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Abstract

This thesis investigates the use of voltage source converter high-voltage direct current (VSC-HVDC)
transmission systems for large-scale integration of offshore wind farms into the Scottish power
network, and reinforcement or replacement of the existing high-voltage ac links between Scotland and
England to increase transmission capacity, without affecting the power and voltage stability of both
networks. To achieve these objectives, several multi-tasking controllers for VSC-HVDC transmission
that use neutral-point clamped converter are developed as a platform in Simulink, and used
throughout the research work presented in the thesis. The main controllers implemented in this thesis
are, active power, dc voltage, ac current in synchronous reference frame, ac voltage and frequency
control.

Regarding the use of VSC-HVDC for offshore wind farm integration, two control approaches for the
offshore-side converter were investigated. In the first approach, the wind farm-side converter injects
all the wind power into the dc side without assigning a direct power command and establishes a stiff
ac bus at the wind farm network main hub (bus). In the second approach, the wind farm-side
converter uses an assigned power command to inject the wind power into the dc side while the wind
turbines use their pitch control to regulate active power production so as to guarantee power balance
between the offshore ac network and the dc side. The advantages and shortcomings of both
approaches are highlighted and their influence on network stability assessed. Two possible HVDC
configurations were investigated to accommodate future offshore wind power into Scottish networks
without significantly compromising the overall system stability and reliability, paying special
attention to Grid Code compliance. The two configurations investigated are two independent point-to-
point HVDC networks and a multi-terminal HVDC network. The viability of the both configurations
is evaluated in steady-state and transient conditions. This evaluation includes flexibility of power
dispatch, provision of ancillary services to Scottish networks and potential improvement in system
stability. For completeness of the work, the small-signal stability of the multi-terminal HVDC
network configuration when used to connect offshore wind farms was explored using eigenvalue
Techniques.

This thesis also investigated two possible connection scenarios to increase the transmission capacity
of the links between England and Scotland, by reinforcing the existing HVAC links with parallel
HVDC links (hybrid connection), or replacement of the current HVAC links by two independent
point-to-point HVDC links. The benefits and drawbacks of both connection scenarios are
highlighted. These include the benefits to frequency control in the Scottish network in the event o
severe disturbance in the English network. The impact of both connection scenarios on the network

stability were assessed during steady-state and transient conditions.
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List of symbols and abbreviations

List of symbols

A state matrix

B Input matrix
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f Frequency reference of the frequency controller
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side converter
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HVDC converters is based on current-commutated converters with naturally-commutated
thyristors (CSC-HVDC). The thyristors need an active ac voltage source to commutate,
therefore CSC-HVDC systems transfer the power between two active systems. CSC-HVDC
cannot be used to connect offshore wind farms without the aid of start-up generators or
synchronous compensators. Also, given that the converter operates only with lagging power
factor, reactive power compensation is required at the converter stations.

HVDC systems based on voltage source converter (VSC-HVDC) are the latest development
in dc transmission, manufactured by ABB with the name of HVDC-light and by Siemens
under the name of HVDC-plus. This technology becomes possible thanks to the development
in IGBT devices which can switch ON/OFF the current. VSC-HVDC systems can address the
challenges associated with both HVAC and CSC-HVDC systems.

1-2 Voltage source converter HVDC systems

VSC-HVDC operation is based on self-commutated devices which can turn ON/OFF the
current, i.e. there is no need for a commutation voltage source at neither of the inter-
connected ac networks. This development enables VSC-HVDC systems to operate with dead
networks (with no generation), islanded networks, industrial remote areas and wind farms [4-
5]. Also, VSC-HVDC systems can operate with lagging or leading power factor, that is, they
can provide reactive power support to the ac system during steady-state, transient and
dynamic conditions. The incorporation of vector control and pulse-width modulation in VSC-
HVDC systems facilitates the independent control of active and reactive power flows.

Features of HVDC transmission such as fast response, precise power flow control, and
reactive power capability make of VSC-HVDC transmission a suitable solution for many
applications and concepts, which previously have not been considered due to technical and
economical limitations. These applications include transmission of bulk power over long
distances, multi-terminal operation, wind farm integration, transnational super-grid

development, and reinforcement of transmission lines [3, 6].
1-3 Wind power in power systems

The recent increase of wind power penetration in electrical power systems is due to the
intention of governments to mitigate the negative environmental impacts of conventional
electrical power plants. In the past, wind farms were small-size installations connected to the
distribution level of electrical networks, with a small overall contribution to the total

generation capacity [7]. They were treated as small embedded generators of negligible



importance from a power system point of view, and were not required to contribute to voltage
and frequency regulation. Also, their installation requirements were very few, and
disconnection of the wind farm from the grid in the events of disturbances was a common
practice. However, due to the massive increase in installed wind generation capacity, and
bearing in mind the unpredictable nature of the wind resource, wind farms are nowadays
treated as independent power plants with similar impact on power system operation as that of
conventional synchronous generation. New wind turbine technologies and different wind
farm connection scenarios are being developed to cope with new requirements issued by
power companies for large-scale wind power integration (i.e. Grid Codes). The need arises
for new connection requirements to mitigate the negative impacts of wind farms on power
system stability due to the wind variability. At present, one of the main concerns is the power
balancing in the system during wind power variations, which affects frequency stability.
Power electronics devices installed within the wind farms or in the system may assist
conventional plant to achieve the power levelling in the network.

Since large-scale wind farms are usually installed in remote locations, enhancement of
transmission lines is necessary to enable the connection of additional wind power and its
transfer to major load centres. This can be done either by building new lines or reinforcing

the existing ones.
1-4 Research Motivation

With the increased penetration in recent years of wind power into the GB system and other
European power networks, several technical and operational challenges have emerged. Some
of these challenges are related to power and voltage stability, provision of ancillary services,
and power dispatch. Other challenges associated with connection of far-located offshore wind
farms using HVAC are increased losses (due to the ac cable charging current), need for
expensive reactive power compensation devices, fault ride-through capabilities issues, and
Grid Code compliance. Also, variation of power generation due to wind intermittency
represents a major challenge regarding the power balance in the network. High-response
technologies may be required to address this challenge.

Grid integration of large-scale offshore wind farms using voltage source converter HVDC
links may address the shortcomings of synchronous connections and provide additional
functionalities to offshore and mainland ac networks [10-11]. These functionalities include
black-start capability of the offshore network, provision of voltage support at both networks,

decoupling of wind farm dynamics from the onshore grid in the event of disturbances, and



limited frequency support to the onshore ac grid. However, the vulnerability of HVDC
transmission to dc-side faults limits at present its applications to point-to-point connections.
In the context of the GB network, the expected installation of large-scale offshore wind farms
in Scotland may require significant expansion of the existing network in order to
accommodate and transmit the additional power to load centres in England [12]. This may
necessitate reinforcement of the existing links between Scotland and England to increase
their transmission capacity and power flow controllability. At the present, there are many
options proposed for reinforcement of these links, including ac reinforcement using a
combination of new ac lines and FACTS devices, conversion of the existing HVAC links
into HVDC links, or installation of new HVDC links in parallel with the existing HVAC
links (Hybrid connection) [12-13].

The use of HVDC links instead of HVAC may facilitate decoupling the Scottish network
from the English one. This may improve the resilience of the Scottish network to large ac
disturbances in the English power system, increase transmission capacity, enable provision of
voltage support to both power networks, facilitate precise power flow control, and provide
frequency support in the Scottish network.

From the above discussion, the main motivation of this thesis is then to explore the potential
benefits that may be achieved by using VSC-HVDC point-to-point and multi-terminal
networks for integration of large-scale wind farms into the Scottish power system, and to
assess the applicability of VSC-HVDC transmission to reinforce the interconnectors between
Scotland and England. In addition to assessing the benefits, the influence on steady-state and
transient stability are also investigated. The ability of VSC-HVDC systems to cope with
network disturbances in interconnected systems is among the questions this thesis attempts to

answer.
1-5 Objectives and Scope of the Research

This thesis investigates the use of voltage source converter HVDC as an enabling technology
for large-scale integration of future large-scale offshore wind power plants into the Scottish
power network. The potential applicability of VSC-HVDC transmission for reinforcement of
the existing transmission links between Scotland and England networks is also investigated.
An assessment is conducted on how such reinforcement may increase the transmission
capacity without affecting power and voltage stability of both networks. In order to achieve

these objectives the following tasks are carried out:









transnational super grid to maximize wind power utilization and to accommodate the
power between the national grids.

» Chapter five highlights the use of VSC-HVDC systems for large-scale offshore wind
integration and its benefits. The control system of the wind farm-side converter is
designed considering two scenarios: the first is to transmit the wind power without
assigning a power command, and the second is to transmit the wind power with a power
command. The VSC-HVDC ability to meet the Grid Code requirements and the
operational functionality for both scenarios are investigated.

* In Chapter six, the small-signal stability of multi-terminal dc systems integrating offshore
wind farms is studied. The effect of the grid-side converter on system stability is assessed
so as to choose the converters control parameters that ensure network stability in the event
of both small and large perturbations.

* Chapter seven focuses on the use of VSC-HVDC transmission in the reinforcement of the
interconnectors between the Scottish and English networks. Two scenarios are
investigated to increase controllability and capacity of these interconnectors either by
conversion of the HVAC links to VSC-HVDC or by the parallel operation of the existing
HVAC with additional VSC-HVDC links.

» Chapter eight presents the conclusions of the thesis and discusses some suggestions for

future work.

1-8 Publications
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The main problems with HVAC transmission when used to transmit bulk power over long
distance are [1]-[6],[7]:

» The high stray capacitance of an ac submarine cable (in environments where only
underground or submarine cables can be used), causes a large charging current to flow in the
cable and this reduces the line load-carrying capability and increases the I°R losses.

®* Due to the high capacitance of the cable, resonances may occur in the system.

" The ac cable transmission system requires complex and expensive reactive power
compensation at both ends of the line to avoid voltage problems, and this increases the
overall cost of the line.

® ac transmission systems do not allow the input of additional power at any point in the ac
network with a low short circuit ratio, without causing power and voltage stability problems.

* In synchronous connections as in ac systems, the operation of the tie-line may cause power
oscillations; moreover the fault in part of the network will propagate and affect the whole
system. This increases the risk of blackout and other stability problems as each network loses
autonomy.

» The high ground impedance (zero sequence) in ac system may not only affect efficient power

transfer but also cause communication interference.

High-Voltage Direct Current transmission systems (HVDC) have several advantages over ac
transmission systems when it comes to power transmission over long distances. These

advantages can be summarized as follow [1],[3], [8]:

* Low net transmission losses for the same power capacity.

» HVDC transmission can carry up to 2.5 times the capacity of an ac line of similar voltage.

» Lack of technical limitations on the length of a submarine cable (long distance water
crossing.

= Asynchronous connection of two ac systems.

= Reduces the dependency on the short circuit ratio (SCR), which is critical in the connection
of ac systems with low short circuit ratios, such as offshore wind farms.

= Power flow is fully controlled (magnitude and direction).

» Provides frequency and voltage regulation to the ac network through active and reactive
power modulation.

= Decouples and improves the stability of the ac power system (as the ac fault in one network

will not be seen by the other network).
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= Does not change the fault level at the point of connection and contributes limited current to
any AC fault.
* The environmental impact is more favourable with dc lines because less right of way is

required.

HVDC transmission systems in operation installed worldwide have been built using two

different converter types:

» Current Source Converter (CSC), which uses line-commutated switching devices
(thyristors).
» Voltage Source Converter (VSC), which uses self-commutated switching devices such as

IGBT, MOSFET, and GTO.

