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Abstract

The wind energy technology has rapidly developed during the last decade. HVDC-connected
wind farm with full-scale converter generator (FCG) become a popular solution to be ap-
plied in the remote wind farm.

During short-circuit fault, the peak as well as the steady state current contribution
from FCG and HVDC is usually limited to 10% above their rated current, due to the
safety reason of the power electronic switch used in the FCG and HVDC. This condition
makes the protection system design become a challenging task.

In this thesis the fault detection methods in the HVDC-connected wind farm with FCG
are proposed. The case study system is implemented in the transient simulation program
PSCAD/EMTDC. Three-phase to ground fault is applied in six different locations in the
wind farm collection point. The voltage and current measurements from the simulation are
then sampled and post-processed using MATLAB to imitate the work of digital protective
relay.

After analyzing the signal processing output, the faulty feeder can be detected by
observing the instantaneous active power direction of the HVDC feeder, together with the
peak current measurement or the current spectrum magnitude of the wind farm feeder.
The faulty section within a feeder can be detected either by comparing the peak current or
the instantaneous active power direction or the trajectory of positive sequence line-ground
impedance between two contiguous measurement units.

Different system conditions to verify the proposed fault detection method are also
discussed, the result shown that short-circuit fault within the system is difficult to detect
when short-circuit current contribution from HVDC is reduced to 0.1 p.u.
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Chapter 1

Introduction

The first chapter has the main purpose to make an introduction to the presented report.
It starts with a general presentation about wind energy technology and then the problem
description s presented. In order to have a way to go through the research the scope and
the limitations of the study are defined. The chapter ends with the report structure

1.1 Background

For the last decade, world non-hydro renewable electricity generation has gradually in-
creased from 1.7% of total electricity generation in year 2000 to 4.6% in year 2009 [2].
This number is expected to increase since many countries try to get 20% of their electricity
generation from renewable resources by 2020 [3]. In Europe, 41% of new electricity gen-
eration installations during 2010 came from renewable energy [4]. This statistic shows a
huge leap of EU countries to move away from fossil fuels and nuclear power.

Among renewable energy sources, wind energy is the fastest growing energy technology,
due to its cost-competitiveness, reliability, and efficiency [5]. At the end of year 2000, there
are 18 GW installed capacity of wind energy around the globe; by the end of year 2010
this number has increased tremendously to 195 GW [3]. With 44% of the global installed
wind energy capacity in 2010, Europe is the global leader in wind energy technology [6].

The new wind energy technology has rapidly developed. For two decades, commercial
wind turbine size increases exponentially, from a few hundreds kW in 1980s to 5 MW in
the end of 2010 [7]. Beside increasing in size, the modern wind energy technology can also
accommodate the wind speed variation in order to get better efficiency and controllability
[8]. This wind turbine technology is called the variable-speed wind turbine.

The variable-speed wind turbine generator (WTG) type consists of induction genera-
tor with variable rotor resistance, doubly-fed induction generator (DFIG), and full-scale
converter generator (FCG). Full-scale converter generator (or direct drive wind turbine)
becomes popular because they have some advantages, i.e. wide range of speed operation,
direct control of real and reactive power injection to the grid, and reduced mechanical
stress [9]. In FCG, generator and grid are separated by a back to back converter which
controls power exchange from generator to grid. Therefore, different types of generator
and converter control schemes can be used in this topology [10,11]. Nowadays, permanent
magnet synchronous generator (PMSG) is one of the best solutions for variable speed ap-
plication. The advantages of using this generator type are DC excitation system is not
needed, possibility to operate at low speed (no need of gearbox) for multi-pole generator,
and generator speed is controlled by power electronic devices to maximize power extraction
from wind.



In order to maximize the turbine efficiency without increasing the environmental im-
pacts, wind farms are often located in remote sites, both offshore and onshore. If the wind
farm connection exceeds 80 km offshore [12] or 500 km onshore [13], HVDC transmission
system gives more economical benefit than HVAC transmission system. Voltage source
converter high voltage DC (VSC-HVDC) system is a better option than the classical (Line
Commutated Converter) HVDC system. Larger active and reactive power controllability,
independent converter operation, high-speed switching converter, and small filter require-
ment are some of the benefits of using VSC-HVDC as opposed to classical HVDC [14].
Further in this study, the term HVDC will refer to VSC-HVDC.

The potential use of HVDC-connected wind farm with FCG should be guaranteed by
a good protection system. By having a good protection system, faulty parts within the
wind farm can be removed as quickly as possible while leaving the healthy parts as much
as possible. As mentioned in [15,16], short-circuit current (SCC) contribution from FCGs
as well as VSC-HVDC can be limited (10% to 50% above normal current), which makes
it difficult to detect a short-circuit fault within the wind farm. Fault detection in HVDC-
connected wind farm with FCG become challenging task because the protection system
standard for HVDC-connected wind farm with FCG is still hard to find.

1.2 Problem description

In this study, bolted three-phase short-circuit analysis was performed in the test case
using PSCAD/EMTDC as depicted in Fig. 1.1. Wind farm configuration that is used in
this study consists of 9 FCGs distributed in 3 feeders. Short-circuit fault points are placed
in the point of common connection (PCC) of each FCGs.

HVDC Cable

|| £ Llersf-an

Sending-end substation i Receiving-end substation

Grid

Wind Farm

Figure 1.1: Wind farm with HVDC connection

Instantaneous voltage and current at the PCC of FCG as well HVDC are monitored.
Digital signal processing, such as instantaneous peak value, instantaneous power, and
discrete Fourier transform (DFT) analysis, are performed in the measured voltage and
current. The results are then used to characterize faults in HVDC-connected wind farm
with FCG that later used to determine the fault detection strategy and protection system
topologies.

In order to do this study, FCG model and HVDC model were first developed using
PSCAD/EMTDC. Both model should be able to limit their SCC contribution up to 10%

above normal current.

1.3 Scope of the report

This report proposed the fault detection methods in the HVDC-connected wind farm with
FCG. Both FCG and HVDC models are built in the PSCAD/EMTDC. In order to limit

short-circuit current contribution from FCG and HVDC, the hysteresis current control
is implemented in the grid-side converter of FCG and the sending-end HVDC converter.
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Short-circuit analysis are also performed for different locations within the wind farm col-
lection grid and different system conditions.

1.4 Limitations of the study

This study only investigates the behavior of the case system under three-phase fault. Al-
though three-phase fault is not the most frequent grid fault, it is usually considered as
the most severe fault condition, and uncleared faults may also lead to three-phase fault.
System transients other than fault transient, such as system start up and fault clearance
are not studied.

The delay time and loss optimization of the converters are not considered in this study,
which means that the converter used in FCG and HVDC is assumed to be ideal. The
potential of the system being asynchronous due to phase-lock loop (PLL) error is also not
considered.

1.5 Structure of the report

This thesis studies three-phase short-circuit behavior of HVDC-connected wind farm with
FCG in order to determine fault detection methods. The present report is structured in
six chapters.

The second chapter discusses the wind farm configuration that is used in this study.
Typical layout of wind farm and installed wind farm around the world are also presented
to support the explanation.

The third chapter presents the modeling of the main components of the case study
system. The grid-side FCG converter control strategy and the HVDC control strategy are
investigated. The simulation results of the FCG model when subjected to a fault are also
presented and discussed.

Short circuit analysis of the system is given in Chapter 4. Different simulation scenarios
are also presented in this chapter.

In the fifth chapter digital signal processing (DSP) analysis of the measurements output
is performed in order to characterize the three-phase short-circuit fault within the wind
farm. Fault detection methods are also proposed in this chapter.

Finally, conclusions of the thesis and also ideas for the future work are pointed out in
Chapter 6.

CHALMERS, Energy and Environment, Master’s Thesis 3



Chapter 2

Simulation setup

In this chapter, the description of the case study system and the modeling of the main
system components (FCG, HVDC, and cable) are discussed. The simulation result of a
single FCG connected to the grid is also presented.

2.1 Wind Farm Description

2.1.1 Wind farm size and capacity

Many of the largest onshore wind farms are located in the USA, while the offshore ones
are located in Europe [17,18]. By the end of year 2010, Roscoe Wind Farm (Texas, USA)
becomes the largest operational wind farm in the world at 781.5 MW and covering 404 km?.
There are a total of 627 turbines installed, 209 of them having 1 MW rating, 160 wind
turbines having 1.5 MW rating, and the rest having 2.3 MW rating [19].

