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Abstract:

The evolvement of wind turbine power
levels lead to an interest in investigat-
ing new physical conversion stage ar-
rangements. One appealing distribu-
tion is moving the network decoupling
back-to-back converter from nacelle to
the tower base. This results in 100-200
m long cables between the generator
in the nacelle and converter at ground
level.

The motivation is to investigate resul-
tant reflection effects due to long ca-
bles at the cable junctions in nacelle
and tower base.

To investigate the cables impact, a
low voltage setup emulates the above
WTG topology and serves as a down-
scaled validation study. A circuit sim-
ulation of generator, cables and ac-
tive rectifier is modeled in reflecting
the experimental setup. Generator
and cable components are parameter-
ized by impedance fitting to the imple-
mented model. Based on the valida-
tion, medium voltage simulation gives
further insight for an expected appli-
cation.

This gives the ability to assess the fea-
sibility of a dV/dt filter. ~With the
overvoltages suppressed, the genera-
tor is protected from harmful winding
stresses.
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Executive Summary

Introduction wise the issue of long cables between a converter and generator in
wind turbines is given. Embedding the greater picture, the long cable is introduced
due to rearrangement of generator and converter components in wind turbines,
thus potentially reducing the levelized cost of energy. Following, the goal of the
thesis is formulated, and the tools and environment for the solution is given.

A literature review of cable effects on pulses gives a theoretical frame of the
voltage doubling phenomena. The overvoltage, leads to high rates of voltage
change and a high frequency ringing at the generator terminal and a current dis-
tortion at the converter terminal. These issues are the result of an impedance
mismatch between generator and cable. This could introduce high overvoltage
ranging multiple p.u..

This thesis introduces a cable mode, which includes all important quantified be-
haviors. The sensitivity of the cable structure is investigated, and it is concluded,
that utilizing the proposed high frequency transmission line model with 10 model
sections yields sufficient accurate results for the purposes of this thesis. The rela-
tion between rise time and cable length (equivalent to traveling time) results in a
certain overshoot when neglecting the damping behavior.

Following, common mode voltages and currents are considered, explaining a
noise source in the system. It is proposed that a high frequency generator model
should result in an accurately modeled damping behavior of the cable oscilla-
tion. Thus, a combination of fundamental dq0 model and a high frequency model
should result in a universal usable model. A solution to suppress reflections in a
cable, can be a dV/dt filter. A very simple topology is a LRC filter which can be
used to prove the idea of suppressing the overshoot at the generator terminal.

To Characterize the experimental setup and thus match the simulation, impedance
measurements are conducted for the cable and the generator. This methodology
leads to very accurate results for the cable model. The obtained parameter yields
the traveling time with an error of 0.7%. An identified problem is the scalability
of the cable to length, where a difference of the line inductance between a short
and a long cable of 20% is observed. For the generator parameterization did the
model structure not correspond completely to the measured data. Nevertheless,



the resulting integrated model represents the reflection factor of the impedance
mismatch with 5% error. This damping factor can be adjusted to yield realistic
results.

The resulting waveform deterioration introduces two issues into the system.
On the one hand introduced the long cable noise into the current measured at the
converter terminal. This means that the sampling for a controller is potentially
impacted. On the other hand, does the voltage doubling phenomena lead to ad-
ditional insulation stress of the generator. For the investigated system both the
dV/dt and the Voltage peak increase by 75%.

Thus, the previously proposed filter is introduced into the system. Even though
this filter introduces power losses of over 1% into the system and is therefore not
economical, the principle of a dV/dt filter as solution to the voltage doubling
phenomena is demonstrated. The overshoot decreases 70% and the rate of voltage
change decreases 10-fold. Additionally, the current noise is decreased to a level
similar of a short cable.

Finally, a future use case of long generator cables is developed and due to the
lack of actual data all parameters for the model are estimated. Thus, the expected
behavior of a cable in a multi megawatt medium voltage environment is estimated.
It can been seen, that despite the different cable parameter, the general behaviour
of cable and filter in the new environment is similar to what was seen previously.
Thus it is expected that the reflection behaviour of a long cable needs to be inves-
tigated further to prove the meaningfulness of this turbine topology.

vi
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Chapter 1

Introduction

The increase power consumption world wide, as well as political decisions demand
more installed renewable energy capacities. Besides Hydro-, Solar- and Bio gas
power, Wind energy is a promising candidate helping to fill that upcoming supply
gap. [10, 32, 63]

With a growing share of power supplied by renewables it becomes more and
more important, that these power plants contribute to grid stability. To meet those
goals and also reduce the cost of energy, the trend of wind turbines is to raise the
power level, while being more reliable, safe and expanding the lifetime expecta-
tions. [46]

The grid requirements and the attempt to maximize the energy yield of turbines
lead to harsh demands of full power and speed control for WTGs. This lead to the
point that the electrical drivetrain of multi-MW wind turbines can be generalized
into two arrangements, both consisting of back-to-back converters. [25, 29, 34]

One, shown in figure 1.1a, is a doubly-fed induction generator (DFIG) with a
partial-scale converter where approx. 30% of the power is converted. The other, as
visualized in figure 1.1b, is the full-scale converter, where all power is converted.
[9, 10, 47, 64]

The DFIG’s main advantage of only converting partially the power declines,
since power electronic converters are getting more efficient, reliable and sophisti-
cated by means of withstand limits and switching frequencies.

By converting the full power with low voltage and high power levels, the fast
switching devices are exposed to immense currents. This relates to large switching
losses and parallel connected devices to withstand the current.

Nevertheless, the advantage of operating with a full-scale converter is to utilize
PMSG involving the elimination of slip rings and simplified or even eliminated
gearboxes. Those characteristics imply to maximize the power output and decrease
the levelized cost of energy (LCOE), which is in correspondence to the preliminary
mentioned future perspectives of WTGs.[9]
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Figure 1.1: Schematic of: a) a partial-scaled Converter and b) a full-scaled Converter

Besides the benefit of a full-scale converter’s operational flexibility [10, 27],
around 20-30% of the downtime in modern wind turbines is related to component
failure of converters [8, 18, 24]. By moving the converter stage from the nacelle
down to the tower base it improves the accessibility of this high failure prone
components which decreases the downtime of the WTG and thereby the LCOE
[28, 60]. The relocation is visualized in figure 1.2.

With the WTG’s evolvement to higher power levels, converter component fail-
ure rate is not expected to decline in near future. Medium voltage converters are a
promising solution to circumvent the obstacles of high switching losses and high
stress levels. Accompanying, this leads to WTG designs with medium voltage gen-
erators, making the step-up transformer redundant, decreasing the cost of energy
for high power levels [52]. Though, low voltage is today still the mostly given level
of operation [9].

An additional benefit of relocating the electrical components, including also
filter and transformer, is to reduce the mechanical tension of the tower through the
reduction of weight on WTG’s upper part.

The importance of those benefits is confirmed by the trend of many wind tur-
bine producers in cooperation with converter manufacturers of moving the electri-
cal components down tower [cf. appendix A].



(a) (b)

Figure 1.2: Visualization of Wind turbine arrangements (a) Traditional arrangement (b) New ar-
rangement with long generator cables

Anyhow, ground level components also introduce temperature fluctuations at
the base of the tower - where the structural maximum stress momentum for a wind
turbine lays - which is an other concern that should be considered. [25]

A further concern, addressed in this thesis, lays in the converter relocation
resulting in long cables between the generator and converter. Now, not only the
converter’s input voltage has an influence on the generator’s insulation, also its
active rectifier’s dV/dt (i.e. rise time) and the cable length can result in additional
harmful overvoltages stressing the insulation [40].

The longer cable lengths contributes to a damped high-frequency ringing at the
generator terminals due to the distributed nature of the cable’s leakage inductance
and coupling capacitance [56, 57], as shown in figure 1.3. These overvoltages can
occur several hundred times per cycle, while most transmission line disturbances
occur infrequently. Together, the rise time and repetition have the highest potential
for insulating damage. [11, 40]

To reduce the affect on the generator’s lifetime, design choices needs to be
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Figure 1.3: Line-line voltage waveform deterioration of an active rectifier’s switching instance (——)
when utilizing 3m short cable ( ) and a 41m long cable (——) between converter and generator

reconsidered. In order to keep the design of the generator, the remaining part of
the electrical drive train is investigated. While the repetition of the pulses of the
converter is as high in the interest to reduce ripples of the modulated voltage, the
rise time may be a factor to change. Implementing a filter reduces the rise time and
thereby the effect of overvoltage at the generator terminal. Also, selective harmonic
elimination PWM as a multi-level converter modulation technique seem promising
to reduce the waveform deterioration. [58, 65]

Besides the generator issues, the waveform deterioration through a long ca-
ble might influence the indirect measurement of the shaft speed through voltage
and current. Thus, additional effort, like the direct measurement of the rotational
speed, is required for a reliable wind turbine control (e.g. maximum power track-
ing). [22]

As from the previous paragraphs apparent, a trend of increasing power lev-
els and accordingly the application of PMSG and full-scale converters leads to a
further trend of moving the converter stage down tower. This results in waveform
deterioration due to long cables, which needs to be addressed. For commonly used
technologies a comprehensive solution is not apparent, while keeping the LCOE in
mind. A filter, down tower, at the active rectifier seems an appealing choice.

While the effect of long cables for motors is a well known topic, the question
arises how a generator application changes the behavior. What effort of filtration
is required due to the change of WTG arrangement? Does it influence the reli-
able performance of energy production? And do long cables have still the same
behaviour in MV environment?



1.1 Problem Formulation

The evolvement of wind turbine power levels leads to an interest of investigat-
ing new arrangements of components. One appealing distribution is moving the
network decoupling back-to-back converter from the nacelle to the bottom of the
tower. This results in long cables between the generator in the nacelle and the
converter at the tower base.

These long cables are known to introduce high frequency voltage ringing at
the generator terminal and current distortion at the converter. The motivation is
to evaluate a theoretical medium voltage application with the appreciated arrange-
ment. Hence, the resultant influence of voltage and current waveform deterioration
in steady-state must be quantified.

To verify the effect of waveform deterioration a 3 phase 2 level low voltage
converter setup, connected to a permanent magnet synchronous generator is em-
ployed. The setup shall quantify the problem. Estimating an up-scaled medium
voltage application, a circuit simulation shall emulate the observed behaviour, val-
idated through experimental research. Finally this gives the ability to answer the
uncertainty of required filtering effort to suppress the previously mentioned wave-
form deterioration.

1.2 Scope of the Thesis

1.2.1 Objectives

To investigate the cable’s impact, a low voltage setup shall emulate the above WTG
topology and serve as down scaled preface study. This includes:

¢ Quantify cable behaviour relative to length

* Modify pre-existent laboratory setup to needs by including a long cable and
a dV/dt filter.

* Select appropriate cable model to include obligatory properties
* Model laboratory setup in circuit simulator (figure 1.4)

¢ Verify model through laboratory setup

¢ Tune a suitable filter to counterbalance long cable’s effect

¢ Scale circuit simulation up to medium voltage level to extrapolate the cables
influence



1.2.2 Utilized Tools and Environment

A pre-existend student laboratory setup is chosen as launch, located in the drive
laboratory (Pon. 107) at Aalborg University. A Permanent Magnet Synchronous
Machine (PMSM) is connected to an Induction Motor (IM), both being able to work
either in motoring or generating mode. The Danfoss FC302 converter is controlled
by mixed RISC/DSP digital controllers (ASPACE DS1103 PPC). A rectifier supplies
bidirectional all converters by rectifying the grid voltage or feeding the energy
back. Figure 1.4 is visualizing the schematic of the setup.

The oscilloscope used in experimental measurements is "Tektronix DPO2014"
rated up to 100Mhz and 1GS/s. For voltage measurements the differential probes
"Tektronix P5200" are used which are rated to up to 1300V are utilized. For current
measurements the probes "Tektronix TCPO030A" are used which are rated up to 30
A RMS/50 A peak and has a bandwidth of up to 120 MHz. For LCR measurements
the Impedance analyzer "Keysight E4990A" is used, which works in a frequency
range between 20Hz to 120MHz.

The employed software tools are:

¢ Matlab for data processing,
¢ dSPACE Simulink interface for controlling the experimental set up,

e Plecs as circuit simulator.

Siemens
Bi-directional
AC Converter

Switching Cabinet

Converter Cabinet

Danfoss Converter I
Uni-directional

Danfoss Converter II
Bi-directional

] DspACE
|, Bt

DSPACE

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1.4: Schematic of laboratory setup
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Project Limitations

The whole wind turbine is not implemented in the laboratory setup. To
emulate the torque of the rotor an Induction Motor is used.

The grid is not modeled, the only used components are torque, generator,
long cable and active rectifier. The active rectifier is connected to a constant
DC voltage, emulating the DC link of the back-to-back converter.

The pre-existend laboratory setup is modfied by connecting cables of two
lengths between PMSG and converter

The pre-existent control structure is considered as black box and utilized as
that.

No data for MV cables and Generator were present at the stage of analyzes,
therefore the component values were estimated.

All measured voltages in this thesis are measured line to line except stated
otherwise.

Thesis Structure

The structure of this thesis is as follows:

In chapter 2 the influence of cables on a pulse is investigated theoretically.
This includes the investigation of the reflected wave phenomena, the effect of
the rise time on it and the resulting damping behaviour.

In chapter 3 the theoretical knowledge is summarized into a cable model.
Special focus is on the influence of the model structure on the accuracy of the
results and the relation between length rise time and overshoot.

In chapter 4 further influences of the overall system on the resulting wave-
forms are discussed. A generator model is employed to model the reflection
factor. As a result a filter is proposed including a tuning scheme.

In chapter 5 the experimental setup is characterised, and thus the previous
presented theory and model is verified. Then a conclusion of the experimen-
tal waveform deterioration through a long cable is drawn and the perfor-
mance of the simulation is discussed.

In chapter 6 the L-RC filter topology is tuned to counteract the cables influ-
ence and meet the requirements of the generator. The expected behaviour is
also verified experimentally.



¢ In chapter 7 an 10 MW wind turbine environment is explored, and the previ-
ous given results are scaled to a higher power and voltage level by estimating
or scaling new parameters for the model. This is meant to show the expected
influences of long cables in a possible future application.

¢ Chapter 7 and 8 are discussing the obtained results and concluding the thesis.



Chapter 2

Cable Effects due to Converter Ar-
rangement

The following chapter outlines relevant theory, concerning long generator cables.
First the main effects of long generator cables are pointed out. Followed by the
dominant deterioration effect, the Voltage reflection phenomena. Concluding, the
damping behaviour of the voltage reflection is expressed.