2-2 CSC-HVDC transmission systems

The classic current source converter (CSC) approach is the most effective solution for bulk,
long distance power transmission. Most existing dc transmission systems are based on this
technology [9]. Table 2.1 summarizes the most recent projects using CSC-HVDC
technology. The first classic HVDC transmission link was installed in 1954. It used line-
commutated current-source converters (LCC) with mercury-arc valves. The next
development was in the 1960’s by replacing the mercury-arc valves with semiconductor
thyristor valves. Semiconductor thyristor converters have now become the standard
equipment for dc current source converter stations. The turn on of a thyristor is controlled by
a gate signal and needs an ac voltage source in order to commutate, therefore it is only
capable to transfer electrical power between active ac networks. The current source converter
always absorbs reactive power either in rectifier or conversion operation; therefore, reactive

power compensation is always required.

The operation of a current source converter depends on the power network strength, as this
has great influence during system abnormal operation. For a strong system, any disturbance
does not produce significant change in the voltage and angle in the power system. In weak

systems even small disturbances cause changes in the operational conditions of the system.
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Table 2.1: Examples of existing (and under construction) HVDC transmission systems using current source

converter technology [10], [11].

Project Rating (MW) DC voltage Distance (km) Commissioning

(KV) year

Sumatra-Java (Indonesia) 3000 +500 700 (cable) 2013

Madeira (Brazil) 3150 +600 2500 2012
(Overhead line)

Xianjiaba- Shanghai (China) 6400 +800 2071 2011
(Overhead line)

SAPEI (Italy) 1000 +500 435 2010
(Overhead line)

Outaouais (Canada) 1250 *175 0 2009

NorNed (Norway -Netherlands) 600 +500 2X580 2008

Neptune (USA) 660 +550 105 (cable) 2007

Three Gorges- Shanghai (china) 3000 +500 1060 . 2006
(Overhead line)

Vizag II (India) 500 +88 0 2005

Rapid city (USA) 200 +13 0 2003

Moyle (USA) 500 2X250 700 (cable) 2001

SwePol (Sweden-Poland) 600 +450 245 (cable) 2000

Welch Monticello (USA) 600 450 0 1998

Chandrapur-Ramagundum 1000 2X205 0 1997

Kontek (Denmark-Germany) 600 400 119(Overhead 1995
line)+52 (cable)

Sakuma (Japan) 300 +125 0 1993

Hydro Quebec(Canada-USA) 2250 +450 (Overille(;(c)l line) 1991

Vindhyachal (India) 500 2X69.7 0 1989

. 12(Overhead

Zhoushan (china) 50 100 line)+42 (cable) 1987

Cross Channel 2(UK- France) 2000 +450 72 (cable) 1986

Highgate (USA) 200 £56 0 1985

Chateauguay (Canada —USA) 1000 2X140 0 1984

The operation of a conventional HVDC transmission system is mainly affected by the

network strength since the HVDC can be considered as a special load with a voltage and load

angle. The strength of the system can be measured using the short circuit ratio (SCR) or the
equivalent impedance at the busbar. According to the IEEE Standard 1204-1997 [12], the
system Short-Circuit Ratio (SCR) and Effective Short-Circuit Ratio (ESCR) are defined as

follow:

S
SCR=-5-
Pd

C

S-Q

Pdc

ESCR=
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where S is the ac system three-phase symmetrical short-circuit level in mega volt-ampere
(MVA) at the converter terminals (ac bus), calculated at rated terminal voltage (1.0 pu), Py is
the rated dc power of the terminals in megawatts (MW), and QO is the three-phase fundamental
MVAr at rated Py and rated terminal voltage. This includes ac filters and shunt capacitors. The

system strength is classified as follow:

= System is strong if SCR>3 or ESCR>2.5
» System is weak if 3> SCR>2 or 2.5> ESCR>1.5
= System is very weak (very low SCR) if SCR <2 or ESCR <1.5

2-3HVDC Transmission System Configurations

Depending on the function and location of the converter stations, various HVDC
configurations can be identified. These configurations are generic and applicable to both,

current source and voltage source converter schemes [13],[14].

a. Monopolar HVDC system

In the monopolar configuration, two converters are connected by a single pole line and a
positive or a negative dc voltage is used. In Fig. 2.2(a) there is only one insulated
transmission conductor installed and the ground or sea provides the path for the return

current. Alternatively, a metallic return conductor may be used as the return path.

b. Bipolar HVDC system

The bipolar configuration consists of two monopolar systems, one with positive polarity and
the other with negative polarity, as shown in Fig. 2.2(b). Each terminal has two converters of
equal rated voltage connected in series on the dc side. Normally the currents in the two poles
are equal and there is negligible ground current. A bipolar scheme is the most commonly
used configuration in applications where overhead lines are used to transmit power, as it is
economically attractive to install an additional pole conductor. In case of failure of one pole,
power transmission can continue on the other pole (increasing system reliability).

c¢. Homopolar HVDC system

In the homopolar configuration, shown in Fig. 2.2(c), two or more conductors have the
negative polarity and can be operated with ground or a metallic return. With two poles
operated in parallel, the homopolar configuration reduces the insulation costs, but the earth

return current is the major disadvantage.
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d. Back-to-back HVDC system

This is the common configuration for connecting two asynchronous ac systems. Two
converter stations are located at the same site and a transmission line or cable is not needed.
A block diagram of a back-to-back HVDC system is shown in Fig. 2.2(d). The two

interconnected ac systems may have the same or different nominal frequencies.

e. Multi-terminal HVDC system

In this configuration there are more than two terminals, typically between three and five, but
in practice no scheme has so far been operated with more than three terminals. Multi-terminal
systems are generally divided into series and parallel systems as shown in Fig. 2.2(e) and
2.2(f). The multi-terminal configuration imposes a significant complexity to achieve the
control and communication between different converter substations, especially in the case of

current source converter schemes.

v I

(a) Monopolar (b) Bipolar

----- El | offo

N K T

(¢) Homopolar (d) Back-to-back

y
y

- i;_ HA [ 3H

L il

-
-

(e) Parallel Multi-terminal (f) Series Multi-terminal

[

A

Fig. 2.2: Schematic diagrams of different HVDC circuit arrangements.
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2-4 CSC Converter configurations

In general HVDC transmission systems based on current source converter technology can be

built as line-commutated converters (LCC) or capacitor-commutated converters (CCC).

2-4-1 Line-commutated converter

The current source converter is capable to transfer the current only in one direction and the
power flow reversal is achieved by dc voltage polarity reversal. A large dc inductor is
connected in series at the dc terminals to get a smoother dc current. The current source
converter can operate as rectifier and the firing angle of the converter is less than 90°, or as
inverter and the firing angle is more a 90°. The basic building block of the converter station is
the well-known six-pulse thyristor bridge or the 12-pulse thyristor configuration. With a six-
pulse bridge the lowest order current harmonics are the 5™ and 7%, and the 11" and 13" for
the12-pulse converter [15], [16]. Fig 2.3a shows the schematic of a line-commuted converter.

Smoothing inductors
Y'Y\

AC bus

| °>g DC filters
C filters

Switch capacitors L A
and reactors _

Fig. 2.3: Line-commutated converter station.
2-4-2 Capacitor-commutated converter

The capacitor-commutated converter was developed by ABB with the objective to extend the
application of CSC-HVDC transmission to systems with low short-circuit ratio. Fig 2.4
shows the schematic of a capacitor-commuted converter. The capacitor is connected in series
with the converter transformer to reduce the commutation impedance of the converter, which
in turn reduces the reactive power requirement of the converter. Increasing the size of the
series capacitor can furthermore even allow operation at leading power factor [17],[18].
Other advantages over the LCC-HVDC include the ability to operate with weaker ac systems,
and to deliver more power than an LCC-HVDC of similar size and cost. The negative impact
of reduced commutation impedance is that additional stresses are imposed on the valves and

converter transformers (higher di/dt).



Smoothing inductors

7YY\ ®

DC filters

AC filters

Fig. 2.4: Capacitor-commutated converter station.
2-5 Line-commutated converter operation

The standard bridge or converter connection is double way connection with six thyristor
valves connected as shown in Fig. 2.5a. The converter transformer may be wound as star-star,
star-delta, or delta-star, or delta-delta. The output of each of these connections are the same
but phase-shifted by 30° with respect to each other. To obtain a smooth output waveform,
two bridges, one connected as star-star and the other connected as star-delta are connected

together to give the twelve-pulse bridge as shown in Fig. 2.5b.

o e
L, T+ e
(o
. L +
(a) T T, T (b) bridgel de
i L
Yy a__, <
i—m ] [P m_ Z&

im ' m v G"% (4
AVIDACIVAY 2&

bridge2

Fig. 2.5: Converter arrangements: (a) six pulse connection, (b) twelve pulse connection.

The analysis of the six-pulse converter operation is explained with a number of reasonable
assumptions to simplify the derivation of the conversion steady-state equations. The

assumptions are [11]-[15]:

» The converter valves are considered as ideal switches, when calculating the power losses
the valve resistance is added to the dc transmission resistance.
» The ac side is infinitely strong and consists of balanced and sinusoidal voltages, the

commutation reactance is equal in every phase and its resistance is neglected.
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After analyzing the commutation circuit, the expression for the dc current I, is given as [11]-
[15]:

v
1, = \/_Z_ZI;LC (cosa~cos(a+ u )) (2-4)

The voltage drop during commutation is:

3V,
AV, = i (cosa—cos(a+ 1)) (2-5)

And the mean direct output voltage Vg is:

32 3, oL, 32
v, :TV,_,cosa— de e = :{.V,_, (cosa+cos(a+,u)) (2-6)

c
w

2-5-3 Inverter operation

Referring to equation (2.3), the average dc voltage becomes smaller when the delay angle
increases; when o=90° the average dc voltage is zero. When the delay angle exceeds 90° the
V4 becomes negative and the converter operates as inverter driving the current in the same
direction, in opposition to the induced e.m.f in the converter transformer. The three necessary
conditions for inverter operation are:

1- Three-phase ac voltage to provide the commutation voltages.

2- Delay angle greater than 90°.

3- dc power supply.
The commutation from valve T; to valve T, in Fig. 2.8 is only possible if phase b is positive
with respect to phase a, and if there is enough extinction angle for valve Tj, which has just
stop conducting, to reestablish its blocking capability. Fig. 2.8 shows the key waveforms
when the converter operates as the inverter.
The maximum power inversion occurs with o=180°, but this is not possible because there is
not enough time for the commutation. The delay angle is limited to a=n-(u+y,), where v, is
the minimum extinction angle. For the inverter operation the equations are expressed in term
of the angle of advance B, or the extinction angle y. The mean dc voltage is expressed by the
following equation [15]-[19]:
Vi = ﬂ_z— 1_1COSY _ a0k =£V,_,cosﬂ+

T T V4 T -7)

V= —3—V,_, (cosB +cosy)

c \/577,'

where f=r—-a, y=p—u

31, oL,
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where & is the phase angle at which the current lags the ac voltage and I, is the fundamental

amplitude of the ac current. After using Fourier analysis of the ac current waveform, I, could

243

be expressed as

1, .Therefore the expression for the power factor after rearranging

equation (2.8) is [19]:

1
cos@ = -2—(cosa +cos(a + 1)) (2-9)
And for the inverter:

1
cosd :5(cosy+cos(ﬁ)) (2-10)

2-6 Commutation failure

Commutation failure is the inability to complete commutation before the commutation
voltage reverses; this occurs due to conditions in the system. Commutation failure is more
common in the inverter and occurs during disturbances such as higher dc current or low ac
voltage; sometimes the commutation failure occurs in the rectifier if the firing angle fails. At
the inverter, a valve will turn OFF when its forward current commutates to zero and the
voltage across the valve remains negative. The period for which the valve stays negatively
biased is the extinction angle y. All valves require removal of the internal stored charges
produced during the forward conducting period before the valve can successfully establish its
ability to block a forward bias. The inverter therefore requires a minimum period of negative
bias or minimum extinction angle y, for forward-blocking to be successful.

