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and steady state current, revealing a significant higher current peak relative to its steady

state value for the LFAC system compared to the HVAC system.

s
o

Time [s]

FIGURE 6.7: Sending end current after switching an unloaded cable. [ = 200 km.
Above: LFAC. Below: HVAC

TABLE 6.6: Relationship between steady state current and maximum current after

switching
|Is| in |15 maz| after Ratio
steady state | closing breaker 115 mac]
[p.u] [p-u.] <W>
LFAC 0.3 0.7 2.33
HVAC 1.3 1.7 1.31







Chapter 7

Fault Analysis

7.1 System Description and Model

This chapter deals with the dynamic behavior of the LFAC system as a result of occurring
faults. Faults in a power system may cause high transient overvoltages and -currents,
which can result in damage to power system components. By studying the behavior of
the transmission system both during and after such faults, one receives information that
can be used to properly dimension the different system components to effectively handle
faults and other unexpected events. In the following sections, the fault analysis is divided
in two separate studies; faults occurring at the receiving end of a 200 km export cable,
and faults occurring at the sending end of the cable. The system set-up can be seen
in fig. 7.1, with parameter values being the same as in the preceding simulations'. Fast
transients are expected during the fault analysis, and from the discussion in chapter 4
and following the same reasoning as in section 6.1, the model used for the export cable
is the DPM.

The OWF and export cable are grid connected through a second step-up transformer
(T2) converting the transmission voltage from 245 kV to 400 kV. Parameters for this
transformer can be found in table 7.1. In reality, the grid side would include a frequency
converter to adapt the low transmission frequency to the nominal grid frequency. Be-
cause the modeling of frequency converters is not included in the scope of this thesis,
the converter and grid are simply represented by an ideal voltage source acting as a
swing bus. Additionally, a shunt reactor (SR) at the receiving end is made available

(disconnected until section 7.3.5).

1See tables 6.1, 6.2 and 6.3.
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FIGURE 7.1: Fault analysis circuit set-up, Vyase = 245 kV, Spase = 1000 MVA

TABLE 7.1: Transformer 2 parameters (T2)

Parameters Transformer 2

Py 651.1 MW
Winding 1 | Winding 2

Connection Delta Yg

Vo 245 kV 400 kV

R 0.002 p.u. 0.002 p.u.

L 0.08 p.u. 0.08 p.u.

R, 500 p.u.

Ly, 500 p.u.

7.2 Faults at the Receiving End

Faults occurring somewhere in the grid causing either voltage sags or swells (i.e. sudden,

but temporary voltage collapse/rise) will be investigated. The former may be caused by

short circuit faults, while the latter can be a result from sudden loss of load(s). For the

analysis, the voltage and current at the sending end of the export cable were examined.

Cable

FIGURE 7.2:

Converter/

O

sags/swells

<D |

Grid

Fault event occurring somewhere in the grid, resulting in voltage
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For the simulations, a programmable voltage source from the SIMULINK library was
used, where the magnitude voltage sag/swell was specified for each case. The duration

of the fault was set equal for both cases:

e Fault occurring at ¢t = f% (= 60 ms)

e Fault cleared at t = fin (= 240 ms)

7.2.1 Voltage Sag

The voltage on the converter/grid side was reduced from 1.0 p.u. to 0.5 p.u. Voltage
and current at the sending end of the cable were measured, and the results are shown
in fig. 7.3. Temporary voltage distortion is observed for approximately 100 ms after the
voltage sag, approaching a steady state value of 0.6 p.u. When the fault is cleared (grid

side voltage restored), a short overvoltage is observed, reaching -1.2 p.u.

M@WMW

) 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time [s] Time [s]

Vg lpul
=
—=<
=
—
—
F—
p——
_—
I [p-u

FIGURE 7.3: Sending end voltage (phase to ground) and current before, during and
after occurrence of a voltage sag on the grid side

The current Ig experiences no particular transient distortion after the fault or restora-
tion. However, the magnitude increases to 1.0 p.u. (compared to 0.8 p.u. in steady

state) for a duration of one time period after fault occurance/clearance.

7.2.2 Voltage Swell

The grid voltage was increased from 1.0 p.u. to 1.5 p.u., and the results are shown in
fig. 7.4. Similar to the case of voltage sag, Vg experiences slight transient distortion

for approximately two time periods posterior to both fault and restoration. During the
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fault, the voltage approaches a steady state value of 1.3 p.u. Ig is observed to peak at
1.2 p.u. after the occurrence of the voltage swell, before stabilizing at 1.1 p.u. during

the fault.

2 A 2
——B
C
1 - 1} .
£ 2 WM
=7 -
-1 J -1 / j
_2 L L L _2 L L L
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time [s] Time [s]

FIGURE 7.4: Sending end voltage (phase to ground) and current before, during and
after occurrence of a voltage swell on the grid side

In summary; for both cases regarding a sudden drop or rise in the grid voltage, there is no
rapid transient behavior the voltage and current at the opposite end of the transmission

cable, although transient distortion is observed for the voltage waveform.