As stated above [cf. chapter 1] in certain circumstances long cables will lead to
voltage overshoots up to doubling of the initial voltage and increase thereby the
dV/dt and introduce high frequency ringing at the generator terminals.

The involved effects can be summarized as:

¢ pulse rise time
¢ distributed cable parameter (characteristic impedance)
¢ cable length

¢ generator impedance

Whereby, the interconnection between the listed effects increases with the ad-
vances of power electronic devices, reflected in higher switching frequencies as
well as faster rise times ¢, ! of PWM converters. These high switching frequencies
and rise times lead to steep pulses with less time to damp oscillations before the
next pulse.

The oscillations occurs due to a change of characteristic impedance at the con-
nection point leading to a point of discontinuity. The generator has a rather high
characteristic impedance, compared to the cable. Due to charging of parasitic ca-
pacitance within the generator, a current decrease in the higher impedance region

IThe rise time is defined by IEC to the time required for the voltage to rise from 10% to 90% of
the peak voltage. This thesis follows this definition. The definition is visualized in appendix B



is at this point the result. Extra charge accumulates at this point, when the capac-
itance is not able to discharge and charge due to the steep pulse. This leads to an
increase of voltage (i.e. overvoltage). When the change of impedance occurs within
a system due to energy conservation law, additional to the charge accumulation,
the wave is reflected. Thereby, a high frequency ringing at the generator terminal
is the consequence. [7, 36, 44]

The magnitude of these ringings is a function of the wave’s traveling time f;
and the pulses’ rise time t,. Thereby, the wave’s traveling time is dependent on
the cable’s distributed parameters and length. This means, for a specific pulse a
specific cable length exists, below which no wave reflection occurs [7, 39]. This
length is denoted as critical cable length I.,.

For example, the averaged switching frequency of ABB’s ACS880 converter is
2kHz, for a power of 8 MW, switching across 0-690 V4. [4] in less than 0.1 ps. This
short rise time t,, also high rate of voltage rise (i.e. dV/dt), has an adverse effect on
the generators insulation. [58]

In this case the critical cable length - to avoid high frequency ringing - is as
short as 8m. However, the critical cable length is expected to decrease due to the
stated evolvement in power electronics. When the application demands to separate
the converter from the generator further than I, allows, solutions are required.

One approach to counteract this phenomena is to slow down the rate of voltage
increase and minimizing the peak voltage at the generator terminals. Additionally,
matching the characteristic impedance of cable and generator could solve the issue.

2.1 Reflected Wave Phenomena

As stated, wave reflection occurs when a wave propagates through a cable reaches
a point of discontinuity. The reflection is determined with the coefficient I', describ-
ing the characteristic impedance mismatch between generator and cable. The cable
between generator and converter behaves like RL components at low frequencies.
Though, due to the addressed high frequency behaviour related to the high dV/dt,
the cable cannot only be described with this configuration.

Capacitive coupling between the power core of the cable and ground needs
to be taken into account. In order to capture those high frequency components,
the cable needs to be modeled with distributed constants in order to spread the
components account for the characteristic impedance. Independent of the length,
the characteristic impedance describes the cables geometry, layout and material (i.e.
parameters) and frequency. The characteristic impedance is defined as: [13, 44]

VR, +jwl” VL
ZO (w> = 7 0 7 = 7 (2'1)
VG + jwC vC

while R is the resistance per unit length, L’ is the inductance per unit length,
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G  is the conductance of the dielectric per unit length, C' is the capacitance per
unit length. The cable resistance R does influence the wave velocity only slightly,
therefore the cable model can be estimated lossless [31].

To describe the reflection coefficient it is sufficient to consider the two ex-
treme cases of impedance mismatch: I' = £1. This is equivalent to open (infinite
impedance) and short (zero impedance) circuited terminals.

The point of discontinuity between cable and generator behaves similar to an
open cable?, due to the comparable high characteristic impedance of the generator
Hence, a positive reflection appears. [7, 56-58]. Considering figure 2.1a, points 2
and 4 are representing this.

Further, the converter and its DC-link capacitor’s characteristic impedance, rep-
resented in figure 2.1a as voltage source, are close to zero? resulting in a negative
reflected wave in which case the terminal voltage is zero. [44, 56, 57]

While considering a finite long cable with an infinite dV/dt, figure 2.1 visualizes
the sequence of events to represent the wave reflection phenomena.

The initial voltage pulse is shown in 2.1b, where the voltage as well as the
current wave travels with positive sign towards the receiving end.

Since the end is open, figure 2.1c shows that the voltage is reflected with equal
sign. The current at an open circuit end is zero. With this boundary condition
it can be derived that the the current is reflected with a negative sign. Thereby,
the resulting current magnitude is kept zero. Here, it can be seen that the current
reflection behaviour is inverse to the voltage reflection behaviour.

The second reflection is pictured in figure 2.1d. The voltage at the converter is
clamped to the dc-link, resulting in a similar boundary condition, compared to the
current, for the voltage reflection. Hence, the converter acts as short circuit? and
the voltage is reflected with negative sign back into the direction of the generator’s
end. Since, the voltage is of negative sign, the accompanied current is of equally
sign as the voltage (i.e. negative).

Followed by the reflection of the converter side (figure 2.1e), the wave reaches
the generator side for the second time (i.e. third reflection). As said, the current is
negative, and since the current, due to the open circuit must be zero, the current
becomes positive to balance it. The positive current moving left, must be accom-
panied by a negative voltage. Finally, the third trace is equal to the first incident.
Thus, the reflection does not need to be traced further.

This leads to the conclusion, that the voltage and the current is a composition of
forward and backward travelling waves. Thus, at a given instant and point of the
cable the resulting voltage and current magnitude consists of the superimposition
of reflected components. [13]

When introducing a load /source at the far side of the cable, the reflection factor
I' is not equal to one anymore. Part of the wave’s energy at the point of discon-

2For high frequency components
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Figure 2.1: Waveform reflection within a cable (a)) for infinite generator’s characteristic impedance
and zero characteristic impedance of the converter: b) initial converter pulse, ¢) generator terminal
reflection of the initial pulse, d) converter terminal reflection of the generator terminal reflected
pulse, and e) second reflection of the pulse at the generator terminals. The e indicates the present
level. The x-axis is the cable length I,

tinuity propagates past it (i.e. towards the generator). To comply with the law of
energy conservation the remaining energy is reflected back as explained in figure
2.1. This relates to, that the refracted voltage (V,.f,,pc) must be equal to the in-
jected voltage (Vpc) plus the reflected voltage (V,.;,pc), while the same applies to
the current. [13] See eq. 2.2:

Vrefr,DC = Vrefl,DC + Vbe (2.2)

The reflection coefficient quantifies the amount of reflection and relates the
characteristic impedance of the cable, Z. and the characteristic impedance of the
generator, Zo .. This is expressed like:

. ZO,g - ZO,c
8 ZO,g + ZO,C
As stated, the generator’s characteristic impedance is larger than the cable’s

characteristic impedance, and as long as this applies, it is apparent from eq. 2.3
that 0 < T, < 1.

(2.3)
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Being aware of the amount of reflection, V. pc is determined as:

Viesi,oc = T'gVpe (2.4)
As from 2.2 and 2.4 apparent, this results in:

2Z0,¢

vV, 2.5
Zog + Zoe 7€ (2.5)

Vrefr,DC =

At the converter side, I is constituted by the cable’s and converter’s character-

istic impedance, which is specified as Zy,. The converter reflection coefficient
is:

ZO,con - ZO,C
ZO,con + ZO,C

Similar to I'q, for I'cp, the reflection coefficient at the converter site is —1 <
I'con <0, as long as the converter’s characteristic impedance is less than the cables
(cf. eq. 2.6). Though, as stated above, Zy, ~ 0 and thereby Zyn < Zo., the
reflection on the converter side is I'z;, >~ —1.

Further, this indicates that theoretical voltage doubling could occur (cf. eq. 2.5)
at the generator side, while the reflection attenuates at the converter side due to
the negative sign.

Leon = (26)

2.2 Effect of PWM Rise Time (dV /dt)

As said in the introduction of this section, the overshoot’s magnitude is not only
constituted by the reflection coefficient, but also by the cable length, travelling time
and the rise time of the PWM pulse. [11, 31, 39, 40]
The time for a pulse to travel from the source to the generator can be expressed
as the travelling time [13, 44, 56]:
ty = L (2.7)
t — 'UC, .
while [ is the cable length and v, the propagation velocity. v. is expressed like:

1
Ve = ———= (2.8)
VI
The propagation velocity is highly related to the distributed inductance L™ and
capacitance C’ in an insulated conductor. Those components are calculated by
using eq. 2.9 and 2.10, respectively [13]. In general, the cable parameters are

determined by the cable construction, insulation type and conductor spacing [31].
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C =" 2.9

In (g) 29)

L= m <b> (2.10)
27 a ’

The variables a and b are the radius of the conductor and of the insulation, respec-
tively [cf. figure 2.2].

Figure 2.2: Cable cross section including radius of inductor and insulator

Inserting the capacitance and inductance into eq. 2.8, it is revealed, that the
velocity in a lossless line is dependent on relative permittivity (e;) and relative
permeability (y,), related to the speed of light ¢ [13, 31]:

ZJ—L<:>Z)—¥<:>UNL fort; >t (2.11)
CTJHE ST JHioggy ¢ \JHhEr b= '

Considering a cable with y, = 1 (copper) and ¢, = 2.25 (XLPE)
and inserting it into 2.11, results in:

c
Ve = ——— ~200m/us, 2.12
c 55% n (2.12)

which is typically near 50% of the speed of light [31, 44, 56, 57].

Resulting from the characteristic impedance missmatch (i.e. I') and the cable
characteristic as described above, overvoltage occurs. The overvoltage is composed
by two causes:

2.21 Overvoltage < 2Vpc

Now, being able to determine the traveling time t;, one can be aware of the moment
at which the forward travelling voltage pulse has reached the point of discontinuity.
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Considering the rise time t,, the amplitude of the reflected pulse travelling towards
the converter is now given as:

T Ve
Vrefl,DC<t = 2tt) = i
r

Vrefl,DC(t = Ztt) = FgVDC for t >t (214)

for t; < t, (2.13)

As it can be seen in figure 2.1, the third wave reflection (i.e. at the generator
terminal) has the opposite sign as the first reflection. When this wave reaches the
converter before the first reflection reaches its voltage maximum the overshoot is
suppressed by the ratio of ¢;/t, [cf. eq. 2.13]. This is the case when the rise time is
longer than the time difference between these two reflections, being two times the
traveling time.

The critical cable length is where the maximum voltage overshoot, for a certain
rise time, occurs. Resulting from 2.7, the critical cable length can be derived [40, 44]:

tyv
Levitical = % (2.15)

It relates: the shorter the cable, the greater the suppression. Therefore, when
2t; > t,, the pulse rise time is no longer acting on the reflected voltage [57].

The peak voltage at the generator terminal can after all be determined with the
total voltage due to reflections after three transitions (two reflections) of the cable
[35, 58]:

_ 21T,V

Vii(t=2t) = %DC 1 Vpe for t; < t,/2 (2.16)
ctr

V]_l(t = Ztt) = FgVDC + Vpce fort; > t,/2 (2.17)

To determine no or minimum overvoltage, eq. 2.16 can be normalized, as:

Vi 2LLg (2.18)
Vbe Ucty
Therefore,
1 2.19
Uty < ( )

Calculating the critical length With eq. 2.18, the reflection factor is included.
Define the rise time as t, = 0.23 ps, v, = 200 m/ps and Iy ~0.75 and accept votage
doubling, by rearranging eq. 2.19, the critical length can be found as:

Uty

lcritical = f < lcritical ~30m (2-20)
8
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Figure 2.3: Overshoot vs rise time with [ = 5 m (——), 100 m (——) and 200 m ( )

Figure 2.3 visualizes the worst case relation between the voltage overshoot and
the rise time in relation for different cable lengths. This proves, that the issue
of voltage overshoots gets more problematic with longer cables and/or faster rise
times.
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Figure 2.4: Natural oscillation of a cable with —— at the converter side initiating the starting wave
and — as the voltage at the generator side: a) single pulse leading to reflections b) double pulsing
phenomena leading to overvoltages > 2Vp¢. Having as first, - - - as second, - - - as third,
as fourth and - - - as fifth reflection

Summarizing the voltage doubling behaviour (Vo < 2):
¢ Reflections occur when pulses reach a characteristic impedance mismatch,
¢ The reflected amount and sign is quantified with the reflection factor I’,

e If the cable length is smaller than /., the negative reflections has a sup-
pressing influence.

2.2.2 Overvoltages > 2Vpc

Besides the doubling of Vpc, under certain circumstances the overvoltage may
rise even higher. That is, when an ongoing pulse reflection is superimposed by a
switching signal of the converter. When the reflected voltage pulse is arriving at
the converter terminal after e.g. the second transition it is reflected back towards
the generator. The reflected wave has the opposite sign due to I'co, = —1. When
the converter simultaneously switches the polarity, the edge of this new pulse is
superimposed to the reflected voltage pulse leading to 2V;.. This voltage wave
with double amplitude will be reflected at the generator terminal with I'; = 1 and
can reach thereby an amplitude up to 4 p.u - leading to 3 p.u. overvoltage in the
worst case. This behaviour is visualized in figure 2.4 and called double pulsing.
[31, 44]

This double pulsing effect can be repeated multiple times successively which
can lead to even higher overvoltages and should thereby with the modulation tech-
nique be avoided.
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The effect for quadruple the overshoot is called double switching and occurs
when a three phase system switches two inverter branches simultaneously at over-
modulation. This leads to voltage polarity reversal, which can be up to 2 Vpc. This
with voltage reflection then leads to the quadruple. [44]

This leads to, in contrast to overvoltages < 2Vpc, that the carrier frequency and
modulation technique has predominant effect for overvoltages > 2Vpc, while the
rise time f, has a minor effect on the overvoltage. [31, 44]

Summarizing overvoltages (2 > V, > 4):

¢ Cable characteristics only accountable for voltage doubling behaviour,

Double pulsing leads to overshoots of 3 p.u.,

Double switching leads to overshoots of 4 p.u.,

Predominant influence is carrier frequency and modulation technique,

The traveling time is the core concern for switching and modulation tech-
nique.