Commutation failure at a converter bridge operating as an inverter is caused by any of the

following reasons [15]-[20]:

1- Any increase in the dc inverter current leads to an increase in the overlap angle n. The
extinction angle y will reduce and may reach the point where the valve is unable to maintain
forward-blocking. Increasing the dc inductance and commutating reactance reduces the rate-

of-change of the dc current and reduces the risk of commutation failure.

2. When the magnitude of the ac side voltage on one or more phases reduces or is distorted

causing the extinction angle to be inadequate as commutation is attempted.

3. A phase angle shift in the ac commutating voltage can cause commutation failure.
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4. The value of the normal operation extinction angle y affects the sensitivity of the inverter

to commutation failure. = ; . .
re. A value of y = 18° is commonly used for most inverters. Increasing

y to values of 25° or higher will reduce the possibility of commutation failure, but this will

increase the reactive power demand of the inverter.

2-7 The ac and dc harmonics

The ac input current waveform of a 6-pulse converter has harmonic frequency components.

The ac input current waveform of the converter fed via a star-star transformer is shown in
(Fig. 2.9a) and described as:

i=0, 0<wt< /6
i=1,, #ml6<wt<5r/6

i==1,, Tn/6<wt<l117/6

i=0, Mr/6<wt<2rm
The Fourier analysis for the current waveform is [15], [16]:

= 2\/§Idc

1 1 1
(coswt——cosSa)t——cos Tt +—cosl la)t+icoslScot+ ...... (2-11)
V4 5 7 11 13

If the converter is fed via a star/delta or delta/star transformer then the ac input current

waveform is that shown in Fig. 2.9b and described as:
i=I, /3, O<wt<nm/3) i=2I,\3, (z/3<aot<2z/3)
i=1,\B, Qrl3<ot<r) i=-I,/\3, (#<ot<4z/3)
i==2I,/\3, 4x/3<wt<5z/3) i=—I, /N3, (57/3<wt<27)
And the Fourier analysis for the current is (Fig. 2.28¢):

2
i=—% COS&)[+—1-COSSC()t+lCOS7a)[+——1 coslla)t+—1 cosl3wt+...... (2-12)
T 5 7 11 13

The harmonic spectrum obtained using equations (2.11) and (2.12) shows the following:

1- The Fourier series includes only odd harmonics.

2- The absence of triple harmonics.

3- The harmonics orders are 6k+1, where k is integer number.

1 .
4- The rms magnitude is I, = @ for the fundamental and - for »” harmonic.
/1 n
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Fig. 2.9: ac Harmonic analysis of a 6-pulse converter.

To reduce the amount of ac harmonics a 12-pulse converter configuration is used. The 12-
pluse converter comprises two parallel 6-pulse converters. The first one is connected via a
star/star transformer while the second one is connected via a star/delta transformer. The ac

input current waveform in a 12-pulse converter is shown in Fig. 2.10a, and described as:

i=1,/233,(0 < ot < 7/6) i=1,/2\3+1,12, (/6 <wt<r/3)
i=1, \3+1,02, (n/3<wt<27/3) i=1,23+1,2, 2r/3<wt<57/6)
i=1,/2\3, (57/6<wt<n) i=-L,2\3, (7 <awt<7x/6)

i=—L 231,02, (Inl6<at<ar/3)  i=-I,\3-1,/2, (4n/3<at<5z/3)

i=—L, 231,02, (SzB3<ot<11x/6) i=-I,/243, (117/6 <wt<2r)

And the Fourier analysis for the current waveform is [15],[16]:

1

1
| = i\ﬁ)—]"’—c cos wt +icosl la)t+icosl3a)t +Lcos23a)t +—cos25af +...... j (2-13)
T 13 23 25
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The waveform only contains harmonics of order 12k+1. Harmonic currents of order 6k+1

. h th 1qth )
with k odd (5%, 7, 177, 19" _..) circulate between the two converters transformer but do not
appear in the output current waveform. The line current waveform shown in Fig. 2.10a is

closer to a sinusoidal than the one obtained with the six-pulse converter configuration.

300k . .. .. . A& converter ac current (ia) .

200 I : e

100 J
0-”
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a. the converter ac current
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- b. Harmonics components (12-pulse converter)
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60

4o0f
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Harmonic order

(a) harmonic spectrum of 12- pulse converter

Fig. 2.10: ac Harmonic analysis of a 12-pulse converter

If an 18-pulse converter (three 6-pulse converter bridges in parallel) is used, the input current

will have harmonic components of order 18k%1 at the following multiples of the fundamental

frequency (17%, 19%, 35M 37" 531 55M ) In multiple-pulse configuration, the
configuration includes multiple converters connected together. The harmonics generated by
one converter is cancel by harmonics generated by the other converters. Certain harmonics
related to the number of converters are eliminated from the multiple-pulse converter ac input
line current [21]. Any further increase in the number of converters will reduce further the

harmonics in the converter ac input current.
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The dc output voltage is not purely constant. It contains harmonics as shown in Fig. 2.7b and
Fig.2.8b. The Fourier analysis of the dc voltage waveform produced by a 6-pulse converter
shows that it contains harmonics of order 6k (6", 12th, 18"...). In the 12-pluse converter the
harmonic orders in the dc voltage waveform are the 12k (12", 24™ 36™...). The 6™ 18",
30th.. will be canceled in a 12-pulse bridge. The magnitude of the voltage harmonics depend
on the operating a., a higher o produces a higher harmonic level. In multiple converter, the
generated harmonics in the dc voltage are in order nk. Where k is the number of individual
converter units and n is a positive integer number. For example (18", 36™, 54™...), if 18 pulse
converter is used. The harmonic spectrum of the DC voltage waveforms for 6 and 12 pulse

converters are shown in Fig. 2.11.
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Fig. 2.11: Harmonic spectrum of the dc voltage for 6 -pulse and 12 -pulse converters.
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2-8 Line-commutated converter-HVDC system Control

The main functions of the control system in an LCC-HVDC transmission system are to

control the power flow between the sending and receiving end converters, and to protect the

equipment against over-current and voltage stress. The basic desired features of an LCC-

HVDC control system are [11]-[15]:

1.

converter valves.

losses in transmission line and converter valves.

minimum firing angle.

transmission.

Limit maximum dc current: using constant-current control in the rectifier to protect the

. Maintain maximum dc voltage: using constant voltage control in the inverter to reduce the

. Keep the ac reactive power demand low at either converter terminal. That is means

keeping the operating angles at the converters at the lower level possible by using

. Prevent commutation failures at the inverter hence improving the stability of the power

The best way to understand the control principles of HVDC transmission is to study the

voltage-current characteristics (Fig. 2.12) [15]. These characteristics are used to illustrate the

relationship between the dc voltage and current in steady state during power flow control on

a dc line.

A Vd
Rectifier (CIA) B
A Inverter (CEA)
D X 2
Inverter (CC) G =1z F E
—_—
N I, Rectifier (CC)
| —
J
R
VDCOL
S [ Min current
limit I
T Lord ‘{

Fig. 2.12. VI, characteristics for a two terminal LCC-HVDC system [15].

Under steady-state condition the control system of the inverter is designed to maintain the dc

voltage by keeping constant extinction angle (y). In this case the dc voltage droop increases

as the dc current increases, as indicated by line DXFE and equation (2.14):

V, =——V,_cosy —
T

31, oL,
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The inverter can operate with constant dc voltage as indicated by line GF meaning that the
extinction angle must increase beyond its minimum limit (always set as 18°). If the inverter is
operated at either constant voltage or constant extinction angle then line BXZR is normal
operation of the rectifier, where the delay angle a is varied in order to keep the dc current
constant. The delay angle o cannot be below its minimum set point (ctmin always set as 5°). If
o reaches its minimum point then the rectifier will operate at minimum constant ignition
angle which is indicated by line AB, and defined as:

32 31, 0,

V, =——V, cosa— -
de =7 V1 124 (2-15)

T
The rectifier valves have limited thermal capability and cannot carry large current; hence a
maximum current limit is used in the control system to protect the valves. I minimum is
defined in the rectifier such as to ensure a minimum dc current to avoid the possibility of dc
current extinction caused by the valve current dropping below the hold-on thyristor current.
The operating point of the HVDC system is represented by points X or Z (the intersection of
the rectifier and inverter characteristics). The operating point is achieved with the help of the
converter transformer tap-changers. For the rectifier, the transformer tap-changer is used to
keep the delay angle o at its normal operating range to meet the constant current setting Z.z.
For inverter operation, the tap-changer is adjusted to meet the desired level extinction angle

control.

Another possible operating mode for the inverter is the constant current mode line DGN. The
current demanded by the inverter is usually less than the current demanded by the rectifier by
a current margin 7, that is typically about 10%. The current margin is chosen so large to
prevent the interaction between rectifier and inverter constant current modes due to current
harmonics in the dc current. The current control at the inverter is activated when o reaches its
minimum point. If for any reason such as low commutation voltage the line AB falls below
either point X or Z, the operating point will shift to somewhere along line DGN, then the

inverter will control the dc current and the rectifier will control the dc voltage.

During low voltage conditions, it is not possible to maintain the dc current. The low ac
voltage will result in an increase in the reactive power consumption and in a low dc voltage,
therefore increasing the risk of commutation failure. A voltage-dependant current-order limit

(VDCOL) is used to reduce the dc current order when the voltage drops below a
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predetermined value. VDCOL is represented by line RST in the rectifier and line JN in the
inverter. To prevent the inverter from operating in the rectifier region, and hence having

power reversal, a minimum alpha limit is imposed, typically about 100-110°.

2-9 Control system design

The control of power flow in an LCC-HVDC system is achieved by synchronizing the firing
pulses generated by the trigger unit [22]. There are many control techniques but all of them
use a voltage-controlled oscillator (VCO), and a ring counter to decouple the firing pulses
from the commutation voltage. The rectifier during normal operation is operating at constant
current control (CC) by changing the delay angle until o is less than the minimum limit, then

the rectifier will operate at constant-ignition angle (CIA).

Fig. 2.13 shows the block diagram of the rectifier control system. The actual dc current
flowing in the dc link is compared with the reference value 7,4 The resultant error signal , is
then passed through a PI controller, the output of the PI controller is the alpha order olrd
which controls the frequency output of the VCO. The train of pulses generated by the VCO is
fed to the ring counter which has six or twelve stages (according to converter type). Only one
stage is ON at any time, therefore a complete set of 6 or 12 pulses is generated by the ring
counter at equal intervals in one full cycle. A limit is used to prevent the dc current from

exceeding the specific value to provide over-current protection to converter valves.

The problems of using a PI controller are:
» [t uses fixed gains, although some possibility for gain scheduling exists.
» Difficult to select optimal gains, and even then, they are optimal over a limited range only,

while the plant system is varying continually.
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Fig. 2.13: Rectifier control system layout.
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The control system of the inverter comprises of a dc voltage controller, extinction angle
control, and current regulator. A control angle selector is placed to choose the desired control
signal from the above controllers. The control system is similar to the rectifier control system

including the comparing loop, PI controller, VCO, and counter ring. The schematic block

diagram of the inverter control system is shown in Fig. 2.14.
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Fig. 2.14: inverter control system layout
2-10 Steady-state and transient behaviour of LCC- HVDC systems

The steady-state and transient behavior of the LCC-HVDC transmission system is
investigated using a complete 12-pulse converter model. The investigation includes: system
behavior during ac faults and sudden changes in active power. The key results are illustrated
together with supplementary details. The studied system is shown in Fig. 2.15 and the system
parameters are listed in Table 2.2. The control strategies are implemented to control the

current at the rectifier and to control either the voltage or the extinction angle at the inverter.

