4)

These relations can also be observed in the demonstration plot (Figure 43]). The single
sine periodicity of the oscillating torque component allows the utilization of the damping
structure also with topologies including delay or dead-time behavior; the positive damping

torque can also be achieved with a delay of:

©(Graa(s)) =

NN

+n-2w (4.5)

with n = 0,1,2,.... The influence of the delayed damping on the damping performance
depends mainly on the natural damping of the mechanical system, and can be almost
neglected for large systems because of their low natural damping. When applying a

delayed damping power, it is not possible to completely eliminate torsional oscillations.
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But this is not needed in high power drive trains where small torsional oscillations are

well within the specification limits.

4.2.2 IMPLEMENTATION OF THE ACTIVE DAMPING METHOD

Two main designs have been identified to be suitable as a platform for the implementation

of the damping structure:

e Integrated into a power conversion system utilizing the available hardware to provide

damping to the variable speed driven electrical machine, on the machine side of the

converter.

e Integrated into a power conversion system, but acting on the grid side of the con-

verter. This implementation requires care that it does not impact the connected

variable speed drive train by the damping power modulated with the grid.

e A separate power conversion device dedicated to generate active damping power, to

produce air-gap torque harmonics acting as increased natural damping.

More details to the hardware implementation aspects will be given in Chapter The

implementation of the damping structure itself can be divided into three parts:

1. Measurement in the mechanical system providing an analog input signal ("In”)

2. Data processing

3. Analog output and interface to converter control ("Out”)
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Figure 4.6: Block diagram of the principle damping circuit implementation, e.g. for damp-

ing of two natural frequencies.
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The main components for the torsional mode damping structure are (Figure .0)):

e The filter isolates the signal component around the desired natural frequencies from

2nd order

the measured input. The filter could be in the simplest implementation a
high-low pass combination with zero phase at the natural frequencies. Better signal
isolation results can be achieved with more complex filter methods, like Kalman-
filter or observer based structures utilizing a decoupled system structure as discussed
in Section based on air-gap-torque calculation; or a synthetic generation of the
feedback signal with a Phase Lock Loop (PLL) like structure detecting the phase

and amplitude of the alternating torque at the desired natural frequency.

e The phase shift block, typically a memory block with successively writing and read-
ing addresses in an endless loop, the reading address offset can be dynamically
adjusted to allow adjustable time delays, required for compensation of converter,

power system and mechanical system time delays.

e The gain block compensating for the attenuation of other blocks, but mainly to
adjust the desired degree of damping, to set the alternating torque response of the

system in steady state with active damping enabled.

e The limiter allowing stable operation even with high-adjusted gains without dis-

turbing the operation of the power electronic device.

The interface to the power electronic converter is also an important part of the damping
loop, especially the point of connection (POC) inside the existing control structure. The
converter control can have a significant influence on the performance of the damping loop,
because of (a) possible small variable delays between the introduced signal at the POC
and the pulsating torque components in the air-gap torque, and (b) because of the internal
control structure probably fighting against the introduced ”disturbing” damping signal.
A careful design is therefore necessary, and will be demonstrated for a self-commutated

inverter and a line-commutated inverter implementation.

4.2.3 TUNING OF THE ACTIVE DAMPING METHOD

Large equipment is typically expensive to purchase and to operate. The tuning of the
active damping system requires, therefore, a careful strategy to satisfy the customer with
appropriate damping performance in an appropriate tuning time. Theoretically, an un-
limited positive feedback loop would be capable of destroying the whole drive train in very

little time, dependent on the closed loop gain. Therefore, in practical applications, the
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closed loop gain is limited to small values by means of an output-limiter (Section [£.2.2]).

Two main approaches have been identified to satisfy this need:

1. Excitation-Wait-Damping (EWD): the damping controller operates in open loop
configuration. It excites the mechanical system at the natural frequency for a limited
time to uncritical alternating torque values. The loop will be closed for another

limited time to apply damping to the system after a short waiting period.

2. Limited Damping (LD): the damping controller operates in closed loop configuration
for a limited time. The introduced delay utilizing the phase shift block will be
modified until a negative damping can be observed, indicating an upper or lower
border for delay time. This modification will be done in both delay time directions,
increased and decreased. The ideal delay time for this operation point is than

exactly in the middle.
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Figure 4.7: Tuning of the active damping structure with the EWD approach: measured
torque (plot 1 - black), unipolar modulated damping signal (plot 2 - gray).

Both approaches have several advantages: EWD allows the interface to the power con-
verter and to the electrical machine to be checked by exciting the natural frequency of the
mechanical system for an adjustable time and with adjustable gain until uncritical values
are reached. The effect of the excitation can be identified in the torque measurements
(Figure 7). Tt shows also the capability of the active damping implementation, between

40..80 kNm/s increasing alternating torque rates have been measured during the string
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test. LD can be more easily applied for mechanical systems connected to electrical ma-
chinery exposed to relatively high air-gap torque noise, where it is difficult to distinguish
between self-made excitation (with EWD excitation to uncritical values) or excitation due

to the noise in the pulsating air-gap torque, e.g. caused by an electrical drive.

4.2.4 SENSITIVITY AND GAIN MARGIN ANALYSIS

Gain and phase margins are measures for the stability of a control loop. It can be
derived e.g. by calculating the bode plot, see Figure .8 The feedback loop is stable
for magnitudes |SA| > 1, if the associated phase is between —180° < A < 0°. A phase

BA < —180° would result in unstable operation of a positive feedback loop.
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Figure 4.8: Transfer-function example of a potential damping circuit, with three damping
circuits in parallel (Subsection (£.5.3).

Another measure of stability is the phase margin value, the phase at which the magnitude
reaches 0 dB, a gain of 1. The phase should have some distance from —180° to provide a
stability margin for the control loop. Figure .8 shows the transfer function of a damping
control tuned to provide damping for three modes simultaneously. This is challenging
because of the dead times and the associated phase behavior introduced into the closed
loops. The limiter block as a non-linear element, an important part of the damping control
loop, is not considered in the gain margin analysis. Therefore it was obvious that it would
be useful to verify the gain margin analysis with gain variation in a full simulation model

to have a clear understanding of the stability of the closed loop control. The full simulation
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results show a significant gain margin of factor 10 and larger for a single damping loop
with the proposed control scheme. This was also verified in measurements. The reasons
for the high gain margin are the limitation of the output signal, and the quality of the
sensing input because of the usage of a torque measurement. The torque measurement
or a signal representing shaft torque is a very important requirement of the damping
structure for large drive trains (Section [5.1). The drive trains have high surface stress
and high stiffness, resulting in low resolution of dynamic elements in the conventional

high-end speed measurements.
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Figure 4.9: Sensitivity of the control loop to phase variation due to variation of natural
frequencies or due to imperfectly tuned controls. A damping efficiency better
75% is indicated in gray boxes.

Another factor in terms of stability is the sensitivity of the damping loop to the natural
frequency variation of the mechanical system (Figure [£.9]). This variation can occur e.g.
in wind turbines, where the inertia of the blades depends on the pitch angle of the rotor.
But it can also "occur” with an imperfectly tuned damping loop.

A perfectly tuned damping circuit would have a phase relation of +90° between measured
torque and damping power, see Equation 4.4l But the damping loop provides damping
as long as the phase shift is between 0° and 180°.

Figure gives a good insight into the sensitivity of the proposed damping loop to
frequency misalignment. The non-linear graph in the left corner indicates the change in
magnitude of the control circuit because of phase misalignment. A frequency variation
expressed in per unit (p.u.), based on the real natural frequency of concern, as a black
line in the left plot could be the reason for the phase alignment. The right side of the
plot shows it merged, the reduction in damping magnitude due to frequency variation,

e.g. the damping loop is tuned to 10H z, the natural frequency of the mechanical system
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11Hz (1.1p.u.), effecting the damping gain with 0.988p.u., a negligible gain reduction of
1.2%. The damping loop would be unstable for frequencies with f,q: > 2+ fiun. Although
the control system has low sensitivity to parameter changes, the mechanical system is
very sensitive to the frequency of the modulated power (system with high amplification
factor Q, see Figure [Z0]). The mechanical sensitivity is critical for a synthetic calculated
signal representing the shaft torque, e.g. by utilizing imperfectly tuned observer models,

and uncritical when acting based on a direct measurement from the mechanical system.

4.3 SUMMARY - DAMPING OF TORSIONAL INTERACTION

EFFECTS IN POWER SYSTEMS

Several approaches as state of the art countermeasures against torsional interaction have
been discussed within this chapter. Most of the passive countermeasures can only be
applied where fixed harmonics cause torsional oscillations, not for variable speed opera-
tion, and are typically difficult to be applied in high power drive trains. The discussed
active countermeasures can usually be found for different power levels: dynamic stabilizer
and exciter control modification in very large generation units, with significantly lower
bandwidth and higher costs due to required modification in the electrical system. Active
compensation as well as other complex control approaches are typically available for low
power applications in the kW range and usually require a sufficient dynamic control and
corresponding power electronic hardware, which is not applied to industrial high power
drive systems.