The top ten installed offshore wind farms are given in Table 2.1. Six wind farms are
located in the North Sea, while the rest are located in Irish Sea (Robin Rigg and Walney
I) and Baltic Sea (Rgdsand I & II). The average offshore wind farm capacity is 155.3 MW
and the average location is 27.1 km from the shore [4]. By the end of year 2010, Thanet
offshore wind farm is the biggest offshore wind farm in the world with 100 turbines giving
300 MW power. Total area of Thanet offshore wind farm is 35 km? with 500 meters space
between turbines in a row and 800 meters between rows [20].

Table 2.1: The top ten installed offshore wind farms [17,21]

Offshore wind farm Capacity Turbines Rating Distance from shore Country
(MW) (km)
Thanet 300 100 x 3 MW 11.3-11.5 UK
Horns Rev 11 209 91 x 2.3 MW 30 Denmark
Rgdsand 11 207 90 x 2.3 MW 8.8 Denmark
Lynn & Inner Dowsing 194 54 x 3.6 MW 5-9 UK
Walney 1 184 51 x 3.6 MW 14.4 UK
Robin Rigg 180 60 x 3 MW 8 UK
Gunfleet Sands 172 48 x 3.6 MW 7 UK
Nysted (Rgdsand ) 166 72 x 2.3 MW 10.8 Denmark
Belwind (Bligh Bank) 165 55 x 3 MW 46 Belgium
Horns Rev 1 160 80 x 2 MW 14 - 20 Denmark

BARD offshore 1 wind farm will be the first wind farm to employ HVDC transmission
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and is located 90-101 km from the shore. There are 80 x 5 MW turbines installed in the
wind farm. As of December 2010, 15 out of 80 turbines have been installed [22].

2.1.2 Wind farm layouts

The common layouts of wind farm grid are string and star connected WTGs depicted in
Fig. 2.1 [1]. The advantages of using string layout are uncomplicated cable installation,

To wind farm

substation
N
= = -
= =
Q Q
WTG
I: | \Jo wind farm |
WTG 7 substation
WTG H
o :
= = WTG -
(a) star layout (b) string layout

Figure 2.1: Offshore wind farm grid layout

and shorter cable length as compared to star connection. The drawbacks are the maximum
WTGs that can be connected into a string depends on the current carrying capability of
the cable used, and if there is cable failure within the string, all WTGs downward have
to be disconnected. This problem can be solved using star connected WTGs, since in the
star layout every WTGs connected directly to a collection point. By using star layout,
lower rating equipment can be used [23]. In large offshore wind farm, combined string and
star layout is often used, e.g. Horns Rev 1 offshore wind farm. As can be seen in Fig. 2.2,
Horns Rev 1 has 80 WTGs placed in 10 rows. Two rows are grouped to form one radial
feeder.

CHALMERS, Energy and Environment, Master’s Thesis 5)



/ndia_l feeder 3 = 400 mm® Shore connection

Transformey station

Figure 2.2: Horns Rev 1 layout [1]

2.1.3 Case study system

The case study is depicted in Fig. 2.3. In order to simplify the simulation and analysis,
the case study system only consists of 9 WTGs placed in 3 rows. The distance between
wind turbines is equal to 1 km, while between each rows is equal to 1.5 km. The rating of
each wind turbines are 3 MW and the rating of the HVDC is equal to 27 MVA.

1km T HVDC Cable T

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

Sending-end substation Receiving-end substation

Y P
100 km

~7==>Collection point

Feeder 3
Figure 2.3: The case study system layout

All wind turbines in Fig. 2.3 are equipped with FCGs and connected to the 35 kV wind
farm collection grid. Each FCG also has a 0.69/35 kV transformer to step-up the converter
voltage. The DC voltage level used in the HVDC transmission system is 115 kV and the
infinite grid voltage level is 130 kV.

The cable size connecting each part of the system is chosen based on its current rating
and voltage rating. A 3 x 95 mm? XLPE cable is used to connect each FCG, while 5 km

6 CHALMERS, Energy and Environment, Master’s Thesis



of 3 x 400 mm? XLPE cable is used to connect the collection point to the HVDC station.
The specification of the XLPE cable is given in Table 2.2.

Table 2.2: The ABB XLPE cable specification (Cu conductor) [24]

Cross-section Current rating R L C

area (mm?) (A) Q/km mH/km pF/km
95 275 0.193 0.69 0.17
400 515 0.047 0.57 0.28

2.2 Main Components Modeling
2.2.1 FCG model

Figure 2.4 shows the typical configuration of FCG with a permanent magnet synchronous
generator (PMSG) and a six-pulse IGBT back to back converter. The generator-side con-
verter is used to control the PMSG speed in order to maximize the wind power extraction
by optimizing the tip speed ratio (TSR) of the wind turbine. Further explanation on
aerodynamic, PMSG, and generator-side converter model can be found in Appendix A.

e

Transformer Grid

Wind PMSG
Turbine

Figure 2.4: PMSG with back-to-back PWM converter

As explained in Appendix A, the speed control in the PMSG is usually realized by
adjusting the output electrical torque with the mechanical torque from the wind turbine.
The amount of the electrical torque depends on the permanent magnet flux, stator induc-
tance, and stator current. Both flux and inductance are constant, while the stator current
is controlled by the generator-side converter. The three phase stator current then rectified
by the generator-side converter into DC quantity. If the wind speed is constant and the
TSR of the wind turbine is at the optimum value, the current injected to the DC-link is
also constant. Therefore, the FCG model depicted in Fig. 2.4 can be simplified into the
one depicted in Fig. 2.5.

In the simplified FCG model, the aerodynamic, PMSG, and the generator-side converter
are represented by a DC current source. The DC-link model and the grid side converter
will be explained in the following subsection.

CHALMERS, Energy and Environment, Master’s Thesis 7
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Transformer Grid

Grid-Side
Control

Figure 2.5: Simplified model of FCG

DC-link model

DC-link voltage level The minimum value of DC voltage level in the back-to-back
converter to avoid the sinusoidal pulse width modulation converter from being saturated

is given as follows:
2v/2 -

UDCmin = \/g

where vpemin 18 the minimum DC voltage and v;_; is the rms line to line voltage of the
converter output [25]. It is common to use modulation index of the converter (m) less than
0.9 for commercial application [26], therefore (2.1) become:

22 vy

UDCmin = W

(2.1)

(2.2)

The value of v;_; is usually assumed to be equal to the maximum allowable voltage (105
percent of the nominal voltage).

DC-link capacitor The current waveform flowing from the generator-side converter
contains harmonics, which will introduce ripple in the voltage waveform. The control of
the converter require a constant DC value, therefore it is needed to reduce the DC voltage
ripple by using a capacitor. The amplitude of voltage ripple depends on the capacitance
and switching frequency of the converter.

Selection of capacitor size is usually a trade-off between amplitude of voltage ripple and
capacitor time constant [27]. A large capacitor can reduce DC-link voltage ripple, but it
has slow response to the voltage change. On the other hand, a small capacitor allows fast
control of DC-link voltage at the expense of higher DC-link voltage ripple. The DC time
constant (7) can be calculated as:

1C vpen?
3 DCN

=2_ " 2.3
re (23)
where vpoy is the rated DC voltage, and Sy is the converter power rating. In the wind
power technology applications, the capacitor size of back-to-back converter depends also
on the fault ride-through (FRT) strategy of the FCG.

FRT strategy Power flow dynamic in the DC-link is shown by Fig. 2.6, where Pg,, is
the power coming in to DC-link, FPg,4 is the power coming out from the DC-link, and Pry,
is the power flowing to the capacitor (C'). During normal condition (assuming no power
losses in DC-link), Pge, is equal to Pg.q and there is no stored energy in the capacitor
(Poap=0). In the event of a grid fault, Pg,q is rapidly reduced (Pgyiq = 0) but due to the
fact that mechanical dynamic is slower than electrical dynamic, Pg., cannot be reduced
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Figure 2.6: Power flow dynamic in the DC-link

quickly to keep Pgen=Farid, therefore Pey,, is no longer zero. The power flow into capacitor
can be written as follows:

dv DC
dt

Upc X C = Pgen — Pgm'd (24)
This excess power from generator accumulates in the capacitor resulting in rapid increase in
DC-link voltage. Overly DC-link voltage can destroy both capacitor and converter; there-
fore action must be taken to avoid system failures. In [28] several types of FRT strategies
are discussed. In this study, only over-dimensioned DC-link capacitor and full power brak-
ing resistor are applied since both methods are giving the best dynamic performance [28].
Typical value of DC-link capacitor is approximately 55 to 270 uF per horsepower or 70 to
400 mF for a 2 MW wind turbine [28].