7.3 Faults at the Sending End

In this section, short circuit (SC) faults at the sending end occurring between the first
step-up transformer T1 and the LFAC export cable will be examined, as illustrated in
fig. 7.5. For comparison purposes, the analysis will also be performed for an HVAC

system?. The faults to be simulated are:

1. Three phase (ABC) to ground

(\V)

. Single phase (A) to ground
3. Two phase (A and B) to ground

4. Phase to phase (A to B)

2See appendix D, section D.1.
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T1 Cable T2 Converter/

) 7 0O (0| G

FIGURE 7.5: Short circuit (SC) at receiving end of the LFAC export cable

The duration of the faults are simulated with respect to the the signals time periods,

ie.:

e Fault occurring at ¢t = fi (= 60 ms)

n

e Fault cleared at t = f% (= 120 ms)

Because the fault is chosen as a function of frequency, the HVAC system faults will be
shorter in time, however they last for an equal number of periods. The fault resistance
is set to 1.0 m€). For each case, the behavior of the voltage and current at both cable
ends will be examined. Additionally, the voltage DC offset following some of the SC
events will be examined. The simulations performed for the HVAC system can be found

in appendix D.

7.3.1 Three Phase to Ground Fault

At the time of the fault, the sending voltage Vs drops to zero, while the receiving voltage
VR experiences transients in the range of 160-180 Hz. At fault clearance, overvoltages
occur at both ends of the cable, with phase B reaching a value greater than -2 p.u. The
transients are damped relatively fast, although it is observed that the voltage signals are
skewed vertically, indicating a DC offset. Large overcurrents are observed at both ends
of the cable, with phase A and B reaching -4 p.u. and 4 p.u., respectively. The largest
currents are observed at the sending end of the cable, with faster transients than the
receiving end. The current rapidly reaches steady state after fault clearance, although

a greater share of distortion is observed at the receiving end.

A closeup of the receiving voltage immediately after the fault is shown in fig. 7.7. It
can be observed that it takes approximately 1.64 ms before Vg reacts to the fault at the
sending end. This time delay is identified as the traveling time 7 of the voltage wave,
obtained in eq. (3.54) in section 3.2.4.1. Further, Vi experiences sudden drop/rises each
3.28 ms, which is equivalent to 27, i.e. the time for the voltage waves to travel to the

sending end of the cable and back to the receiving end.
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FIGURE 7.6: Sending and receiving end voltages (phase to ground) and currents before,

Time [s]

Time [s]

during and after a three phase to ground fault
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FiGURE 7.7: Closeup of the receiving end voltage after fault
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FIGURE 7.8: Above: Receiving end voltage with average DC offset (dashed line).
Below: DC offset for all phases.

Fig. 7.8 shows Vg along with the average DC offset (Vr pc,,,) in addition to the offset
VR, pc for each phase. During the fault, the average offset is zero, as the fault is balanced
and the sum of all phases are zero. After the fault is cleared and the AC component
has regained its steady state waveform, Vg has a DC offset Vg pc,,, with a magnitude
of 0.2 p.u. The magnitude of the DC component will decrease slowly, reaching zero at

after approximately 90 s (see fig. D.5 in appendix D).

7.3.2 Single Phase to Ground Fault

The fault occurs between phase A and ground. From fig. 7.9 it can be seen that for
Vs, the amplitudes of phase B and C increase significantly immediately after the fault,
both reaching -1.8 p.u. For Vg, the amplitude during the fault is even higher, reaching
almost 2 p.u. No significant transient behavior is observed for the voltage and current
waves, and steady state is regained rapidly after fault clearance. However, the sinusoid
of the voltage for both cable ends is shifted vertically by -1 p.u., indicating a high DC
offset. This is shown in fig. 7.10.
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FIGURE 7.9: Sending and receiving end voltages (phase to ground) and currents before,
during and after a single phase to ground fault

The fault is observed to have very little influence on the current in the LFAC system.
Comparing to the HVAC simulations?, it can be seen that the behavior of the current
is very different. Overcurrents and waveform distortions are observed for the latter,
especially at the receiving end. Additionally, the magnitude of the observed voltage DC
offset is larger in the HVAC system.

3See appendix D, fig. D.2.
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FIGURE 7.10: Above: Receiving end voltage with average DC offset (dashed line).
Below: DC offset for all phases

7.3.3 Double Phase to Ground Fault

The fault occurs between phases A and B, and ground, and the sending and receiving
end voltages and currents are shown in 7.11. As phase A and B go to zero at fault
occurrence, phase C peaks at 1.5 p.u. for Vg. At the receiving end, transients are
observed for phases A and B, with a 180° phase shift. After clearance, Vg and Vg peak
at 1.6 p.u. and 1.5 p.u., respectively. The voltages have a long lasting DC offsets after
fault clearance which last up to 100 s (see fig. D.5). Comparing the LFAC system to
the HVAC system (fig. D.6), it is observed that the DC offset is far more prominent for
Vg and Vg in the latter.