A new method to increase the damping property of mechanical systems has been intro-
duced in this chapter. It utilizes power electronic devices to exchange active power at the
measured and isolated natural frequency of a drive train with sensitivity to torsional ex-
citations. The method is implemented in such a way that the mechanical system behaves
like with an increased mechanical damping. The damping property is thus electronically
adjustable by modifying control loop settings. The principle implementation of the devel-
oped damping loop is illustrated, and the relevant blocks are discussed. Tuning approaches
are introduced, which are very important for the implementation into real systems. The
proposed damping circuit operates with a measured natural frequency of the mechanical
system but without risks for the mechanical system because the applied damping power
is always limited to small values, by means of a limiter at the interface to the converter
control. The developed method has shown very low sensitivity to parameter changes and

provides a very high gain margin, larger than 10 was verified in field measurements.



Fields of Application for the Active
Damping Approach

The active damping system acts as an increased natural damping for the mechanical drive
train, and can be applied in different ways. A power electronic device is always needed to
modulate active power through the winding of an electrical machine. There are in general

two options:

1. There is no power electronic device available electrically close to the drive train that

includes an electrical machine.

2. There is already a power electronic device available, which can be used for the
modulation of active power. The requirements for this power electronic device will

be discussed in the second part of this chapter.

The potential hardware implementation with two independent options is indicated in
Figure 5.1l The sensors measuring the mechanical torque of the desired drive train are
located based on the mode shapes of the drive train, and are connected to the ”TMD” box
including, among others, the damping circuit (Figure[4.6]). Only one out of two indicated
solutions is needed to provide additional damping to the conventional generation units:
(1) the separate device controlled with the gray line or (2) the integrated solution, utiliz-
ing available converter(s), indicated with numbered dots. There is only a single separate
unit shown, but two potential converters for integrating the damping functionality into
existing units, marked with numbered dots. The number of required units depends on

the necessary damping power level (which is typically less than 1% of the nominal power)
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and on the redundancy requirements for the damping solution. Both damping options
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Figure 5.1: Island power system (introduced in Section[3]), equipped with a torsional mode
damping option to increase the damping properties of both generator drive
trains. One of the available power converters (1) or (2), or a separate damping
converter can be utilized for this purpose.

The availability of a power electronic system for an active damping implementation de-
pends on (a) the feasibility and effort for modifying this system, (b) the hourly availability,
and also (c) the reliability of the desired active damping solution. The electrically close
requirement implies low impedance between the damping device and the mechanical drive
train compared to the other impedances connected to the same node, to conduct most of
the modulated active power to the desired mechanical system. A weak grid connection
results in relatively high impedance values, one reason why the active damping solution
is perfectly suited for island like power system structures.

Reliability is an important aspect in the active damping approach. Relying on an actively
damping system that is unavailable can lead to severe outages (see Section B.2). Being
able to observe the availability of the active damping device could be a requirement. Dif-
ferent levels of reliability can be imagined: A watch dog controlling the availability of the
damping control; or a redundant measurement detecting the vibration of the mechanical

system, can set an alarm with abnormal values. A stronger reliability requirement might
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be necessary: a redundant damping solution. A n—1 reliability requires at least n devices
online to provide active damping on demand. The effort for the implementation into ex-
isting systems then depends on the availability of suitable designs. The separate device

(Chapter 5.2)) solution can be built relatively easily as a redundant design.

5.1 MONITORING OF TORSIONAL OSCILLATIONS

Sensing of a torsional oscillation is a critical requirement for the implementation of the
developed damping method. Standard equipment used for analyzing lateral vibrations,
such as accelerometers and proximity probes, are not able to measure torsional vibrations.
Depending on the shape of the torsional mode and the stiffness of the motor coupling,
even high-resolution motor speed measurements may not be able to accurately measure
such vibrations, also due to the comparably small torsion angle at a certain level of
alternating torque. In string tests, torsional oscillation measurements are typically based
on measuring the shaft torque, e.g., by a full-bridge strain gage system with telemetry. If
the shaft torque has to be monitored over long time periods or if the torque signal is used
in a control system, long-term stable measurement methods have to be applied.
Examples for suitable sensing systems are continuous duty (CD) torque-meters for per-
manent installation, which are offered by a variety of vendors. The most widespread CD
sensing technology is based on measuring the twist over a coupling spool, and there are
more than 800 installations worldwide using this approach with many millions of operating
hours accumulated.

To achieve absolute accuracy of the torque measurement in the order of one percent full
scale, such torque-meters must be integrated into the mechanical system design, typically
during the design stage. Therefore it can be costly to apply this type of torque-meter as
a retrofit.

However, for torsional mode damping applications, an absolute accuracy of one percent
full scale is not needed. The most important measured signals in this type of feedback
control system are the frequency and phase of a measured oscillation. An accuracy of ~ 5%
is sufficient for torsional mode damping, based on own experience. Therefore, alternative
non-contact sensing methods with high long-term stability may be more attractive. As
an example, toothed-wheel based monitoring systems sensing the speed on both ends
of a drive train have a long history of measuring torsional vibrations continuously on
utility-class generating machines.

Proper transduction of the pulses from the sensors, plus knowledge of the torsional mode

shapes, is adequate for detecting torsional vibrations sufficient for both protection and
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damping [48]. This type of sensing and monitoring system has been used in several
dozens of applications with synchronous generators over the last 30 years. Recently, in
another power system application, a magnetostrictive torque sensing system was installed
to monitor the shaft torque at the couplings of two large flywheel generators [49]. The
absolute accuracy of the torque sensors in this application is only in the lower percent
range, but still suited for retrofit applications because it does not require attachment to
the rotating shaft or modification of the existing train.

It is an ongoing effort to improve existing torsional vibration sensor systems with both,
improved sensing devices, but also with model based approaches to better detect the

phase and amplitude of the torsional oscillation.

5.2 SEPARATE ACTIVE DAMPING DEVICE

A separate active damping device can be utilized when there are no or no suitable existing
power electronic devices available electrically close to the mechanical system. Many dif-
ferent design options are feasible for exchanging active power at the natural frequency of
the mechanical drive train between the mechanical system and the separate device. The
separate device always consists of three parts: a separate power conversion module, a load
and a control system including the damping control structure. The vibration sensing in
the mechanical system is assumed to be solved.

A general overview about power electronic converter has already been given in Section
23l Both designs (self- and line-commutated converter types) are principally applicable,
dependent on rating, dynamic performance or reliability requirements. Only one conver-
sion from AC to DC is typically necessary to be able to modulate the desired active power

as needed for the active damping (Figure [1.2)).

AC DC
a_>|_ b% “i“ i RI;I
_c% d'K "i'é 5 -\f

Figure 5.2: Design options for the separate active damping device. Options a and b in-
dicate line-commutated converter types, option ¢ and d self commutated con-
verter types.




5.2. Separate Active Damping Device 69

Figure 5.2 gives multiple design options: Devices (a) and (b) indicate the line-commutated
converter design, whereas (c) and (d) are self-commutated semiconductor devices. The
capacitor (e) is typically needed for voltage source DC-link types, where also the break
chopper design (f) can be applied. The inductor (g) is used with current source converters.

Table B.1] summarizes and evaluates the different options:

e | f| g | Converter | Harmonics Cost Control Reliability
Control | production | Effective | Complexity
Reference
a|-|x|- I O + + ++
bl-]-]x I - O + +
c|x|x|x /v + O @) O
d|x|x]|- \Y ++ O - O

Table 5.1: Evaluation of different options for the separate damping device.

As already mentioned, the main purpose of the active damping device is to modulate
active power with the mechanical drive train. Any device type (R, L, C') would be suited
as "load” in the hardware of the active damping device, indicated in Figure b1l with Z
as impedance, where the active power is modulated.

They are utilized as short-term storage devices (energy buffer storage). The energy stored
in the component can be calculated with F;,q = %L[ 2 for the inductor, Eoop = %C’U 2 for
the capacitor and P,.; = UI for the active power dissipated into heat for the resistive
component. Modulating active power means charging or discharging the storage device
(except for the resistive component, where modulating active power corresponds to a
modulation of the dissipated power). No reactive power is needed per se for operating
the different kind of storage devices. Converter options (a) and (b) require some reac-
tive power because of commutation reasons, but not because of the connected R, L or
C. Operational constrains or high dynamic performance requirements could result into
reactive power consumption for certain configurations, e.g. while keeping an inductive
coil charged (constant DC-current), in standby operation mode [50]. Solutions based on
capacitive storage do not consume reactive power during standby (constant DC-voltage)
[51].

Several aspects have to be considered for estimation of the required damping power, and
will be discussed based on the scenario given in Figure 5.} The size of a single generator
is ~ 30MW. The damping device for that generator would therefore be designed to

~ 300kW peak power, as one percent of the nominal power of the sensitive drive train is
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typically sufficient for damping torsional oscillation based on the developed method within
this thesis. The required energy capability of the capacitor and inductor depends on the
active power modulation frequency, which is equal to the natural frequency of the sensitive
system, and assumed to be at ~ 30H z, resulting into a period of 33.3ms. The energy
stored in the capacitor or inductor can be estimated to Esoprage = 300EW -16.7ms = 5kJ.
A capacitor operated between 1000V DC and 1500V DC (690V AC supply - converter
option (d)) would require a minimum size of ~ 8mF', an inductor ~ 111mH at a maximum
current of 300A (converter option (b) or (c)). A resistor needs to be rated to dissipate
300kW peak, or 150kW RMS. The size of the resistor is mainly defined by the duration
of damping operation. A continuous operation of 10s at maximum power would require
dissipating 1.5M W s for the resistive operation. A suitable resistor with a total weight of
20kg can dissipate this energy. The bandwidth of the pure resistive element is the highest

compared with the other two options.