The amount of energy dissipated in the braking resistor is controlled by IGBT. It is
called full power braking resistor, because the energy dissipated in the resistor is equal to
the energy generated by the wind. The schematic diagram of full power braking resistor is
depicted in Fig. 2.7.

[k

, 5 Ve
Rehop Z\_\D fw TC

Figure 2.7: DC chopper schematic

In Fig. 2.7, the switch T'R will conduct only if the DC-link voltage increase beyond the
allowable limit (vary between 10 to 20 percent above the nominal voltage), and the power
from generator is dissipated in the resistor R.pop. In the steady-state operation of FRT,
the value of Rcpep should be 1 per unit. There is no maximum limit of Ry, but too large
resistance will give large effects during fault clearance condition [29].

CHALMERS, Energy and Environment, Master’s Thesis 9



Grid side converter model

The purpose of the grid-side converter is to interface active and reactive power exchange
between DC-link and AC grid. As can be seen in (2.4), the DC-link voltage should be kept
constant in order to maximize active power transfer to the grid, therefore DC-link voltage
control is implemented in the grid-side converter. The reactive power support from FCG
can be realized by controlling reactive current output from the grid-side converter [8,9].
The grid-side converter control is based on the dg-frame rotating synchronously with
the AC grid. The most beneficial factor of using vector control is that the AC voltage and
current are represented in constant vectors, therefore PI controller can be used to remove
static errors of the control system hence simplify the controlling scheme. Clark and Park
power invariant transformation is used to transform three-phase quantities into dg-axis
representation. The transformation from stationary reference frame to rotational reference

p

We

Figure 2.8: Transformation of axis for vector control

frame is shown in Fig. 2.8, where w, represents the angular speed of AC grid.
The active power (p,) and reactive power (g,) transferred to the grid in dg-axis repre-
sentation can be calculated as follows:

3 . .
Pg = i(vgdlgd + Vgqlgq)
(2.5)

dqg = E(quigd — Vgdlgq)

where v,4 and vy, represent the grid phase voltage magnitude in dg-axis, while 744 and 74,
are the current that flow to the AC grid in dg-axis. In this study, the dq rotating frame is
aligned with the grid voltage such that vy, = 0 and vyq = |v,], therefore (2.5) becomes:

3 )
Pg = §(U9dlgd)
3 )
dqg = 5(_U9d29q)-

(2.6)

As can be seen in (2.6), the active and reactive power can be controlled independently by
controlling the dq current that flows to the grid.

The grid-side converter control structure is depicted in Fig. 2.9. In this study, hysteresis
current control is implemented to inject current into the grid. The diagram of hysteresis
control can be seen in Fig. 2.10. The advantages of using hysteresis control are this control
is simple to be implemented (control and PWM are combined), and it has quick response
to reference change [30].

The converter current output can be limited by limiting one of ¢yg4yef OF tgqres in Fig. 2.9
and adjusting the other. In this study, d-axis current is adjusted in order to allow an
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Figure 2.9: Grid-side converter control
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Figure 2.10: Hysteresis band current controller

increase of the reactive power transferred to the grid, as formulated in (2.7).

lgg—ref—maz = g max

Ygd—ref—max = \/Zg,max qu,ref

FCG model implementation

In this subsection, FCG model behavior under fault is validated by comparing the results
with the one presented in [16] and [9]. The test system is depicted in Fig. 2.11. Assumed
that the line impedance is equal to 0.15 4+ j 0.8 Q/km and the grid short-circuit capacity is
equal to 9 MVA. Three-phase to ground fault is occurred in the grid busbar at 2.1 second.
The simulation results can be seen in Fig. 2.12.

FCG Busbar Grid Busbar
10 km

FCG | T T

Figure 2.11: FCG test system

I

| Grid

When fault occurred in the grid busbar, the grid voltage is decreased to zero while the
FCG voltage drops to 0.18 p.u. due to the line impedance between the grid and FCG
(depicted in Fig. ?7). Since the voltage decreased, the active power injected from the FCG
is also decreased. During the fault, the FCG voltage is less than its reference value (1
p.u.), therefore the g-axis current starts to grow as the result of Pl-control as depicted in
Fig. 2.12(b). Recalling (2.6), reactive power injection from the FCG is equal to the g-axis
current, therefore in Fig. 2.12(d), the reactive power injected from the FCG during the
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fault is increased. The aim of limiting the FCG short-circuit current contribution to 1.1
p.u is fulfilled by the model as can be seen in Fig. 2.12(a).

Figure 2.13 illustrated the simulation results for the same FCG test system but with
reduced wind speed (5 m/s), so that the FCG produce only 20% of its rated power capacity.
It can be seen in Fig. 2.13(a) that short-circuit current contribution from the FCG does
not depend on the wind condition, since during fault only the reactive power is injected

from the FCG.
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Figure 2.12: (a) Instantaneous current measured in FCG busbar, (b) dg-axis current mea-
sured in FCG busbar, (c) Instantaneous voltage measured in FCG busbar, and (d) Active
and reactive power measured in FCG busbar
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Figure 2.13: Measurement output during low wind condition:(a) Instantaneous current
measured in FCG busbar, (b) dq-axis current measured in FCG busbar, (c) Instantaneous
voltage measured in FCG busbar, and (d) Active and reactive power measured in FCG
busbar
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2.2.2 HVDC model

The VSC-HVDC transmission system is primarily composed of two converter stations and
DC cables as depicted in Fig. 2.14. Each converter station consist of an IGBT-VSC, phase

PCCI PCC2

HWVDC Cable

T 1
I ﬁjj T T ﬁjj I

Sending End Receiving End
Control Control

Figure 2.14: VSC-HVDC transmission system

reactor, filter, and transformer [27].

In this study, the sending-end HVDC (SE-HVDC) converter station is connected to the
wind farm collection grid, while the receiving-end HVDC (RE-HVDC) converter station is
connected to the main AC grid. The SE-HVDC converter station is used to maintain the
wind farm voltage and frequency, while the RE-HVDC converter station is used to control
HVDC voltage level and reactive power flow to the main AC grid [31]. The SE-HVDC
converter control is realized using sinusoidal PWM. The sinusoidal reference waveform has
constant frequency and the magnitude is set so that the output voltage of SE-converter
station equals to wind farm grid nominal voltage. The RE-converter is using the same
control strategy as in the grid-side converter of FCG model which has been explained in

section 2.2.1 [9].
PSEfNoma[ '

DC-link

% DO—8an| =+ -

Wind farm grid

Transformer

Offshore Converter

—

Pst_Fautr

Fault point

Figure 2.15: During normal condition, active power flows from wind farm grid to DC-link,
while during fault in the wind farm grid, active power flows in reverse direction

When fault occurred in the wind farm collection grid, the magnitude and direction
of the active power flow measured in the SE-HVDC converter is changed as depicted in
Fig. 2.15. Since the short circuit current contribution from the HVDC is defined and
restrained, the SE-HVDC converter switch mode from voltage-regulated mode in normal
condition to current-regulated mode during fault [15].

Figure 2.16 depicted the control mode alteration method in the SE-HVDC converter
station. In Fig. 2.16, instantaneous voltage (vsg_pgvpc) and current (isgp_gyvpce) are mea-
sured in the connection point of the SE-HVDC converter station. If the measured peak
current reach more than its threshold value (10% above nominal current) or the measured
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ISE-HVDC —
iThreshold T
Comparator j SE-HVDC converter
control mode
VSE-HVDC — |
VThreshold — |

Comparator

Figure 2.16: SE-HVDC converter control mode switch is implemented by sensing the in-
stantaneous voltage (vsg) and current (igg).

peak voltage goes below its threshold value (70% of nominal voltage), then the SE-HVDC
converter alters from voltage source mode to current source mode. When current source
mode is activated, SE-HVDC converter uses the same control strategy as explained in
section 2.2.1.