At the time of the fault, the current in phase A and B increase greatly in amplitude,
where the latter reaches a peak value of 4 p.u. Although peaking at the same time, phase
A and B are shifted 180° relative to each other. After fault clearance, Ir experiences
some transient behavior due to transient distortion, which results in an increased amount
of time needed to stabilize at steady state. Approximate measurements show that the

time between clearance and regaining steady state is 100 ms for Ig, and 200 ms for Ip.
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FIGURE 7.11: Sending and receiving end voltages (phase to ground) and currents
before, during and after a double phase to ground fault
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FIGURE 7.12: Above: Receiving end voltage with average DC offset (dashed line).
Below: DC offset for all phases
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7.3.4 Phase to Phase Fault

The fault occurs between phase A and B, and the result is shown in fig. 7.13. At the
time of the fault, phase A and B become equal at the cable sending end. At the receiving
end they are shifted 80° apart with fast transient behavior. After fault clearance, Vg
and Vi peak at 1.5 p.u. and 1.4 p.u. respectively, and temporary transient distortion
is observed. Additionally, a phase to phase fault does not result in a DC offset in Vg or

Vg, which was observed for the preceding fault events studied in sections 7.3.1-7.3.3.

LR £y
4 0.1 o [S]ofz 0.3 “ 0.1 el 0.2 0.3

FIGURE 7.13: Sending and receiving end voltages (phase to ground) and currents
before, during and after a single phase to phase fault

Similar to the double phase to ground fault, large currents occur at both cable ends at
the time of the fault, with phase B peaking close to 4 p.u. Phase A reaches its peak at the
same time (-3 p.u.), being shifted 180° compared to phase B. After clearance, the current
amplitudes decline rapidly for A and B, reaching steady state after approximately 100
ms at the sending end. For Ig, the time from clearance to steady state is approximately
200 ms, i.e. twice the value compared to Ig. This is due to a larger share of transient

distortion which requires damping.
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VR,DC,., 18 zero both during and after the fault, as seen in fig. 7.14. The offsets of phase
A and B are observed to be non-zero during and shortly after the fault, with a 180°
phase shift with respect to each other (opposite polarity).
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FIGURE 7.14: Above: Receiving end voltage with average DC offset (dashed line).
Below: DC offset for all phases

The magnitude of the average DC offset values after fault clearance is summarized in
table 7.2 for each fault event, where the values for the HVAC system are obtained from
fig. D.6 in appendix D. Among the various fault events, the single phase to ground
fault results in the highest DC offset after fault clearance, while the phase to phase fault
results in the lowest (being zero). For conventional HVAC, the magnitude of the DC
offset is higher than LFAC for all cases except phase to phase fault (being zero also). At
most, the DC offset of the HVAC system exceeds the DC offset of the LFAC system by
a factor of 10.9, occurring for the double phase to ground fault. The high values, and
especially the duration of the DC offsets occurring after the different fault events (for
both LFAC and HVAC) should be examined more closely. The cause of the observed

results are addressed in chapter 8.
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TABLE 7.2: DC offset for different fault events in LFAC and HVAC systems

VR, DCu| [P-11.]
Three phase | Single phase | Double phase | Phase to
to ground to ground to ground phase
LFAC 0.21 1.01 0.17 0
HVAC 0.57 2.44 1.86 0
Ratio (129) 2.7 2.4 10.9 -

7.3.5 Adding Shunt Reactor

The 350 MVA (purely inductive) shunt reactor in fig. 7.1 is connected to the system.
The fault previously resulting in the largest DC offset, i.e. the single phase to ground

fault, is simulated.

T1 Cable T2 Converter/

O+ 0 E@

FIGURE 7.15: Transmission system with shunt reactor (SR) at the receiving end

The DC offset of Vi for each phase can be seen in fig. 7.16. It is observed that the
maximum magnitude of the DC offset has been reduced from 1.01 p.u. to approximately
0.13 p.u., before being damped rapidly. It can be seen that all the phases of Vg pc
oscillate in phase after the fault clearing with a frequency of approximately 30 Hz, i.e.
nearly twice the nominal frequency (superharmonic). The oscillations are damped to
zero after approximately 500 ms after fault clearing. Such oscillations were not observed
in the preceding simulations without the connection of a shunt reactor. The average DC

offset in the two cases are compared in fig. 7.17.
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FIGURE 7.17: Average DC offset for the single phase to ground fault with/without
shunt reactor