2.3 High Frequency Damping Behaviour

To avoid overvoltages higher than 2 p.u., oscillations needs to be damped and
thereby the charge removed before the next pulse is applied. [31, 44]

The oscillation can be described by the interaction of the system’s (mostly the
cable’s) capacitance and inductance bringing the system in resonance. The oscil-
lation frequency of the reflected voltage pulses relates the cable’s length to v.. In
order to complete one oscillation cycle, the wave needs to travel the cable four
times [31, 44]:

tcycle = 4t (2.21)
Recalling eq. 2.8 and relating /. and v,, it results in:

1 1 (% 1
_ S (2.22
fO tcycle 4t 41, 4l.vL'C )

This shows, that the cable length is inversely proportional to the oscillation
frequency. This may lead to unwanted problems, considering the cable length
increases, the oscillation frequency decreases.

In real conductors one frequency dependent effect is described as skin effect.
This effect relates the resistance to a frequency dependency. Taking the skin effect
into account, it leads to a decrease of damping when increasing the cable length,
since the ac resistance of an conductor increases for higher frequencies. Meaning,
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higher oscillation frequency leads to higher conductor AC resistance, since the
charge moves to the surface of the conductor where its conductivity is less.

In addition to the skin effect, the proximity is an effect experienced at alter-
nating currents. This is when the resultant magnetic field of the current flow-
ing through the inductive part of the conductor induces eddy currents in the
nearby conductors which will alter the overall distribution of the current flow. The
eddy currents thereby reduces the current flow area, since the current is farthest
away from the nearby conductors carrying current in the same direction. Closely
bounded cables are thereby prone for this effect. Though, since it increases the
damping of high frequencies through the increase of the AC resistance, this effect
is pleasant for reducing remaining charges and thereby higher overvoltages than 2
p-u.

Those effects can be composed in order to determine the damping of the oscil-
lation, as

Vo — ¢~ Racle/2Z0) — o= (KpKsin(fo)Rsle/220) (2.23)
Vbe
where V, is the overshoot and Rac the AC resistance consisting of the DC
Resistance R;, skin effect Ky, (fo), proximity effect Ky and [ is the cable length.[31]
Further, [31] defines, through experimental validation, the AC resistance, with
conductor diameter 4, as:

K,16.61 %1078, /f
Rs

; (2.24)

Rac

Dependent on the application by means of cable characteristic as well as length,
this damping behaviour needs to be considered. However, Besides the direct damp-
ing effects of the cable, the reflection factor also introduce a damping component
to a system.

When |I'| < 1 (compare eq. 2.3 and 2.6) the reflected wave is reduced with
every reflection. This damping behaviour can be extracted by the successive peaks
of the oscillation. The damping of the peak magnitude introduced by the reflection
factor is

Yo =17, (2.25)

where n is the number of reflection and y,,, is the magnitude after the nth reflection
at the generator side (i.e. half oscillation).

The overall damping of an oscillation can be described as logarithmic decay
where the damping factor o can be calculated as

o= In(2h), (2.26)
xp,Z
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xp1 and xp,, are two peaks, which m = 2n periods apart.
The damping factor ¢ can be converted into ¢ which is commonly used as the
damping factor for damped oscillations with the following equation

o
(=5 (2.27)

In order to identify the damping function fgsmp,esci, the damping frequency can
be calculated with the time difference between two peaks:

2m
fd = At (2.28)

where m is the number of periods between the two selected peaks. The formula
for a damped oscillation is then defined:

fdamp,osci =1+ e_gfd.tSin(fd ’ t) (229)

The relation between eq. 2.25 and eq. 2.29 can thereby be described by the
relation between I' and ¢ and is given as

[ =¢ ¢, (2.30)

With the above given equations 2.25 - 2.30, the relation between theoretical
calculated damping factor and experimental obtainable damping factor is given.
This relation is later referred to again. For now, this relation is visualized with a
simulated line to line voltage and eq. 2.29 and 2.26 in figure 2.5.

A

2,,

1.5 ¢

Voltage [p.u.]

0 2 4 6 8 10 12 14 16 18 20
time [s] .10~

Figure 2.5: Simulated I-1 voltage (——) vs eq. 2.29 ( ) with eq. 2.26 ( )

Concluding, the effect of overvoltages can be described with two predominant
mechanisms: when small wire gauges and great characteristic impedance differ-
ence of cable and generator are present, the predominant decay mechanism is
through skin. While, in bigger generators its characteristic impedance increases
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and thereby the reflection factor I' decreases since the characteristic impedance
approximate [cf. eq. 2.3] the reflection factor is the predominant influence on
overvoltages. Yet, higher power levels leads likely to greater cable diameter and
thereby less AC resistance.
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Chapter 3

Cable Model and its Responsive-
ness to Excitement

In this chapter the implemented cable model with the previous discussed charac-
teristics is presented. Further, relevant aspects of the cable model are presented and
determined. Finally, the reader should comprehend the important considerations
of modelling a cable, while relating it to reflection theory.

3.1 Implemented Cable Model

As described in chapter 2, additionally to the RL components, capacitive coupling
of the cable’s core and ground needs to be considered, while the components needs
to be spread in order to capture the high frequency components. References as
[7, 11, 31, 38, 39, 44, 45, 56-58] gives over decades a description, that those effects
can be captured by a lossy transmission line model.

In order to spread the components, several segments of the equivalent circuit
shown in figure 3.1 can be used. Even though this is not a distributed element
model, by following the above references the lumped parameter model gives rea-
sonable precision when utilizing an adequate number of segments. The lumped
model is advantageous, since less calculation power and thereby time is required.
However, the result is also dependent on the segment number.

The reference [39] suggests to experimentally assess the power cable’s parame-
ters instead of estimating the parameters with equations related to the geometrical
configurations. This method includes a frequency dependency in the calculations.

Also, the reference [39] proposed equations to extract the component values
from the impedance measurements. The authors of this thesis take those equa-
tions as too inaccurate which is further explained in section 5.1.1, therefore are
those equations presented in appendix E. In section 5.1.1 the numerical approach
of extracting the component values is presented. Sufficient estimation of the cable
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Figure 3.1: One section of the used transmission line model

parameters is essential in order to obtain accurate simulation results.

Even though the inaccurate estimation of the cable parameters, the argumen-
tation of reference [39] using a HF-model to evaluate the overvoltage effect of the
voltage pulse, could be followed. Considering the following equation:

1
7T - tr

faw = (3.1)

the bandwidth of the pulse can be estimated [44]. Having rise times of ps,
would relate to the MHz region.

The apparent limitations of the chosen model are for one, that the previously
discussed skin and proximity effects are not taken into account in this model,
which may result in an inaccurate damping behaviour, and a slightly different
waveform shape, between simulation and experiment, due to the frequency de-
pendent damping.

Additionally some possible circuit components are not included into the model
by simplifying the model. These assumptions are further evaluated in section 5.1.2.

In this section the sensitivity of different cable influences are explored. The
overall goal of this section is to gain an understanding of how the different param-
eter influence its model, and how the different combinations may result in over
voltages. This shall enclose assumption drawn in chapter 7 in order to determine
a range of validity.

3.2 Sensitivity of selected Cable Model

The configuration of the model has a significant influence on the final behaviour
of the cable model. Therefore different modelling aspects of the cable are explored
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in this section.

3.2.1 Number of Model Sections

The first choice, which needs to be considered when employing the cable model
as depicted as schematic in figure 3.1 is the number of section. Two characteris-
tics are taken into consideration. Once, the excitement of the cable model related
to frequency components. The other, time domain waveforms, plotted in figure
3.2. Those two characteristics are surely correlated.Hence, they help together to
determine the right number of sections.

As apparent from figure 3.2 and considering theory about resonance and har-
monics, the increase of section numbers from one section (—) up to 200 (
depicts, superimposing frequencies lead to a more square wave alike waveform.
More harmonic components are overlayed and thereby compose the square wave.
Reversely, this means, that higher cross excitements of the cable are considered.
This is relevant, when considering the the frequency spectrum of the rising edge
of the PWM pulse [cf. eq 3.1].

It has revealed, 10 section numbers (——) excite the cable model circuit above
the rise time range and thereby is chosen in order to keep calculation power in the
simulation down. The time domain thereby should not deceive, when comparing
the full pulse reflection with a high rise time.

A

|
|
|
|
|
'f\? RSN souolpGorcaenencs

y

Generator Voltage [p.u.]

time [s]

Figure 3.2: Cable model excitement for the same cable parameters with ideal step for different cable
section number, as: 1 (——), 5 (——), 10 ( ), 50 (—), 100 (—), 200 ( )
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3.2.2 Model type

The next influence shown, is the configuration distinction between normal and
high frequency cable model. The distinction between those two models were ex-
plained in section 3.1.

Figure 3.3 visualizes the two models in frequency domain for 10 section num-
bers. The overall influence is comparably small. Looking at figure 3.3a, it rep-
resents the cross influences between conductors, where the capacitive coupling is
dominant. It is apparent, that the high frequency model (—) in the magnitude
plot is in the lower frequency range divergent from the normal model (—). Fur-
ther, in the phase plot of this figure, a difference between the two models is in the
high frequency region apparent.

Moreover, in the conducting behaviour, shown in figure 3.3b, where the in-
ductance has its dominant effect, a cross behaviour between inductance and ca-
pacitance is given. This is evident in the phase plot, where a slight difference in
normal (——) and high frequency model (—) is given.

Even though the difference between those two models is minor, the high fre-
quency model is chosen as basis for all simulations. This is due to the authors
believe, it is an adequater representation of the cables behaviour, while calculation
power in the simulation and parameterization of the components are of no signif-
icant surplus effort. Further, quantification of cross couplings, as explained in the
paragraph above but also between generator components composed in the reflec-
tion factor, could not be fully detected, which gives further believe in choosing this
model, following the authors.
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Figure 3.3: Comparing the normal model (——) with the high frequency model (——) for a) open
loop behaviour and b) closed loop behaviour

3.3 Influence of the relation between rise time and length

In this section the influence of the different cable parameters itself is depicted. This
section shall help to compare and categorize different cables.

Recalling eq. 2.7 and 2.8, the travelling time is defined by the cables conducting
(L) and coupling (C') part. Further, in conjunction with figure 2.1 it was explained
that the reflection factor I', as well as the combination of travelling time and the
pulse’s rise time has a damping behaviour. This is in correlation to eq. 2.16, which
gives the total overvoltage with the damping factor and the relation of ¢; and ¢,.

Those considerations yield for example in figure 3.4 for different rise times t,.
The restrictive boundaries for this figure is, that by emulating a pulse with a certain
rise time, a linear slope is chosen. Further, just a single pulse, with the given rise
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Generator Voltage [p.u.]

Time [s] 1076

Figure 3.4: Time domain waveforms of reflections at generator terminal leading to over voltages for
different rise times in correlation to travelling time, as: t, = 1-t; (——), 2ty (—), 3t ( ), 4t
(—), 5t (—), 6t ( ), 7ty (—) and 8-t ( ). The travelling time is indicated by - - -

time, at the converter side is initiated, while a reflection coefficient of I' = 1 is
considered. The schematic for it can be seen in figure 5.12.

This initial step at the converter is not shown to depict only the significant
behaviour and try to keep the image as clear as possible. As cross reference, figure
2.4 shows the correlation. However, this means that at 2.06 ps the pulse has reached
the generator terminal [cf. figure 2.1c]. The vertical dotted lines (---) indicate
successive travelling times and thereby reflections.

Examine the first case; t, = 1-t; (—), it is apparent in figure 3.4, that the
rise time takes the whole length of the cable to rise, before it reaches the converter
terminal. Due to the reflection factor of I' = 1, the pulse reaches 2 p.u. Further,
the pulse stays at 2 p.u. when being reflected at the converter [cf. figure 2.1d and
travelling back to the generator. At fourth reflection (3rd ---) the sign changes due
to the current, as in figure 2.1e and decays in t, = 1-¢;. Due to no damping, this
sequence continues from the beginning again.

By increasing the rise time to t, = 2 - t; it can be seen in figure 3.4 (—), that
the pulse still reaches 2 p.u. Though, the constant state is not present any longer,
by the same reflection behaviour. Now, increasing the rise time further, it can be
seen, that the overshoot at the generator terminal is reduced.

Continuing with the increase of rise time, in figure 3.4 an additional behaviour
is apparent, which is not considered in eq. 2.16. This is, when the rise time matches
a quadruple multiple, the overshoot is no longer present, which means, that the
overshoot stays at 1 p.u.

When increasing t, > 4 - t; a constant interval can be seen before the first over-
shoot is reached. For this interval the positive and negative reflection cancel each
other, resulting in no change of voltage. This behaviour is especially distinctive for
pulses with linear voltage slopes.
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The above referred equation will only describe an exponential decay of over-
shoots related to the rise time-traveling time relation, by means of going trough
each peak of figure 3.5. This figure visualizes particularly different overshoots for
different traveling-rise time relations.

Due to the relation of traveling time and length [cf. eq. 2.7], a general estima-
tion with the above explained traveling-rise time relation can be given relating the
critical length and acceptable overshoot to a certain rise time.

Vo [p-u]

2 4 6 8 1b 12 14
Trise / TtraV [pu]

Figure 3.5: Travelling-rise time relation and its resulting over voltage with reflection factor I' = 1.
Summery of figure 3.4

Summarizing, it can be said that the section number should be evaluated on
the pulses bandwidth. In this case this leads to a section number of 10. This
gives a high enough frequency response. Further, no great differences between
normal and high frequency model are apparent. However, due to unquantified
cross couplings and no significant increase in calculation power, the high frequency
model is chosen for further investigation. The eq. 2.16 gives a "worst-case" estimate
of the overshoot. Though, it does not tell the whole story, since, as long as the rise
time is a multiple quadruple, theoretically, voltage overshoot can be fully vanished.
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Chapter 4

System Interaction Leading to Fil-
ter Scheme

In this chapter, the interaction of the analyzed setup is portrayed. This includes
harmful current distribution, especially for the generator, within the system, due
to unbalanced voltages. This guides to the conducted generator model and its
considerations for an appropriate implementation. Finally, the considerations of
this chapter and the previous chapters are concluded in a basic guide to counteract
the depicted phenomena with a dV/dt filter, resulting in lesser overshoot.

4.1 Voltage and Current Paths in Back-to-Back Converter -
Generator Setup

In an ideal and balanced system, only differential mode voltages and related cur-
rents are present. Differential mode is defined as the intended forth and back path
within the system and thereby establishing a balanced current distribution within
its system. That is, the vector sum of a three phase system always equals zero.
Thus, the neutral point voltage equals zero. This is the case with purely sinusoidal
waveforms.

By modulating a sine wave by PWM driven IGBTs through switching the DC-
link voltage on and off, the fundamental waveform relates to the desired sine wave,
which is symmetrical.