The preferred device will be chosen mainly based on reliability and economic aspects,
dependent on the expected disturbance power in terms of duration and amplitude. Do
the variable speed drives potentially operate at speeds critical of the generation unit?
What is the size of the variable speed drives? How long do they potentially operate at
that speed? Utilizing L or C for the separate damping unit is only beneficial in cases
where a torsional interaction can be present for long periods of time. They have lower
reliability numbers as compared to pure resistive components, probably higher control
complexity and higher investment costs. L and C are partially utilized in the form of an
already available DC-link inductor or capacitor in case of the integrated damping solution
described in Section £.3] The resistive load is, for many cases, the easiest from a control

complexity, cost and safety point of view, in case of applying a separate damping device

52].

High redundancy can be achieved e.g. with design (a) or (d) and several ”break chopper”

modules (f) in parallel, switching an interleaved pattern, or with n individual units.

The control can be state-of-the-art PWM with third harmonic injection for the inverter of
type (c) and (d), controlling the DC-link voltage or current; PWM for the break chopper
(f) option controlled by a current reference, and current control for the line-commutated
option (b). The reference for the power electronic converter is always derived from the
active damping control (Chapter [.22.2]), and can be modified to achieve lower harmonic
content beside the desired active damping power at non-fundamental frequency, e.g. by
modulating v/iges because of P; = i4(t)>R, to achieve modulated power only at the

desired frequency.
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5.3 INTEGRATED ACTIVE DAMPING DEVICE

Power electronic devices are one reason for exciting torsional oscillations (Section 2.3]).
The probability of having power electronic devices close to compromised mechanical drive
trains is high. One approach proposed in this document is therefore the use of the avail-
able power electronic devices to provide active damping power for the mechanical drive
train. It is not meant to eliminate the harmonics generated by the device, but to add
an independent component achieving the increased natural damping of the mechanical
system. Two different active damping approaches for different mechanical systems are
indicated in Figure 5.1l The first solution uses the active front-end of the converter to
exchange active damping power with the sensitive generator connected with the power sys-
tem in-between; the second is to provide active damping to the mechanical system which
is directly connected on the machine side and driven by a synchronous motor. Here, both
converter bridges can be used to provide the required active damping power, as shown in
Section (.5. 1l An important precondition for using existing power conversion hardware
to provide active damping power to a mechanical system is that the normal operation
of the drive system, especially the utilized power electronic devices, is not influenced by
the additional damping loop. This can typically be assured by the very limited active

damping power requirements, e.g. one percent of the nominal power of the drive system.
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Figure 5.3: System design with system components influencing the performance of an
active damping loop.
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The interface and the implementation into an existing control structure are key for the
utilization of existing hardware for providing active damping power. Figure gives
a good insight into the different components, which significantly influence the active
damping loop. The interface has to be designed with a sufficient bandwidth to allow
the active damping power modulation. The implementation into the existing control
structure depends on the available converter type. A potential interaction between the
existing control structure and the additional damping loop has to be considered during the
design phase to prevent malfunctions of the damping circuit because of certain control
functionalities working against the introduced damping signal. There is typically no
choice of selecting self-commutated or line-commutated converters for the implementation
of the active damping loop, especially not for drive trains connected to the motor side
of the converter. Generally, both converter types can be used for implementation of
the developed damping loop. If both converter types are available, e.g. for grid side
active damping implementation, the power level of the converters, operational aspects or
the effort for implementation needs do be evaluated for a final decision. The inherent
operation of the converter, to drive a variable speed drive train, must not be influenced

by the additional functionality.

5.3.1 SELF-COMMUTATED CONVERTER IMPLEMENTATION

A very high percentage of self-commutated converters are based on a voltage source con-
verter topology (Section 23]). The following implementation aspects are therefore based
on this topology, but are not limited to this type of self-commutated converter. Typical
voltage source converters have some degree of freedom (e.g. modulation strategy) that
can be utilized during the design phase to reduce or prevent a continuous excitation of
dedicated frequencies. But it may still be necessary to implement the developed damping
loop into a voltage source converter, especially with very sensitive mechanical trains or if
a retrofit solution is required. A voltage source converter is typically designed to provide a
comparably high dynamic performance, which can only be achieved with sufficient control
bandwidth. This simplifies on the one hand the implementation of the active damping
loop, e.g. in adding the signal to the torque reference for a machine side implementation
(Figure [5.4]). But it also requires considering higher level controls potentially counteract-
ing this implementation and thus reducing the effect of the damping loop.

An active damping loop implementation for the purpose of providing damping power to
synchronous generators connected on the grid side of the converter can also be imple-

mented. One example is to utilize the DC-voltage control (or active current control) to
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Figure 5.4: Typical block diagram for a voltage source converter type - machine side -
with independent speed, torque and current control implementation @]

modulate active power between the sensitive generator train and the DC-Link capacitor
of the damping converter. Another solution is to modulate active power between the
sensitive generator train and the connected variable speed driven train.

Figure illustrates the results of a combined electro-mechanical simulation, including
a full model of a three-level voltage source converter driving a high-speed compressor

induction machine with field-oriented control.
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_

toque [pul

=

Figure 5.5: Three level voltage source converter driving a high speed induction machine:
active damping loop disabled (1) and enabled (2).

The mechanical system is assumed to be excited from the electrical system at a natural

frequency between 10s < t < 11s. Subplot 1 indicates the shaft torque measurement with
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a disabled active damping loop. The effective Q-factor is Qs ~ 80, and it is influenced
by various control settings, but also by the damping properties introduced with the induc-
tion machine slip. In comparison, subplot 2 illustrates results from a simulation with the
developed active damping control enabled and implemented as indicated in Figure 5.4l
The effective Q-factor is changed to Q.ss ~ 7 for the total system, as soon as the active
damping is enabled (¢ > 11s). This active damping result is achieved with a maximum
torque reference modulation of 1%. The system was excited in both simulations with a

torque reference modulation of 0.2%.

5.3.2 LINE-COMMUTATED CONVERTER IMPLEMENTATION

The line-commutated inverter is still very attractive in the high power range, as explained
in Section .31l The limitation of this design relevant for the implementation of an
active damping scheme is the low bandwidth of the implemented controls because of
the inherent commutation only once per period and semiconductor. A torsional mode
damping implementation for a variable speed application will be demonstrated within

this section.

Figure 5.6: Principle voltage and current relation for a load-commutated inverter, with
rectifier (r) and inverter (i).

The principle relation between voltage and current for a load-commutated inverter are
shown in Figure The magnitude of the fundamental voltages on the rectifier and

inverter side can be calculated with:
v (t) = k - Vacrcosa (5.1)

v;i(t) = k - Vacicosf (5.2)

with « as rectifier, 8 as inverter firing angle,V4¢,.; the voltage magnitude on rectifier and

inverter side, and k = %ﬁ The power transferred to the inverter can be calculated with:

pilt) = us(t) - i(t) (5.3)
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Based on Equation[5.3] an active damping power component with natural frequency €2 can
therefore be achieved by modifying the inverter voltage v;(¢) or the DC-link current i(t).
The available current control loop would therefore be the preferred point of connection for
the active damping loop, but the control bandwidth of the current control loop typically
only allows effective frequency modulation in the lower frequency range, up to 5..10 Hz,
too low for a general implementation scheme for frequencies in the sub-harmonic range,
but easily applicable and therefore preferred for active damping of natural frequencies

below these limits.

d3-MODULATION

The inverter voltage can be influenced with the firing angle 3, which is typically not
derived from a closed loop control, only adapted by looking it up on a table based on the
DC-link current magnitude to achieve power factor values which are as high as possible
(Section 2:3.T]). The dynamic required for the equidistant firing angle control is than
realized in hardware. One approach of implementing the active damping loop into a load-
commutated inverter control design therefore modifies the [-angle by exchanging a dg
signal between damping control loop and load-commutated inverter hardware (see Figure
215). The df signal is modified based on a signal derived from measurements. The
measurement is filtered to contain just the relevant natural frequency €2 of the connected
mechanical drive train. Equation[5.3]modified by the df = Bocos(Qt) signal can be written

pi(t) =k - Vagicos(8 + dp) - i(t) (5.4)

Equation [£.4]is only true with a DC-link current i(¢) not influenced by the d modulation
for an ideal closed loop current control implementation. A more appropriate implemen-

tation of Equation when applying df-modulation can therefore be formulated as:
pi(t) = ui(t) - i(t) = (Ve + Dacos(Qt)) - (Ige + iqcos(Qt + ¢)) (5.5)

1 18 calculated with:
{0 = Ve [cos(B + Bo) — cos(B — Bo)

iq is influenced by the size of the smoothing inductor, but also by the current control
performance and can’t be written in simple equations. It will be evaluated for different
control settings in a subsequent section. The current control performance also influences
the source of the modulated power: Two extremes can be derived: (I) ideal current control,

constant DC-link current, no energy at the modulation frequency drawn from the ”energy
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storage” DC-link inductor (E = 1/2Li?), i.e. the damping power comes form the utility
grid, and (II) very slow current control, no power exchanged with the power system,
complete energy drawn from DC-link inductor. The reality is somewhere in between
which is also acceptable because of very limited power requirements for torsional mode
damping. The dB-modulation will only be performed on a small signal base, so as not to
influence the normal operation of the drive control and electrical machine. Acting only
at the resonance frequency requires very limited power. Neglecting the terms including
iq - o, Equation can be reduced to:

Pilt) = Vi Lack + { Ve iacos(Q + @) } + {1 - incos()} (5.6)

The first term in Equation represents the steady state operation, the second and third
term, the effect of the small signal df active damping power modulation. Sufficient df3
magnitudes have been found to be below 3°.