Table 2.2: LCC-HVDC parameters (obtained from Matlab simulink library)

Rectifier circuit Three-winding transformer data (500/200/200 kV, 1000MVA, 60Hz, transformer
reactance are: 0.24, 0.12, 0.12 pu, transformer resistance are: 0.0025, 0.00125, 0.00125
pu, 600MVA ac filter, and delay angle of 25°.

dc circuit Dc voltage V,;,=500kV, rated dc power, Pz= 1000MW, DC reactor Lg=0.75H, dc cable
resistance R;.= 0.015Q/km, dc cable length= 250km,

Inverter circuit Three-winding transformer data (500/200/200 kV, 1000MVA, 60Hz, the reactance are:
0.24, 0.12, 0.12 pu, the resistance are: 0.0025, 0.00125, 0.00125 pu, 600MVA ac filter,
and delay angle is 145°.
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Fig. 2.15: 12 pulse LCC-HVDC connecting two ac networks.

2-10-1 System behavior during a step in active Power

The dc link power can be increased or decreased using power run-up and run-down controls
in response to local or remote disturbances. The step power change is achieved by adjusting
the current reference value. The dc system behavior during a sudden power change is shown
in Fig. 2.16. The current reference value is stepped down at t=1s from 1.0pu to 0.80pu
gradually with a slope during 0.2s, and then at t=1.8s, it steps up to 1.2pu during 0.2s. The dc
voltage at the inverter is kept at constant value by inverter controller resulting in constant dc
voltage at the rectifier side as shown in Fig. 2.16¢c. The rectifier delay angle (o) is increased
during power step-down and decreased during power step-up as shown in Fig 2.16d. Since

the dc voltage is kept constant and P, =V, *1, , then the dc current is adjusted by varying

the rectifier delay angle in order to change the transmitted dc power (Fig. 2.16b). The ac
voltage at the inverter side is varied proportionally to the change in the transmitted power and

this can be explained using the power balance equation:
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P=+3V,_ 1, cos8 ="V, (cosa +cos(a + 1)1, (2-16)
T

The ability of an LCC-HVDC transmission system to control the active power flow can be
utilized to provide frequency regulation in the ac network. In this case the power control is
activated when significant change in system frequency occurs. Therefore the transmitted
power is varied to match the new power demand; the fast change of power achieved by dc
control can improve the ac system transient stability and damping of electromechanical
oscillations from nearby generators. One practical example of fast power command changes
is the Pacific Intertie system where power command changes could be initiated at either the
inverter or rectifier end and completed within 50 ms [23].

The disadvantages which limit the application of LCC-HVDC systems, especially to

interconnect renewable energy systems are:
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Visual impact can be minimized using oil-free underground or sub-sea cable.

The use of oil-free polymeric extruded cables eliminates the risk of pollution as a result of
oil leakage.

Improves transmission efficiency by 25% in applications necessitating the use of submarine
cable. This significantly reduces CO, emission and defers construction of new transmission
systems and power plant.

Low space requirements and short delivery time may encourage local authorities to case
issuing of planning permissions, and may also reduce public opposition for its construction.

The corona effects of dc transmission lines lead to a small contribution of ozone production.

The main disadvantages and limitations associated with LCC-HVDC transmission systems

are [6]-[26]:

Requires large reactive power for filtering purposes and to aid thyristor commutation. As a
result, the converter station may be bulky and have a large footprint.

Can not be used to transfer the wind power without the aid of start-up generators or
synchronous compensators devices which provide the necessary commutation voltage and
reactive power compensation.

Produce large amount of harmonics and this make the use of harmonics filters obligatory.
Do not provide independent active and reactive power control.

The power reversal necessitates the dc link voltage polarity to be reversed [15]-[27].

There is a theoretical minimum power flow of 10% in the dc link to guarantee satisfactory
operation.

Only suitable for connection of ac networks with a high short circuit ratio.

Suffers from commutation failure.

Requires complex control strategies to achieve a multi-terminal configuration; as a result

the number of terminals is limited.

2-12 Summary

This chapter presented a comprehensive comparison of ac and dc transmission systems and
investigated the advantages of HVDC system over HVAC systems. The LCC converter
operation was analyzed at rectifier and inverter operation with simulation results as
validation.

The control system design of a LCC-HVDC system was investigated using the Vil

characteristics and hence the overall control system was implemented with the dc system.
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The steady-state and transient performance of an LCC-HVDC system was investigated during
several operating conditions including: active power step changes, three-phase solid fault at
inverter side and dc link fault.

From simulation results it can be concluded that the LCC-HVDC cannot improve the ac fault
ride-through capability, the dc converter could just consume the reactive power and can not
provide reactive power compensation; low-order harmonic filtering is required to eliminate the
harmonics in the ac output voltage and current. All this limit its applications especially with

regards to the connection of renewable energy sources.
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Chapter Three

High-voltage direct current transmission systems based on Voltage Source

Converter (VSC-HVDC)

3-1 Introduction

High-voltage dc transmission systems based on voltage source converters (VSC-HVDC)
were developed to address the shortcomings associated with the CSC-HVDC systems. VSC
converters use semiconductor switching devices which can be switched ON and OFF at any
time such as IGBT, GTO, and IGCT. Hence, in VSCs, the current can be made to lead or lag
the ac voltage, and so the converter can consume or supply reactive power to the connected
ac network eliminating the need for reactive power compensation devices. The advantages of

the voltage source converter technology are [1-3]:

In VSC-HVDC schemes the converter is controlled using a Pulse Width Modulation
(PWM) switching strategy that allows independent control of the magnitude and phase
angle of the ac-side voltage. This makes it possible to control the real and reactive power
independently

The use of PWM with a switching frequency in the range of 1 to 2 kHz is sufficient to
separate the fundamental voltage from the sidebands, and suppress the harmonic
components around and beyond the switching frequency components. This significantly
reduces filtering requirements.

Power flow can be reversed instantaneously without the need to reverse the polarity of the
dc link voltage.

As the voltage source converter is capable of generating leading and lagging reactive
power, the converter station can be used to provide voltage support to the ac network
whilst transmitting the active power.

Since the voltage source converter actively controls the output current, the VSC-HVDC
contribution to the fault current during ac faults is limited to rated current or less, and the
converter can remain in operation to provide voltage support to the ac networks, provided
the ac network remains stable.

Black-start capability is provided, which is the ability to start/or restore power to a dead
network. This feature eliminates the need for a start-up generator in applications where

footprint is critical or expensive such as with offshore wind farms.
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* In cases where there is no need to transmit active power between the two ends, a VSC-
HVDC can operate in sleep mode (zero active power), and both converter stations operate
as two independent STATCOMs to regulate the ac network voltages.

* VSC-HVDC can be controlled to provide fast frequency/or damping support to the ac
networks through active power modulation. This feature can be used to stabilize future

power systems with high penetration of renewable energy.

A comparison of the characteristics of the voltage source converter and current source

converter is shown in Table 3-1.

Table 3.1: Voltage source converter (VSC) and current source converter (CSC) comparison [4-5].

CSC VSC
On ac side = Acts as constant voltage source = Acts as constant current source
= Capacitor is the energy storage device = Inductor is the energy storage device
= Requires large ac harmonic filter = Requires small ac harmonic filter
» Requires reactive power * A converter acts as reactive power compensator
compensation
On dc side = Acts as constant current source = Acts as constant voltage source
= Inductor is the energy storage device = Capacitor is the energy storage device
» Requires dc filter » The energy storage capacitor acts as dc filter
= Provides inherent fault current = Problematic for dc faults as the charged capacitor
limiting features will discharge into the fault
Switches = Line-commutated switches. = Self-commutated switches
= Switching occurs at system frequency = Switching occurs at higher frequency
= Lower switching losses = Higher switching losses

3-2 Principle of Voltage Source Converter Operation

Consider a converter connected to an ac system through a lossless reactor as shown in Fig.
3.1a. The VSC can be represented by equivalent ac and dc circuits as shown in Fig. 3.1b, the
VSC is modeled as a controlled voltage source at the ac side and as controlled current source

at the dc side [6]. The output waveform of the VSC is given by the following equation [7-8]

v, = V‘zk Msin( ot + 6) (3-1)

where M is the modulation index, V4 the dc voltage, @ is the system frequency, and J is the
phase shift of the output voltage. The VSC controller can adjust the variables M, and 6 to
give any combination of voltage and phase shift and hence, control the active and reactive

power flows.
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The current source is calculated based on the power balance at the ac and dc side of the

converter. The current balance equation on the dc side of the converter is:

av,,
la=Cg e (3-2)

The power balance equation (with converter losses neglected) is:

P”" = \/§VCIS cosf = })dC = Vchdc (3‘3)

where 6 is the phase angle of the ac side. Therefore, the controlled current source value is:

Iac = })ac /Vdc (3 '4)
X _
I I L m o=l Ty 1o
$ - v N
(Y\(\ _J k

I v T =, @T MVdT (\) L

v.Z0 vclé‘

(@ (b)

Fig. 3.1: (a) VSC connected to an ac system; (b) equivalent ac and dc circuits.

The active and reactive power flows between the VSC and the ac network can be expressed

respectively as [9-10]:

_ v, *v;sin(d)
Xl

P (3-5)

_ v *v,co8(8) V2

O=""% 7

(3-6)
With respect to equations (3-5) and (3-6), the following observations can be drawn:

1. The active power flow is controlled by the phase angle . If 6 > 0 the active power flow is

from the converter to the ac system otherwise the power flow is in the opposite direction.

2. The reactive power flow is controlled by the ac source voltage vs, and the VSC converter

voltage v.. The converter generates reactive power if v > v; and consumes it for v, < v,.
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Fig. 3.4: VSC converter: (a) two-level converter; (b) three-level converter.

3-3-2 Coupling Transformers

In a VSC-HVDC system, the ac filters are installed between the smoothing reactor and the
transformer. The transformer is not exposed to harmonics or dc voltages like transformers in
a conventional HVDC system. Hence, a normal transformer without special

arrangement/specifications is used. In general, the functions of the transformers are:

= To transform the voltage of the ac system to a level suitable for the converter.
» Provide a reactance between the converter and the ac system to limit and control the ac

current.
3-3-3 Smoothing reactors

The smoothing reactor facilitates controlling the active and reactive power flow by regulating
the currents through them. Additional functions are: act as harmonic filters to reduce the

harmonics in voltage and current waveforms, and to limit the short-circuit current.

3-3-4 ac harmonic filters

The switching of the IGBTSs using high-frequency PWM technique produces only high-order
harmonic components around and beyond the switching frequency components. Hence,
passive high-pass filters are only needed to eliminate high-order harmonic components to
prevent them from causing malfunction of the ac system equipment, or from generating radio

and telecommunication disturbances.
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3.3-5 dc capacitors

Two capacitors with the same size are located at the end of the dc sides. The main objective
of the dc capacitors is to keep the power balance during transient conditions and to reduce the

harmonics on the dc side. Equation (3-7) is used to calculate the dc capacitor size [12]:
_0.5CV
r=— (3-7)

Where 7 is the time constant, C is the dc capacitor, ¥, is the dc voltage and S, is the nominal
power of the converter. The time constant is equal to the time needed to charge the capacitor
from zero to the rated voltage V if the converter is supplied with a constant active power
equal to S,. To obtain a smooth and sinusoidal voltage waveform, the dc voltage must be
greater than 2.0 times the ac voltage (rms value) for PWM, and greater than 1.74 for PWM
with third-harmonic injection [13].

3-3-6 dc cables

The dc cables are typically XLPE (Cross-Linked Poly-Ethylene) polymer extruded cables.

Polymeric cables are the best choice for HVDC transmission because of their mechanical

strength, flexibility and low weight. The insulation system is triple-extruded, i.e. the

conductor screen, the insulation and the insulation screen are all extruded simultaneously [4]

[14].