2.2.3 Cable model

For a short AC transmission line (less than 35 km), pi line section model is used to represent
the transmission line. This is because for a short transmission line, the propagation time
is less than a simulation time step [32]. The pi line section model is depicted in Fig. 2.17.
In PSCAD/EMTDC, coupled pi line section component is used in this study, which means

Figure 2.17: Pi line section model

that the conductor voltages are always measured to true ground or earth [33]. The line
data used in this study are given in Table 2.2.

The DC cable used in the HVDC system uses frequency dependant (phase) model to
represents the DC cable. By using the frequency dependant (phase) model, the frequency
response of a cable is duplicated using curve fitting method [32]. The geometry of the DC
cable is given in Fig. 2.18.
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Figure 2.18: HVDC cable geometry implemented in PSCAD/EMTDC
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Chapter 3

Short-Circuit Studies

The chapter starts with a briefly introduction about short-circuit studies. Next the short-
circuit simulation results for different fault scenarios are discussed. Hand calculation of
the fault current is also presented.

3.1 Short-circuit studies

Short-circuit studies are carried out to gather information of the system under fault. These
information used to design the protective scheme of the system and to obtain the rating
of electrical apparatus (e.g.: cables, circuit breakers, transformers) used in the system.

Unlike AC machines, during fault, converter used in FCG and HVDC can be represented
as current source [34]. As depicted in Fig. 3.1, the left-side of busbar i represents the
FCG/HVDC, while the right-side of busbar i represents the synchronous generator (SG)
under fault condition. When three-phase fault occurs in busbar i, short-circuit current
contribution from SG depends on the equivalent impedance of the generator and the line
between the generator and the busbar, while the short-circuit current contribution from
FCG/HVDC is known and limited to 10% above nominal current. Under unbalance short-
circuit faults, e.g. single phase to ground fault or line to line fault, the converter control is
designed to continue to supply balanced three-phase currents irrespective of the degree of
its voltage unbalance. In both balance and unbalance fault, the current control strategy
is normally very fast so that short-circuit current contribution from FCG/HVDC does not
change with time.

- -~ - -~
”~ - ”~ -~
’ AN . s, ~
¢ FCG/HVDC 1\ busi ’ SG >
/ bus s \
/ \ Is 1 \
! e |
\ \./ ! \ ,'
\ — Iiscy 7 \ 7
\ A ’
Y 4 ~ -,
~ 4 ~ -
-~ - - -

Short-Circuit Fault

Figure 3.1: Equivalent circuit of FCG/HVDC and synchronous generator (SG) during
short-circuit fault

18



3.2 Simulation scenarios

Three-phase to ground fault for different fault locations in the wind farm collection grid
were simulated. The fault is located in the PCC of the FCG as can be seen in Fig. 3.2 and
has a resistance (Ryqu:) of 0.001 2. The fault location 1 is defined as the fault occurred
in the terminal of FCG 01, and location 2, 3, 4, 5, 6 respectively.

i
I o
FCG —’_(
03 ¢
M
I ™1 Tl HVDC '/./'/"<
I I 1 : - | | 2
Grid
FCG
06
]—j
5 e |
PR

Figure 3.2: Different fault locations for the short-circuit simulation

As the base case, all FCGs are producing power at their rated capacity and short-circuit
current contribution from FCG and HVDC are equal to 10% above their rated current.

3.3 Simulation results

Typical protection zones in wind farm are explained in [35]. Since the fault is assumed to
occur only in the wind farm collection grid, the affected zones are the collector feeder relay
zone (feeder line) and the collector bus relay zone (collection point) as can be seen in
Fig. 3.3. In the collection point, the concern is to investigate the behavior of the currents
exchange from the wind farm feeder to the HVDC station. While in the feeder line, current
flowing from each FCG are observed.
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Figure 3.3: Two observation points in the case system

3.3.1 Collection point

If the fault occurs in feeder 1, currents are flowing from feeder 2, feeder 3, and HVDC into
feeder 1, as can be seen in Fig. 3.4. The amount of the current flowing into feeder 1 can

Figure 3.4: Current behavior when fault occurs in feeder 1

\Fccdcr |

iHVDC

E jfn
ir2 E
irs E

Feeder 2 <

Feeder 3 <

be calculated as follows:

iHVDC =1.1 p.-u.

= g x 1.1 p.u.

, 1
1p3 = g x 1.1 p-u.

ir = 1.8333 p..

> HVDC

to collection

point

(3.1)

where ip1, tp9, ir3, and igypc are the current measured in feeder 1, feeder 2, feeder 3,
and HVDC feeder respectively. Current measured in feeder 1 (Fig. 3.5(a)) is increased
from 0.33 p.u. during normal condition (all FCGs are producing power at their rating) to
1.83 p.u. during fault.

If the fault occurs in feeder 2 (depicted in Fig. 3.6), the current flows into feeder 2 can
be calculated as follows:

20

iHVDC =1.1 p.u.

. 1
1p = 3 x 1.1 p.u

, 1
13 = g x 1.1 p-u.

im = 1.8333 p..
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Figure 3.5: Current flowing in: (a) feeder 1; (b) feeder 2; (c) feeder 3; and (d) HVDC feeder
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Figure 3.6: Current behavior when fault occurs in feeder 2

Current measured in feeder 2 (Fig. 3.7(b)) is increased from 0.33 p.u. during normal
condition to 1.83 p.u. during fault.

As can be seen in Fig. 3.5 and Fig. 3.7, current flows into the faulty feeder equals
1.83 p.u. which is the sum of short-circuit current contribution from healthy feeders and
HVDC. Discontinuity in the current waveform of the healthy feeders occur due to the FCG
status change from full active power support to full reactive power support.
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Figure 3.7: Current flowing in: (a) feeder 1; (b) feeder 2; (c) feeder 3; and (d) HVDC feeder
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3.3.2 Feeder line

If fault is located in location 1 (as depicted in Fig. 3.8), short-circuit current contribution

iF1

—

@ i TN N i
I 3 1, |
Ttim TiFCGz TiFCGB tocoll.ccuon
point
FCG FCG FCG

Figure 3.8: Current behavior when fault is in location 1

from each FCGs are 10% above their nominal current, therefore fault current (ipq.;) can
be calculated as follows:

ip; = 1.8333 pa
1
troc = 5 x 1.1 p.u. (33)

1 Fault = 2.2 p-u.

where ipcq is the short-circuit current contribution from FCG.

The fault current when fault occurred in location 1 as well as location 2 and 3 is shown
in Fig. 3.9. Since the converter can be represented as current source, the amounts of
short circuit current contribution from FCGs are not depending on the line impedance.
Therefore, the calculated fault current in (3.3) is also valid for the other fault locations.
This can be seen in Fig. 3.9 where all the fault current for three different locations along
feeder 1 are having the same magnitude. In the other words, the fault current can be
calculated as the sum of short-circuit current contribution from wind farm and HVDC.
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Figure 3.9: Fault current when fault is located in: (a) location 1; (b) location 2; and (c)
location 3
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3.4 Fault clearing time

During a short-circuit fault, the thermal energy is developed in the cable and depends on
the short-circuit magnitude and duration. The maximum short-circuit current allowed to
flow in the cable due to thermal limitation can be formulated as follows [24]:
U1
ish = — (3.4)
Lsh

where iy, is the short-circuit current [kA] during time ¢y, 415 is the short-circuit rating
during 1 second (provided in [24]), and ¢4, is the short-circuit duration [second]. For XLPE
insulated conductors, the maximum allowable short circuit temperature is 250°C.

From the previous subsection, short-circuit current that flows in the wind farm collec-
tion grid is equal to 2.2 p.u. or equal to 0.979 kA, inserting this into (3.4), the maximum
fault clearing time for the feeder line cable is equal to 1.7 minute. The short-circuit current
contribution from HVDC is 1.1 p.u. or equal to 0.490 kA, the maximum fault clearing time
for the cable connecting collection grid to the SE-HVDC terminal is equal to 2 hours.
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Chapter 4

Fault Detection

The voltage and current signals from the PSCAD/EMTDC simulations are further analyzed
in MATLAB. The signal processing methods that are used in the digital protective relays
are explained in this chapter. The signal analysis results for different simulation scenarios
and the proposed fault detection methods are presented. In the end of this chapter, the
signal processing results for different system conditions are also presented.