Though, the instantaneous switching interval are square waves, switched in a
pattern where 3 switches are conducting simultaneously. These patterns in a 2-
level converter allows the states: twice +Vpc and once -Vp¢ or vice versa or all off
or on. Due to unbalanced switching states, the instantaneous sum of the voltages in
the system is never symmetrical nor balanced, which relates to a non zero neutral
point.
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By implication, common mode voltages are always present and the current is
forced to search its path. The common potential of all phases is related to ground,
which means, the current is prone to search its path back to the source via the earth
conductor and stray capacitances of the inverter. [1, 44]

Adding all three instantaneous phase-to-ground voltages together, the common
mode voltage v, can be described as:

Uug + Vvg + Uwg
3

Following eq. 4.1, the common mode voltage levels for a 2-level PWM converter
are given as £Vpc/3 or £Vpc, visualized in figure 4.1).

The steep (common mode) voltage pulses relates to high frequency stray cur-
rent pulses. The high frequency component searches its path outside the actual sys-
tem through the stray capacitances of machines, cables and inverter. The capacitive
impedance for high frequencies is low, while for low frequencies the impedance is
high and thereby blocks the low frequencies. Therefore, the current flows through
the return path (mostly earth) in a loop back to the source. [1, 33, 43]

A stray capacitance is every time present, when two conductive compotes
are separated by an insulator. In a cable it is for instance the conductor to PE-
conductor, separated by the insulation. In a generator it is the windings to frame,
insulated by enamel coating and slot insulator, or shaft to frame, insulated by the
bearings and its lubrication.

All those above named elements contain also inductive elements. The common
mode current, flowing through those inductive parts, causes voltage drops that
raises the generator frame potential above the source’s ground potential of the
converter frame. Thereby, also the generator’s common mode voltage contributes
to the potential difference. [1, 43]

As denoted in section 2.1, the voltage doubling is accounted by measuring line-
to-line voltage. However, the overvoltage due to reflection can also be recorded by
measuring line-to-ground. By measuring line-to-ground, this doubling phenomena
can also be seen in the common mode voltage, which gives reasoning to consider
those as well. [33, 43, 45]

The problem with common mode voltage and currents is, it causes, beside oth-
ers: bearing damages due to lubrication irregularities by partial discharges and
electromagnetic interference resulting in malfunctions of surrounding instrumen-
tation, relating to major failure. While proper shielding of the motor cable and
signal cables can help attenuate the effects, to further suppress the negative and
damaging effects, filtering effort should be considered to reduce common mode
currents. [43]

(4.1)

Oem =
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Figure 4.1: Composition of common mode voltage source through the 3 instantaneous switching
stages of a 2-level converter. Base unit is Vpc.

4.2 Generator effect and model

The generator is responsible for two behaviours in a system operated with long ca-
bles. One is the operation point, being the fundamental waveform of voltage and
current defined by its rotational frequency and magnitude. On the other hand,
the generator’s characteristic impedance in comparison to the cable’s characteristic
impedance is responsible for the reflection factor and through that for the damp-
ing and the overshoot at the generator terminal. To ensure longevity, standards
limiting the overshoot are suggested.

The generator’s characteristic impedance is related to the nominal power level
of the machine. The lower the power rating is, the higher is the characteristic
impedance and vice versa. [7, 14, 56] However, the characteristic impedance of the
generator is in general shaped by its fundamental and parasitic components. Those
influences can be separated in each representation or merged as a high frequency
model of a PMSG.

The fundamental behaviour can be captured with a dq0-model [44], relating
the stator inductance and current. The equivalent representation for the d-axis
is visualized in figure 4.2, while the g-axis is identical due to the assumption of
Ly = Ly. In order to obtain the flux linkage:
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Figure 4.2: dg-axis PMSG equivalent circuit a) d-axis and b) g-axis representation

¢q = Lqig (4.2)
¢a = Laig +

With the stator flux linkage, the electromagnetic torque is given as:

Tg = %P(%ld — gbqid) (4.4)

with p as polepairs. The mechanical rotor speed wy, is calculated as:

o = 7(Te = Ta) (45)
0, = Wi, (4.6)

The mechanical torque is an input variable, as in the Plecs model [41]. The Plecs
model is used as fundamental for simulation. Here, the mechanical parameters, as
torque, rotor speed and angle and inertia, is measured. Those measurements are
fed into an electrical model. This model measures the line to line voltage at the star
point, transforms it with Park’s transformation and relates finally the mechanical
and electrical parameters as described above.

The output of the model is the calculated current, emulating the current gener-
ated by the rotor and stator. The current is transformed back to abc reference frame
and fed into a current source. For further insight, reference [41] can be utilized.

Magnetic saturation, position dependent inductance as well as iron losses are
not considered. Since saturation is neglected, the model can be assumed to be
linear. [42]

The appealed model can be simplified, when the fundamental current is of no
interest. Then, the generator can be modelled as a series resistance and induc-
tance for each phase, connected in star. This model has been utilized by most of
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the papers in the literature regarding voltage reflection operated with frequency
converters. [31, 44, 55].

However, this approach will only include the fundamental behaviour of the
generator, excluding relevant parasitics, excited by the high dV/dt. A high fre-
quency model could do that.

For the high frequency model, the reference paper [39] is adopted. This model
is depicted in figure 4.3. There L, and Ry are respectively the generators inductance
and resistance and forming thereby the appealed fundamental characteristic of the
generator.

The remaining branches are responsible to capture the addressed HF behaviour
and forms together the dominant poles in the frequency repsonse, as: the C, L; and
R; branch models the turn-to-turn inductance and capacitance of the stator coils.
R, is a parameter to model the eddy current losses. Last, Coyp and Rgnp repre-
sent the coupling capacitance of all conductors to the generator’s frame, including
dissipating effects.

Using this model the generators behaviour can be approximated in a wide

range of frequencies accurately.
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Figure 4.3: Schematic of the generator model

[

As apparent, the Ly Ry branch can be replaced with the dq0 - model to include
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the generator’s fundamental behaviour into the model. This constitutes the final
utilized model.

Concluding, the voltage distribution inside the machine’s winding is not rele-
vant to determine the overvoltage. It is rather important to capture the impedance
as a function of frequency [39]. Thus, the generator model needs to be valid in
the frequency range of the pulse’s frequency spectrum, as in eq. 3.1. This can
be appreciated when considering the reflection factor: the generator’s impedance
for high frequencies is low due to the capacitance nature (compared to the cable
considerably higher).

Summarizing, the limitations of the generator model are:

¢ In this thesis it is assumed that the inductance of the generator is rotation
angle independent, meaning L; = L.

¢ The inductance of the generator is assumed to behave constant, meaning that
the iron core saturation is neglected.

¢ The Current distribution within the generator is of no interest.

¢ The model uses Lumped parameters. It is fitted to impedance measurements
and does not take the physical shape into account.

¢ The model is valid up to tens of MHz.

These simplifications and limitations are deemed to be acceptable because the em-
phasis is on the reflection behaviour in the cable due to the impedance mismatch.

4.3 Filter Topology

Because overvoltages are, as stated before, harmful for the generator/motor insula-
tion standards to limit these are existent. Typical limitations are depicted in figure
4.4 by comparing different standards regarding generator overvoltages.

The european standards are IEC TS 600034-17, limits the overshoot for gerneal
purpose 500 V machine when fed by frequency converters, which is by now re-
places by IEC TS 600034-25. 25 A is for 500 V machine while 25 B is the limitation
for 690 V machines. The american standards NEMA MGI1 are limiations for defi-
nite purpose inverter fed motors. Overall NEMA and IEC suggest that the dV/dt
is limited to less than 0.5V /ns. When the limits are exceeded in the application, a
filter should be used to protect the insulation. [14, 23]

In order to limit the overshoot and to stay with in the limitations, it is either
possible to change the reflection factor through impedance matching, or to slow
down the dV/dt. As apparent from figure 4.4, the limit of the overshoot is visualized
over the rise time, directing to the approach of slowing down the rise time. A
typical solution in literature are dV/dt filters [31, 37, 58].
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Figure 4.4: Overshoot limits for different rise times following different standards: IEC TS 600034-25

A (—8-), IEC TS 600034-25 B (——), IEC TS 600034-17 (—+—), NEMA 400 V (—e—), NEMA 600 V
(—e)

Throughout the years many different topologies have been proposed for motor-
inverter applications. A simple approach of a dV/dt filter is a LCR filter. Due to its
simplicity, this topology is still practicable and chosen to be implemented in this
thesis. The approach is to quantify the effort of filtration needed to suppress the
voltage doubling effect. The equivalent circuit is depicted in figure 4.5. It can be
seen, that the filter is connected to the converter’s output.

Lf
H000
AI 000 ( Long Cable
/5000 ’
IRINIE

Figure 4.5: Implemented topology of LCR filter

The principle of dV/dt filters is, to increase the rise time of PWM voltage pulses.
Consequently, the destructive common mode current amplitudes [cf. section 4.1]
are reduced, too. For the LCR-topology these current peaks can be reduced up to
50%. If further reduction of the the common mode current amplitude is desired,
it is proposed to use the RLC filter networks and certain manner of connection to
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the inverter DC bus. [20]
In the LCR topology the resistor in series to the capacitor damps the oscillations
of the resonance. The resonant frequency of the filter can be calculated as:

1

fres,filter = W

When considering components for the filter, it should be given that f,.s Filter > fow-
This is, by placing the cut-off frequency high enough to keep the fundamental
PWM signal unaffected. [23]

Following [55, 58] the capacitance can be chosen by:

(4.7)

Cr>1.-984-107" (4.8)

In order to determine the critical rise time, eq. 2.18 is considered and rear-
ranged, with v, o, being the per unit voltage overshoot, like:
21T

T — 4.9
T Vi (4.9)

This relates the pre-filter characteristic of cable, generator damping and con-
verter rise time to the chosen filter component values. Since, having the critical
rise time determined with desired v,, the inductance can be calculate like:

t2
Ly > 4.10
f=¢ (4.10)

Further, it should be minded, that L < Lgyg

To obtain an overdamped filter, the filter resistance can be determined by con-
sidering the damping factor and rearranging it:

R; [C
_ NS
{ = T (4.11)
4L
Rp > [—=L (4.12)
Cr

Despite filter losses, an arbitrary high resistance could be chosen, suppressing
the overshoot. However, that is not practical due to economical constraints.
The transfer function in laplace domain is given like:
VO 1+ sR fC f

H(S) - Vz B 1+ SszCf + SRfo (4'13)
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Chapter 5

Characterization of the Experimen-
tal Setup

The objective of this chapter is to correlate theory explained in the previous chap-
ters and the experimental work considering the laboratory setup, shown in figure
5.1, to validate theory by practice and validate circuit simulation by experiments.
First, the parametrization of the cable with its challenges is elaborated, followed
by the parametrization of the PMSG. Those two are bundled into the remaining as-
pects of the laboratory setup, relating into the section of system validation, which
shall include appropriate high frequency ringing, damping and response to differ-
ent rise times. For that, two different lengths of cable is conducted. One, empha-
sizing on no voltage reflection, the other long enough to provoke reflection.

DC Supply

DSPACE
—_—

DSPACE

Figure 5.1: Scope of the implemented laboratory setup into Plecs
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5.1 The Cable model

The object of investigation is [30], a 6 core cable consisting of 3 phase conductors
and 3 PE conductors bounded in a symmetric way as visualized in figure 2.2.
In the following sections, the challenges of experimentally determining the cable
parameters is elaborated. Here, the two different length of available cable are
investigated.

5.1.1 Parametrization of the Cable

As shown in figure 2.1a and explained in section 4.1, the typical switching instance
is like two cables are leading in parallel, while the remaining is feeding back.
Therefore, reference [39] suggests to measure in this configuration to obtain the
short circuit impedance Z,. and the open circuit impedance Z,..

To obtain suitable parameter for the cable model from the LCR-measurements
conducted on the cable, reference [39] provides equations to estimate the parameter
for a high frequency equivalent circuit [cf. eq. E.1].

First the open and short circuit impedance is measured with an LCR-meter,
where open circuit refers to two lines connected in parallel to one port of the LCR-
meter, and the third line connected to the other port of the meter. The far side of
the cable is "open circuit" between the two parallel and remaining line, as the test
name suggests [cf. figure D.1]. For the short circuit measurement all three lines are
connected on the far side [cf. figure D.2].

After obtaining the data, it can be said, that the open circuit impedance should
resemble the open circuit characteristic of the model as in Figure 5.2a and the short
circuit impedance shapes the short circuit characteristic as it is shown in Figure
5.2b.

wl| =

Rs Ls

(a) (b)

Figure 5.2: Equivalent circuit for the a) open circuit impedance b) short circuit impedance
When considering the equations E.1 of the reference paper, the parameters for
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the short circuit behaviour were satisfactory, while the for open circuit behaviour
the equations yielded in a bad fit. This is visualized in figure 5.3.

The capacitive behaviour in figure 5.3a of the simulation (—) is significantly
higher in magnitude in the low frequency range, compared to the measured impedance
(—). Further, the phase of the simulation presents a mismatch between the calcu-
lated capacitances and the measured characteristic.

The phase plot of figure 5.3b however, presents a considerably better correlation
between simulation and experiment. Yet, looking at the magnitude at the high
frequency region a difference is easily apparent. The values can be compared later
in table 5.1.
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Figure 5.3: Comparison between experimental (——) obtained impedance and simulation (——)

with calculated circuit parameter for a) open circuit and b) short circuit

In order to improve the accuracy of the frequency response of the simulation,
the circuit parameter were numerically fitted to the HF-model of the cable. With
the obtained parameter the frequency response of the cable model is satisfactory.

To further put the obtained values into a scope, the geometrical derived values
from equations 2.9 and 2.10 were used. Having a = 1.7 mm as conductor diameter
and b = 3.3mm as insulation diameter, while using the given values for copper
and XLPE results in L' = 0.133pH and C' = 188.71 pF.

The parameter obtained through the different methods and measurements are
compared per meter in Table 5.1. In order to scale the measured impedance to per
meter and per phase, following equations are true:

, 2
ZOC = g : ZOC,meas . lc (5.1&)
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, 2 Z
ZSC — g . SCimeas (5.1b)

where Zpc and Zgc denote the open and short circuit impedance respectively
and [ the length of the cable. The subscript meas refers to the measured impedances.