The economic and environmental benefits of the dc cable compensate for the cost of the VSC

converters [15]:

» For example, the capacitive nature of ac submarine cables requires installation of reactive
power compensation devices for transmission distances greater than 50km.

» The losses in ac cables due to the charging current are higher than in dc cables.

= The investment cost for installation of only one dc cable is less than that for installing
three ac cables.

» The generation of magnetic fields and the corona effects of a dc cable lead to a small

contribution of ozone production.

3-4 VSC-HVDC steady-state model

The equivalent ac/dc/ac circuit of a VSC-HVDC, as that in Fig. 3.3, is shown in Fig. 3.5 (the
ac harmonics filter is neglected). To simplify the description, the interface transformers are
represented with their leakage reactance (X7) in series with the winding resistance (Rr), while

the smoothing reactor is represented with its reactance (Xp). v¢ is the VSC converter output
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voltage and v; is the terminal voltage of the ac network. ¥, is the converter dc voltage; (Ru.)

and (Lqc) are the resistance and inductance of the dc link.

The ac system voltage and current relationships at the sending and receiving-ends are shown
in the vector diagrams of Fig. 3.6. In these diagrams & is the phase angle difference between
the ac system voltage and the VSC converter voltage, 6, is the phase angle difference
between the ac system voltage and the ac current flowing from or into the converter, while 6.
is the phase angle difference between the VSC converter voltage and the ac current. The

subscripts “1” and “2” represent the variable associated to the sending-end and receiving-end

stations, respectively.

The following expressions apply to the active and reactive powers at the sending and

receiving ends of the link at fundamental frequency:

v,V
P — si”cl : 5 3-8
! ‘le+‘KFI e ( )
VoV,
P = s2Yc2 ind 3-9
) ————‘T2+ - Sino, ( )

Qsc - (3_10)
! XTI + XFI
0., - Vg, (Vsz - vczcoséz) 3-11)
XTZ + XFZ
Lyy+Lpy Ry L Ry Lpy+Lp, R
v | | | Yy ‘
—_ " —I—> —
Isl de 1

\ 4
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11
&
S
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Q<
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\c)/
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Fig. 3.5: Equivalent circuit of a VSC-HVDC transmission system.
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Fig. 3.6: Vector diagram representation of a VSC-HVDC System: (a) sending end; (b) receiving end.

If the system in Fig. 3.5 is operating in steady-state mode then all variables in the system are
either constant or sinusoidal with time. The following relationships are obtained from the
vector diagram in Fig. 3.6a (the sending-end VSC converter acting as rectifier):

The voltage at the VSC converter terminal is:

V,cosd, =V, — I, R cos(6 +6)— 1, X sin(6 +95,) (3-12)
From the vector diagram, the following relation is derived:

I, X7 c08(6, +8,)— I Ry sin(f, +8,) =V, sin 6, (3-13)

Using trigonometric equations and making some arrangements the load angle is

I, X, cos0,-1,R. sind,

fand, = v, +1,X,sin6, + I R, cos0, G-19
The dg components of the voltage and current at the VSC converter terminal are:

L, =-I;sin(6,+6) & I, =1I,cos(5+6) (3-15)
Vo =V, SInd; & v, =V, c086 (3-16)

Similarly, the relationship for the receiving-end (VSC acting as inverter) is derived from Fig.
3.6b:

The voltage at the VSC terminals is:
V,,c088, =V,, + 1 ,Ry, co8(6, +8,) + [, X;,5in(6, +6,) 3-17)
The load angle is expressed as:

I,X,co80,-1,R,,sinb,
Vop + 1, Xpps5in0, + 1, Ryycos0,

(3-18)

tand, =
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3-5 The two-level voltage source converter

Fig. 3.7a shows the circuit diagram of a three-phase two-level VSC converter which consists
of three legs, one for each phase. Each converter leg is composed of two IGBTSs switches, 7}
and 75, with corresponding anti-parallel free-wheeling diodes, D; and D,,. The midpoint of
the capacitors, #, is used as a reference for the ac output voltage.

There are four possible current paths in a single-phase two-level converter as shown in Fig.
3.7b [11, 16]. When the upper switch is ON, the output voltage is + V. and the current flows
through the upper free-wheeling diode if the current is negative or it flows through the upper
IGBT if the current is positive. When the lower switch is ON, the output voltage is — ¥V and
the current flows through the lower IGBT if the current is negative or through the lower free-
wheeling diode if the current is positive. Table 3.2 shows the possible condition paths in one
leg of the two-level converter (leg A).

If the two switches are turned ON at the same time this would create a short circuit of the dc
capacitors, therefore before one switch is turned ON, the opposite switch must be turned
OFF. This causes a small blanking period where none of the switches are ON and the current

path is via the free-wheeling diodes [11]
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Fig. 3.7: Two-level voltage source converter and the possible conduction current paths in one leg.

Table 3.2: Switching states of a 2-level voltage source converter.

Conducting devices Switching conditions Terminal voltage
>0 iy <0 Ta Ta

Tai Dy ON OFF Ve

Do T OFF ON Ve
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Fig. 3.8 shows the SPWM of a three-phase, two-level converter, where v,., vp-, and v_.are the

sinusoidal reference waveforms displaced in time by 120°.

v, =Vsinot =V, Msinwt

(3-19)
. 2z . 2
V. =V, sin( wt ——3-) =V, Msin( ot ——g—-) (3-20)
4
Vy. =V sin( ot —?ﬁ) =V, Msin( wt —47”) (3-21)
The three-phase, line-to-line output voltages are given as:

Vo = Voo — Yy = M3V, sin( oot + %) (3-22)
vy =V, V., = M3V, sin( ot —%) (3-23)
Vo, =V, ~ V. = M3V sin(ot +5?”) (3-24)

The phase and line output voltages for a three-phase, two-level converter operating with

M,=0.85, M=15, /=50Hz and f,;=900Hz are shown in Fig. 3.8.
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3-6 The three-level voltage source converter

Fig. 3.9 shows the simplified circuit diagram of a three-level NPC converter. The converter
leg A is composed of four IGBTs switches, T, to T,4, with four anti-parallel diodes Dy to
Das. On the de side of the converter, the dc bus capacitor is split into two, providing a neutral
point, z. The diodes connected to the neutral point, D, and D.,, are the clamping diodes.
When switches T, and 73 are turned ON, the converter output terminal A4 is connected to the
neutral point through one of the clamping diodes.

The voltage across each of the dc capacitors is ¥4/2, which is normally equal to half that of
the total dc voltage. With a finite value for C, and C,, the capacitors can be
charged/discharged by the neutral current i.., causing neutral-point voltage unbalance.

Fig. 3.10 and Table 3.3 summarise all the possible power paths and switching states in the
NPC three-level converter. Switching state ‘P> denotes that the upper two switches in leg 4
are ON and the VSC terminal voltage v,;, which is the voltage at terminal 4 with respect to
the neutral point z, is +V,/2, whereas ‘N’ indicates that the lower two switches conduct,
leading to v, = — Vg /2. Switching state ‘O’ means that the inner two switches 7> and 75 are

ON and v, is clamped to zero through the clamping diodes.

Fig. 3.9: Three-level Neutral-Point Clamped (NPC) voltage source converter.
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Fig. 3.10: Power paths in one leg of a three-level NPC converter.
Table 3.3: Switching states of a 3-level diode clamped voltage source converter [16-17].
Switching Switching conditions Terminal
Symbols T1 T2 T3 T4 voltage (va,)
p ON ON OFF OFF Vi 12
0 OFF ON ON OFF 0
N OFF OFF ON ON - Va2

Depending on the direction of the load current i, one of the two clamping diodes is turned
ON. For instance, a positive load current (i, > 0) forces D-; to turn ON and the terminal 4 is
connected to the neutral point z through the conduction of D:; and T5. It can be observed from
Table 3.3 that switches 7; and T3 operate in a complementary manner. With one switched

ON, the other must be OFF. Similarly, 7> and 7} is also a complementary pair.
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3-7 Voltage source converter conversion losses

Currently, there are two established approaches for the construction of a VSC-HVDC system.
The first approach uses a standard two-level converter or a neutral-point clamped converter
with forced-commutated devices such IGBTs. This approach imposes a high insulation
requirement on the interfacing transformer due to the high dv/dr that results from switching
high voltage with relatively low switching frequencies. This arrangement also requires fairly

large filters at the output to attenuate the switching frequency components from the output

voltage at the point of common coupling.

The second approach uses a two-switch modular multilevel converter with medium voltage
devices such as 4.5kV IGBTs [18]. This approach produces lower dv/dt (allowing the use of a
transformer with standard insulation requirements) and significantly lowers voltage harmonic
distortion. This approach requires however, a large number of switching devices and

capacitors, and a relatively complex modulation strategy compared to the first approach.

Both approaches produce higher conversion losses compared to the classic HVDC system
based on line-commutated or capacitor-commutated current source converters. Estimation of
the power losses during the design stage of the VSC-HVDC is essential, because it allows the
designers to optimize the overall system performance through a compromise of several
design indices. It also helps in the selection of heat-sinking equipment and cooling system for
the converters. In general the conversion losses of the VSC converter are composed of
conduction and switching losses. There are many methods to calculate and evaluate the losses

in a VSC converter such as [19-20]:
a. Practical measure:
In this method the input power and the output power at each component of the VSC-HVDC

is measured and the difference are the losses inside the component. This method is

reasonably reliable at low voltage and low power transmission.

b. Software method

The VSC converter model is built using the physical and mathematical relationship in every
component with reasonable considerations and assumptions. The voltages and currents in

converter components are found to calculate the conversion losses. The accuracy of

conversion losses calculation depends on how accurate the model is.
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Substituting equation (3.26) into equation (3.25) gives:

P.=V, I, +r 1%,
c=Vila+ry (3-27)

Where Iy and ns are the average and the rms current through the device in the conduction

period respectively, and are calculated as follow:

1%

iy = T [12()d (3-28)

1-2

REF
rms E g la (t)d(() (3'29)

3-7-22 Switching losses estimation

The switching losses are the total sum of ON-state switching losses and turn-OFF switching
losses, and they depend on the device characteristics, switching frequency, and device

current. The switching energy can be expressed as a function of the device current as follow:

P =Is—Tj§kida)t
W 27 b 1 (3-30)

where k; is the switching resistance obtained from the device datasheet (see Fig. 3.12).

3-8 VSC-HVDC Transmission System Dynamic Model

Fig. 3.13 shows the typical basic structure of a VSC-HVDC transmission system. The ac
source voltages denoted by (v, Vs, Vi) are three ideal sinusoidal waveforms displaced by
120° in the time domain. The three-phase current denoted by (isq,iss, Isc) are source currents
flowing from the ac source to the VSC converter or in the reverse direction. The voltages and
currents at the VSC terminal are denoted by (Vea, Vb, Vee) and (ica,ics, icc) respectively; Ry and L,
are the resistance and inductance of the coupling transformer, Rr and Ly are the resistance and
inductance of the coupling reactor. The dc side is modeled as a series inductive (L) and
resistive (Rg) circuit, while C, V4 and I, are the dc link capacitor, dc link voltage, and dc
link current respectively. In Fig. 3.13 the left converter (VSC)) is assumed to operate as
rectifier transforming the power from the ac source side to the VSC dc side. The right
converter (VSCy) is operated as inverter and transforms the power from the VSC dc side to
the ac side. The subscripts “/”” and “2” represent the variable belonging to the sending-end

station and receiving-end station, respectively.
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Fig. 3.13: VSC-HVDC Transmission System.