Transmission losses are typically proportional to the square of the current, pjss ~ I2.
Therefore, typical high power converter designs have relative high voltage vs. current
ratios, up to Vpo/Ipc < 8 are typical for load-commutated inverters in the > 10 MW
range for variable speed applications. For this reason, the second term Vdcigcos(Qt + )
in Equation can have significant influence on the active power modulation, even if it
is not initially desired.

A phasor representation can be chosen to quantify the impact of the two active power

components in Equation (5.6 both components depend only on the natural frequency 2.

Figure 5.7: Phasor diagram representing the two relevant power components identified in
Equation [5.6]

Different effects on the modulated power Eef s, derived in Equation can be observed
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in Figure 5.7l The different length of the voltage and current phasor Z,Z and I_: can be
explained by possibly different operation conditions for variable speed drives. The ter-
minal voltage of the electrical machine is typically proportional to the rotational speed,
to achieve constant flux operation; the motor current is proportional to the mechanical
torque. Phasor diagram (a) can be applied for operations close to nominal speed, with
relatively large z magnitudes. (b) can be applied to low speed, high torque applications.
The angle ¢ depends on the DC-link impedance, but also on the current controller settings.
Faster current control results in smaller ¢ angle values. (c) repeats case (a); (d) repeats
(b) for smaller ¢ values. The modulated damping power is almost negligible for case (d),
which is not a serious limitation, as this operation point is an exception in the high power
range. Figure 5.8 indicates the relative effects on modulation power components and ef-
fective damping power for a given modulation angle (e.g. d§ = 2°) with different control
settings and operation conditions, and for a specific drive train application. The resulting
values are normalized to the maximum achievable value. It is obvious, that the influence
of the applied torque on Vjsiqcos(Qt + ¢) is small compared to the influence of speed
and current control settings on the same damping power component. The current control
performance of the power electronic converter is indicated with CtrlSetD: The perfor-
mance is varied between D = 0.5 for fast or aggressive current control action and D = 0.9
for comparable slow current control action. The current control performance observed in
field measurements with large line commutated inverter systems is mostly between these
two settings, and typically much closer to the slower performance assumption.

The effective damping characteristic depends mainly on the rotational speed and the cur-
rent control performance for the investigated design; it could look different with variations
in the drive design. The current control setting is typically fixed for a certain drive train
arrangement, and not the full toque-speed characteristic is applicable for typical load
characteristics.

A summary of the phasor diagram Figure (5.7 and Figure is presented in Figure (.9,
with the predicted effective damping mesh and the measured effective damping power for
the different operation points during the string test of a 30M W drive train.

Even more than the magnitude of the active power Eeff, the different phase relations
between the reference modulation angle in phase with E and the angle of the effective
modulation angle in phase with Eef s must be considered in the design of the damping
control, effecting the overall delay time to achieve the optimum damping at a phase lag
of +-7, (see Equation d.4)). Figure shows the different components in the closed loop
influencing the phase delay. Figure [5.10] illustrates the effect of speed and torque on the
calculated delay at different operation points. The delay time (phase shift) is the most
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Figure 5.8:
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Experimental Setup result with full factorial design: Influence of torque, speed

operation points and control-settings on the modulation power components
Equation and the resulting effective damping. Mean values are indicated
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important parameter for optimum performance of the damping loop. The characteristic

was calculated and successfully applied to a 30MW compressor drive train with extended

variable speed operation and comparably slow current control settings. The variation ¢,

corresponds to a significant variation in phase of ~ 105°.
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performance
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MODULATION SIGNAL CHARACTERISTIC

Another important aspect to be considered for a df-modulation implementation in a load-
commutated inverter is the fact that the g-angle is typically as high as possible because
of the relation to the power factor (Equation [Z39). A sufficient margin for commutation
needs to be considered because of the commutation overlap angle ;1 and extinction delay
angle 9 to prevent re-conduction of the "turned off” semiconductor. A typical maximum
for the (-angle is between 140° and 155°, dependent on the semiconductor used, the
commutation inductance and the current to be commutated. This requirement makes it
necessary to modify the modulation signal df3 to act only in one direction, away from the
operational limit.

Two different shapes have been identified as applicable for the control scheme, which has
been developed: (a) ideal sine waveform modulation and (b) half sine wave modulation,
cutting the negative components of a pure sine wave. Both modulation signals have
advantages, the ideal sine waveform in the frequency domain, and the half-sine wave

modulation in the implementation.
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Figure 5.11: Time domain modulation signal for unipolar d3-modulation. Subplot 1: Ideal
modulation waveform, dashed: Modulation signal in saturation. Subplot 2:
Half sine wave modulation, dashed: Modulation signal in saturation. Ampli-
tudes normalized to y = 1.

The pure sine wave, as indicated in Figure [5.11], upper plot, consists of two parts: An AC
and a DC-part, which has to be adapted based on the amplitude of the alternating part
(Equation [5.7).

+

N | <S>
N |2

Yiin(t) = sin(wot) (5.7)
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The frequency domain for this plot can be identified in Figure 513, upper left plot. The
DC-offset is responsible for a very limited modification of the power angle, dependent on

the required damping power Figure [5.12L
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Figure 5.12: Influence of DC-offset on effective power factor, maximum damping power
with an allowed modulation angle of 2° assumed.

The second, easier to implement, alternative can be seen in Figure [5.11], lower plot, which

can be analyzed by calculating the Fourier series, resulting in:

29 cos(2kwot)

+ gsin(wnl) _?; 2k — 1)(2k + 1) (5:8)

N |
(NN IN

Yhalffsin (t) =

The DC-component in the modulation signal is reduced, but there are additional, even
harmonics produced, e.g. the 27 4% . see also Figure [.13, lower left characteristic.
This can be a clear disadvantage, e.g. in case that the second natural frequency is ex-
actly two times the first natural frequency. The signals shown in Figure [5.11] demonstrate
only a snapshot of the modulation signal. The real modulation signal changes the mag-
nitude dynamically, dependent on the alternating torque magnitude in the mechanical
shaft. They can reach lower, but also higher magnitudes, which then result in a saturated
signal waveform unless an anti-windup is implemented. Figure[5.11] gives an idea of satu-
rated signal waveforms (dashed lines). The saturated waveform results for both proposed
shapes, in case of an infinitely high gain, into a pure rectangular shape with its Fourier

series:

Yo(t) = % N 2 i sin((2k — 1)wot) (5.9)

This waveform includes only odd harmonics, e.g. 3"¢, 5*.... Figure [5.13}, upper and lower

right, shows the resulting harmonics for the two proposed waveforms in saturation.
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Figure 5.13: Frequency domain of the signals introduced in Figure 5.1l Amplitudes are
normalized to § = 1.

The characteristic of the harmonic content in the modulation signal is shown for an
increasing degree of saturation in Figure (.14l It can be seen that the amplitude of the

fundamental frequency also increases with increased saturation degree.
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Figure 5.14: Harmonics content in the modulation signal, dependent on the degree of
saturation. An amplitude of y = 2 is applied for the modulation signal to
"start” with 71" for the first (desired) harmonic in the not saturated case.