In fig. 7.18, the average value of the DC offset is compared to an HVAC system. The
start-time of the fault for the HVAC system has been set equal to the LFAC system (60
ms) in order to make comparisons regarding oscillation damping simpler. It is seen that
although the amplitude of the DC offset is similar, the damping is more prominent in
the HVAC system. The damping can be improved by adding a resistive component to
the shunt reactor, see fig. D.7 in appendix D. Measurements show that the oscillation

frequency of Vg pc,,, in the HVAC system is approximately 44 Hz, which unlike the

avg

LFAC case is below the nominal frequency of the system (subharmonic).
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FIGURE 7.18: Average DC offset for the LFAC and HVAC system with connected
shunt reactor






Chapter 8

Conclusion and Further Work

Discussion and Conclusion

The properties of an LFAC export cable have been examined under both steady state
and certain dynamic conditions. The model representing the LFAC system has been
gradually developed throughout the thesis, along with relevant analyses. In the fre-
quency analysis, the frequency response of the export cable along with a simplified
model of the offshore wind farm (OWF') was investigated. A comparison with a conven-
tional HVAC system revealed a lower damping at the resonant frequencies for the LFAC
system, which can be explained by the lower resistance and inductive reactance in the
latter. For an LFAC export cable with a length of 200 km, the first resonant frequency
was observed close to the 9th harmonic of the fundamental. Increasing the OWF in-
ductance, lower resonant frequencies close to the 5th and 7th harmonic were observed.
Extension of the cable length and OFW inductance contributed to further lowering the
resonant frequencies, and the low-order harmonics could interact with other power sys-
tem components, resulting in disturbances and distortion of voltage and current signals.
It is important to keep in mind that the analysis was based on a simplified power sys-
tem without taking components such as transformers and converters into consideration.
A more detailed study on an expanded LFAC transmission system could provide more

information regarding harmonic interaction, and could be a topic for future studies.

The Ferranti effect was examined for an unloaded export cable, and the results showed
that the Ferranti effect was less prominent for the LFAC system compared to the HVAC
system. For a 200 km LFAC cable, the voltage increased by 1.5%, whereas the corre-
sponding increase in the HVAC system was observed to be 14.8%. The difference seems

very high, as one could expect a larger damping in the HVAC system. The results were
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close, but not identical to the theoretical lossless values. Simulations were repeated using
different cable models, however the same results were obtained. A comparison revealed
that the simulated result for the HVAC system was in the range obtained for simulated
values and actual measurements in a separate study regarding the Ferranti effect. Hence
the result seems valid, although more detailed studies are recommended. Because the
LFAC cable is less affected by the Ferranti effect, disconnections and load loss are less
likely to result in severe overvoltages compared to conventional HVAC systems, and

system components are less prone to possible damage.

The energizing current does not seem to be very sensitive to increased cable length for
an LFAC cable. In addition to having a higher current demand for energizing an HVAC
cable, it is more sensitive to the increase of cable length. Less transient behavior was
observed for energizing current in the LFAC system. However, a larger share of distorted
waveforms for both currents and voltages were observed when energizing the LFAC
cable, and higher peak values relative to its steady state values were identified during
energization. Further studies are recommended to determine the degree of possible

harmonic distortion in an LFAC system compared to a conventional HVAC system.

The fault analysis revealed short and temporary distortions in the case of grid voltage
sags and swells. Analyzing short circuit faults at the cable sending end, the highest
voltages and currents were observed in the case of a three phase to ground fault. This
fault event also resulted in the fastest transients. Transient distortion was more notice-
able for the double phase to ground and phase to phase faults, while the single phase
to ground fault resulted in the highest DC offset posterior to the fault clearance. Long
lasting DC offsets after fault clearing is generally observed to be higher for the HVAC
system compared to the LFAC system. It was observed that the single phase to ground
fault resulted in the highest DC offset magnitude compared to other faults.

The high DC offsets can be explained by the model set-up, as there are no ground con-
nections where the fault occurs. Hence, the system section consisting of the cable (and
transformer delta-windings) loses its ground reference and becomes a floating neutral
after the faults are cleared. To prevent high DC offsets, it is therefore necessary to
provide sufficient grounding in the system. By installing a grounded shunt reactor at
the receiving end, the problem of long lasting DC offsets was solved; however one should
take into consideration the resulting oscillations of the DC offset. The frequency of the
oscillating DC offsets were measured to be ~30 Hz for the LFAC system (superharmonic)
and ~44 Hz for the HVAC system (subharmonic), and it should be investigated whether

these low-frequency oscillations could have a negative impact on the system.

The overall results indicate no significant drawbacks for the LFAC system under steady
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and dynamic conditions compared to a HVAC system. Steady state performance re-
garding the Ferranti effect and charging currents showed a distinct improvement for the
LFAC system, while the behavior under dynamic fault conditions were similar for both
systems. Further studies are recommended before making final conclusions whether
LFAC transmission systems should be used for power transfer from offshore wind farms

in the future.