Applying Kirchhoff Voltage Laws in Fig. 3.13 and adopting the time ¢ in seconds and all

quantities in per unit, the dynamic equations for the rectifier side are:

disabc _ B_l_ : 1

d L, Labe T Z (vsabc - vcabc) (3-31)
Where R/=Rri+Rp; and L=Lp+Lg
The dynamic equations for the inverter station are:
di R, . 1

sabc2 _

—res —_——=1 J—

dr L2 sabc2 T L2 (vcabc2 _vsabc2) (3-32)

Where Ry=Rp;+Rpz and Ly=Lp+Lg

To simplify the design of the control system, the three-phase quantities are expressed in the

dq reference frame using the Park transformation matrix given in equation (3-33) as:

cost cos(@—@-) cos(@ -%75)
fd 23 4 fa fa
f, |=|sin6 sin@ —3’-’- ) sin(@-?n ) |l £ =71 £ (3-33)
fo 1 1 i fc fc
|2 2 2 ]
And the inverse Park transformation is:
_ dr ]
cost cos(e-zz) cos(@-%)
fa 23 4 fd fd
-1
£, |=| sin6  sin(@ —3’1 ) sin(® —3’5 )\ £ (=0T (3-34)
Jel |1 1 1 Jo Jo
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Applying Park’s transformation to equations (3-31) and (3-32), the differential equations for
the rectifier side in the dg reference are:

di R 1
sdl _ ;. M :
o sl I, Tl +z;("sd1 *"ch)
disql _; _Ri1_ . 1 (-39
o sal I, — @l +L_1(vsd1 _vcdl)
Similarly, for the inverter side:
di R, 1
sd2 _ ;. M : i
dt = Laz L, + Wi + L2 (vcd2 _vsd2)
. 3-36
dlqu . & . 1 ( )
a “lsq2 L, — Wiy, +“L:(Vcdz “"sdz)

If the converter is assumed lossless, the power balance equation between the dc and ac

sides in the rectifier and inverter, respectively, are:

av

3 . .
Vdclldc = E(VCdIISdI + chllsql) - CVdcl del
dr (3-37)
;o= 3 . . dVyer
Vch dc — E(VCdI Lar t Vegl'sql )+ CVdc2 dt

Equations (3-35), (3-36), and (3-37) are the differential dynamic equations representing the
VSC-HVDC transmission system.
In a converter with sinusoidal PWM the relationship between the modulation index M, dc

link voltage and the dq components of the ac voltage are given by:

Vg =4MV, cos (3-38)
Veg =% MV, siné (3-39)

The instantaneous total power in the time domain is expressed as:

S =v, ()i, (1) +v, ()i (1) +v ()i (t) (3-40)
Applying the park transformation to equation (3-40) yields:

p(r)=§-[vd O, () +v, (O, (0] (3-41)

1) = 213, 01,0+, 01, 0] (3-42)
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3-9 Control of the VSC-HVDC

In a VSC, the control of the ac voltage and active and reactive power flow is done by means
of PWM technique. With PWM modulation, the VSC controller can adjust the modulation
index (M), and converter phase angle (8) to give any combination of voltage and phase shift
and hence, control the active power, reactive power, ac voltage and dc link voltage. Vector
control is the most popular technique to modify M and @ to achieve the desired control
function. In vector control the three-phase rotating voltage and current are transformed to the
dq reference before calculating the modulation index and the phase angle. It is then
synchronized with the ac three-phase voltages using a phase-locked-loop (PLL). The
controlled variable is forced to follow the reference values to generate the desired values of
M and 6 and fed their values to the VSC. The control system of the VSC converters is
composed of the inner controller and the outer controller. The main function of the inner
controller is to control the currents in the complete range of actuation, and to ensure that the
converter is not overloaded to protect the converter from transient and to ensure that the
converter is not overloaded to protect the converter from transient currents due to system
disturbances. The outer controller is responsible for supplying the reference values to the
inner controller. Fig 3.14 shows an example of VSC control system including: the inner and

outer controller, and phase-locked-loop (PLL).

* R M
A J d
— ‘ ‘%ﬂ“’@ il EL
The controlled parameters Outer iy inner v, _J
Jrom the system (P, Q, Vde, Vac) controllers i controllers )
4
be
B0
B o ip M, VSC
converter
j ) / v
’abc}_, dq > dg

abc——— ’dl]

|
vabc} PLL 7

Fig. 3.14: Overall Control of a VSC-HVDC.

There are four possible control modes to be chosen from as outer controller for the control

system of the VSC converter [24]:

(1) de voltage control mode. (2) Active power control mode.

(3) ac voltage control mode. (4) Reactive power control mode.
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The choice of controller to be added to the VSC converter (not all controllers can be used at
the same time), depends on the application of the VSC-HVDC, but in all cases an option for
the dc voltage controller is necessary in all applications to ensure the power balance between
the sending and receiving converters.

3-9-1 The inner controller design

In order to design an inner current controller the cross-coupling terms in equations (3-35) are

decoupled as follow [25-26]:

Viar = g~ 0Ly, + vy, (3-43a)
Vi =¥ t 0Ly +vy, (3-43b)

Substituting equation (3.43) into equation (3.35) then

(3-44)

lsql IS‘I 1 uql

d | fan #Iy O i O Il
gl {7 o Jel e Sl

where u; and u, are new variables obtained from the inner controllers which regulate the dg-
axis currents. The values of u; and u, are defined as:
Ug =k (i —ig)) + ki [y —iy )t (3-45)

Uy =kl =i+ (5, —i)dt (3-46)

where k,; and k; are the proportional and integral gains of the current controller, and the
superscript * refers to the reference value. The inner current loop for converter VSCy is
designed according to equation (3-43) and the block diagram of the inner controller is shown

in Fig. 3.15.

Fig. 3.15: Block diagram of the current control loop.
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Replacing the integral part of equations (3-45) and (3-46) by new auxiliary control variables
zqand zy, the following sets of equations are obtained:

oK .
uy =kyiy =i ) +k,z,

(3-47a)
u, =k (5, ~1) +hyz, (3-47b)
dz;, . |
_07- =iy tiy (3-47C)
dz, = .,
—b==iy i, (3-47d)
Substituting equation (3.47) into equation (3.44) then
. ’_—(Rl+kpy Kii 1 _k i 1
La l1 A 0 0 isd % 0
dlza| | -1 0 0 0 |z 1o |7
dt Isq a ~(R+k,;) K i + k li.*d:| (3-48)
0 0 1’/ / sq 0 pi Iy
Z‘I Ll 11 Z‘I
L0 0 -1 0 | 0 1|
From equation (3-48), the dg-currents are defined in the Laplace domain as follow:
I Kii 1
i (S) § /l1 0 0
:d -1 s+(Rl+KP% 0 0 .
2| _ 1 L Iy (3-49)
isq(s) 2 (1e1+Kpi) K, K. i*
) o Ba | g 0 i ;
z,(s) * L ST L * /Iﬂ !
0 0 1 s RHKR)
Therefore, the Laplace transfer function of the inner current controller is:
%ﬂ(s + llg’f J
G(s) = fd 3-50
=Rk, X (3-30)
sty S
Lt

From the characteristics equation of the current controller in the diameter of equation (3-50),

the proportional and integral gains of the current controller are defined as follow [27]:

kpi = 2(:&)"[1 - Rl

kii = a)le

(3-51)

(3-52)

where, o, and { are the natural frequency and damping factor, respectively. The obtained
values may be quite different from practical values due to stray elements, voltage drop in

switches and other circuit elements, heat losses. This theoretical design is necessary to get the
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limits that ensure stable operation but the final gains used in the practical systems are
obtained by trial and error due to difficulty in representation of system nonlinearities in the
control design. For example for L=0.3, R=0.005, w,=35 and =0.7 the values of k;; is 367.5
and kp;=14.69 and the actual used value were 400 and 1.5, respectively.

3-9-2 The outer controller design

As mentioned earlier, the outer controller consists of the dc voltage controller, the ac voltage
controller, the active and reactive power controller and the frequency controller. In this

section different outer controllers are described.
1. Active and reactive power controller

Based on the dg power equations (3-41) and (3-42) the active and reactive powers delivered

to the point of common coupling (PCC) are:

POEE RO MORNONG (3-53)

40 =22, D1y O 47, D1y O (3-54)

where vy and v,, are the dq voltages at the PCC. For balanced steady-state operation vs=0,

therefore equations (3-53) and (3-54) can be expressed as:

3 .

p(t)=§"sd(t)-’sd(t) (3-55)

=2, 3-56
a0 =5, 05, © (3-56)
Hence the dg current reference values are:
. 2P
. 3-57
l.\‘d 3VXd ( )
. =20 3-58
Isq - 3v5d ( )

Fig. 3.16 shows the schematic block diagram of the active and reactive power controller.

Vsd Vsd 1

= * -+ *
x frv——

{
|

(@) (b)

Fig. 3.16: Block diagram of the active and reactive power controller.

65



2. de and ac voltage controller

In the dc and ac voltage controllers, the measured voltage is compared with the reference

voltage, the error signal between the voltage reference and the measured value is fed to a PI
controller to generate the d-axis reference current (i: 4 )- Equations (3-59) and (5-60) are the
mathematical model of the controllers:

g = ke Ve =Viae) + b [ (V3 =V, )t (3-59)
iy = K pae Vae =Vae) + kg § (Ve =V, Yt (3-60)
where Kpic, Kide, Kpac, kiac are the proportional and integral gains of the dc voltage controller

and the ac voltage controller, respectively. Fig. 3.17 shows the schematic block diagram of

the dc and ac voltage controller.

i i
— d -
—t | PI = —_—F Pl
Vie V.
(a) (b)

Fig. 3.17: Block diagram of the DC and AC voltage

3-10 Steady-state and transient behavior of the three-level VSC-HVDC system

The performance of the three-level VSC-HVDC connecting two different networks during
steady-state and transient conditions is investigated in this section. The test system is shown
in Fig. 3.18 and system parameters are given in Table 3.4. The saturation effects in the phase
transformer and the phase reactor are neglected. The VSC converters switches are modeled as
lumped switches with equivalent internal resistance and forward voltage (turn ON/turn OFF

losses are not considered).

Table 3.4: VSC-HVDC parameters (this is not a real system, parameters taken from Matlab library).

SG, and SG; 2400MVA, 13.8kV,50Hz, x,=1.79, x;=0.220, x}=0.193, x,=1.715,, x;=0.243,

data
x) =0.243, x/=0.18 T =0.595, T}, =0.035, T},=0.31, R;=0.003,H=4.25

ac; network T.L, data (R=0.013/km, L=0.934mH/km, 40km length), T; (275/132 kV, 500MVA,
R11=0.005pu, L1,=0.2pu), phase reactance (Lg;= 0.1pu based on 500MVA&132kV),
high pass filterl (10MVAr, Quality factor=15).
acy network T.L, data (R=0.013Q/km, L=0.934mH/km, 40km length), T, (132/275 kV, 500MVA,
Rr1,=0.005pu, L1»=0.2pu), phase reactance (Lg= 0.1pu based on 500MVA&132kV),
high pass filter2 (60MVAr, Quality factor=15).
de side circuit V 4.=300kV, the capacitor C =1000uF , cable data (0.015Q/km, 150km)
controllers gains K,=1.5, K;i=400, Kpo=1.5, Kia=500, Kpu=10, Kig:=400
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Fig. 3.18: 3-level VSC-HVDC system connecting two ac networks.

The control modes of the VSC-HVDC system are chosen such that, converter VSC; controls

the active power flow and the ac voltage at B; while VSC, is used to control the dc link

voltage and ac voltage at B,. The overall schematic control system of the investigated system

is shown in Fig. 3.19. Fig.3.19a is the control system of VSC;, station, and Fig. 3.19b is the

control system of VSC, station

The steady-state and transient investigation of the system include:

Case I: Active power step and provision of reactive power control.