Picking up the geometrically calculated inductance parameter and comparing
it to the equations from reference [39], it can be seen, that for the long cable a high
correlation is apparent. However, as seen in figure 5.3b, this is not in correlation
with the measured impedance. While the fitted parameter for the long cable (—e—)
is 67 % higher than the geometrical parameter, the fit gives a better match in the
magnitude plot, shown in figure 5.4b.
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Figure 5.4: RLC measurements for short (—e—) and long (—e—) utilized cable vs. circuit simulation
(short: —— and long: ——) following section 3.1. a) represents the open circuit impedance and b)
visualizes the short circuit impedance

Examining the the capacitive behaviour, it is apparent, that the calculated pa-
rameters of reference [39] does not correlate to the remaining parameters, as seen
in figure 5.3a. Nonetheless, the capacitance, calculated with the geometrical char-
acteristics, is with 16 % difference compared to the fitted values a good indicator
for the right range of values. The reliance on the fitted data can however be ex-
plained by considering figure 5.4a. This applies for the long, as well as for the
short cable.

Therefore, the required characteristic impedance, as explained in eq. 2.1, can
be calculated. This is done by correlating the open and short circuit impedance, as:

Zo = \/Zoc - Zsc (5.2)
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Length K L Ry Cn Ry Cpa
(mQ/m] | [wH/m] | [MOQ/m] | [pF/m] | [kQ/m] | [pF/m]

EQ29

& 2.10 - 0.133 - 189 - -

2m

EQ. E.1 7 0.182 1110 52.5 65 55.3

40.4m

EQ. E 6 0.136 962 0.067 134 2.86

?1’?1 10.7 0.280 402.5 220 40.4 12.5

;Li(t)A m 9.16 0.222 282.8 220 40.4 16.7

Table 5.1: Experimentally obtained parameters for utilized cable per unit meter

The calculated characteristic impedance for both fitted parameters and the mea-
sured data is visualized for the short and long cable in figure 5.5. This plot does
not show any surprises, since we have already seen a good fit for the OC and SC
impedance. Following eq. 3.1 and rise times in the ps, the pulses bandwidth would
be in the MHz range. Considering that in the calculated characteristic impedance,
it would related to around 40 (). This value can be used to calculate the reflection
factor I' [cf. eq. 2.3].

Further, following eq. 2.7 and 2.8 and using the 40.2 m fit values of table 5.1,
the traveling time for 40.2 m cable is calculated as t; ~ 0.281us. By comparing
experimental recorded waveform on both sides of the cable, the traveling time
could be extracted as t; = 0.283 ps. This results in an error of 0.7 %. It is assumed,
that a good fit of the traveling time is a good indicator to the effetely model voltage
doubling.

Though, comparing the normalized parameters for the 40.2 m long and a 2
m short cable, differences are clearly evident. Since the fit to its corresponding
measurement is matching, some further behaviour is not considered. The thoughts,
treating the missing behaviour is explained in the following sections.

5.1.2 Identifying inaccuracies in the cable model

In the following section the inaccuracies of the proposed cable model in compari-
son with the experimental results are explored.

To identify these additional parasitic components, the cable model is compared
to the physical cross-section of the cable, where all possible linkages between con-
ductors are investigated. The capacitive cross couplings are represented in figure
5.9.
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Figure 5.5: Calculated characteristic impedance with HF-model including fitted parameters (short:
and long: ——) and measured impedance (short: —8—) and long: (——) investigated cable

For the open circuit representation, as shown in figure 3.1, it catches the eye,
that the presented model not includes a circuit element for line to line.

In order to identify the influence of this coupling capacitance, an additional
impedance measurement was conducted. It was measured by measuring 3 phase
to ground [cf. figure D.3]. The Open circuit measurement is shown in figure 5.6.
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Figure 5.6: Fitted open circuit 3 phase to ground impedance (——) with RLC measurement (—)

From the fit (——), a line to ground capacitance of 160 pF can be extracted. Thus,
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a line to line capacitance of 60 pF can be calculated.

However, the additional circuit element discarded, because splitting the capac-
itance into line to line and line to ground components does not include additional
behaviour of the cable, when analyzing voltage reflection followed by a pulse be-
tween line to line.

Considering the fitted values of the inductance for the long and short cable [cf.
table 5.1] an approx. 20% difference of the per meter line inductance attracts at-
tention. This difference might be related to additional parasitic components of the
cable not considered yet. The authors considerations lead to a mutual inductance
between line to line and line to ground and shield.

In order to verify this thesis, additional measurements were conducted. In fig-
ure 5.7 the standard 2 line to line measurement is compared to a similar setup,
with the difference, that both ends of the ground and shield combination are con-
nected to each other at the floating ends [cf. figure D.4]. This is done to change the
coupling inductance between the wires and thus get an estimate on the magnitude
and relation to length of it.
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Figure 5.7: Influence of the coupling inductance between phases and ground in a 2 line to line RLC-
measurement where both ends of the ground are not connected (——) and connected (——) for a)
the short cable and b) the long cable

As it can be seen in figure 5.7a this change of configuration does convey a small
frequency shift for the short cable, while the long cable seems unaffected between
configurations, figure 5.7b.

This further proves the consideration of a mutual coupling, which the model
should include as a reactive component, an inductor. This would be scaled differ-
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ently to the length than the current model.

Because this effect is not visible anymore for the long cable, it is assumed that
the effect reduces with cable length and is negligible for long cables. It is recom-
mended to consider this behaviour when measuring a short cable and scaling it to
length.

Further, inductance of the ground wire and shield is not fitted nor modelled.
This may result in an inaccurate behaviour of the ground path in the simula-
tion. For the analysis of the common mode current additional components for
the ground wire will increase the accuracy and should thereby be considered. [5]

5.1.3 Scalability of the model

As it can be seen in figure 5.8 the frequency response of the chosen cable model is
considered to be a good fit up to and above 10 MHz.
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Figure 5.8: Comparing the high frequency response of experimental RLC measurements (——) and
a simulated multi section response (——) for a) open circuit and b) short circuit

The bandwidth of the signal can be estimated with eq. 3.1 and leads with a rise
time of 0.24 ps to approximately fpw ~ 1.3MHz. Comparing the bandwidth and
frequency plot of figure 5.8 the HF-model gives a considerable good fit. However,
when considering higher frequencies, it is again apparent, that an effect is not
quantified.

Generally it can be summarized that the cable model is scalable to length, where
the open loop behaviour of the model includes all important length related be-
haviours of the cable which results in consistent per meter parameter between the
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long and the short cable [cf. table 5.1].

For the short circuit impedance a mismatch for the line inductance between the
long and short cable was identified. This additional unknown influence seems to
decrease with cable length. It is assumed that if the measured cable is of sufficient
length inhibiting the unknown influence, this effect does not significantly change
the cable parameters if scaled longer.

When measuring an unfamiliar cable in order to obtain a parameters cable
model the following measurements are recommended to be conducted:

* For the Open Circuit parameter:

— 2 line to line configuration

— 3 line to ground configuration when the line to line capacitance is inter-
esting

¢ For the Short Circuit parameter:

— 2 line to line configuration

- additional measurement to identify the missing behaviour

Figure 5.9: Cable cross section including possible capacitive couplings between phase, ground and
shield among each other

5.2 Parametrization of PMSG model

The reflection phenomena in long cables is caused by the characteristic impedance
mismatch between cable and generator. Thus, to accurately simulate the waveform
deterioration through the cable, the generator needs to be modeled accurately. The
implemented PMSG-model is described in section 4.2.
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For simplification purposes it is assumed that the inductance of the Generator
is independent of the rotor position and distributed symmetrical for all phases. The
inductance, which is obtained from the data sheet of the PMSM can be transferred
to the abc reference frame by following equation 5.3.

3

Ly = Lq = ) “Lapc (5.3)

After initial tests it was found that the fundamental model, consisting of an
LR-branch for each phase, does only model the generator accurately up to around
25kHz. Because the voltage pulses has a bandwidth of multiple MHz, it is obvious
that the high frequency model proposed in section 4.2 is required.

In order to obtain parameters for the generator, similar to the methodology
of the cable, an impedance measurement at the generator terminal is conducted.
Again the measurement is conducted as 2 line to line in parallel and one as return
path. The impedance response is visualized in figure 5.10. The parameters were fit
in accordance to this measurement.
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Figure 5.10: Comparison of generator impedance’s between measured (——) impedance and simu-
lated (—)

It catches the eye, that at the resonance point in the phase plot at around
200kHz changes from 90° through 180° to -90 degree, while the parameterized
model changes through 0°. The authors of this thesis could not explain the be-
haviour captured in the measurement, nor correlate it to a generator model.

The peak at 25 MHz could be captured with an additional parallel LRC branch
in the model per each phase [cf. figure 4.3], but simulations showed, that this
additional branch would only have minor impact on the reflection factor. Hence,
due to computing power of the circuit simulator, it is discarded.
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Referring again to eq. 3.1 and knowing by know the frequency spectrum of the
voltage pulse, it can be seen at around 1.3MHz in impedance response, that the
magnitude is around 300 (). This value can be used to calculate with eq. 2.3 the
reflection factor I'.

When looking at the LR branch of the HF-PMSG-model in figure 4.3, which
represents the fundamental behaviour of the generator, a difference between the
data sheet values and the numerical fitted parameters was detected. This difference
can be explained by iron core saturation.

An further possibility to validate the parameters is possible by looking at the
current slopes of the current ripple in the experiment. With the relation:

di

Vlfl = Lcalc : E (54)

the inductance of the overall system can be extracted from the experimental
current and voltage waveforms. Because the cable inductance is very small in
comparison to the generator’s, it is assumed that the resulting inductance is equal
to the generators inductance.

To converter the calculated inductance to the inductance of one phase the rela-
tion

2
3

can be used. It results, for the conducted laboratory setup, in Lg,di = 2.33mH,
while the fit results in a L, ¢y = 1.688 mH. The data sheet value is Lg specification =
1.666 mH. It is expected that the value obtained with eq. 5.4 include saturation
effects, and reflect the actual setup running at nominal operation point. Therefore,
this value is choosen for further reference. However, this is a limitation of the
conducted model, since it estimates the fundamental waveform.

Finally all obtained parameters are given in table 5.2.

Lg = Lealc - (5.5)

L R Conp | Renp
mH] | oy | R | LBHL ) G pFl | R [O] [pF] Q]
1233  [225 |500 [e654 [916 [200 [355 |01

The accuracy of the model in common mode configuration could be increased
by conducting a 3 phase to ground RLC measurement on the generator terminal

Table 5.2: Parameter for high frequency Generator model

and use it to identify the to ground parameters from a separate measurement.
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Figure 5.11: Implemented rise time emulation, while a) represents the per phase equivalent schematic
and b) represents an ideal step (——) and a step with the implemented rise time emulation (—)

5.3 Further Considerations

Since the system under investigation in AAU’s drive laboratory consist of real
components, those needs to be considered.

The idea of emulating the rise time behaviour came from the reference [59].
The approach is, to use capacitive charging and discharging between conductor
and ground/low potential rail. The charging/discharging of the capacitor can be
described by using the time constant 7, which is related as:

T= Rt, Ct, (56)

revealing a resistance, limiting the current. The resistor, compared to the refer-
ence, is moved to the AC side of the converter, see figure 5.11, due to the 3 phase
implementation.

The above equation gave an estimate, while fine tuning of the RC circuit took
place. The draw back of this implementation is, that the current distribution at the
DC side of the converter are immature.

Further, to emulate the laboratory setup, the modulation technique is adopted
from the experimental setup with space vector modulation. This is mentioned for
the sake of completeness. The modulation was just utilized to run the simulation,
no further considerations were put in here. This also means, that no control for the
rotor speed is implemented.
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5.4 System Validation

Now, that all sub-components of the systems are modeled, the overall behaviour of
the system driven by the interaction between components is compared to reality,
as prove of concept. While correlating circuit simulation to the experimental test
setup, following qualities are considered:

¢ The "operation point" of each pulse can be described with

- phase currents

— rise and fall time

¢ the time between "double pulses" is long enough for all remaining oscillations
to be damped. No overvoltages > 2Vpc [cf section 2.2]

With these considerations, two different simulations were conducted. This is,
one light simulation (figure 5.12) focusing on the wave reflection and correlated
overvoltage behaviour, the other (figure 5.13) including the same parameters for
cable and generator but also the 2 level 3 phase converter, fixing an operation
point, being thereby heavier in calculations. This means, that the operation point
is floating for the light simulation. However, between light and heavy simulation,
the voltage reflections are of comparably nature. This leads to the establishment,
that the simulations can be used interchangeable. Which one is used is, depends

on the purpose.
{ Long Cable =®

el ]

P
]
AF
F_

Vbc

Figure 5.13: Heavy simulation, including fixed operation point by means of current due to imple-
mented Torque

The predominant effect of voltage reflection in relation to the system is the
damping factor. In section 4.2 the influence on the damping behaviour is ex-
plained. While section 5.2 adopts the theory and parameterizes the measurement
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to the equivalent circuit of the generator shown in figure 4.3. When the simulated
waveform with the experimentally measured waveforms were compared, with the
component parameters from section 5.1.1 and 5.2, the damping behaviour did not
correspond.

As explained in section 2.3 the damping behaviour can be explained by two
mechanisms: the frequency dependent AC resistance, as well as the damping factor
due to impedance mismatch.

Trying to explain the difference of damping, the AC resistance was further
analyzed. The eq. 2.23 and 2.24 were utilized with the parameters from table 5.1 for
40.2 fit. The oscillation frequency relates thereby to fo = 0.8725MHz. The related
conductor diameter is 2 = 1.7mm, giving an AC resistance of Ryc = 1.6m(),
leading to a damping factor of 0.999. Hence, firstly, the AC resistance is not the
missing damping influence, further, for this application it is reasonable to neglect
the AC resistance.

Since the rise time of the experimental measurements cannot be determined
accurately. Further, with the knowledge of section 2, where it is stated that the rise
time has an additional effect on the damping,

Since the utilized parameters results in a missmatch of damping behaviour, eq.
2.3, determining the reflection factor analytically and thereby the damping factor
of characteristic impedance difference of generator and cable, cannot be utilized.
Therefore, the damping factor can be read from the waveform. However, as stated
before, does the rise time also have an influence on the overshoot and thereby
the first reflection at the generator terminal cannot be considered to determine the
reflection factor.

Cable Parameter

R L R, [C, |R, [Cp, ]
[mQ/m]| [4H/m] | [MQ/m] [pF/m] | [kQ/m] | [pF/m]

9.16 0.222 282.8 220 40.4 16.7

Generator Parameter

iy R, R, L; Ct R; Conp | Renp
[mH] | [mOQ] | [Q] [nH] [PF] [€] [PF] [€]
2.33 225 300 654 916 200 355 0.1
Rise time emulation parameter

Ct, Ry, )

[WFl | [mQ]

8 14 -

Table 5.3: Utilized component values in simulation

In order to separate the behaviours of rise time and characteristic impedance
difference, the theory about damped oscillations were considered, as explained in
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section 2.3.