4.1 Digital protective relaying

The development of microprocessor in early 1970s has opened the possibility of using com-
puters in power system protection. In the beginning of 1980s, the first digital or numerical
protective relays were implemented in the system [36]. By using microprocessor, one or
more protective functions, i.e. voltage, overcurrent, distance protection, and differential
protection, can be implemented in a single protective device resulting in reduced panel
space. The modern digital protective relays also include additional functions such as fault
reporting and data recording, remote communication, and self-calibration [37]. The disad-
vantages of digital protective relays as mentioned in [38] are short lifetime because of rapid
technology development makes the relays disused quickly, easily affected by power system
transients, and sophisticated relays need trained-personals to handle.

The main difference of digital and conventional relays is in the method of signal process-
ing. In digital relays, analog signals are sampled into digital signals before processed, while
in conventional relays, this digitations method does not occur, and the analog signals are
directly connected to the electromagnetic winding or electronic circuits. The basic block

Digital
Signal
Processing

Analog input Relay output

Conditioning Conversion

Figure 4.1: Block diagram of digital protective relay

diagram of digital relay is depicted in Fig. 4.1.

The signal conditioning part consists of transducers and analog filters. The most com-
mon transducer used is the instrument transformers, i.e. current transformers (CT), volt-
age or potential transformers (CT or PT), and capacitive voltage transformers (CVT).
The analog signal from the measurement devices output then converted into digital signal
(A/D conversion) by signal conversion part. Different method of A/D conversion can be
found in [39] and [40].
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The digitized signal then processed in digital signal processing (DSP) part. In this
study, the DSP is done for one data window. Figure 4.2 illustrates the moving rectangular
data window when new sample is included and the oldest one is discarded. The window

Sliding data window

Figure 4.2: Sliding data window method

width used in this study is equal to one cycle of the power frequency (20 ms). The DSP
method that are used in this study are instantaneous peak value, DF'T analysis, instanta-
neous active power (p;,s), differential value, and positive sequence line-ground impedance
(z) [37,41,42]. Instantaneous peak value (z,), DFT analysis (Z;), and differential value
(z4iff) are calculated using the following equations.

2, = maximum of |z|p ' (4.1)
N-1

Zp = ze WM k=0,... ,N-1 (4.2)
n=0

Rdiff = Zk+1 — 2k kIO,...,N—l (43)

where j denotes the imaginary unit, N is the number of the sample in one window, and
21, is the sampled signal. While instantaneous active power (pis), is calculated from
instantaneous value of phase current (i) and voltage (v) and given as follows:
=
DPinst = N v-1 <44)

n=

The result of the DFT analysis in (4.2) is the signal spectrums. By using the fundamental
phase current (I(1y) and voltage (V{y)), positive sequence line-ground impedance (Z) can
be calculated as:

z=-0 (4.5)

In this study, the short-circuit analysis results for different fault scenarios simulated
in PSCAD/EMTDC are sampled and post-processed using MATLAB. Since the fault is
balanced three-phase to ground fault, only phase A is considered for the post-processing.
The results of the post-processing are discussed in the following sections.
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4.2 Results and analysis

4.2.1 Collection point

The main objective of having the fault detection method in the collection point is to
discriminate between the faulty and the healthy feeder. The measurement units (voltage

and current meters) are placed in the incoming feeder (feeder 1, 2, and 3) and outgoing
feeder (HVDC feeder), as depicted in Fig. 4.3.

Feeder 1 %@—
Feeder 2 <—{}—{()}—> HVDC
Feeder 3 %@f

Figure 4.3: The ellipses indicate the measurement units (MUs) in the collection point

Peak current behavior

As can be seen in Fig. 4.4, the peak current flowing into the faulty feeder has the same
magnitude regardless the location of the fault. The peak current in the faulty feeder equals
to 1.16 kA (= 1.83 p.u.), while in the healthy feeders equals to 0.23 kA (10% above their
normal current). Therefore the discrimination between faulty and healthy feeder can be
achieved by observing the peak current during the fault.

I 1 -~ Feeder 1
i é\ Feeder 2
< = * Feeder 3
% g —~HVDC
gz 0.5 £ 0.5
=3 =
o )

0 ‘ ‘ ‘ 0 ‘ ‘ ‘
1 2 3 4 0 1 2 3

fault location distance (km) fault location distance (km)

(a) (b)

Figure 4.4: Peak current magnitude during fault located in (a) feeder 1, and (b) feeder 2

Instantaneous active power behavior

When fault occurred in the system, the system voltage and the active power flow are
reduced. The direction of the active power also changes toward the faulty point. As can
be seen in Fig. 4.5(a), the direction of the instantaneous active power in the HVDC feeder
and feeder 1 are changed after the fault occurs in feeder 1, while when the fault is occurred
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in the HVDC terminal, there are no reverse direction of the instantaneous active power
flow. The instantaneous active power behavior during the fault is shown in Fig. 4.6. By

107
8F close-up close-up
0.2[
o - 0 ~
z 0 02 =
% 4+ 04 ] é 5
-l U012 0122 0124 ~
g2 4
0 <\;\ - e \
‘ ‘ ‘ ‘ 0 ‘ e .
0.08 0.1 0.12 0.14 0.16 0.08 0.1 0.12 0.14 0.16
time (s) time (s)
(a) (b)

Figure 4.5: Instantaneous active power behavior when the fault is occurred in (a) location 1,
and (b) SE-HVDC terminal

observing the instantaneous active power sign (flow direction), the faulty feeder can be
identified.

0.27

0.2
— * D [ et * |2 Feeder 1
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~ \2_/ *- Feeder 3
02 ~ 02 > HVDC
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! 2 3 4 0 1 2 3
fault location distance (km) fault location distance (km)
(a) (b)

Figure 4.6: Instantaneous active power during fault in (a) feeder 1, and (b) feeder 2

Current differential behavior

As can be seen in Fig. 4.7, the current differential signal is too noisy to be used to discrim-
inate the faulty and healthy feeder.
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Figure 4.7: Current differential behavior when fault occurred in (a) feeder 1, and (b)

feeder 2

Current harmonics behavior

As can be seen in Fig. 4.8 and 4.9, discontinuity occurs in the current harmonics other
then the fundamental frequency. This behavior does not depend on the fault location. It
is also shown that the magnitude of the discontinuity in the faulty feeder is much larger
than the healthy one. Therefore, there is possibility to use the current harmonics spectrum
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Figure 4.9: Current harmonics behavior when fault occurred in feeder 2

Detection of faulty feeder

After observing the behavior of the signals in the collection point, the detection of faulty
feeder can be done using the flowchart depicted in Fig. 4.10. The first step is to observe
the instantaneous active power direction in the HVDC feeder. Then the next step is
to investigate the peak current value or the harmonic spectrum of the current. If the
conditions in both step are fulfilled by feeder x, then the fault is occurred in feeder x.

Fault detection by observing only the instantaneous active power direction is not sug-
gested, because during the starting state of the system, instantaneous active power from
the HVDC may flow towards the wind farm (reverse direction).

Fault detection by observing only the peak current is also not suggested, since the peak
current may introduce a problem due to fast transient occurred in the system.

Further study in the harmonic spectrum of the current is needed in order to use this
in the fault detection method. Other transient status in the system, e.g. switching of the
circuit breaker, may also interference the harmonic spectrum of the current. Therefore, it
is needed to differentiate between fault and other transient conditions.
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Figure 4.10: Proposed method for detecting the faulty feeder

4.2.2 Feeder line

The main objective of having the fault detection method in the feeder line is to identify
the faulty section within a feeder line. It is assumed that the fault is occurred in feeder 1.
Three MUs are placed in three different locations as depicted in Fig. 4.11.

In order to see the difference between faulty and healthy section within a feeder, the
following analysis will be focused only when the fault is occurred in location 2 and 3.
Which means that when the fault is occurred in location 2, the faulty section is the one
between FCG 01 and 02, while if the fault is occurred in location 3, the faulty section is
the one between FCG 02 and 03.