Case II: Three-phase fault at ac network,

Case I1I: DC fault at the middle of the dc link cable

AV

:

AV
A

VSClI

(a) Control system of converter VSC,
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(b) Control system of converter VSC,
Fig. 3.19: Overall schematic control block diagram of a 3-level VSC-HVDC system

3-10-1 Case I: Active power step and provision of reactive power

In order to investigate the dynamic response of the VSC-HVDC during sudden power
changes, the active power reference is changed with time during the simulation as follow:

P=1.0 (0<1<2.0), P=-2t+5 (20<t<225  P=05 (2.25<1<3.25)
P=-2t+7 (3.25<t<35) P=00 (3.5<t<4.5), P=-2t+9 (4.5<1<4.75),

P=-05 (4.75<1t<5.75) P=-2r+11 (57551 <6.0), P=-10 (6.0<£<7.0),

The active power change at the sending and receiving ends is shown in Fig. 3.20a and b.
According to equation (3.5) the VSC converter angles are changed with the change in power
flow as shown in Fig. 3.20d. When the power flow is from the converter to the ac network
the angle is positive otherwise the angle will be negative.

The change in the active power transfer at both ends causes a transient on the dc link voltage
but the dc link controller manages to return the dc voltage at VSC; to the reference value
(Fig. 3.20e). When the power direction is from VSC; to VSC, the dc voltage at VSC; is
greater than 300kV otherwise it is smaller than 300kV.

Fig. 3.20c indicates that the ac voltage at By and B; is kept constant although the buses power
and current are changed continuously. According to equation (3.6) the ac voltage controller at
both sides controls the reactive power exchange between the converters and the buses to keep

constant voltage profile (see Fig. 3.20a and b). In this case the VSC converters act as static
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A. Wind Farms integration

The technical advantages of wind integration via VSC-HVDC are [31]:

» Eliminating the need for start up generator.

= The ability of VSC converter to provide the reactive power control eliminating the need

for static reactive power devices, thus reducing the total cost.
VSC-HVDC has no length restriction like ac submarine cables, and could provide an

optimal option for long-distance wind farms offshore connection.

B. Connecting weak and isolated areas

Since the commutation of the voltage source converter do not need external ac voltage, the
VSC-HVDC may be used to supply isolated areas such as islands and remote industrial areas
[12].

C. Multi-terminal de system

The structure and controllability of the HVDC system is much simpler with VSC-HVDC
than with the conventional HVDC. The flow reversal in conventional HVDC is achieved only
by voltage polarity change but in VSC-HVDC systems the power flow direction change is
achieved by current direction changes. The control flexibility and power management in
multi-terminal VSC-HVDC makes it easy to use any number of VSC converters connected to

a DC bus with fixed polarity [32].
D. Provision of Independent Reactive Power Control

The voltage source converter can provide four-quadrant power controllability. The reactive
power exchange between the VSC converter and the ac system can be controlled to provide
greater flexibility for the AC system, such as stabilizing a particular bus voltage and
operating at unity power factor to minimize the transmission current and reduce the
transmission losses. A VSC converter at the PCC acts exactly as a synchronous static

compensator [11].

3.12 Summary

In this chapter an overview of the VSC-HVDC transmission system has been presented. The
function of each component, advantages and applications of the VSC-HVDC have been
presented in detail. Moreover, the operation, the steady-state model, and dynamic model of
the VSC-HVDC system have been discussed. The two-level and three-level VSC converter

operation was discussed in detail; moreover the control system design of the VSC converter

73



stations and the tuning method for the PI controller to ensure robust system performance

were investigated. The steady-state and transient performance of the VSC-HVDC system was

investigated during step changes in the active power, balanced ac fault, and dc link fault.

From simulation results it can be concluded that the VSC-HVDC can fulfill fast and bi-

directional power transfers and ac voltage adjustment.
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Chapter Four

Multi-terminal high-voltage dc¢ transmission systems based on voltage

source converter

4-1 Introduction

CSC-HVDC or VSC-HVDC transmission can be configured as point-to-point or multi-
terminal. Most existing dc schemes have been realized as point-to-point connections, despite
the limitations of power exchange between only two converters.

It is noticeable in a multi-terminal system based on a CSC-HVDC system, that the change in
operating mode of one of the converters, in order to reverse the power flow, necessitates
converter dc link polarity reversal by increasing the firing angle beyond 90° and also a
change in the control mode [1]. This example highlights the complications that may arise
from the use of CSC-HVDC in multi-terminal dc transmission systems. Due to difficulties
associated with power flow control in multi-terminal dc system just only two multi-terminal

systems based on CSC-HVDC are in operation now:

1- Italy—Corsica—Sardinia: three terminal HVDC system exchange power between converters
in Italian mainland, Corsica and Sardinia. Build in 1965 as a point-to-point system and
third terminal was added in 1986 [2].

2- Hydro Quebec-New England (USA/Canada): Four multi-terminal dc system started as
690 MW two-terminal in 1986 between Des Cantons and Comerford, in 1990 the system
is extended to deliver 1800MW to converter station located in Sandy Pond and finally the
system is extended to deliver 2138MW to fourth terminal located in Montreal [3].

Based on previously discussed advantages of VSC-HVDC technology, it is the most suitable
in many applications, including multi-terminal dc systems operation. The active power
reversal in multi-terminal based on voltage source converters is achieved by changing the dc
current direction without the need to change the dc link voltage polarity and operating mode.
This results in instantaneous power reversal without increasing the stress on the dc cable and
interfacing transformer, as it occurs in CSC-HVDC. The active power flow between the
converters in a multi-terminal HVDC system is controlled using a combination of direct
active power control in converters that control active power, and dc voltage droop in the
converters used to control the dc link voltage, as demonstrated in references [4-5]. This

increases control flexibility of multi-terminal VSC-HVDC systems to respond to any network
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alteration resulting from active power imbalance and ac faults (due to add/loss of major load
or generation). They also have the capability to participate in the stabilization of ac networks.

The ability of multi-terminal VSC-HVDC to fully control the active power flow makes it

suitable to reduce network congestion and to extend the steady-state stability limits of an ac

network. The inherent reactive power capability within the converter stations of multi-

terminal VSC-HVDC transmission improves voltage and power system stability of weak ac

networks at no additional cost. It also allows active power injection into any ac networks
regardless of their strength. This feature is vital to improve the energy availability at any
terminal of any ac network. A reliable coordinated control system is required between the

converter stations in addition to robust dc circuit breakers to improve the chance of system

recovery from dc faults or loss of converters.

4-2 Configurations of multi-terminal dc transmission systems

The features and advantages of multi-terminal VSC-HVDC transmission systems, which make

them more advantageous than point-to-point VSC-HVDC transmission, are [4]:

* Lower investment cost and space requirements: due to continuing growth of electrical
demand and the need to upgrade the existing transmission networks. Multi-terminal dc
transmission systems can address the issues of scarcity and increasing cost of land for new

rights-of-way (and hence reduce the investment needed for network expansion).

» The multi-terminal dc transmission system increases the power flow control flexibility

along desired routes.

» The multi-terminal dc transmission system improves system reliability and stability.
During the outage of a VSC converter, or loss of a dc link cable, re-routing of the power is
available through other parts of the system; therefore the possibility of losing a major

generating unit is minimized.

* Suitable for creation of regional-transmission system connecting different ac networks and
integrating renewable energy resources. The converter in the dc network could operate as

rectifier or inverter to transmit the power to/from a specific point in the dc network [4].

The possible configurations of a multi-terminal VSC-HVDC system, which differs

according to their particular application, are described in the following sections.
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2- Improved resilience of the ac networks attached to this power pool against power and
frequency instability problems during local loss of generation or major load.
3- Enable power trading between these regional networks in real time with full control over

power flows.

4- Inherent reactive power capability in each converter station enables the converter to provide
voltage control at the point of common coupling.

It also provides the flexibility of asynchronous operation; and isolating each network from the

abnormal disturbance developing in the other networks, hence reducing the risk of black-out

[7]. The active power exchange between the ac networks and the power pool is achieved using

active power control. Fig. 4.2 shows the transnational dc network.

5G1

vsC1 VSC3

Iso— -

Wind farm

VSCWF VsC2

Fig. 4.2: Four-terminal transnational dc network system.
4-2-3 Multi-terminal VSC-HVDC systems for distribution networks in urban areas

In distribution networks, especially in urban and remote industrial areas, the receiving-end
systems are purely consumers and there is very limited generation, or even no generation at
all. The capabilities of the VSC converter enable the VSC-HVDC systems to feed weak and
isolated ac systems, therefore a multi-terminal VSC-HVDC system could be used to replace
the conventional ac distribution system, and thus improve the system reliability because
abnormal conditions in one area cannot propagate to the rest of the system. The
implementation of a multi-terminal HVDC system in an urban area will be based on possible
economic benefits, and on the possible better performances compared to the conventional ac

system. Fig. 4.3 shows the multi-terminal dc transmission used for an urban area distribution

network [8].
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Fig. 4.3: Multi-terminal HVDC system for an urban area distribution network [8].

4-2-4 Multi-terminal VSC-HVDC systems for oil and gas platforms

Offshore oil and gas platforms use electricity generated from gas turbines located at offshore
sites. The main disadvantages of gas turbines are their lower efficiency and contribution to
emission of greenhouse gases. Multi-terminal VSC-HVDC systems can be used to supply the
oil and gas platforms and to transmit the offshore wind power to the onshore ac network. The
potential benefits of a multi-terminal dc system configuration are [9]: reduced operational

costs, increased system reliability and reduced CO; emissions.

Oil/gas plat Wind farm2 Wind farml
form load
L | —

L_

o] el T
z, 2 T

Onshore
network

Fig. 4.4: Multi-terminal HVDC system for offshore wind farms, oil/gas platform and onshore network [9].
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Table 4.1: System parameters (this is not a real system, parameters taken from Matlab library)

ac; network

the transformer T3, (275/132kV, 300MVA, Ry 4=0.0005pu , L3 4=0.3pu), phase
reactance (Lg; 4= 0.3pu based on 300MVA and 132kV)

ac; network | The transformer T, , (132/400 kV, 300MVA, R 2=0.0005pu, L1y ,=0.3pu), phase

reactance (Ly; ;= 0.3pu based on 300MVA and 132kV). SG1 data (2400MVA,
33kV), SG1 transformer (33/400kV), 0.008+j0.008pu)

de side circuit

(0.0159/km, 150km), dc auxiliary link, > data (0.25Q/km, 10km)

V4=300kV, Py, at VSC,4,=300MW, the dc capacitor C =300uF , DC link, , data

305

1

AV, (kv)

303

301
__-1000 -600 -100

~

Fig. 4.7: Voltage-current droop controller.
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Fig. 4.8: Control system of VSCy for power sharing.

Inclusion of the voltage-current characteristics in Fig. 4.7 into the control system of VSCj

will allow converters VSC; and VSCs to respond to any power share. The complete control

system diagram of VSC; including the dc droop controller is shown in Fig. 4.8.
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transnational supergrids. The largest interconnected power network in Europe is the ENTSO
(European Network of Transmission System Operators for Electricity) which uses
synchronous connection (HVAC transmission lines) to interconnect 34 countries in Europe.

In general, the potential benefits of the interconnected power system are [13-14]:
» Allows optimum use of available resources.

* Reduction of generation costs by optimal unit commitment.

* Reliable and stable electric power systems.

* Reduction of the necessary reserve capacity in the system.

* Social and environmental advantages.

* Flexibility of building new power plant at favourable locations.

The construction of the backbone of the regional transmission system can be built using the
high voltage ac system (HVAC) or high voltage dc system (HVDC). The HVACs are well-
known technologies, proven, cheap and reliable but with the increase in the power capacity
and the long transmission distance between the regional networks, the HVAC technology
face some technical limitations which could reduce the advantages of the interconnected

system. These limitations are summarized as follow:

* Reduction of economic advantages due to large transmission distances and insufficient

voltage levels.
* Spinning reserve in the system to be transmitted over long distances (additional losses).