Applying the theory to the obtained waveforms, a mean value has to be de-
composed from the peaks. For that, eq. 2.26 is modified. Still, two peaks of the
oscillatory motion is chosen. Though, now the associated minimum to the peak
(half a period further) is subtracted from the peak, like:

pr(t, t+ mT) = max(fosci) - min(fosci) (5-7)

With x,,(t) and m periods late x,,(t + mt). This relates to the adjusted eq.
2.26, as:

Xpp(t)
Xpp(t +nT)

Having determined the logarithimc decay ¢, the damping factor { is calculated
following eq. 2.27.

Following the procedure, it relates to a damping factor I' = 0.75 for the ex-
perimental setup. In order to come closer to this value, the generator parameters
were analyzed again. And, it was worked out, when varying the eddy current loss
resistance R, it has the most influence on the damping factor. Therefore, against
the fitted parameter from section 5.2, R, was chosen to be equal 300 Q2. This leads
to a mismatch in frequency plot of figure 5.10 resulting in higher max and min of
the peaks at around 200 kHz.

However, with this move, the missing damping could be compensated. This
relates to the conducted values in table 5.3, while a voltage waveform of experiment
and simulation, related to the damping behaviour is visualized in figure 5.14.

The enclosing function of eq. 2.26 for the simulation is plotted into figure 5.14.
This gives prove, that the method described in section 2.3 gives a good estimate of
the damping factor. For the simulation, with the values from table 5.3, the damping
factor I' = 0.79 is calculated.

There is still a difference between simulation and experiment. However, the
error is of around 5 %. Considering the characteristic impedance of the cable
and generator for the bandwidth of the pulse, deducted in section 3.1 and 5.2,
respectively, the following reflection factor I'g, with eq. 2.3 is calculated:

c=1In

r - Zo,g — 2o, ~300—40
& ZO,g + Zy,c ~ 300 + 40

=0.76 (5.9)

This calculated reflection factor with the characteristic impedance responses
of the measurements and fitted data, lies in between experimental waveform and
simulation waveform reflection factor, which further validates the simulation.

Further in this figure 5.14, it is apparent, that between the simulation model
with the chosen parameters and experiment a difference in oscillation is apparent.
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Figure 5.14: Experiment (——) vs. Simulation (——) I-I voltage with the fitted damping coefficient
)

Despite that, it is considered to be reasonable and a good fit, when conducting
analyses for the filter and later for the up-scaled simulation.

The damped oscillation following eq. 2.29 for the chosen parameters of table
5.3, resulting in { = 0.0746 and f; = 760kHz, is visualized in figure 2.5.

Since the simulation is established and the parameters are determined, it can
be analyzed whether theory complies with practice. Measurements of the experi-
mental setup are conducted by measuring right after the LEM box for the converter
side measurements, while a measurement box was installed right before the gener-
ator terminal in order to measure voltages and currents at the generator terminals
[cf. figure 5.1].

Following the employed theory of chapter 2, no or minor overshoot shall occur,
when conducting the test setup with a cable shorter than I.,. In figure 5.15 is a
line to line voltage of a short cable for the experiment (—) and simulation (—)
presented.

While figure 5.15a represents the initial pulse at the converter side, does figure
5.15b represent the voltage at the generator terminal. For both sides it can be
concluded, that theory applies and comparably no overshoot occurs. Oscillation at
the generator terminal is present. Due to the shorter cable, the travelling time is
short, which relates to a higher oscillation frequency. The minor overshoot at the
generator terminal can be explained with eq. 2.16 and the related figure 3.5, since
t; < t,/2 and the relation of those two is a high value.

Comparing simulation to the experiment, it can be seen, that a similar be-
haviour is present. Though, the extent of the overshoot of the is not represented
by the simulation as it is in real life.

Though, considering the case of investigation, a long cable between converter
and generator, the correspondence between simulation and experiment is closer. In
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Figure 5.15: Comparing the simulation (——) with the experimental results (——) for the short cable

at a) the converter and b) the generator terminals

a detailed look, figure 5.14 confirms that. However, figure 5.16 compares converter
terminal to generator terminal of both experiment (—) and simulation (—).

The oscillatory behaviour at the converter side, presented in figure 5.16a, is
again not fully represented in the simulation. Nonetheless, comparing the referred
figure to figure 5.16b it can also be seen, that theory complies to practice and the
simulation complies to a great fit to the experiment.

Wave reflection, as shown in figure 2.1, is clearly present for simulation and
experiment at the generator terminal. Considering theory further, the overshoot
seen at the generator terminal is not present at the converter terminal, due to its
comparably low impedance for high frequencies. Also at the generator terminal,
the reflection factor I'; shows its influence with the decay down to V.

Now having confirmed the theory quantitatively, a qualitative view on the fun-
damental waveforms is given. It should be denoted, as said in section 5.3, the
modulation was not part of the simulation effort. This is clearly evident in the fol-
lowing analyzes. However, the conclusions are draw in regard to wave reflection
theory, where the modulation has no influence, when not entering overvoltages >
2Vpc [cf. section 2.2.2]

First, in figure 5.17, the fundamental line to line voltage of a short cable is
shown. In figure 5.17a, the experimental voltages of converter and generator ter-
minal are overlayed, the same for the simulation is shown in figure 5.17b. For both
the drawn conclusion from earlier is true, no or minor overshoot due to reflections
is visible, since both converter and generator terminal voltage waves are on top of
each other. This is different, when looking at the long cable in figure 5.18. Here,
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Figure 5.16: Pulsed long cable of simulation (——) vs experiment (——) for a) converter and b)
generator side

the experimental converter and generator voltage waveforms are presented in fig-
ure 5.18a, while for the simulation in figure 5.18b. For both figures, it is clearly
evident, that the reflection due to characteristic impedance mismatch and travel-
ling time is present, since the voltage at the generator terminal is greater than the
initial converter side voltage.

With these assumptions the requirement for the simulation are to recreate a
double pulse for a given operation point. With such a double pulse simulation the
two parameter which are important to determine the waveform quality, max(dV/dt)
and V( are recreatable.

5.5 Waveform Quality Deterioration

The waveform quality is interesting in two regards. On the one hand The current is
measured at the converter terminal to control the active rectifier and through that
the generator. On the other hand the waveform quality can be used to determine
the stress on the generator.

Additionally the question is raised, if the deterioration through long cables
does change the efficiency of the generator/losses in the generator.

Following the inverse behaviour between current and voltage as discussed in
Chapter 2 regarding the position of overvoltage the influence of the long cable on
the current waveform takes effect on the converter side. There, the sampling for
the converter control is taken. Looking at figure 5.19, it can be seen for the short
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Figure 5.17: Fundamental voltage of short cable of converter (
experiment and b) simulation

) vs generator side (—) for a)

cable in figure 5.19a, that no great deterioration between converter and generator
is given. Though, for the long cable in figure 5.19b, the distortion at the generator
is of great influence compared to the generator terminal. This gives a first insight
of the requirement to consider deterioration, when conducting senseless control of
the generator.

Often, the current for the converter control is sampled approximately in the
center between two pulses. With other words, the sampling point is at the peak
and valley of a triangular carrier. Further, that reflects, that the sampling is twice
the sampling frequency. [12].This results in the fact, that the sampled value is very
close to the average of this period.

As seen in the figures before, the long cable consist of noise. As it can be seen in
figure 6.6, the introduced noise can be at the sampling instance, which expected to
disrupt the accuracy of the control. The noise level, by means of the high frequency
ringing, could introduce an error of up to 40 %.

Following the previous argumentation, when looking at the generator stress
level, the distorted and dues investigated parameter is the generator terminal volt-
age. For

e Fourier transform distribution
e max(dV/dt)

* VOUET’

The last two can be obtained form the a pulse and the resulting parameter are
described in table 5.4
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Figure 5.18: Fundamental voltage of long cable of converter (——) vs generator side (——) for a)

experiment and b) simulation

1“
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(b)

Method max(dV/dt) in V/ns | Vs in V | Viige in pis
short cable 3.0 520 0.213
long cable w/o filter 55 905 0.24

Table 5.4: Voltage waveform parameter comparison to characterise the deterioration

It is expected, that introducing a filter will solve these concerns of control and

stress level by improving the current and voltage waveform quality.

56




15
Il
1.5 LA
B I fl
1 |
(
1 I
05" i ‘
—_ |
~ 0.5 ;
3 £ 0
< : |
£ 0 3
: i W
S : !
05 *n ‘ \
v n L
-1 Rl l ‘
| | I | | 15 - ‘ ‘ ‘
"ot -0.01 -0.005 0 0.005 0.01 i 5 10 15 2
time [s] time [s] %10
() (b)
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b) long cable
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Chapter 6

Filter Implementation

In this chapter the impact of a filter on the waveform quality is analyzed. First
the design methodology established in section 4.3 is utilized and some simple
considerations regarding filter losses are taken into account. Then experimental
waveforms are compared to the simulation results. Finally the impact of the filter
on the waveform quality is discussed, considering the previous results.

6.1 Filter Design

Following the in section 4.3 established methodology, the different component sizes
for the filter are determined. This is by choosing an appropriate overshoot and
hence a critical rise time. The chosen values are displayed in the first column of
table 6.1.

Taking eq. 4.8 to determine the filter capacitance, an approximate safety margin
of 20% was added to the cable length. This relates to a length of 50m and Cy =
49.2nF

Further, when considering eq. 4.9 with v, = 150m/ps, I'y = 0.74, [, = 41m
and a v, = 0.2 it relates to a critical rise time t,, = 3 ps.

Now, continuing with the established methodology by using eq. 4.10 and 4.12
the filter inductance of Ly = 0.187mH and Ry = 123 () can be calculated. To Ry a
20% margin was added, leading to 150 (). The values are summarized in table 6.1.

The methodology is conducted for different overshoots to see a range of filter
options, limited to the topology. For the last two rows of table 6.1 the rise time is
kept constant and the capacitance is changed in correspondence to the resonance
frequency depending on the inductance.

Now, to estimate the behaviour of the filter, the frequency response and step
response [cf. eq. 4.13] with the component values in the 2. row of table 6.1 are
plotted in figure 6.1. In 6.1a it can be seen, that the cut frequency is present at
around 155kHz. The resonant frequency, following eq. 4.7, relates to 52kHz.
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ter [ps] Filter Losses | Filter Losses
for Vi | Ly [mH] | C¢ [nF] | Rf [Q] | w/o gnd with gnd
[%] [WI ([%]) [W] ([%])

6 for 10 732 49.2 292 8 (0.8) 222 (21.0)
3for20 | 187 492 150 23 (1.8) 328 (22.8)
2for30 | 813 492 97 37 (2.5) 434 (27.9)
1.5 for 40 | 45.7 492 72 68 (4.2) 532 (33)
3for20 |20 182 210 30 (1.8) S
3for20 | 200 18.2 210 16 (1.0) 177 (114)

Table 6.1: Filter component size. Nominal power is 1.5 kW

Thereby both the cut and resonant frequencies are above the switching frequency.

The figure 6.1b shows the step response of this transfer function. Here, it is
already visible that the filter will, besides slowing down the rise time, introduce
an overshoot at its output. Still, the slower rise time will suppress the voltage

doubling effect. This behaviour is more desirable than no filter.
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Figure 6.1: Presentation of transfer function of chosen LCR filter a) frequency response b) step
response

The influence of the filter on the overall system, exemplary shown for the pa-

rameters of row 2, is visualized in figure 6.2. Examining the generator side (figure
6.2b), where the overshoot and its high frequency ringing due to the reflection has
its mayor impact, it is visible that the overshoot with the selected filter could be
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suppressed by 57% points and lies after reducing the dV/dt at 20% overshoot, as it
had been tuned for. The reduced rise time to 3 s is apparent in figure 6.2a.
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Figure 6.2: Circuit Simulation behaviour of filter (
and generator side

) vs no filter ( ) at a) converter side and b)

For all suggested parameter combinations, the filter resistor losses are estimated
through circuit simulation. These estimated values are compared in table 6.1. There
it can be seen that the resistor losses are smaller for bigger inductance, or smaller
capacitances.

Additional losses will be present in the experimental setup, which could be
model by an ESR. It can be assumed that the losses in the inductor will increase
with increasing inductance. Because of that, the inductance should be kept small.

The overall power loss of a filter should be very small. In this case it was tried
to minimize the resistor power loss to 0.1%. It was not possible for the authors
to archive this goal by tuning this filter topology. That was, because the overall
inductance of the system should stay in an acceptable range.

Even though grounding the filter star point reduces additional common mode
current and voltage the loss increases by a factor 10, making this not a viable
option.

6.2 Experimental filter validation

Even though it was not possible to design an satisfactory economical efficient LRC
filter in the previous section, this section will experimentally verify the expected
behaviour observed in the simulation.
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The components for the experimental setup were selected to have a low over-
shoot and thereby a relatively long critical rise time to ensure the suppression of
the voltage doubling effect, but on the other hand as low losses as practicable using
this simple LRC topology. The utilized parameters are given in table 6.2.

Table 6.2: Component values used for the experimental filter

Ly Cr Ry
[uH] [nF] [O]
120 22 220

Implementing the constructed filter into the laboratory setup results in wave-
forms as presented in figure 6.3. Pictures of the laboratory setup, including the

filter, are presented in appendix G.

Comparing the converter side with the generator side, again, a similar wave-
form shape, due to the filters oscillation is present. At the same time, it can be said
that the voltage doubling effect is successfully suppressed. This behavior can also
be seen for the simulated waveform.
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Figure 6.3: Experimental data including the proposed filter. The simulation (——) is compared with
the experimental (—) result. The a) converter side is compared to b) generator terminal waveforms.

Comparing the experimental double pulse with the simulated, the difference is,
again, in the oscillation frequency of the overshoot. Apart from this known issue,
the magnitude of the overshoot and the damping behaviour are a good fit. Thus, it



can be said that the simulation also captures the behaviour of the cable and system,
when including a filter.

The experimental data can be used to determine the resistor losses by measur-
ing the voltage drop over the resistor and the current through it. The results can
be seen in table 6.3.