MU 1 MU 2 MU 3
i B8 i A
V]t Vil 1 :
to collection
point
FCG FCG FCG
01 02 03

Figure 4.11: The ellipses indicate the measurement points along the feeder line

Peak current behavior

In Fig. 4.12(a), the peak current difference during fault between MU 1 and MU 2 is 1.15 kA
(=~ 1.83 p.u.), while between MU 2 and MU 3 is only 0.075 kA (= 0.12 p.u.). When the fault
is occurred in location 3 (Fig. 4.12(b)), the peak current difference during fault between
MU 2 and MU 3is 0.99 kA (= 1.5 p.u.), while between MU 1 and MU 2 is only 0.082 kA (=
0.12 p.u.). This behavior shows the possibility to use the peak current difference between
two contiguous MUs for detecting the faulty section within a feeder.

CHALMERS, Energy and Environment, Master’s Thesis 33



current (kA)

Figure 4.12: Peak current behavior when fault is occurred in (a) location 2, and (b)
location 3

Peak voltage behavior

Figure 4.13 indicates that during the fault, peak voltage in three different locations is less
than 500 volt (or less than 0.017 p.u.). This means that it will be hard to use the magnitude
of the voltage to discriminate the healthy and the faulty feeder.
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Figure 4.13: Peak voltage behavior when fault is occurred in (a) location 2, and (b)
location 3

Instantaneous active power behavior

As explained before, the direction of the active power flow during fault is toward the faulty
point. As can be seen in Fig. 4.14(a), when fault occurred in location 2, the instantaneous
active power in MU 3 is equal to -0.13 MW, and in MU 1 is equal to 798 W. In Fig. 4.14(b),
instantaneous active power in MU 1 is equal to 2.9 kW and in MU 2 is equal to 3.3 kW.
The instantaneous active power in the faulty point is equal to zero, since the voltage at
that point is also zero. It may be hard to have the relay selectivity based on the magnitude
of the instantaneous active power, but if communication link between two contiguous MUs
is available, the direction comparison of the instantaneous active power may be used for
detecting the faulty section within a feeder.
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Figure 4.14: Instantaneous active power behavior when fault is occurred in (a) location 2,
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Voltage differential behavior

The differential of the voltage as depicted in Fig. 4.15 cannot be used to identify the faulty
section since the signal is too noisy and the magnitude is very low.
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Figure 4.15: Voltage differential behavior when fault is occurred in (a) location 2, and (b)
location 3

Positive sequence line-ground impedance behavior

The positive sequence line-ground impedance value, as can be calculated using (4.5), is
changing right after the fault initiated. As can be seen in Fig. 4.16, in the normal condition
all positive sequence line-ground impedance in three MUs are having the positive resistance
(real value of impedance). When fault is initiated these impedance is reduced and equal
to zero after reaching fault steady-state.

The trajectory of the positive sequence line-ground impedance in different MUs may be
different for the different fault location. Figure 4.17 shows the closer look on the impedance
behavior 0.0073 seconds after the fault is initiated. It can be clearly seen in Fig. 4.17(a)
that the impedance in MU 1 is moving towards zero through the positive imaginary values,
while the other two MUs are moving through the negative imaginary values. When the
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fault is occurred in location 3 (Fig. 4.17(b)), the impedance in MU 1 and MU 2 are moving
through the positive imaginary value. By comparing the impedance trajectory between
two MUs, the faulty section within the line can be identified.
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Figure 4.16: Positive sequence line-ground impedance behaviors when the fault is occurred
in location 2, the dashed arrows represent the movement direction
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Figure 4.17: Closer look in positive sequence line-ground impedance behavior when the
fault is occurred in (a) location 2 and (b) location 3

Detection of faulty section within a feeder line

After observing the behavior of the signals in the collection point, the detection of faulty
feeder can be done using the flowchart depicted in Fig. 4.18. The faulty section can be
detected by comparing the peak current between two contiguous MUs, or comparing the
direction of the instantaneous active power or the positive sequence line-ground impedance
between MUs. It means that the communication line between MUs is needed to have
selectivity in the feeder line protection system.
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Figure 4.18: Proposed method for detecting the faulty section within a feeder

4.3 Different simulation conditions

In the following subsections, short-circuit simulations are performed for different system
conditions. The purpose of these simulations is to test the proposed fault detection method
for different system conditions. The presented results in the following figures are for fault
located in location 2 (feeder 1).

4.3.1 Different sampling frequency

By changing the sampling frequency of the A /D converter, the accuracy of the DSP analysis
can be changed. The DSP result when using two different sampling frequencies (4 and
10 kHz) are shown.

As can be seen in Fig. 4.19 - Fig. 4.22, there are no significant difference between 4 kHz
and 10 kHz sampling frequency DSP results.

CHALMERS, Energy and Environment, Master’s Thesis 37



~=~Feeder 1| | = B _—
1t Feeder 2 * 1
— *-Feeder 3 §
\g %_e_e_e_gf v ) = Ae—e—ew-/
q&) 0.5 Q;:) 05 |
et -g\_u_i" i3 e e '"“*“*E*ﬂ‘(’»«i—-—i o ¢ * * * " *
0.08 0.1 0.12 0.14 0.16 0.08 0.1 .0.12 0.14 0.16
time (s) time (s)
(a) b)
8 close-up N
(039 | m——
—~ 0 =
B 6/ -0.1 B 6F
02—

= 4 03 =
ﬁ 0.12 0.122 0.124 i 4
E z -

0’ ‘ X - ‘ : O’ | \';’\__’__‘.. * = = . .

0.08 0.1 0.12 0.14 0.16 0.08 0.1 0.12 0.14 0.16
time (s) time (s)
(C) (@

Figure 4.19: (a) and (c) show the peak current and the instantaneous active power behavior

in the collection point for 4 kHz sampling frequency, while (b) and (d) are for 10 kHz
sampling frequency

38 CHALMERS, Energy and Environment, Master’s Thesis



Harmonic humber:0 Harmonic number:1 Harmonic humber:2

1 ................. g 15 ..................................... 04 ......................................
g - g caAnd T
P /i s [ j;& ............... o - \Un‘ §
3 05 i Ik .\.l.E ......... e ; 3 ; : 3 021t lf Vo ;
= L E sl J T & oA ;
3 " R 3 P
E J _*-,:l\ : : E g, i _*‘* K St A 3 E R \
0 bianeste”  Neaseduensed 0 P ; 0 K
008 01 012 014 016 008 01 012 014 018 008 01 012 014 018
time (s) time (s) time (s)
Harmonic humber:3 Harmonic humber:4 Harmonic humber:5
02 ................. IRRRRE AR 02 ......... R R T 02 ........ R R T
&“ i I\i : &“ : : &“ : :
= nogk : = =
o " rJ]F § o ' X : o : :
= ; = 5 ! ; = SSUPAUUO SRURRRPRPU ORRRPRPNE
2 01! :ﬁﬂ,j‘; ........ o 2 0.1} }\ﬁ:}l ................. 2 0.1} T |
c R : c -f i : 5 \H Jl‘?‘ :
g LM i\ : g M « N \
£ T : £ » 2R : b= e A
0 o™ Seedaecoe 0 bpagedl® o Sebgedier gea 0 b B en s seo e
008 01 012 014 016 008 01 012 014 0186 0.08 01 012 014 016
time (s) time (s) time (s)
Harmonic number:6 Harmonic number:7 Harmonic number:8
0.1 : . ; : 0.1 : : 0.1 :
< 0 : e f L g
= o i = L = | |
% i 3 ry 3 o |
3 0,05 m S 3 0.05¢ I%I@‘ ................. . 3005} ‘:.#&{‘#l ................. 5
= a0 LI = : I : = : :
= oo c L s = :
= i : g ) HE =
= / LJ* £ : s ;r;é._ 0 .l_\ =
008 01 012 014 016 008 01 012 014 018 008 01 012 014 018
time (s) time (s) time (s)

Figure 4.20: Current harmonic spectrum in the collection point for 4 kHz sampling fre-
quency
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Figure 4.21: Current harmonic spectrum in the collection point for 10 kHz sampling fre-
quency
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4.3.2 Different wind turbines condition

Due to some reasons, e.g. maintenance, FCG 02, 04, 06, 08, and 09 are disconnected from
the system. This means that when fault occurs, only 4 FCGs are contributing to the fault.
The fault current is reduced from 2.2 p.u. to 1.59 p.u. The DSP results when only 4 FCGs
connected to the system are shown in the following figures.