Both options have been tested (e.g. sine - Figure 5.24] half sine - Figure [4.7), and show
similar performance, as long as no sensitive natural frequency is coincident with a multiple
of another natural frequency of the mechanical system. An anti-windup - scheme could be

implemented to avoid the saturation, with the cost of additional control loop complexity.
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IMPLEMENTATION OPTIMIZATION

Both described LCI-implementations can be optimized. The significant components of
the active power in the DC-link have been identified in Equation [5.6] with two relevant
active damping power terms relevant for the phase and performance in the active control
loop. The term

Ve - igcos(Qt + @) (5.10)

is initially not desired because of the difficulty in predicting the impact of the current
controller on this term. One way to eliminate this effect is to modulate not only the
[-angle, but also the a-angle to achieve a DC-link current not influenced by the dg-
modulation and a resulting non-observability for the current control loop. The goal is to
achieve a constant voltage across the DC-link inductor v,(t), (Figure B.6]) to achieve a

DC-link current not influenced by the active power modulation at the natural frequency.
v,(t)|q = const (5.11)

The a-angle modulation needs to be adapted based on the effective 3-angle to achieve
a constant current, and can be derived based on Equation 5] and (.2 for small signal

variation calculated with:

dv.(t)  dvi(t)  dv.(t) . dv.(t)
Fray + o with o =0 (5.12)
resulting in:
VAciSin(ﬁ)
do = —————= 1
“ VACTSin(a) (5 3)

A disadvantage is the need for a second interface to the drive control, i.e. additional
hardware. Figure shows the effective damping power with a- and [-modulation
applied for the given LCI configuration. The effective damping is significantly increased,
even though the current ripple is not reduced to zero, as based on theory. There is still
an effective damping variation with speed variation, V. - 'ZQCOS(Qt + ¢), but reduced by
factor of two compared to the base case.

More important than the effective damping is the variation in phase for different operation
points (Figure [5.10). This influence is compared to the base scenario reduced by a factor
of 5 to ~ 22° phase variation for all control settings, for the slow control settings by a
factor of 10, resulting in ~ 12° phase variation over the whole operation range. Another
approach to reduce Equation to only one term is to utilize only the a-angle. This

approach would bring theoretically the I;. - igcos(€2t) term to zero.
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Figure 5.15: Influence of different operation conditions and control settings on effective
damping, a- and [-modulation as described in Equation B.13l Same base
case as with pure g-modulation.

| (N N || I S - 4 i

=g Y| R N S S N N N N H
g T b

Lo I ey T e LI e ) (O R 4

s Tl b= Y Em—— R A— R 4

R T] coae e . W - ()| N . S — H

s [ :

o I e B e 1 L S Saaha 4

L e B e e e s L e e

05 06 07 08 09 1 05 06 07 08 09 1 05 06 07 08 09

Torque [pu] Speed [pu] CtriSet D

Figure 5.16: Active damping with pure a-angle modulation applied. The I, - tgcos(Qt)
component is significantly reduced. The shown effective damping is better
than with pure S-modulation, but does not include relevant power system
effects.

Figure shows the trend of a pure a-angle modulation, but without any effect of the
power system strength, which would a) reduce the damping effect on the machine side,
and b) potentially excite power generation units in the power system, if their natural fre-
quency is close to the modulation frequency. The damping effect with a-angle-modulation
depends strongly on the current control settings, as the a-modulation is a disturbance for
the current controller.

Figure 617 indicates the result of applying the active damping with current reference
modulation, which is typically not available because of limited bandwidth for large drive
trains. The current control setting slightly influences the effective damping performance:
As higher the control bandwidth, as better the damping performance. Basically, this is

the only variation in which the current control does not fight against the modulation
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Figure 5.17: Active damping utilizing current reference modulation. The results are sim-
ilar to the alpha angle modulation; the effect of different control settings is
almost eliminated.

required for the active damping purpose. The effective phase variation is, with 27° for
the whole operation range and 6.2° for one set of control settings, very low compared to
the beta modulation. The question to be answered, also for this variation, is how much
damping power will be modulated with the electrical motor, and how much modulated

power is exchanged with the power system.

The results, with variations in the implementation, have shown that both components
(Equation 5.6) always act on the effective damping, but with different impact. Modifying
the a-side firing angle (by modifying the current reference or directly the a-angle) seems
to be more effective, with the uncertainty of the influence of the power system on the
effective damping and the potential excitation of power generation units in the power
system. The significant advantage is the reduced effect of phase variation when using the
a-side firing angle modulation, which could be important for units, which operate in a
wide operation speed range. But the phase variation can be compensated in monitoring
the operational speed and torque values when using pure S-modulation.

Control Loop Operation

A very good performance of the damping device during operation at critical speeds can be
observed in simulation and measurements (Section 5.5 5.5.2, £.5.3]). The damping loop
also causes some steady-state alternating torque levels next to those at critical speeds,
but they do not affect the lifetime of the shaft at all. It might be possible to reduce or
eliminate these unnecessary torque components. One advantage of having the damping
device permanently enabled is that it gives a direct feedback on the status of the damping
loop. A malfunction of the damping circuit can easily be detected, e.g. by observing the

combined beta angle signal, and countermeasures could be taken to avoid operation at
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critical speeds during the down time of the damping loop.

Eliminating the effect of the damping loop for operational points away from critical condi-
tions can be achieved by disabling the damping loop in those conditions. One approach is
to utilize a speed measurement to activate the damping loop around critical speeds, which
is easy to implement, but relies on an additional speed measurement. Calculating an RMS
equivalent of the measured shaft torque and applying a hysteresis for enabling and dis-
abling of the damping loop is a potential solution, but it can easily result in undesirable
non-continuous operation with beating torques close to critical speeds.

Having the damping loop permanently enabled is the preferred way of operation, because
of the advantages described before. There is no harm to the drive train in this mode of
operation, and it reduces the complexity of the overall damping control loop.

Control Loop Gain

Another optimization degree of freedom is the closed loop gain of the damping loop. Two
operational conditions can be distinguished: (a) operation at a high alternating torque
level, e.g. at critical speeds, and (b) operation at a small alternating torque level. High
damping loop gain is desired in (b), as it is difficult to distinguish between enabled and
disabled operation of the damping loop in this condition. The proportional characteris-
tic of the damping loop results in relatively large output signals for condition (a); the
loop often operates at the fixed limits. A lower gain could be desired for this operation
condition, to reduce the amount of harmonics produced due to saturation (Figure 5.14)).
Increased modulation margin, e.g. instead of 2° an interface with 5°, would be advanta-
geous for the active damping loop, but would possibly affect the steady state operation
of the converter. A useful optimization could therefore be to adapt the effective gain for
the integrated torsional mode damping device in an inverse proportional behavior to the

RMS equivalent of the measured shaft torque.

5.4 INDEPENDENT PROTECTION

Active damping utilizing the natural frequency of a sensitive mechanical drive train is
very powerful, but can also be dangerous if applied incorrectly, with a wrong phase ad-
justment. Although the modulated power is limited to small values, the corresponding
alternating torques can cause mechanical damage if continuously applied over a long time.
An independent protection algorithm is therefore applied to disable the active damping
loop for alternating mechanical torques, which are higher than a specified threshold. The

threshold is a value that should not be reachable for a correctly working damping loop.
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The proposed and tested algorithm implemented into an embedded control can be formu-

lated with:
(5.14)

The algorithm results in a time-dependent protection limit (Figure (.I8]). The relevant
constants are the controller sampling time 75, Ty,, and k; considering e.g. the signal res-
olution applied in the real-time controller, and a maximum allowable alternating torque,
e.g. Tym = H0ENm. The controller continuously calculates the torque 7, over time
(Equation [5.14]) and compares it with the adjusted limit 7};,. Exceeding the limiting

value is used to disable the active damping control.

40

[ =] w (5]
(5] o 3]

Torgque [kNm]
S

0 0.1 02 03 04 05 06 07 08 09 1
time [g]

Figure 5.18: Time-dependent protection limit for the alternating torque value 7j;,,,. Every
calculated value above the limit triggers the damping control loop to be
disabled.

The implementation of the active damping scheme into existing line-commutated inverters

with high-rated power was successfully tested with LCI designs of three different suppliers.

5.5 APPLICATION EXAMPLES

Several industrial application examples with potential torsional interaction are discussed
within this section. A comparison of operation with and without active damping is per-
formed with appropriate simulations and validated against measurements performed in

several tests with multi-megawatt drive trains.
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5.5.1 DAMPING RESULTS FOR VARIABLE SPEED DRIVES

The successful application of the developed damping method for large industrial drive
trains is an important achievement within the thesis. The various implementation steps
have been discussed in previous sections. Simulation results for a 30M W drive train will
now be discussed and compared to measurements. An LCI produces variable pulsating
torque components in variable speed operation, based on Figure The effect on the

mechanical drive train will be shown in the following simulation and measurement results.

12'ng'f2 12'nm'fm

Ripple Voltage m
DC Link

2&—’565‘-

— X —
Grid

Variable
frequency frequency
£, (50/60 Hz) f

Rectifier Inverter

Figure 5.19: 12/12-Pulse LCI design feeding a 6-phase synchronous motor

A single line diagram of the electrical system investigated within this subsection is given
in Figure B.19. A 12-pulse LCI is utilized to allow operation in a wide speed range of
50% to 105% of nominal speed at nominal torque. Several critical speeds are within this
operation range.

Figure illustrates the reaction of the mechanical system to a constant speed ramp with
2.5 rpm/s when running through a critical speed (speed = 0.952p.u.). The alternating
torque amplitude increases before and after the resonance point, as the quality of the
resonance is not infinite. The magnitude of the alternating torque and therefore the
stress level depends on the speed ramp applied. A lower speed ramp results in more
periods of excitation at the natural frequency; higher magnitudes can be observed. In
the given arrangement, the magnitude already exceeds the allowed continuous alternating
torque level of the coupling. The speed reference is usually set by the process, e.g. by
the required operational temperature and pressure of a Liquid Natural Gas compression
train. Running through critical speeds or even operation at critical speed can therefore
not always be prevented for variable speed operation (Campbell Diagram - Figure B1]),

with potential negative effects for the mechanical drive train. The alternating torque
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does not continuously decrease after passing the natural frequency, which is caused by
the interharmonic content with increasing frequency: A beating effect excites and damps
the torsional oscillation depending on the phase relation between the harmonic, which
increases in frequency, and the present torsional oscillation at the mechanical natural
frequency. The effective alternating torque decreases with increasing distance between

the interharmonic frequency and the natural frequency of the mechanical system.