Operation point p, Pritter,r

[N - m], [Hz] [kW] [WI([%])
7,50 1.96 40 (2.04)
14, 50 4.38 41 (0.94)
14, 23, Simulation 1.72 22 (1.31)

Table 6.3: Experimental measured resistor losses

When comparing the two operation points it seems like the filter losses are
operation point independent. It seems that the percentage of power looses drops
by increasing the power level. This behavior can be explained with the fact, that the
cut frequency of the filter is designed to be above the switching frequency. Because
of that, the magnitude of the fundamental frequency should have a small impact
on resistor losses.

In figure 6.4 the appearance of the fundamental waveforms are compared. Be-
sides the previously mentioned difference of the fundamental frequency, which
leads to a denser appearance of pulses, the shape of the two sub figures is very
similar. Now the main influence on the waveforms is no longer the long cable, but
the filter. Even, considering the simulated fundamental, presented in figure 6.4b,
the generator terminal voltage can not be seen since they are alike.
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Figure 6.4: Comparison of fundamental waveforms including a filter, for the converter (——) and

generator ( ), for a) the experimental setup and b) circuit simulation

Concluding, it can be said that the filter behaviour behaves as expected in the
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experimental setup. Also, the simulation still represents the cable behaviour when
included filter as modeled. With the filter topology chosen it was not possible
to have reasonable losses in the damping resistor, but it is expected, that the loss
percentage decreases with increasing power. Therefore, both a more advanced
filter topology, as well as an higher power level could be beneficial, which is in
corresponds to reference [23].

6.3 Waveform Quality Improvement

In section 5.5 the attention is attracted to two areas of concern, the control of the
converter and generator stress level. In order to reduce the stress level of the
converter, it was suggested that a filter could solve both problems.

Due to theory [cf. figure 2.1], it is assumed, that the filter has a similar suppress-
ing effect on the current high frequency ringing at potential sampling intervals for
the control, as seen for the long cable.

In figure 6.5, the fundamental currents at converter and generator side are pre-
sented. Comparing the sub-figures, it is apparent, that the filter reduces also in the
current the overall noise and thereby the high frequency ringing(figure 6.5b), when
comparing it to the long cable without filter (figure 6.5a).
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Figure 6.5: Fundamental current of converter side (——) vs generator side (——) for a) long cable

and b) long cable with filter

In regards of the waveform quality, affecting the sampling of the control, this
means, as visualized in figure 6.6b, that the overshoot is suppressed to a similar
level as measured with a short cable.

put percentages

In the previous section 6.2 it was shown, that by utilizing a simple dV/dt filter
it is possible to suppress the overvoltage effect, when reducing the rise time. The
resulting waveform has an reduced impact on the generator stress, when compar-
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Figure 6.6: Magnitude reduction of high frequency ringing at converter terminal due to dV/dt filter
for a) short cable and b) long cable with filter (Zoomed image of figure 6.5b)

ing the values of table 6.4. The rise time is approximately prolonged with a factor
of 10 compared to the non-filtered rise times. This has an effect on the max(dV/dt),
which is reduced below the 0.5V /ns [cf. section 4.3]. Thereby, it is concluded, that
the dV/dt filter has a positive effect on the voltage stress.

Qualitatively an influence of common mode reduction is apparent. Because the
common mode paths in the experimental setup were not very defined [cf. figure
1.4] and thus not further measured.

Method max(dV/dt)[V/ns] | Vouws[V] | ti[ps]

short cable 3.0 520 0.213
long cable w/o filter 5.5 905 0.24
long cable w filter 0.265 620 2.25

Table 6.4: Voltage waveform parameter comparison to characterize the deterioration
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Chapter 7

Case study: 10 MW Up-scaled Wind
Turbine

In this chapter the gained knowledge of the impact of long cables in a generator
converter setup is used to estimate its influence in a high power medium voltage
environment. First, a case is proposed which could outline a future scenario in
which long cables implemented. This means, the conversion stage is located at
the tower base. All relevant parameter for a operation environment, cable and
generator are estimated for the proposed case and a statement about the expected
resulting waveform quality is made. Finally a filter design to improve this quality
is introduced, to give an estimate of filtering effort needed.

7.1 Up-scaling the model

The proposed case is a wind turbine with nominal power of 10MW. A medium
voltage level is amongst others desireble to reduce the cable diameter compared to
the same power level for low voltage.Hence, the case for V,, = 4kV is considered.
The cable length is investigated for 100m and 200 m to cover the expected range.
The authors of this thesis did not have any data or parameter at for the medium
voltage high power setup available at the stage of submitting the thesis. Thus, all
implemented parameters are estimates.

For the cable parameter estimation the cable type WINDLINK® (N)TSCGEHXOE
is considered as reference. Following section 2.2, the cable parameter can be esti-
mated using the geometric information of the cross-section with eq. 2.9 and 2.10.
The conductor and insulation diameter are respectively 10 mm and 20 mm per
phase. The insulation is unknown and thus estimated as a worse case scenario.
The resistance is estimated using the following relation.
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where p is the resistivity of copper, [. is the cable length and A is the conducting
area. The calculated parameters are displayed in table 7.1. One has to be cautious
with these estimates, because, as it can be seen in table 5.1, these estimation differ

for the in this thesis conducted experiments by 40%.

length Ls R, Cn t;
[meter] [pH] [mQ)] [nF] [ps]
1 0.138 0.273 0.180 0.005
100 13.8 27.3 18.0 0.498
200 27.7 54.6 36.0 0.997

Table 7.1: Estimation of cable parameter the proposed MW and kV turbine arrangement

Because the parameter are only estimated the high frequency components are
not included into the model. The same approach is taken for the generator. The
stator branch (R, and L) is used to model the fundamental behaviour of the gen-
erator, a parallel resistor (e.g. R,) is used to adjust the reflection factor.

The reflection factor for a typical cable generator system can be estimated based
on the nominal power, following [14]. The corresponding parallel resistance R
is obtained through trial. The resulting parameters are given in table 7.2.

Because the lack of data, the stator inductance Lg and resistance Rq are scaled
to the power level using the following calculations. This is firstly obtain the per
unit values of the characterized lab setup, as:

Py =72kW
Viase =500V
Py 72kW
Tppeo = - =144 A
base = v . 500V
Viase 500V
base =, 144A
R 0.2250)
Repy = =8 = — 63mQ
g = 7~ = 3sz oM
L, 233mH
_ 8 __ _
bor = 7,.0= 3570~ o°wH

Which then in turn can be converted to the up-scaled parameters, as:
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Vipase = 4kV
P,
Lpse VTN =25kA
ase
Vibase 4kV
Zpase = =160
base = 1, 25KA

Rg,up - Rg,PU . ZbHSL’ - 63 mQ . 16Q - 10.1 mQ
Lg,up - Lg,pu . Zbase = 65.3 }JH -1.60 =0.101 mH

Through a trial and error methodology it is found in the simulation that these
stator parameters have nearly no influence on the reflection factor.
With the relation:

Pmech = Tw/ (7'2)

the mechanical operation point of the simulation can be estimated and set.
Finally the rise time is chosen to be of the same value as measured in the ex-
perimental low voltage setup. With that, all parameter, considered relevant, are
selected.

Lg Ry T R damp
[mH] [mO] [-] [O]

 0.101 | 10.1 | 0.6 | 93 |
VDC T wg
[kV] [kN - m] [1/s]

|4 | 31.8 | 27-50 \ |

Table 7.2: Estimation of generator parameter for the proposed MW case and resulting operation
point

With these parameters a simulation for 100m and 200m is conducted. A double
pulse for both length is visualized in figure 7.1. These figures, as well as the table
7.3 seem to suggest that the waveform deterioration is in a similar range than
the experimental obtained values, considering the higher voltage level and bigger
conductor diameters. The lower reflection factor results in a smaller percentage of
overshoot, and the higher voltage level obviously increase the absolute dV/dt.

Also the increased cable length increase the absolute traveling time.

Concluding it can be said, that the relative voltage overshoot decreases for
the higher power level. The percentage of overshoot goes down, and thus with
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Figure 7.1: Visualization of voltage deterioration, between converter (——) and generator (—)

terminals, for a MW and kV level case, and a cable length of a) 100 m and b) 200 m

max(dV/dt) VO abs ty
Method ’

[V/ns] [V] [ps]
100m cable 30 6050 0.24
200m cable 19 6420 0.24

Table 7.3: Waveform quality parameter from the up-scaled model

constant rise time the rate of voltage change also decreases. The fact, that the rate
of change for the 100 m cable is faster than for the 200m cable is related to the
higher oscillation frequency in the shorter cable. Despite that, the shorter cable
will need less filtering effort to avoid the voltage doubling effect. The fundamental
waveform could not be analyzed because the simulation did not reach a usable
steady state operation.

For the estimation of the cable parameter it can be said that a big variance is
expected. E.g. for the experimentally validated methodology [cf. 5.1], a difference
of traveling time of around 40 % between geometrical and measurement was seen.
It is expected that the estimated cable parameters in this section are in a similar
range. As the travelling time is directly linked to the length, the investigated 100
m and 200m can be seen as a best case - worst case scenario of a 150 m long cable.

The biggest influence of the generator on this reflection behaviour is the result-
ing reflection factor. The authors expect, that a medium voltage multi megawatt
generator results in a even lower reflection coefficient in comparison to the here
chosen. Thus, the damping is expected to be better than the here shown behaviour.
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It should not be forgotten that the rise time will influence the overshoot.

7.2 Impact of a Filter

To obtain the filter parameter, again the equations 2.8, 4.8, 4.9 and 4.10 can be
followed. As before, for the length a safety margin of 20% is included. this results
in the two parameter sets displayed in table 7.4.

trerit and Vo e Lf Cf Rf
[ps] and [%] [m] [pH] [nF] [Q]
3.59 and 20 100 110 120 61
7.18 and 20 200 220 236 61

Table 7.4: Filter parameter for the Upscaled simulation

In figure 7.2 it can be seen that the filter has a similar effect on a voltage step
as seen in the low voltage investigation. Thus the general behaviour is expected to
be similar.
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Figure 7.2: Visualization of voltage deterioration including a filter, between converter (——) and

generator (——) terminals, for a MW and kV level case, and a cable length of a) 100 m and b) 200 m

Again, the characteristic parameters, to determine the voltage waveform quality
can be seen in table 7.5 and a the waveform improves in the expected way.

Due to the fact that the fundamental simulation did not include control struc-
tures of any kind, it was not possible to reach steady state at a realistic fundamental
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max(dV/dt) Vo abs By
Method ’

[V/ns] [V] [ps]
100m cable 1.52 4850 0.24
200m cable 1.15 5110 0.24

Table 7.5: Waveform quality parameter from the up-scaled model including a filter design

frequency. Due to time limitations the control was not implemented. This leads to
the facts, that the filter design could not be investigated further. The open topics
include the impact on the current quality and the fundamental voltage behaviour.
However, due to the presented effects of the up-scaled investigation, as well as
the gained knowledge throughout the process researching this topic, the authors
believe that the effect of the filter will result in a similar conclusion as for the low
voltage investigation.

Overall it can be concluded, that it is expected, that the issue of voltage reflec-
tions lessens with increasing power due to the lower reflection factor. A dV/dt filter

is needed to avoid the voltage doubling effect.
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Chapter 8

Discussion

Having established the simulation model and correlated it to the experimental test
setup, this section will give an overview of the discrepancies discovered through-
out this process. This will include the modeling aspects, the parametrization of
components, a system discussion concluding in the dV/dt filter implementation
and the correlated waveform quality influence.

The cable model showed some variance compared to the distributed characteristics
of the cable. In section 3.2.1 it was assumed that the usage of 10 model sections
of the cable model is sufficient for an accurate simulation representing the range
of investigation. This was validated by an impedance analysis of the implemented
cable simulation. It has been seen, that including more cable sections results in ad-
ditional higher frequencies behaviour. That means, the frequency response below
that "cut"-frequency determined by the section number stays unaffected. Albeit, in
figure 5.8 the experimentally measured cable shows in the phase plot for higher
frequencies a damped behaviour, not represented in the implemented model. De-
spite that, by determining the bandwidth of that pulse [cf eq. 3.1], a range where
the model should be accurate can be established. Considering the frame of this in-
vestigation the bandwidth was below the divergent behaviour of measurement and
simulation. And, the bandwidth relates a model with 10 cable sections as sufficient.

The cable was modeled as a transmission line model modified for the high fre-
quencies, following the suggestion of reference [39]. Fitting the component values
to the experimental data with one section of the cable model yielded a good fit.
Though, comparing the modified high frequency and the normal transmission line
model for 10 sections a difference between those two is barley apparent [cf. fig-
ure 3.3]. While this suggests that the high frequency modification is of minor
influence, the authors of this thesis concluded that higher accuracy is desirable,
since the reflection is high frequency phenomenon. Although higher frequency
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cross couplings in a cable could not be fully excluded, it is assumed, that by best
prospects the high frequency modification accounts for that.

The noticed inaccuracies of the cable model were further discussed in section 5.1.2.
For the open loop model, all coupling capacitance of the cable are modeled as a
line to ground representation. Though, the physical structure of the cable indicates
line to line coupling capacitances. The presence of the coupling capacitance was
experimentally proved. This relates to, that the simplification made for the model
is only valid for line to line pulses. Since all pulses in the investigation are line to
line this assumption represents the to investigated behaviour accurately. When in-
vestigating common mode currents line to line capacitances are needed and should
be associated.

When investigating the cable’s scalability to length, an inductive coupling between
conductive elements of the line inductance of the investigated cable was experi-
enced. This leads to an difference of inductance of approx. 20 % between short
and long cable measurements. However, the influence of the coupling decreases
with increasing the cable length [cf. figure 5.7]. This relates to that it is assumed
to have no influence, when the parametrization measurements are conducted on a
cable of sufficient length. Thus, the equations 5.1 can be used to scale the measured
impedance to per meter.

Due to the pulses bandwidth, Similar considerations as to the cable model were
drawn for the converter. A high frequency model was deemed necessary, because
this thesis mainly investigated the high frequency ringing at the generator termi-
nals [cf. Ch. 2].

The main simplifications used for the generator model [cf. section 5.2] are that
neither iron core saturation nor the angular dependency of the stator inductance
were modeled. This simplification was done, because the fundamental current
does not directly influence the reflection behaviour. An observed mismatch of
generator inductance between LCR-meter measurement and inductance obtained
from the fundamental’s current ripple [cf. eq. 5.4] could be caused by one of the
two unidentified phenomena. Because a try and error analysis of the fundamental
parameter suggested that the influence of this parameter is relatively small on the
impedance mismatch, no further investigation was conducted.