The current peak behavior, as depicted in Fig. 4.23(a), has higher value right after
the fault is initiated. This is due to the transient current that occurred in the system.
During the fault steady-state, peak current in feeder 1 is equal to 0.85 kA (=~ 1.34 p.u.) or
decreased 0.31 kA as compared to the base case (when all turbines are in service).

The behavior of the instantaneous active power (Fig. 4.23(b)) and the discontinuity of
the current spectrum (Fig. 4.24) are as same as their behavior in the base case. This also
happens in the feeder line, Fig. 4.25.

It can be concluded that the proposed fault detection methods still work properly for
this condition.
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Figure 4.23: (a) the peak current behavior, (b) the instantaneous active power behavior in
the collection point
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Figure 4.24: Current harmonic spectrum in the collection point
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4.3.3 Reduced HVDC short-circuit current contribution

If the fault current is reduced, the rating of the equipments used in the system can also
be reduced. The fault current magnitude in this case system depends on the short-circuit
contribution from the HVDC. Therefore, by reducing HVDC short-circuit current contri-
bution from 1.1 p.u. to 0.1 p.u., the fault current is reduced from 2.2 p.u. to 1.2 p.u. The
DSP results are shown in the following figures.

As can be seen in Fig. 4.26(a), during the fault, the peak current in the HVDC feeder is
reduced to 0.071 kA (= 0.1 p.u.), therefore the peak current in the faulty feeder is equal to
0.52 kA or reduced 0.64 kA as compared with the base case. The peak current difference
between the faulty feeder and healthy feeder is equal to 0.28 kA.

Since short-circuit current contribution from the HVDC is reduced, the instantaneous
active power during fault in the HVDC feeder (Fig. 4.26(b)) and in the line (Fig. 4.28(b))
are also reduced, but the behavior of its direction is still as same as in the base case.

The difference of the peak current between MU 1 and MU 2 as depicted in Fig. 4.28(a)
is equal to 0.52 kA (= 0.83 p.u.) or decreased 0.63 kA as compared to the base case.

The behavior of the current spectrum depicted in Fig. 4.27 and positive sequence line-
ground impedance depicted in Fig. 4.28(c) are also as same as in the base case.

It can be concluded that the proposed fault detection methods still work properly for
this condition, but the setting of the peak current threshold in the collection point must be
reduced and the MUs should be able to observe small value of instantaneous active power
(several hundred watts).
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Figure 4.26: (a) the peak current behavior, (b) the instantaneous active power behavior in
the collection point
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Figure 4.27: Current harmonic spectrum in the collection point
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Figure 4.28: (a) the peak current behavior, (b) the instantaneous active power behavior,
(c) the positive sequence line-ground impedance behavior in feeder 1
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4.3.4 Reduced HVDC short-circuit current contribution and dif-
ferent wind turbines condition

In this case, the short-circuit contribution is reduced to 0.1 p.u. and only several wind
turbines are connected to the system. It means that the fault current is very low (0.6 p.u.)
as compared to the base case. The DSP results for this case are shown in the following
figures.

Figure 4.29(a) shows that the peak current of the faulty feeder is equal to 0.22 kA
(= 0.35 p.u.) or only 6% above the normal current (when all turbines in feeder 1 are in
service). This means that the peak current behavior can no longer be used to detect the
faulty feeder.

The instantaneous active power during fault in the HVDC feeder (Fig. 4.26(b)) and in
the line (Fig. 4.28(b)) is also reduced, but the behavior of its direction is still as same as
in the base case. In order to use the direction of the instantaneous active power to detect
the fault, the MUs should be able to observe small value of instantaneous active power
(several hundred watts).

The difference of the peak current between MU 1 and MU 2 (Fig. 4.31(a)) is equal to
0.21 kA (= 0.33 p.u.), while the difference between MU 2 and MU 3 is equal to 0.07 kA (=
0.11 p.u.). Therefore, the peak current difference between MUs can still be used to detect
the faulty section within a line.

The behavior of the current spectrum depicted in Fig. 4.30 and positive sequence line-
ground impedance depicted in Fig. 4.31(c) are as same as in the base case.

It can be concluded that the proposed methods for detecting faulty feeder may not
working properly for this condition, while the proposed faulty section detection can still
be used.
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Figure 4.29: (a) the peak current behavior, (b) the instantaneous active power behavior in
the collection point
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Figure 4.30: Current harmonic spectrum in the collection point
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4.3.5 Different wind turbines and HVDC power rating

In this case, the turbines power rating is changed into 5 MW and 1.5 MW, and the
HVDC power rating is changed into 45 MVA and 13.5 MVA respectively. In this study,
all converters are assumed to be ideal, therefore the scaling of the system can be achieved
easily by scaling up the FCG and HVDC rated power. While in the real system, a lot of
things, such as the power electronic switches, controller gain, transformers, circuit breakers,
are need to be considered before changing the system rating. The DSP results are shown
in the following figures.

As can be seen in Fig. 4.32(a) - Fig. 4.37, the behavior of the results are all the same.
The differences in magnitude are due to the difference of the system rating. Therefore, the
proposed method can still be used for different system rating.
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Figure 4.32: (a) the peak current behavior, (b) the instantaneous active power behavior in
the collection point for 5 MW turbines
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Figure 4.33: (a) the peak current behavior, (b) the instantaneous active power behavior in
the collection point for 1.5 MW turbines
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Figure 4.34: Current harmonic spectrum in the collection point for 5 MW turbines
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Figure 4.35: Current harmonic spectrum in the collection point for 1.5 MW turbines
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Figure 4.36: (a) the peak current behavior, (b) the instantaneous active power behavior,
(c) the positive sequence line-ground impedance behavior in feeder 1 for 5 MW turbines
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

Wind farm is located in remote site, especially in offshore in order to gain more stable wind
speed, which in turn increases turbine efficiency, without increasing the environmental
impacts. HVDC transmission system becomes the best solution for connecting this remote
wind farm to the main AC grid, if the connection exceeds 80 km offshore or 500 km onshore.

During short-circuit fault in the terminal of a converter, short-circuit current flowing
from the converter is usually limited (10% above rated current is used in this study), due to
power electronic switch safety reason. Having the limited short-circuit current contribution
from the converter, fault detection in the HVDC-connected wind farm with FCG becomes
a challenging task.

In order to study the behavior of the system under faulty condition, a case study has
been built and implemented in PSCAD/EMTDC software. The case study consists of 9
wind turbines distributed in 3 feeders.

Six-pulses IGBT converter is implemented in FCG and HVDC. The grid-side converter
control of FCG system is based on the rotating dg-frame aligned with the FCG terminal
voltage. The hysteresis band method is used to generate the IGBT firing pulse signal, since
it has a quick response to the current dynamic.

During normal condition, the sending-end HVDC (SE-HVDC) converter, which collect
the power coming from the wind farm, acts like a voltage source having constant voltage
and frequency. At this condition, sinusoidal PWM converter control is implemented in
the SE-HVDC converter. If the fault is occurred in the wind farm collection grid, the
SE-HVDC converter acts as a current source injecting limited current to the faulty point.
At this condition, SE-HVDC use the same converter control as in the grid-side converter
of FCG.

Since the converter found in FCG or HVDC system is giving the limited short-circuit
contribution, the converter can be represented as a current source during the fault. The
amount of the current injected from the converter does not depend on the fault location.
The fault current can be calculated as the sum of short-circuit current contribution from
FCG and HVDC. Since during the fault FCG only contribute reactive current, short-circuit
current contribution from the FCG does not depend on the wind speed.

In order to imitate the work of digital protective relays, simulation output signals are
sampled and post-processed. Sliding data window method is implemented in MATLAB.
Instantaneous peak value, instantaneous active power, discrete Fourier transform (DFT)
analysis, differential value, and positive sequence line-ground impedance calculation are
applied in the DSP part.

By analyzing the DSP outputs, the faulty feeder can be detected by observing the
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instantaneous active power direction of the HVDC feeder together with the peak current
measurement or the current spectrum magnitude of the wind farm feeder. While the
faulty section within a feeder can be detected either by comparing the peak current or
the instantaneous active power direction or the trajectory of positive sequence line-ground
impedance between two contiguous measurement units.