0.96 T T T T T T T T
=)
R e
10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15
time [s]
= [ T R R T P T R e
g2 Tt
go 75 ) I UL AT |‘ L] PRI T |WI1IUT‘LWI|” Vi
s] . ; i i
= 05 i i i i i i i i i
10 10.5 11 11.5 12 12,5 13 13.5 14 14.5 15
time [s]
B, i =)
P VUSSR SUUSUUSSONS SUUSUSSSOORS SUSUUUUSOOS SUSSSSUUOOS SUSSSSURIN: HOSR SR B -
<
0 : : ! ; : : ] ] :
10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15

time [s]

Figure 5.20: Simulation result: Variable speed operation of an electrically driven drive
train. An increased level of dynamic torques can be detected while passing
a critical speed.

A waterfall calculation applied to the mechanical torque enables the identification of the
interharmonics responsible for the torsional interaction - Figure (.21l The abscissa axis
represents the time measured in seconds, the ordinate axis the frequency content and the
color in the diagram represents the amplitude of the frequency components, with larger
amplitude for colors with larger wavelength. It can clearly be seen, that the electrical
frequency component with [12f, — 12f,,| crosses the natural frequency at 29H z, resulting
in high alternating torque components at that frequency around ¢ = 12s. Running through
a critical speed with the same ramp as before, but with torsional damping device enabled
after t = 12.5s, is investigated in Figure and Figure[5.23] The damping device would
typically always be enabled during operation; this run is only for demonstration of the
damping performance. The alternating torque at natural frequency is almost gone after
activation of the damping device. A kind of ”white noise” around the critical speed can

be identified in the frequency plot.
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Figure 5.21:

Figure 5.22:
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Waterfall diagram of the shaft torque while running through a critical speed.
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Simulation result: Variable speed operation of an electrically driven drive
train. An increased level of dynamic torques can be detected while passing
a critical speed. Active damping, enabled after 12.5s, decreases the dynamic
torque components significantly over time.
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Figure 5.23: Waterfall diagram of the shaft torque while running through critical speed,
with active damping enabled for ¢t >= 12.5s.
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Figure 5.24: Simulation result: Variable speed operation of an electrically driven drive
train. Passing critical speed does not impact the level of dynamic torques.
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The run through critical speed with damping fully enabled is shown in Figure 5.24l The
alternating torque is limited to a value well within the limits set for permanent operation.
The same series of runs has been performed with a real 30 MW synchronous motor driven
compressor train during a string test. The effective alternating torque corresponds well
to the simulated result shown in Figure (.20
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Figure 5.25: Measurement result: Variable speed operation through critical speed (be-
low nominal speed): The dynamic torque level is increasing to unacceptable
values.

Figure illustrates the run through a critical speed with the damping device disabled.
The alternating torque is increasing to unacceptable values within a second. The same
run performed with active damping enabled is shown in Figure (.26 The alternating
torque is significantly reduced. The reduction is lower than in the simulation because a
lower gain has been applied in the tests. Such strong damping effects are not required
in real systems. The damping device is meant to provide additional damping at critical
speeds to be able to run through, or even at critical speed while staying well below the
alternating torque limit of the drive train, and not reducing the alternating torque to
zero. The difference between simulation and reality can be found with different gains in
the damping control loop, but is also due to the existence of additional ”converter torque
noise” in the real system, e.g. due to switching effects, which have been measured in all
operation conditions. Lower alternating torque could be achieved with higher damping
power and higher gain in the damping loop. The string tests performed with a 30MW

compression train with I'TMD control also included fault analyses for the damping control.
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Figure 5.26: Measurement result: Variable speed operation through a critical speed (below
nominal speed) with active damping enabled: The dynamic torque level is
well within the limits.
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Figure 5.27: Measurement result: Operation at a critical speed with and without active

damping enabled.

For instance as shown in Figure[5.27, the effect on the dynamic torque value when operat-

ing the train at a critical speed and the ITMD control is switched off for a few seconds and
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then back on. In this experiment, the speed reference was kept at a constant value. The
exact actual speed strongly influences the dynamic torque amplitude during resonance
excitation, but only during the 11s for which the ITMD control was turned off. When the
ITMD control was reactivated at ¢t = 240.3s, less than one second was needed to damp the
dynamic torque components down to values that are well within the alternating torque
limits of the shaft. The damping device enables the large drive train to operate even at

critical speed without any reduction in lifetime of the mechanical train.

5.5.2 AcCTIVE DAMPING IN ISLAND POWER SYSTEMS

The probability of torsional interaction between power electronic devices and large ro-
tational machinery depends on (a) the Q-factor of the sensitive drive train and (b) the
probability of excitation by harmonics at the natural frequency with sufficient magnitude
[53]. Item (b) is influenced by (I) the ratio of the installed power of power electronic
devices to the nominal power of electrically close power generation units, (II) the per-
centage of the harmonics produced at nominal power, but also (III) the power system
environment around the disturbance source. (I) and (II) are most relevant in island or
island-like power systems, because of the level of harmonics and interharmonics which
excite electrically close-coupled power generation units. Significant influence on (IIT) can
be expected from the short circuit ratio (SCR) of the external power system, compared
to the SCR of the local system. The effect of the external power system strength on the
disturbance power is indicated in Figure 5.28

Effective Disturbance Power (SCRE Xt)@fnat

SCR,,/SCR

Local

Figure 5.28: The effect of the disturbance power as a function of the short-circuit ratio of
the external power system to the local short circuit ratio.

A large external power system (high SCRg,/SC Rpcq -ratio) absorbs most of the distur-
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bance, and hence reduces the probability of exciting local generation units. On the other
hand, there is a high probability that island-like systems with weak interconnections will
be excited by local power electronic devices. Another important factor to (III) is the type
of load connected to the island-like power system. A typical load can be of the constant
impedance type (Z, P ~ V?), constant current type (I, P ~ V) or constant power type

(P). A way of representing the characteristic is to use a polynomial representation:
P = Py(;mV?+pV + p3) (5.15)

p1..p3 are constants defining the proportions. A load frequency dependency is not rele-
vant for the effect on the disturbance power. Industrial systems usually achieve a high
penetration of power electronic loads with characteristics of constant current (LCI) or
constant power (VSC). These loads typically do not affect the disturbance power, except
for control interaction problems known especially for constant power operation. Con-
stant impedance loads can interact with the disturbance power contribution, mainly by
absorbing and hence reducing the effect of excitation, as the voltage is distorted by the
disturbance power.

An exemplary torsional vibration measurement performed on a synchronous generator
shaft (Figure 5.29)) illustrates the sensitivity of power generation units for torsional inter-

action.

Gen. shaft torque
kNm

_50 sec.
0.0 5.0 10.0 15.0 20.0

Figure 5.29: Alternating torque measurement on a generator shaft in an island like power
system (Figure B.2)) [7].

Torsional interaction in an island-like power system can be counteracted with the two
approaches described in Subsection and 0.3l The effectiveness of the counter-measure
on the rotational drive train is also influenced by the described factors. The effect can be
improved with an installation as electrically close as possible to the sensitive generator so
that the damping power is as least as efficient as the disturbance source.

Redundant operation in island-like environments requires n + 1 generating units for n

redundancy. Figure [3.2] shows a typical arrangement, with two identical generators (Main
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Generator A and B) connected to one bus. Increasing the damping behavior of a single
generator is already shown; two, or in general n, generators of the same type act in the
same way in case of a harmonic excitation. Not fully identical units are more common
in real applications and will be investigated in this section. The mechanical system of
generator B is analyzed in Section 2.T.5]- Figure 2.9 The mechanical system of generator

A is assumed to have its first natural frequency 1.5% below generator B’s first natural

frequency.
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Figure 5.30: Variable speed drive acts on speed reference change with 2.5 rpm/s and thus
producing interharmonics, which excites the two generators at their natural

frequency. fras) is reached after ~ 4s, fyu () after ~ 4.2s. Active Damping
disabled.

A variable speed drive produces harmonics with ~ 0.5% of the nominal power of generator
(a) or (b). This variable speed drive acts on a speed reference change request with a
constant rate of 2.5 rpm/s, resulting in a variable frequency disturbance power (Figure
B30 - subplot 1, blue). The effective air-gap torque is indicated for generator (a) in

subplot 2; the alternating torque in generator coupling (a) and (b) are shown in subplot
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3 and 4. The harmonic with varying frequency affects the alternating torque and excites
the two generator trains at their natural frequency. The disturbance chosen is very small,
but still excites the alternating torque to 40%pk_p, in both drive trains, which could
be already the continuous duty limit of the mechanical system. The same run with
the external damping device enabled, based on Section (configuration a-e-f) with a

damping resistor, is shown for both generators in Figure £.371
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Figure 5.31: Same run as in Figure 5.30] but with active damping enabled: The dynamic
torque level is significantly reduced in both mechanical systems.