Further Work

Although certain properties of the export cable in an LFAC system have been examined
in this thesis, the models used in the analyses have been very simplified. Additionally,
many values used in the simulations for the system components (apart from the cable)
might differ significantly from real values for an OWF. To determine whether LFAC
transmission systems could be a feasible way to transmit power from offshore wind

farms in the future, further topics should be investigated. Examples include:

e A more detailed investigation of the Ferranti effect, expanding the model to include

additional components apart from the export cable.

e Implementation of a frequency converter, for both the wind turbines and shore-

based converter station.

e Exploration of more detailed cable models through alternative simulation tools
such as EMTP/PSCAD, utilizing frequency dependent cable models for more ac-

curate analysis of the cable dynamics.

e Simulation of fault events over longer time periods, and investigate circuit breaker

operations to handle such faults.

e Investigation of LFAC transformers and power converters with respect to harmonic

interference.






1]

Bibliography

European Commission. Eu energy in figures - statistical pocketbook 2014. Tech-
nical report, 2014. URL https://ec.europa.eu/energy/sites/ener/files/
documents/2014_pocketbook.pdf.

H.H. Larsen and L.S. Petersen. Wind energy - drivers and barriers for higher shares
of wind in the global power generation mix. Technical report, Technical University
of Denmark, November 2014.

C. Morris and M. Pehnt.  Energy transition - the german energiewende,
2012. URL http://energytransition.de/wp-content/themes/boell/pdf/en/

German-Energy-Transition_en.pdf.

Renewable Energy Directive. National renewable energy action plan for the
united kingdom, 2009. URL https://www.gov.uk/government/uploads/system/
uploads/attachment_data/file/47871/25-nat-ren-energy-action-plan.
pdf.

Department of Energy & Climate Change. Uk renewable energy roadmap, 2011.
URL https://www.gov.uk/government/uploads/system/uploads/attachment_
data/file/48128/2167-uk-renewable-energy-roadmap.pdf.

European Wind Energy Association. The european offshore wind industry - key
trends and statistics 1st half 2015. Technical report, European Wind Energy
Association, July 2015. URL http://www.ewea.org/fileadmin/files/library/
publications/statistics/EWEA-European-0ffshore-Statistics-H1-2015.
pdf.

M. Mace. World’s largest floating wind farm gets green light in scotland, 2.
November 2015. URL http://www.theguardian.com/environment/2015/nov/
02/worlds-largest-floating-windfarm-gets-green-light-in-scotland.

79


https://ec.europa.eu/energy/sites/ener/files/documents/2014_pocketbook.pdf
https://ec.europa.eu/energy/sites/ener/files/documents/2014_pocketbook.pdf
http://energytransition.de/wp-content/themes/boell/pdf/en/German-Energy-Transition_en.pdf
http://energytransition.de/wp-content/themes/boell/pdf/en/German-Energy-Transition_en.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/47871/25-nat-ren-energy-action-plan.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/47871/25-nat-ren-energy-action-plan.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/47871/25-nat-ren-energy-action-plan.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/48128/2167-uk-renewable-energy-roadmap.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/48128/2167-uk-renewable-energy-roadmap.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/EWEA-European-Offshore-Statistics-H1-2015.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/EWEA-European-Offshore-Statistics-H1-2015.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/EWEA-European-Offshore-Statistics-H1-2015.pdf
http://www.theguardian.com/environment/2015/nov/02/worlds-largest-floating-windfarm-gets-green-light-in-scotland
http://www.theguardian.com/environment/2015/nov/02/worlds-largest-floating-windfarm-gets-green-light-in-scotland

Bibliography 80

8]

[11]

[13]

[14]

European Wind Energy Association. The european offshore wind industry - key
trends and statistics 2010. Technical report, European Wind Energy Associ-
ation, January 2011. URL http://www.ewea.org/fileadmin/files/library/
publications/statistics/20110121_0ffshore_stats_Full Doc_final.pdf.

European Wind Energy Association. The european offshore wind industry - key
trends and statistics 2011. Technical report, European Wind Energy Associ-
ation, January 2012. URL http://www.ewea.org/fileadmin/files/library/
publications/statistics/EWEA_stats_offshore_2011_02.pdf.

European Wind Energy Association. The european offshore wind industry - key
trends and statistics 2012. Technical report, European Wind Energy Associ-
ation, January 2013. URL http://www.ewea.org/fileadmin/files/library/
publications/statistics/European_offshore_statistics_2012.pdf.

European Wind Energy Association. The european offshore wind industry - key
trends and statistics 2013. Technical report, European Wind Energy Associ-
ation, January 2014. URL http://www.ewea.org/fileadmin/files/library/
publications/statistics/European_offshore_statistics_2013.pdf.