The frequency response of the generator’s impedance shows difference between
fit and measurement [cf. figure 5.10]. This is due to the structure of the chosen
high frequency generator model which is not compatible with the measured data.
The phase shape of the measurement around 200kHz suggests that a different
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model type is required to described the obtained impedance measurement. Hence,
it could not be verified, if the measurement can be fully trusted. However, around
the pulses bandwidth reasonable data of the generator model can be extracted. A
fully accurate model of the generator and thus representation of the reflection fac-
tor was not completely achieved.

Nevertheless, the reflection behaviour is operation point independent. Thus, the
influence of the generator on the damping is described by the impedance mismatch
between generator and cable characteristic impedance. While conducting simula-
tions with the above explained inaccuracies, the observed reflection factor could
not be obtained [cf. section 5.4]. The authors of this thesis suggest as possible
reasons with descending probability:

¢ the previously mentioned inaccuracies of the generator model,
¢ the not included ac resistance,

* general inaccuracies in the model structures.

To counteract the discrepancies, the damping factor was adjusted. This was done
with the modeled resistor between line and neutral point. This resistor represents
the eddy current losses of the generator. Unfortunately, this does not fully repre-
sent experimental impedance measurements. However, this might compensate the
established model. This is, because a damping factor with around 5 % deviation
between experimental ans simulated waveforms could be obtained.

As last simplification, it needs to be mentioned, that the heavy simulation does
not include any kind of control of the converter. Only a default space vector mod-
ulation, in which the rotational angle of the generator is fed as reference signal
was conducted. This was done due to time constraints. The generator is connected
to a mechanical torque and rotation source. That means, the operation point of
the simulation is not directly adjustable and thereby dependent on extrinsic influ-
ences. This results in a different pulse distribution and fundamental current in
comparison to the experimental waveforms|cf. figure 6.4]. Still, the general funda-
mental waveform shape can be reproduced, which makes this simulation a great
and fairly accurate tool to estimate the fundamental behaviour of the setup and
cable. Because of that, for pulse comparison this thesis used a separate simulation,
[cf. figure 5.12].

Analyzing the implemented filter’s power losses estimation, an approx. 50 % dif-
ference between measured and simulated power loss is noticeable [cf. table 6.3].
The heavy simulation was used for estimations. As said, the operation point was
not controllable. This means, the fundamental operation point between simulation
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and experimental data differs, thus the Pgy,, g differs. Also, the equivalent series
resistance of the filters” inductor and capacitor was not considered in the simula-
tion. However, since the relative filter loss to its corresponding operation point is
in a reasonable range, the filter loss estimation but also the overall simulation can
be stated as an useful tool to investigate the filters effect.

In addition, it was not possible to tune a LRC-filter with power losses smaller than
0.1% which is a desirable value, especially for industrial applications [cf. Chap-
ter 6]. The tuned filter exceeded this limit by at least 1.2 percentage points. In
addition, the losses of the inductors equivalent series resistance were not even con-
sidered and should thereby be added to the calculated losses. This means, the
overall losses are even higher. However, the filter losses are mostly related to the
switching frequency, and not so much on the amplitude of the fundamental cur-
rent [cf. section 6.2]. Thus it is expected that the filter resistor losses decrease with
increasing power. Alternatively it is suggested to use more advanced filter typolo-
gies to avoid this issue.

Further, current deterioration through a long cable might influence sensorless con-
trol. This is, the location of the current noise ripple is at times in the middle of
a continuing slope [cf. 5.19]. This is caused by the switching of a parallel phase.
Thus, the instance of the sampling and/or switching could be controlled in such a
way, that this noise does not effect the control, while considering the mean value
estimate.

Else, it was also found that a filter suppresses this current noise to a similar
level as in the short cable. Thereby, by protecting the generator of high stress, the
current noise could be resolved [cf. section 6.3].

Finally, the question is raised, how the voltage waveform deformation has a nega-
tive impact on the generator, e.g. on the efficiency of the generator or its insulator
stress. This thesis focuses mainly on the cables effect and the waveform deterio-
ration. Thus, the analysis of the waveform quality is based on estimates of which
parameter may have the biggest influence.

Due to the lack of actual data many assumptions were made to estimate the pa-
rameters of a medium voltage multi megawatt wind turbine generator arrange-
ment [cf. Chapter 7]. Thus, the meaningfulness of the conclusion is vague. It is
reasonable that the two given cases give a range of how a cable could behave. It is
expected that an actual 150 m long cable behaves somewhere in the given range.
An impedance measurement of a cable would greatly improve the accuracy and
thereby the conclusion.
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A major limitation of the up-scaling is that the fundamental waveform could not
be simulated due to a constrain in the simulation. Thus, the impact of the cable
on the current and the fundamental voltage could not be examined, which limits
the value of the obtained results. This can be overcome by introducing a control
structure into the simulation and thus improve the usability.

No experimental investigation on a medium voltage high power setup was con-
ducted. Because the used model was developed in a low voltage - low power
environment, it is uncertain if further effects will be dominant in a different en-
vironment, which is not represented by the up-scaling. This has to be considered
when taking the results into account.
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Chapter 9

Conclusion

Concluding this work, it can be said that this thesis succeeded its goal of investi-
gating the impact of long cables between a generator and a converter on waveform
deterioration. Thereby, with a focus on wind turbine applications investigation
was based on experimental and stimulative analysis. This following chapter will
give the highlights on how the goal was achieved.

Literature research guided to a transmission line model including high frequency
components. The requirement was that it should represent a waves travelling time,
dependent on the cable length. The cable model must thereby consider wave reflec-
tions at its points of discontinuities, as a cable end and generator terminal junction.
Harmful voltage reflection does occur, when the waves travelling time is twice as
fast as a pulse’ rises.

Component values are parameterized based on an impedance characterization.
The establishment of a high frequency cable and as generator model with the
parameters was successful. By impedance fitting of the investigated cable the
traveling time could be calculated to an accuracy of 0.7% in comparison to the
experimentally measured. Thus it can be said that the cable behaviour is modeled
very accurately by it self.

The cable model is scalable to length. For a very short cable a not quantified influ-
ence is seen, introducing an 20% error when scaling the line inductance between
the two measured lengths.

The interaction of system components by means of the reflection factor could be
modeled with an 5 % error compared to the experimental extracted reflection fac-
tor. This result is in correspondence with the noticed inaccuracies of the generator
modeling. Calculating the reflection factor theoretically based on the characteristic
impedance resulted in Similar results.
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Generator stress is quantified with waveform quality considering max(dV/dt), the
rise time and overshoot.

A cable exceeding the critical length with respect to a travelling-rise time re-
lation increases the stress level experienced by the generator. For the measured
setup, an overvoltage of 1.75 p.u. and an increase of max(dV/dt) of 1.8 is noticed.

However, the long cable introduced also high frequency ringing in the current
waveform. It was observed, that this ringing is located at a typical sampling in-
stance for sensorless generator control. It was further observed, that the peak of
the ringing of the investigated setup can have a magnitude of up to 40 % above
the mean value. Thus the long cable could introduce disturbances for the control
performance, if the issue is not addressed.

To counter this unwanted behaviour, a filter was introduced. Besides the fact that
the power losses in the introduced filter were not economical, it was possible to
limit the overvoltage by 57% leading to 1.2 p.u. overshoot. It needs to be pointed
out, that the remaining overshoot is related to the damped resonance behaviour of
the LRC filter.

It was noticed, that the filer with a long cable also suppressed the current rip-
ple to a similar level as operating the system with the short cable.

Also, with the implemented filter the fastest rate voltage change could be slowed
down to 0.265V /ns, which is beneath the typical suggested limit of 0.500 V/ns to
ensure the longevity of the generator insulation. The filter improves the waveform
quality again to a level where it is similar or better as the system operated with a
short cable.

In the end it is was possible to estimate parameters for an expected future applica-
tion of long generator cables in a medium voltage multi mega watt environment.
The expected behavior was analyzed for two different length (100m and 200m),
which can be seen as borderline results for a 150m cable. Thus the expected im-
pact of a long cable on the generator is given. With this information the simple LCR
- filter was tuned, to give an estimate of how much filtering would be required to
suppress the voltage doubling effect. Even though the estimates are vague, it is
assumed that a dV/dt filter has a similar effect as in the low voltage environment.

In general it can be said: long cables introduce negative effects in a converter -

cable - generator system. These effects can be well described and was throughout
the process very predictable. The initial unknown filtering effort can be concluded,
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as: slowing down the pulses’ rise time has a suppressed effect on the overvoltage,
and thus the introduced problem is avoided. Therefore, in the scope of this the-
sis, the authors conclude that the converter stage of a wind turbine can be moved
down tower.

Finally it is proposed for future work, that a control structure needs to be in-
cluded into the simulation to fix an operation point. This would greatly improve
the usability of the simulation, especially for the analysis of filter losses and the
change of nominal power.

Further analysis of influence of the waveform deterioration on the generator
insulation stress and efficiency would give further insight on a desirable filter size.

To enrich the conclusions, especially on harmful stress on the generator wind-
ings and filter design, further determination of common mode paths should be
investigated.
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Appendix A

Evolving Component Placement in
wind turbines

While researching the arrangement, it was only to a certain extend possible to ex-
tract the arrangement of the WTG manufacturers. On the other hand, the converter
manufacturer were more informative. This can also be seen in the comprehensive-
ness of the following tables.
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Appendix B

Visualization of IEC’s Rise Time Def-
inition

The rise time is defined by IEC to the time required for the voltage to rise from
10% to 90% of the peak voltage. This thesis follows this definition.

Vpeuk T-—""75
0.9 Vieak f----

VDC 1 e e e

Voltage [p.u.]

0.1 Vit |

! !
f10 ; fao
r
time [s] 106

Figure B.1: Visualized definition of rise time ¢, following IEC standard
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Appendix C

Laboratory setup specifications

In this chapter all information about the used lab setup is displayed, including al

component specifications.

C.1 Induction Machine (IM)

Manufacturer

ABB Motors

H 3~ Motor

Serial number

MTMI100LB28-4 V290-50A

Voltage 400Y / 230D V Nominal Power | 2.2 kW
Frequency 50Hz Nominal current | 4.7/ 8.1 A
Rotational speed | 1450 /min Power factor 0.80

Table C.1: Name plate information of IG
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C.2 Permanent Magnet Synchronous Generator (PMSG)

Manufacturer Siemens H 3~Brushless Servomotor

Serial number 1FT6084-8SH71-1AAQ

Iy (at 100K) 245 A My (at 100K) 20.0 Nm

Iy (at 60/100K 22.7/28 A My (at 60/100K | 21.6/26 Nm
Nimax 7100/min 1N Mopt 4500/ min

Py 9.4 kW Urn 281 VY

o 4 ] 4.8-10°kgm’

Additional Elements

Optical Encoder | B01 2048 S/R KTY84

Blower 2CW 1332 1-230V 0.28/0.24 A 50/60Hz

Machine Parameters:

Ly, L, 2mH Ryn 0.180)

Ampm 0.123Wb Jsynch 0.0158 kg - m?

Table C.2: Name plate information PMSG [48]

C.3 Active rectifier (module for IM and PMSGQG)

Manufacturer Danfos AutomationDrive FC302
Nominal Power | 15 kW / 20 HP Nominal Voltage ‘ 400 / 480V
Input: Nominal Voltage | 3*380-500V
Frequency 50/60 Hz Max. current 20/25A
Output: Voltage 0-Vin
Frequency 0 - 1000Hz Max. current 20/ 27 A

Table C.3: Name plate information active rectifier
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C.4 Inverter

Manufacturer Siemens H Rectifier /Regenerating Unit

Order Number 6SE7028 — 6EC85 — 1AA0

Type D380 — 460 — G510 — 620/?? CRUFO

Operation Mode | KL I (KLII 78A) H Production State ‘ A2

Input Voltage 3AC 380 - 460V
Frequency 50/60 Hz current 74/ 82A
Output Voltage DC 510 - 620V
current 86A

Table C.4: Caption
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Appendix D

Schematics of Conducted LCR-meter
measurements
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Figure D.1: Measurement setup for open circuit measurements
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Figure D.2: Measurement setup for short circuit measurements
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Figure D.3: Three phases to ground measurement. The gray, dashed line indicates the connection
for the short circuit measurement
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Figure D.4: 2 lines in parallel, one as return path with ground + shield short circuited(gray)
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Appendix E

Equations following Reference

Those equations of [39] are presented in the appendix for the sake of completeness.
Throughout the process of this thesis, the authors observed an incompleteness of
the OC circuit components. The author of the paper did not respond upon asking
for typo or incompleteness.

.2 ’
R, = gReal{Zsc}flow =
.2 ’
L = glmag{zsc}fhigh (Elb)
) 2
’ , Imag{Z,.}f,.,
R, = 2(Real{Zy},,) (M) ! o
, 2
, ) Imag{zoc}fi
sz = Z(Real{zoc}fhigh) (1Wl{zlac}ﬁjg,h o e
igh
_ , -1
, Real{Z,.}
1, Real{Zoc} iy \ E.1
Cpl -( nﬂUW) <1mag{zoc}flow pl ( e)
_ , -1
, Real{Z,.} ¢,
Cp = | 27 frign) | ——rr 5= |R (E.1f)
pz -( fhlgh) (Imag{zoc}fhigh ’
(E.1g)
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Appendix F

Measurement Results

E1 Converter behaviour

In table F.1 the measured rise and fall time for different operations modes are
documented. The sampling time of the used oscilloscope is le — 9s. It can be
seen, that the fall time of the different pulses stay very constant for the different
operation conditions. It also seems like the Rise time is mostly dependent on
the Torque, or on the current throught the IGBT. The measured pulses for low
rotational speeds (10Hz) did not reach full voltage amplitude in the recorded data.
Because of that the values were not comparable.

Rotor speed (Hz) ‘ Torque (Nm) ‘ Rise time (yus) ‘ Fall time (us) ‘
10 5 NaN NaN

10 10 NaN NaN

30 5 0.472 0.23

30 10 0.330 0.240

50 5 0.447 0.230

50 10 0.323 0.230

Table E1: Comparison of rise and fall time of converter pulses for different operation points
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Appendix G

Images of the Laboratory Setup

Figure G.1: Overview of laboratory setup with measurement box at lower right corner



Figure G.3: Cable routing return path

Figure G.2: 40 m cable routing around laboratory
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Figure G.5: Converter Cabinet

100



Figure G.7: Bidirectional converter supplying all setups in drive lab
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Figure G.8: Cable LRC-meter Measurement

Figure G.9: Generator LRC-meter Measurement
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Figure G.10: Implemented filter - topview LRC

Figure G.11: LRC filter implemented into converter Cabinet
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Figure G.12: 5 parallel 600 mH inducotors making 120 mH
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