The maximum of the alternating torque is shifted; the damping power is partially com-
pensated and thus less effective at the new maximum due to anti-phase of the alternating
torque components. The new maximum is not a natural frequency, and will not grow
to the alternating torque magnitudes of the case, which is not damped. The air-torque
increases due to the increasing filter phase lag, with increasing frequency. The modulated
air-gap torque component reaches, therefore, a higher magnitude. At non-critical frequen-
cies the modulated air-gap torque harmonic does not have any impact on the mechanical

drive train. The amplitude will die out with increasing interharmonic frequency due to



98 Fields of Application for the Active Damping Approach

the low pass characteristic of the filter, which has been applied. This effect could even be
improved with more advanced filter approaches, as mentioned in previous sections. The
overall alternating mechanical torque is significantly reduced.

Separate Device for Torsional Mode Damping - Optimization

The question of how to operate the separate, torsional mode damping device in power
systems is more critical compared to the integrated version, especially with utilizing sim-
ple resistors to modulate active power with the sensitive electrical machine. In this case,
damping means heating a resistor, to dissipate energy. As already discussed, very little
power is needed for the damping operation, typically less than one percent of the nomi-
nal power. The proportional behavior of the damping loop results in much lower energy
converted into heat at low alternating torque levels. The damping device can be disabled
for non-critical operation(s). Or the damping loop gain can be adapted, dependent on
the mechanical system to be protected, to use low gain in non-critical operation, and
higher gain for critical operation. This is contrary to the optimization approach of the
integrated torsional mode implementation. Optimizing the damping loop requires more
complex control routines, with potential negative impact on the reliability. Therefore,
separate damping devices should always be based on a modular approach. Each module
can be controlled autonomously, so that sufficient damping power can also be generated

if a single damping module fails.

5.5.3 DAMPING OF MULTIPLE MODES

Damping multiple natural modes of a single machine is an extension of the previous
section, with the difference being the larger distance between the different natural modes
compared to identical units. The first mode is usually the most critical in terms of TI.
The probability of this mode to be in the subsynchronous range is high for large drive
trains, and the damping of that mode is typically very low. But there are also drive train
examples, especially very long drive trains, where more than one mode is sensitive to
interact with electrical system harmonics.

Figure illustrates a typical configuration of an LNG drive train, fed by a gas turbine.
The electrical machine is fed by a VSD in order to start the drive train, but also to
support it during high ambient temperatures, where the gas turbine is not able to provide
the full power, e.g. ~ 100MW. Those drive trains can have lengths of 30m or more,
and multiple natural frequencies below 50H z. An increased damping at multiple natural
frequencies can be achieved, as described before. The separation of the multiple modes is

key, and can be achieved e.g. in using different torque measurement locations for different
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Figure 5.32: Typical configuration of an LNG compression train with several compressor
stages.

torsional natural frequencies, based on the calculated mode shapes. An observer can be

used if classical filters and different locations do not allow separating the critical modes

sufficiently.
v
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Figure 5.33: General block diagram - damping multiple modes with a single damping

control.

The general block diagram (Figure[5.33)) describes the implementation for damping several
modes simultaneously. The dedicated modes will be treated separately, and will finally
be superimposed to the modulation reference signal. Adaptive weighting functions, de-
pendent on the expected modes to be present for the actual operation condition, can be
necessary if the separation part is not able to perfectly decouple the different modes.

Example simulation results are shown in Figure [5.34] and Figure [5.35] assuming that two
of the torsional modes are excited at ¢ > 2.5s. These two figures show time histories of
the simulated shaft torque at different locations of the compression train of Figure [5.32}
Tar—c1 is the torque at the gas turbine coupling; Tos_ gy can be measured at the motor

coupling; Te1_co and Too_ o3 represent shaft torque between compressor stages.
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Figure 5.35: Excitation of the first two natural frequencies of an LNG compressor train,

damping circuit enabled for t > 2.5s.
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It is unlikely that two modes will be simultaneously excited, but this case was investigated
to ensure that several modes could be damped without nuisance interactions. Additional
simulations were performed to ensure that satisfactory torsional mode damping can be
achieved in cases where either single modes and up to three modes are excited by motor

air-gap torque harmonics.

5.5.4 WIND TURBINE EMERGENCY STOP

An emergency stop (E-stop) brings a wind turbine to complete stop as fast as possible.
The wind turbine control system orders an E-stop in case of grid loss, excessive vibration,
excessive over speed, excess temperature, etc. Several actions are automatically initiated
when an E-stop is requested: The blade pitch control has to turn the blades out of the
wind, the main converter is switched off, the mechanical brake is activated etc. Imme-
diately pitching the blades and activating the mechanical brake is required in order to

ensure that the wind turbine does not run into excessive over speed.
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Figure 5.36: Emergency stop event measurement of a wind turbine [54].

The emergency stop is characterized by a sudden drop in the generator torque P, (blue
line in Figure [£.30]), followed by a torque step on the shaft when the mechanical brake
is applied torqueyqre / pressurepqie (black). The turbine accelerates (spdgeno, red) after
tripping the converter because of the time delay due to dynamic constraints of the me-
chanical brake system. This time delay results in a dynamic torque response of the shaft

(torque;, (green)). The first peak clearly exceeds the nominal torque of the shaft, and is
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followed by alternating torque oscillations at the first natural frequency of the turbine,
until the turbine is at zero speed. There are several torque reversals before the E-stop
event is completed.

The emergency stop represents a severe load cycle, responsible for a significant reduction
of gearbox lifetime [55]. Improvements in the past were mainly characterized by modi-
fications to the mechanical brake system to react faster or to be better controllable to
achieve a smoother torque response.

Torsional Rotor Dynamics

Wind turbines have complex drive trains, consisting of many torsional components (Fig-
ure 5.37)). The dimension of the rotor shaft system is similar to the dimension of drive
trains in the Oil & Gas industry described previously. The main natural frequencies of
a wind turbine are typically between 1Hz < f; < 3Hz, which is, for nominal operation,
well within the bandwidth of the available torque controller. There are typically several

modes below the synchronous frequency.
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Figure 5.37: Wind turbine rotational system representation, reduced to a 7% order mass-
system.

A mechanical system representation model of a wind turbine was built as shown in Figure
(.37 to show benefits of having an additional dynamic electromagnetic brake supporting
the mechanical brake during the E-stop event. The E-stop event, with available dynamic
brake, can be split into two stages, (1) a transition smoothing part to avoid torsional
excitation, and (2) a torsional mode damping part to increase the damping of the drive
train at the relevant natural frequency of the drive train.

The additional dynamic brake will be based on a similar hardware design as described

in Section 5.2 and takes care of the dynamic requirements for the overall brake system.
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Figure 5.38: E-Stop event split into two parts, (1) smoothing transition, (2) torsional
mode damping.

The power electronic hardware can be directly connected to the generator terminals. The
brake torque in Figure [5.38 and Figure [5.39 is normalized to the nominal torque on the
high-speed shaft to indicate the torque transition between the normal operation and the

braking event.

The smoothing transition part (1) can be achieved with a feed forward reference that con-
siders the active power produced before the E-stop event occurrence, or with closed loop
control e.g. based on speed or torque information of the shaft. Torsional mode damping
reference (2) is derived as described in Section[d.2], and requires, because of the closed loop
implementation, a sensed signal from the mechanical system, e.g. from a torque sensor
connected to the main shaft. The effect of the dynamic brake is demonstrated in Figure
(.39, where the response of the system after an E-stop is shown with a conventional me-
chanical brake (dashed) and with additional dynamic electromagnetic brake (solid). The

dynamic torque component is significantly reduced.

Total excitation avoidance can only be achieved when the generator torque before the
E-stop event is equal to the brake torque during the E-stop event. This is not possible
if we assume that the brake torque is higher than the nominal generator torque. The
intention of the dynamic brake is to support the main mechanical brake to achieve better
overall braking behavior, resulting in very compact design for the brake resistor. The en-

ergy dissipation and the required dump resistor size can be estimated by calculating the
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time [s]

Figure 5.39: Simulation of the resulting torque during an E-Stop event with and without
dynamic brake.

surface below the magenta dynamic brake line. The major energy needs to be dissipated
during the initial smoothing transition phase, where the dynamic brake power can reach
the nominal power. The smoothing phase typically lasts less than 500ms. The power
electronic and the dump resistor can be designed with a certain overload capability, to
withstand the peak power without rating it to nominal power. The torsional mode damp-
ing has much lower power requirements, as it operates at natural frequency of the modes
to be damped. Using a different shape, e.g. applying a reference to try to smooth the
mechanical brake’s torque step, does not change the overall system response; the torque
step, while effectively activating the brake, can’t be reduced significantly.