European Wind Energy Association. The european offshore wind industry - key
trends and statistics 2014. Technical report, European Wind Energy Associ-
ation, January 2015. URL http://www.ewea.org/fileadmin/files/library/
publications/statistics/EWEA-European-0ffshore-Statistics-2014.pdf.

European Marine Observation and Data  Network. Portal  for
bathymetry. URL http://portal.emodnet-bathymetry.eu/
mean-depth-rainbow-colour-ramp-no-land-data/legend. [Online; accessed

18-January-2016].

European Network of Transmission System Operators for Electricity. — Off-
shore transmission technology, November 2011. URL https://www.entsoe.
eu/fileadmin/user_upload/_library/publications/entsoe/SDC/European_
offshore_grid_-_0ffshore_Technology_-_FINALversion.pdf.

H.-J. Knaak. Modular multilevel converters and hvdec/facts: A success story. pages
1-6, Aug 2011.

X. Wang and X. Wang. Feasibility study of fractional frequency transmission sys-
tem. May 1996.

H. Waje-Andreassen. Low frequency ac transmission as an alternative of connecting

large remote offshore wind farms. NTNU specialization project, 2014.


http://www.ewea.org/fileadmin/files/library/publications/statistics/20110121_Offshore_stats_Full_Doc_final.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/20110121_Offshore_stats_Full_Doc_final.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/EWEA_stats_offshore_2011_02.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/EWEA_stats_offshore_2011_02.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/European_offshore_statistics_2012.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/European_offshore_statistics_2012.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/European_offshore_statistics_2013.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/European_offshore_statistics_2013.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/EWEA-European-Offshore-Statistics-2014.pdf
http://www.ewea.org/fileadmin/files/library/publications/statistics/EWEA-European-Offshore-Statistics-2014.pdf
http://portal.emodnet-bathymetry.eu/mean-depth-rainbow-colour-ramp-no-land-data/legend
http://portal.emodnet-bathymetry.eu/mean-depth-rainbow-colour-ramp-no-land-data/legend
https://www.entsoe.eu/fileadmin/user_upload/_library/publications/entsoe/SDC/European_offshore_grid_-_Offshore_Technology_-_FINALversion.pdf
https://www.entsoe.eu/fileadmin/user_upload/_library/publications/entsoe/SDC/European_offshore_grid_-_Offshore_Technology_-_FINALversion.pdf
https://www.entsoe.eu/fileadmin/user_upload/_library/publications/entsoe/SDC/European_offshore_grid_-_Offshore_Technology_-_FINALversion.pdf

Bibliography 81

[18]

[19]

[22]

[28]

T. Funaki and K. Matsuura. Feasibility of the low frequency ac transmission. In
Power Engineering Society Winter Meeting, 2000. IEEE, volume 4, pages 2693—
2698. IEEE, 2000.

P. Bresesti, W.L. Kling, R.L. Hendriks, and R. Vailati. Hvdc connection of offshore
wind farms to the transmission system. Energy Conversion, IEEE Transactions on,
22(1):37-43, 2007.

ABB. Borwinl. URL http://new.abb.com/systems/hvdc/references/borwinl.
[Online; accessed 20-January-2016].

W.-J. Fischer, R. Braun, and I. Erlich. Low frequency high voltage offshore grid
for transmission of renewable power. In Innovative Smart Grid Technologies (ISGT
Europe), 2012 3rd IEEE PES International Conference and Ezhibition on, pages
1-6. IEEE, 2012.

L. Ning, X. Wang, and Y. Teng. Experiment on wind power integration grid via
fractional frequency transmission system: Realization of the variable-speed variable-
frequency power wind. In Electric Utility Deregulation and Restructuring and Power
Technologies (DRPT), 2011 jth International Conference on, pages 444-449, July
2011. doi: 10.1109/DRPT.2011.5993932.

Y. Cho, G.J. Cokkinides, and A.P. Meliopoulos. Lfac-transmission systems for
remote wind farms using a three-phase, six-pulse cycloconverter. Power Electronics

and Machines in Wind Applications (PEMWA), 2012 IEEE, pages 1-7, 2012.

H. Chen, M.H. Johnson, and D.C. Aliprantis. Low-frequency ac transmission for

offshore wind power. 2013.

P. Achara and T. Ise. Operating phase and frequency selection of low frequency
ac transmission system using cycloconverters. In Power Electronics Conference
(IPEC-Hiroshima 2014 - ECCE-ASIA), 2014 International, pages 3687-3694, May
2014. doi: 10.1109/TPEC.2014.6870028.

N. Qin, S. You, Z. Xu, and V. Akhmatov. Offshore wind farm connection with low

frequency ac transmission technology. July 2009.

I. Erlich, F. Shewarega, H. Wrede, and W.-J. Fischer. Low frequency ac for off-
shore wind power transmission - prospects and challenges. In AC and DC Power

Transmission, 11th IET International Conference on, pages 1-7, Feb 2015. doi:
10.1049/cp.2015.0017.