In the last part of this report, the DSP results for different system conditions are given.
The proposed fault detection method tends to fail to detect the fault when the short-
circuit current contribution from HVDC is reduced to 0.1 p.u., since the peak current and
instantaneous active power in the collection point and along the feeder become very small.

5.2 Future works

o Investigate the behavior of the system when subjected to unbalance and high resis-
tance short-circuit fault.

e Research the possibility to change the converter control scheme in the FCG and
HVDC model.
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Appendix A

FCG components modeling

A.1 Aerodynamic model

Power extraction from wind by wind turbine can be calculated using Betz equation given
as:

Po = 5pAWCo(A, ) (A1)

where P, is the turbine mechanical power, p is the air density, A is the blade swept area,
vy 1s the wind speed, C'p is the power coefficient of the blade, and [ is the blade pitch
angle (BPA). The value of tip speed ratio (TSR) or A can be calculated using (A.2)

TSR === (A.2)

where w is the turbine rotor angular speed, and R is the turbine blades radius.

From (A.1), Cp is a nonlinear function of A and f, and depends on the turbines struc-
ture. The X value of fixed-speed wind turbine cannot be controlled and it gives the optimum
Cp only for particular wind speed. With variable-speed wind turbine, C'p can be optimized
to maximize power extraction for wide range of wind speed [43]. A typical power curve
of fixed and variable-speed wind turbine is shown in Fig. A.1. An example of numerical
approximation of Cp is given by [44] in the following form:

151
Ai

Cp(\, B) = 0.73 ( — 0.588 — 0.0028%14 — 13.2) e (A.3)

where

1 0.003 \ !
A= (A —0.028 B+ 1) (A4)

From (A.1), if v, is invariable then P,, is directly proportional to Cp. It can be seen

from Fig. A.2 that in order to maximize power extraction from the wind, 8 must be at the
minimum and A must be at the optimum (within 6-8).
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A.2 Permanent Magnet Synchronous Machine model

The PMSG is modeled in dg-representation assuming that it has sinusoidal flux distribution
in the air gap and no zero components in the three phase quantities. The transformation
from three-phase quantities to dg-axis is done by aligning the d-axis to the rotor flux as
depicted in Fig. A.3. The stator voltage equation can be expressed as:

Figure A.3: Simple dg-axis representation in 2 poles PM machine

dis
Usq = Rsisd - wrwsq + % (A )
D

di)s

Usqg = Rsisq + wrwsd + jtq

where usq and u,, are the stator voltage in dg-axis, Rs is the stator resistances, i54 and
isq are the stator current in dg-axis, w, is the rotor electrical speed, 154 and 14, are the
dg-axis representation of stator flux linkage. Flux linkage equations are given in (A.6) as
follow:

wsd = Lsdisd + wm

A.6
,lvbsq = quisq ( )

where Lgy and Ly, are the stator inductance in dg-axis. By inserting (A.6) to (A.5), stator
voltage equations become:

dig
Usa = Rylisqg — wT‘quisq + Lsa ;td
| | i, (A.7)
Usq - Rszsq + wT(LstSd + ¢m) + qu dt

The rotor electrical speed (w,) in the previous equations can be calculated as follows:
Wy = Wiy (A.8)

where n, is the number of rotor pole pair. The mechanical angular speed (w,,) can be
expressed as a function of electrical torque (7,) and mechanical torque (7,,) as given in

the following equation:

dw
J—= =T, — T, — Bw,, A9
o w (A.9)
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where J is the moment inertia of the rotor, and B is the viscous damping.
The space vector representation of electrical torque (7) is given by the following equa-
tion:

T, — %Im{qﬁ:is} (A.10)

by inserting (A.6) into (A.10), electrical torque equation become:
3n,,

Te - 7(¢mlsq + (Lsd - qu)%tﬂsq) (All)

It can be observed from (A.11) that there are two terms of torques which are synchronous
torque and reluctance torque. The preceding is produced by the permanent magnet flux
and g-axis current, while the later is produced by the difference of the inductance in dg-
axis [45].

A.3 Generator-side converter model

Field Oriented Control (FOC) scheme is implemented in this study to control the PMSG.
This control scheme relies on the transformation of three-phase quantities into two coor-
dinate system (dg-representation), so that it similar to DC machine control. The trans-
formation is implemented by aligning the d-axis to the rotating stator flux. Figure A.4

Converter
O I I
VDC-FCG |_i§ Z& GS
e
i iy PMSG
‘ sa S
b
abc
Firing pulse dq Ogen
gge)l . A
Lsd Lsq
Pl isd-mf/' @
PWM < abc < Current [€ ]
< dq (E Controller < Lsq-ref

Figure A.4: Basic scheme of FOC for PMSG

represent the scheme of FOC. The current reference of the current controller in Fig. A.4
can be obtained from the outer controller which regulates the speed of PMSG.

As explained in [45] and [28], different control strategies can be applied. In this study,
full torque control strategy is implemented. In order to maximize the torque, current
reference in d-axis is always set to zero. The phasor diagram of this control strategy can
be seen in Fig. A.5. By inserting current value from Fig. A.5 into (A.11), the electrical
torque equation can be written as:

= 2 (i) (A12)
From (A.12), it can be observed that the value of iy, is linear to the value of 7., which
simplify the control property [45].

The structure of the current and speed controller of PMSG is represented in Fig. A.6.
The g-axis control consist of outer controller (speed controller) and inner controller (current
controller). The inner controller in both d and g-axis have the same properties. As a rule
of thumb in control design, the inner controller bandwidth is at least 10 times faster than
the outer one.

Te
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Figure A.5: Phasor diagram of full torque control strategy
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Appendix B

FCG Model parameters

Table B.1: FCG model parameters

Part Label Description Value Unit
Vw Rated wind speed 13 m/s
Pturbine Rated turbine power 3 MW
Rrotor Rotor radius 46.2 m
Arotor Rotor swap area 6705 m?
Wind Turbine Rho Air density 1.225 kg/m?
kp Gain cst of turbine regulator control 6.5
ki Integral cst of turbine regulator control 6.5
ks Gain cst of speed damping 0.05
Gm Gain multiplier 30
npp Number of generator pole pairs 150
Sgen Rated generator power 3 MVA
freqgen Generator frequency 50 Hz
wref Generator electrical speed 314.16 rad/s
nsgen Generator mechanical speed 20 rpm
Vgen Generator rated voltage 0.69 kV
J Generator inertia 2 pu
PMSG B Generator damping 0.002 pu
VgenPh Generator line to neutral voltage 0.39 kV
VgenPeak  Generator peak voltage 0.56 kV
[_base Base current 2.51 kA
I_peak Current peak 3.55 kA
Rs Stator winding resistance 0.017 pu
Xs Stator leakage reactance 0.064 pu
Psi Generator flux linkage 1 pu
kpc_r Gain cst of inner controller 1.4
Tic_r Time cst of inner ctrl 0.059
kps_r Gain cst of outer controller 60
Tis_r Time cst of outer ctrl 0.001
Lgen Estimated generator inductance 0.15
Rectifier [dmax Max current limit 1.1 pu
Idmin Min current limit -1.1 pu
Vdmax Max voltage limit 1.05 pu

Continued on Next Page. ..
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Table B.1 — Continued

Part Label Description Value Unit
Vdmin Min voltage limit -1.05 pu
Vagmax Max voltage limit 1.05 pu
Vgmin Min voltage limit -1.05 pu
DCv rated DC voltage 1.1 kV
. Rbrake Braking resistance 0.1 Q
DC-Link linkcap DC-link capacitor 50 mF
Dcvmax max DC-link voltage 1.177 kV
kps_i Gain cst of current controller 10
Inverter Tis i Time cst of current controller 0.01

Hyband Hysterisis band 0.05
Sxformer Rated power of xformer 3 MVA
LVxformer Low voltage of xformer 0.69 kV
HVxformer High voltage of xformer 20 kV

Transformer  freqgrid Grid frequency 50 Hz
Lleak Positive sequence leakage reactance 0.15 pu
Culoss Copper losses 0.015 pu
Nlloss No load losses 0.015 pu

: Ron ON Resistance 0.001 €
PE Switch Roft OFF Resistance 1 MQ
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