An even better brake system response during an emergency event can only be achieved
by a modified mechanical brake, or by introducing a different dynamic brake design, e.g.
by using energy storage, which is, at this time, very costly with respect to the required

size and therefore has not been considered further.
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5.6 ECONOMIC ASPECTS OF TORSIONAL MODE DAMPING

An economic decision whether or not to implement the developed torsional mode damp-
ing system requires comparing (a) the effort and effectiveness of conventional counter-
measures, as discussed in Section ] and/or the cost of potential outages of the drive
train during operation with (b) the effort to implement one of the developed torsional
mode damping approaches (Section or[5.3)). Several aspects have to be considered for

the economic evaluation:

e Implementation: Is the counter-measure considered in the design phase, or is a
retrofit-implementation needed? Is the sensitive drive train a prototype (true for

most large drive trains) or an off the shelf product?

e Sensing: How difficult is it to sense the torsional oscillation, how does the mode

shape distribution look like? Which sensors are available?

e Control: Is appropriate control hardware available to add the functionality as dis-
cussed in Section[1.2.2I7 What type of signal processing is needed (based on available

sensing opportunities)?

e Active Power Modulation: Can the damping converter be based on available hard-
ware? Do owner and manufacturer of the available hardware support the implemen-

tation?

e Mechanical Drive Train: Is the rating of drive train components done based on

dynamic loads caused by torsional oscillations (and thus sufficiently overrated)?

e Operation of the Mechanical Drive Train: Is continuous operation at critical speeds

expected?

The pure costs associated with the implementation of the developed and discussed meth-
ods differ significantly depending on the answers given to the questions above. Conser-
vative cost estimations for torsional mode damping will be performed within this section

based on the discussed application examples:
1. Variable Speed Drive Application (Section [5.5.7])
2. Damping in Power Systems (Section [(.5.2))

3. Wind Turbine Emergency Stop (Section [5.5.4])
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The main components needed for the implementation are a sensor measuring a signal
representative of shaft torque, control hardware and a power converter unit to exchange

a controlled amount of active power with the drive train.

The integrated torsional mode damping implementation (1.) can be built based on com-
mercially available torque sensors (e.g. ~ 6k$ [49]). The controller used for that ap-
plication is based on a Real-time Processor / FPGA Hardware, including software for
torsional mode damping operation, -tuning and -protection. The cost for the controller
can be assumed with ~ 5k$ |56]. The interface to the available converter is assumed to
be prepared within one day. The associated costs are estimated at 2k$. The total cost of
the hardware for an integrated torsional mode damping solution can therefore be assumed
to be below 15k$. Redundancy requirements could increase this cost assumption; using
available control hardware would reduce it. Using a different type of converter to poten-
tially mitigate the effect of torsional interaction instead would increase the total cost by

several million Dollars.

The implementation of damping torsional oscillation in power systems (2.) would poten-
tially result into additional requirements, mainly the need of a damping converter. The
converter discussed in Section with a nominal power rating of 300kW peak power can
be assumed with ~ 15k$, the required transformer would add ~ 10k$. The total cost
of the torsional damping solution would than be ~ 50k$ (including auxiliary equipment)
for a generator with a nominal power of ~ 30MW. A 24h power outage of that gener-
ator caused by torsional interaction would result in significant loss of energy production

exceeding the costs associated with the torsional mode damping implementation.

The hybrid braking solution proposed for wind turbine implementation requires basically
a converter specified for pulse mode operation. Typical converters can be overloaded by
factor of five for short time operation up to 5 seconds. The required converter for a
2MW wind turbine can be estimated with ~ 15k$, the available speed sensor and control
hardware limits the costs for such implementation. The replacement of a damaged gearbox
can be estimated to be at least 100k$.

Mechanical systems are typically overrated based on empiric knowledge to withstand
certain amount of alternating torque. A more lightweight design is possible with consid-
ering the developed damping method already during the design stage of the drive train.
The costs associated with the implementation of the developed torsional mode damping

method are comparably low, also for a retrofit implementation.
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5.7 SUMMARY - FIELD OF APPLICATION

The number of applications proposed for the developed active damping method has shown
clear benefits of this method. Some of these applications have already been implemented
and tested in the field. Two main categories of implementation have been discussed: Uti-
lizing existing power electronic devices for modulating active power with the mechanical
drive trains, and adding dedicated converters for the same purpose. Both implementations
benefit from the comparably low power requirement with this active damping method, one
percent of the drive trains nominal power has been identified to be sufficient in many cases.
Both implementations allow retrofit applications, many issues with torsional interaction
are detected only during commissioning or operation.

The possibility to access already existing power electronic device for an integration of
torsional mode damping serves as a risk mitigation, and can be specified already during
the design phase of the power electronic converter. The damping control does not influence
the inherent operation of the converter, because of the very limited power requirement for
this active damping method. The additional costs for the implementation are typically
low compared to the total cost of the system. It has been shown with LCIs from different
manufacturers that it is possible to successfully include this interface into their systems.
Using a dedicated damping converter to support sensitive mechanical drive trains has
been discussed for power system applications. It is beneficial to use separate devices in
cases, where suitable power electronic converters are not available, or where reliability
and redundancy requires dedicated and potentially distributed damping converters.

A single power electronic converter can be used for several drive trains with potential
torsional issues, or to increase the damping of several natural frequencies of a single
drive train. The main task is to measure and to isolate the relevant natural frequencies,
which can be achieved with available sensing and signal processing methods. The power
electronic design of a dedicated converter or the interface to an available converter is not
influenced by this extension of functionality.

The developed method enables the design of even larger mechanical systems, or even
more complex power systems, e.g. full electric plants, without having the operational
constraints of torsional interaction. All this functionality can be provided at comparably

low cost.






Summary

This thesis seeks to increase the reader’s sensitivity to new torsional interaction phenom-
ena caused by an increased number of large variable-speed drives, especially in weakly
connected power systems. Large mechanical drive trains have some unique properties that
make them very sensitive to torsional interaction, e.g. low inherent mechanical damping
properties at their natural frequencies. The natural frequencies can already be found
below the synchronous frequency because of the dimensions and torsional stiffness of the
large systems. A calculation of the mode shapes, the modal distribution of the torsion
angle along the mechanical system, can be used to identify natural frequencies sensitive to
torsional interaction. Power electronic converters, used to operate electric motor driven
trains at variable speed, contribute significantly to torsional interactions due to their pro-
duction of harmonics and interharmonics that potentially excite critical torsional modes
in case of coincidence with these frequencies. The variable speed driven motors, but also
power generation units that are installed in proximity to the variable speed drives, can be
affected by harmonic excitation. The resulting dynamic torque levels can have significant

impact on the lifetime of the mechanical system.

A variety of methods for reducing torsional oscillations are described in literature. Differ-
ent power levels require a diversity of methods, because of different technical properties
and requirements in low and high power systems. Solutions applied in low power applica-
tions, e.g. for servo-drives, cannot be applied with multi-megawatt systems, as explained
in more detail in Section L.1.2l The sensing of torsional oscillations is already a challenge
in high power applications because of the high torsional stiffness of the rotor shaft sys-

tem. Even high precision speed encoders used in very dynamic servo-drive applications

109
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are not sensitive enough for monitoring torsional oscillation in high power applications.
They require observer based speed sensing or direct torque sensing methods, e.g. based
on measuring the shaft stress or strain.

High power electronic converters can be designed to generate air-gap torque harmonics
with amplitudes that stay below one percent of the nominal torque at critical frequencies,
which is very low, but still sufficient to excite natural frequencies of multi-megawatt drive
trains. Avoiding critical speeds is a suitable approach for some variable speed drive (VSD)
applications, but leads to limitations in the operating range and it cannot be applied to
avoid torsional interactions with multiple VSDs and nearby generators.

Therefore, new methods of solving torsional interaction issues for large drive trains have
been developed, analyzed, and verified by numerical simulations and tests. The torsional
mode damping methods are based on increasing the damping property of a mechanical
drive train at its natural frequencies without modifying the mechanical design. The
developed method exchanges active power at the natural frequency of the mechanical
system in-between a power electronic converter and the sensitive mechanical drive train,
based on a feedback signal from the mechanical system. The active power modulation
is done in such a way that the effect is the same as an increased mechanical damping.
The requirements for the power electronic converter are comparably low, as the required
power is typically less than one percent of the nominal power of the critical drive train.
The developed method can cope with dead-times, e.g. due to the control implementation
into an existing power electronic hardware, without significant effect on the achieved
damping performance. This enables implementation of this damping solution as a retrofit
to existing drive systems. The developed solution is very robust, so that any minor changes
to the drive train’s mechanical system do not affect the effectiveness of the damping device.
Several applications for this damping control approach have been proposed in this thesis.
Generally, the proposed method allows the design and production of even larger drive
trains based on low cost power electronics, e.g. line commutated converters. Without
active damping control, self-commutated converters with a significantly higher number of
active devices would be required, in order to minimize critical air-gap torque harmonics,
because of decreasing torsional damping parameters with increasing size of the mechanical
trains.

One potential field of further research is the improvement of the implementation of the
torsional mode damping topology, especially the sensing part and the filter. The developed
torsional mode damping system was successfully tested in several string tests with multi-

megawatt drive trains.
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