P.B. Wyllie, Y. Tang, L. Ran, T. Yang, and J. Yu. Low frequency ac transmission-
elements of a design for wind farm connection. In AC and DC Power Transmission,
11th IET International Conference on, pages 1-5. IET, 2015.


http://new.abb.com/systems/hvdc/references/borwin1

Bibliography 82

[29]

[30]

[37]

[38]

[41]

F.F. da Silva and C.L. Bak. Electromagnetic Transients in Power Cables. Springer,
2013.

W.H. Hayt and J.A. Buck. FEngineering Electromagnetics. McGraw Hill, sixth
edition, 2001.

M. Zubiaga et al. Energy Transmission and Grid Integration of AC Offshore Wind
Farms. InTech, 2012.

L. Marti. Simulation of transients in underground cables with frequency-dependent
modal transformation matrices. Power Delivery, IEEE Transactions on, 3(3):1099—
1110, 1988.

A. Pagnetti. Cable modeling for electromagnetic transients in power systems. PhD

thesis, University of Bologna, 2012.

M. Khatir, Z.S. Ahmed, S. Hadjeri, and M.K. Fellah. Comparison of hvdc line
models in psb/simulink based on steady-state and transients considerations. Acta
Electrotechnica et Informatica Vol, 8(2):50-55, 2008.

TransEnergie Technologies. SimPowerSystems for use with Simulink. The Math-
Works, version 3 edition, 2003.

J.R. Marti, L. Marti, and H.W. Dommel. Transmission line models for steady-state
and transients analysis. In Athens Power Tech, 1993. APT 93. Proceedings. Joint
International Power Conference, volume 2, pages 744-750. IEEE, 1993.

U.S. Gudmundsdottir. Modeling of long High Voltage AC Cables in the Transmis-
sion System. PhD thesis, Aalborg University, 2010.

N. Watson and J. Arrillaga. IET Power and Energy Series, Volume 39 - Power
Systems FElectromagnetic Transients Simulation. Institution of Engineering and
Technology, 2007. URL http://app.knovel.com/hotlink/toc/id:kpIETPESV1/

iet-power-energy-series/iet-power-energy-series.

Ieee standard requirements, terminology, and test code for shunt reactors rated
over 500 kva. IEEFE Std C57.21-1990, pages 1-, 1991. doi: 10.1109/IEEESTD.
1991.101052.

M.H.J. Bollen, S. Mousavi-Gargari, and S. Bahramirad. Harmonic resonances due to
transmission-system cables. In Proc. of the International Conference on Renewable

Energies and Power Quality, Cordoba, Spain, 2014.

F.F. da Silva, W. Wiechowski, C.L. Bak, and U.S. Gudmundsdottir. Full scale test
on a 100 km, 150 kv ac cable. In CIGRE Session 2010, August 2010.


http://app.knovel.com/hotlink/toc/id:kpIETPESV1/iet-power-energy-series/iet-power-energy-series
http://app.knovel.com/hotlink/toc/id:kpIETPESV1/iet-power-energy-series/iet-power-energy-series

Bibliography 83

[42] J. Machowski et al. Power System Dynamics - Stability and Control. Wiley, second
edition, 2012.






Appendix A

Supporting Theory

A.1 Charging Currents

Consider a per phase transmission cable (lossless) with equivalent impedance and ad-
mittance in fig. A.1.

o ---

F1GURE A.1: Charging current in an HVAC cable

The capacitive charging current is the current flowing through the capacitance between

the phase and ground, charging and discharging the cable. It can be expressed by:

V. V, V.
Ic:VY:—nY:—nCl:—n2 Cl Al
VA eV e (A1)
A.2 Power Transmission

When a transmission line is considered being lossless, R and G are neglected. The

resulting characteristic impedance Z. is purely resisttive (real), while the propagation
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constant v becomes purely imaginary [42]. See eq. (A.2) and (A.3).

Z L
Zc:Zc:\/;:\/; (AQ)

v =+/ZY = jwuVLC (A.3)

Hence, in this case, a = 0 and 8§ = wv LC. This leads to a change in the hyperbolic
functions as sinh (yl) = jsin (8l) and cosh (y1) = cos (81).

Vg| | cosh(yl) Z sinh(7l)| |V (AA)
Ig B ZL sinh (y1)  cosh (y1) In '
becomes
Vg=Vgcos(Bl)+ jZ.Lpsin () (A.5)
%
Ls = Ipcos (BL) + = sin (81) (A.6)
C
Z/
Is — Ip
O > I I - O
+ +

<
nn
[ 1
L |
ol
ol
[ ]
L |
<
=y

FIGURE A.2: Equivalent circuit for a transmission cable

V i is the reference phasor, and Vg leads V p by the transmission angle §. Therefore,
Vi =Vgand Vg = Vsel. §is sometimes referred to as the load angle. From eq. (A.5),

the receiving end current can be expressed as:

Vg —Vpgcos(Bl) Vs (5 Vgcos (Bl) _;
In= - j(6—m/2) _ VREOS\PY) _jm/2 A
SR 7 sin () Zosin (1) € Zosin (1) © (A7)

Receiving end apparent power can be expressed as:

Sp=Pr+jQy=Vrly (A.8)
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Inserting the expression for Ip:

VaVs  jo-nsn _ Vicos(BD) _jrso

—_ — A.g
2R = 7 sin () Zesin (Bl) (A4.9)
Hence, the real power at the receiving end is
VsVr .
Pr = =—2 " Al
r = Re[Sp] 7. sin (31) sin () (A.10)
For short and medium-length lines 5l is very small, and sin (1) = S1.
VsV VsV VsV
Pp = ZS f; sin (8) = —22 gin (§) = SLR sin (6) (A.11)
ot LuVICl w
VsV
Pr = 2B gin (6) (A.12)
X,

where X7, is the inductive reactance of the transmission line/cable. It should be noted,
however, that this is only valid for short lossless lines. For longer lines or cables, this
simplification might not be acceptable. This is due to the higher capacitance of under-
ground cables compared to overhead lines (OHLs), and thus the phase constant § will
be higher.

The reactive power can be derived from eq. (A.9):

B _ VaVs B Vicos (Bl) Vr
Qr = Re[Sg] = Z.sin (Bl) cos 0 Z.sin(Bl)  Z.sin (Bl)

(Vs cos (6) — Vg cos (Bl))
(A.13)

A.3 Power Transformer

Power transformers are essential in a power systems, as they make it possible to convert
low voltages from generating units to high levels to reduce losses in the power trans-
mission. They are also necessary in order to transform the voltage to the appropriate
level for the end user. Fig. A.3 depicts the equivalent circuit for a ideal single phase
transformer, with a transformation ratio of Nj/Ns. The root mean square (RMS) volt-
age induced in the primary winding, F; is caused by the mutual flux which links the

primary and secondary coils.

If the flux is assumed to be sinusoidal:

¢ = Ppqz cOS (Wt) (A14)
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R1 X1 Nl/NQ X2 RZ
O_/\/\/\/ YYY\L 4NW\—/\/\/\/—O
+ +
Vl Rc Xm El g ‘é E2 ‘/2

FIGURE A.3: Equivalent circuit showing a single phase, two-winding transformer

the instantaneous induced voltage e; is

d
e1 = Nld—(f = —wWN1 P4z sin (wit) = E1paq cos (wt + 90°) (A.15)

where

Elmaz = 27 f N1 ®paz (A.16)

and the corresponding RMS value

1
By = 5o FN1®pap = 4.44f N1 ®pran (A.17)

or alternatively, with the flux represented by the cross-section of the transformer core
A., and the flux density B.
E, =4.44fN1A.B (A.18)

Equivalently, the RMS voltage in the secondary coils is given as

By = 4.44f N, AB (A.19)

A.4 The Per Unit System

ntity in SI units
Base value

Base value in p.u. = 212

To find the per unit values for voltage and current:

Vou. = (A.20)

(A.21)
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where

Sbase
Tppse = A.22
K ‘/base ( )







Appendix B

Frequency Analysis
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FIGURE B.1: Frequency range where m-models start deviating from the DPM
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Appendix C

Ferranti Effect
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F1GURE C.1: Ferranti effect in an LFAC cable for varying conductor resistance
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F1cure C.2: Ferranti effect in an HVAC cable for varying conductor resistance



Appendix D

Fault Analysis

D.1 Fault at Sending End of an HVAC System
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F1cURE D.1: Sending and receiving end voltages and currents before, during and after
a three phase to ground fault for an HVAC system
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F1cURrE D.2: Sending and receiving end voltages and currents before, during and after
a single phase to ground fault for an HVAC system
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F1cUrEe D.3: Sending and receiving end voltages and currents before, during and after
a double phase to ground fault for an HVAC system
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FIGURE D.4: Sending and receiving end voltages and currents before, during and after
a single phase to phase fault for an HVAC system
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D.2 Average DC Offset
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FicUure D.5: Average DC offset for three different fault events. Red dotted lines
indicate the fault time interval
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F1GURE D.6: Average DC offset for the LFAC and HVAC systems
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FicUrReE D.7: Average DC offset for the LFAC system with connected shunt reactor
and different degree of damping, Qsr = 350 MVA



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	


	
	
	
	
	
	

	
	
	
	
	
	

	
	
	


	

	
	
	
	
	

	

	
	
	
	

	
	
	
	
	


	
	
	
	
	

	
	
	
	
	
	


	
	
	
	
	
	
	

	
	
	
	
	