= Reactive power compensation is necessary for long distance transmission to avoid voltage

problems.

» The operation of the tie-line may cause power oscillations.

= A fault in part of the network propagates and affects the whole system.

* HVAC system did not facilitate the connection of renewable resource especially for long
distance transmission.

The conventional CSC-HVDC systems are another possible solution to build the future de
regional networks. The CSC-HVDC system as stated in Chapter 2 cannot be used to transfer
the renewable energy without the aid of start-up generators or synchronous compensators

devices which provide the necessary commutation voltage, and thus reactive power
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compensation devices are required. Another limitation of CSC-HVDC systems is the

necessity to reverse the dc voltage polarity in order to achieve power reversal. Complex

power control associated with the multi-terminal operation may limit the terminal number.

A VSC-HVDC system is a suitable technology for building the future supergrid dc network.

It is easier to control the power flow and build parallel multi-terminal configurations. Simple

fixable control system is associated with multi-terminal operation including power

management and power reversal. VSC-HVDC facilitates the connection of renewable power

plants and isolated islands to the dc network [15-16].

Based on the previous discussion, the multi-terminal VSC-HVDC system can be used to
create a large power pool to facilitate the power trading in real time between large regional ac
networks, and the integration of renewable energy resources without compromising system
reliability and security of supply. This approach, besides the power accommodation between
the regional networks, may allow high penetration of renewable power into power systems

without the need for energy storage systems for power leveling or other power quality issues.

If HVDC system is used for building of the transnational supergrid, the power pool is
comprised of a meshed dc network that includes a group of dc links operated at different dc
voltages, where the dc buses are connected to the regional networks via power converters
[17]. Presently, there is no specific standard for the dc voltage level. A dc voltage greater
than 2 times the ac voltage (rms value) for PWM, or greater than 1.74 for PWM with third-
harmonic injection can be used as stated in [18]. The dc converters could operate as
rectifier/inverter to inject/withdraw the power into/from the power pool. The power injection
or absorption from the power pool is controlled by the converters, while the power flow in

the dc links is governed by Kirchhoff voltage law.

The potential benefits of the dc regional supergrid are:

1- It is the ideal solution for the integration of large-scale renewable energy resources such as
wind and solar power [19-20]. The supergrid achieves renewable power balancing due to
the variation in renewable energy resources output. The connection of widespread wind
farms and solar energy projects to a common dc network reduce the possibility of

renewable power variability because of correlation of different weather conditions [17].

2- Facilitates power trading between the regional ac networks over long distances with

optimum transmission losses. The high voltage in the dc links increases transmission
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system efficiency and the power accommodation power in remote locations and load
centers.

3- Allows the regional ac networks sharing of back-up power. Any ac network can use the

reserve generations in the other ac networks, and this reduces the risk of black-out in the

regional ac systems.

4- Allows using underground/submarine cables as transmission medium where only cables

can be used. Using cables cause no visual pollution and has less opposition with the

licensing [17].

5- The inherent reactive power capabilities of the VSC converter provide the necessary

reactive power compensation and limit the overload in the system.

Nine European countries in the border of the north sea agreed in 2010 to build a super HVDC
network in the north sea to integrate and accommodate renewable energy (wind, solar and
tidal power) between Belgium, Denmark, France, Germany, Ireland, Luxembourg,
Netherlands, Norway, and the United Kingdom [21]. Around 100GW offshore wind power
are planned to be installed in the North Sea. Norway giant hydropower capacity facilitates the
power-demand balancing and stores the massive offshore power and fulfills the system peak
load and power stabilization. For example the wind energy generated at night in the UK
could be stored in the Norway network and released the following day. The North Sea
supergrid will extend to the Sahara desert and connect with the solar power plant in the desert

[22].
4-6 VSC-HVDC network for regional dc network and renewable energy integration

Fig. 4.12 shows an HVDC network comprising of four terminals modeled with neutral-point
clamped (NPC) converters and controlled using sinusoidal pulse width modulation (SPWM)
with 2.05 kHz switching frequency. Each NPC uses two dc link capacitors of 300uF with
neutral-point-ground to form bipolar HVDC systems. Converter VSC-WF connects a
400MW wind farm into the dc network. While converters VSC; to VSCs connect ac
networks 1, 2 and 3 into the dc network. The dc grid comprises of four links, each 150km and
modeled using a lumped = section. Converters VSCwr, VSC; and VSC; control the active
power and the ac voltage magnitude at Bwr, Bi and B,. Converter VSC; regulates the dc

voltage at 300kV pole-to-pole (£150kV) and the ac voltage magnitude at Bs. Further details
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A central control system is used to coordinate the power injection/absorption for the VSCs
and to set the power references for the VSC converters. dc voltage and the ac voltage control
are adopted for the local control in each converter station. Fast and reliable communications
to transmit the signals between the converter stations and the central control are required. The
power flow re-schedule is achieved by managing the power references in the master control.

It is most important that all converter stations have the same ramping speed to avoid

unwanted dynamic response.
4-6-2 System protection

The protection system of the multi-terminal system is a major problem especially during a
fault in the dc network. The VSC-HVDC system copes well with ac faults with appropriate
control and protection methods, but it is vulnerable to faults occurring in the DC link and this
has limited its practical application in multi-terminal networks during the last decade. The
technology gap in isolation mechanisms of the dc fault and the absence of reliable dc
breakers is a real problem facing multi-terminal dc operation. When a short-circuit occurs
between the dc links conductors, the capacitors rapidly discharge into the fault point
circulating excessive dc fault current (Fig. 4.13). With the absence of the zero crossing point
and the excessive fault current no dc circuit breaker has been manufactured to handle the dc

link fault.

L
L,

I .

Fig. 4.13: dc fault in the VSC-HVDC system.

Power electronics converters are very sensitive to the overload current and cannot withstand
the excessive fault current [25]. Reliable protection system capable to sense, detect the fault

location and terminate the fault is required to maintain system stability during dc faults. The
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dc fault could be cleared using ac circuit breakers associated with power converter blocking,
but this would require all terminals to be isolated, resulting in complete shut-down of the dc
system [17, 26].

Several approaches are introduced to address the clearing of the dc fault. AC circuit breakers
can be used to eliminate the fault in the dc network. The existing VSC-HVDC systems
activate the ac breakers placed on the ac networks to isolate the dc network until the fault is
extinguished. Power electronics converters are blocked during the isolation to speed up the
clearance time. After fault clearance, the dc system is reconnected again and the converters
are unblocked gradually with a ramp function [27]. For the permanent faults the faulty dc
cable is totally remove from the dc network after the opening of isolation of the dc network
by opening the ac breakers.

IGBT circuit breakers placed between each converter terminal capacitors and the dc network
buses are used to protect the dc network against the dc network faults [28]. The limitation of
this approach is the unidirectional capability of the IGBT circuit breaker. When the fault
occurs on the converter side, the IGBT-CB is blocked-in and no power flows into the dc
network until the fault is extinguished. If the fault occurs in the dc network side the fault
current flows into the VSC converters through the anti-parallel diodes (Fig 4.14). In this case
the blocking of the IGBT-CB is associated with the blocking of the VSC converters. The
IGBT-CBs have the same rating of the VSC converter and this increases system transmission

losses.
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Fig. 4.14: IGBT-circuit breakers.
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New technology introduced by ABB is capable to address the dc fault issues. In the two-

switch modular multilevel converter, the current magnitude that converter switches may
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terminal which controls the dc voltage connected to the system. Such situation can be
avoided by assigning more than one converter station to regulate the dc link voltage. The
VSC-HVDC network is capable to remain stable when a sudden loss of a converter occurs
except the one that control the dc voltage. Any loss of converter stations creates an unbalance
in the dc network; the slack-bus converter station controls its output to cope with the new
operating conditions. The slack-bus converter must have enough reserve generation to
overcome any mismatch in the dc network.

To demonstrate the effectiveness of the HVDC network in improving the transient stability of
the overall system during a major fault in one of the ac sides, the test system in Fig. 4.12 is
subjected to loss of grid at converter station VSC;, VSC;, and VSC; by opening the ac circuit
breakers connecting VSC,, VSC; and VSC; to the dc network at time t=1.5s, t=4s, and t=6s
and reclosed at t=3s, t=5s, and t=7s. During this period, the wind farm injects 300MW into
the dc grid, network 1 injects 300MW into the dc grid and ac network 2 imports 200MW
from the dc grid. It can be seen that the loss of regional ac networks 1 and 2 have no
significant effect on the overall system transient stability (see Fig. 4.17a). This effect is
reflected as an active power mismatch and handled mainly by the converter terminal that
regulates the dc link voltage and operates as slack bus (Fig. 4.17a). A similar situation will
exist with the loss of a wind farm or any converter terminal that controls the active power
flow. The system loses stability when terminal VSC; is suddenly disconnected as shown in
Fig. 4.17a. As expected, the dc voltage is significantly increased and the power flow in the dc
network cables is affected (Fig. 4.17b). Based on these results, it can be concluded that such
HVDC network may be viable for the proposed European SuperGrid, as the ac fault in any of
the regional ac networks may not propagate into other regions. However, the system in Fig.
4.12 with the present converters' control objectives is vulnerable to catastrophic overall
system collapse when the converter station that controls the dc link voltage is lost. In this
case, the active power control flexibility of the system can be maintained with the
incorporation of an active power-dc voltage droop within the dc voltage controller of each

converter station.
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connection of the large-scale renewable resources spread in a wide area without the need for
load leveling in the system.

The possibility of renewable power variation is reduced because of correlation of different
weather conditions. System reliability is high; no power fault could propagate from one ac
region to another regions. Loss of any converter terminal is reflected as a power mismatch in
the system which is handled by the slack-bus converter. The shortness of the system comes
from the vulnerability of the MTDC to lose the slack-bus terminal (the one which controls
the dc voltage). The main problem of MTDC systems, which has limited its application
during the last decade, is the isolation of a dc fault at the dc link. No reliable dc breakers are

in application now although there are some attempts to introduce different techniques in

order to protect the dc link cable.
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At present, the two established wind turbine generator technologies are fixed and variable
speed. Fixed-speed induction generators wind turbines (FSIGs) are simple, robust, and well
proven technology for wind power generation. The FSIG consists of a squirrel-cage induction
generator coupled directly to the power system through a connecting transformer. The rotor
speed variation of the squirrel-cage induction generator is generally less then 1% of the

synchronous speed and changes slightly with power level changes, therefore the FSIGs are

normally known as fixed-speed wind turbines [3].

The main disadvantage of fixed-speed wind farms are: the fluctuations in wind speed and
turbine mechanical power are directly transferred into electrical power and voltage
fluctuations, and produce excessive mechanical and electrical stresses in the drive train and
asynchronous machine. Also, FSIGs allow maximum power extraction only at a particular
wind speed, and always consume reactive power, and cannot control the reactive power
exchange with the grid to maintain the terminal voltage. FSIGs have limited control over
their output power, hence they cannot participate in grid frequency stabilization and damping

of low-frequency oscillations despite being connected to the grid by their stator [4-5].

Variable-speed wind turbine generators, using doubly-fed induction generators (DFIGs), are
asynchronous generators with a wound rotor. The stator is connected to the grid via a
coupling transformer and the rotor is connected to the grid through partial scale bi-directional
frequency converters. DFIGs are able to control the active and reactive power exchange with
the grid, allow variable-speed operation over a wide range, and allow maximum power
extraction and inherent reactive power capability at no additional cost. Furthermore, they can
absorb any fluctuations in the generated power and voltage coming from the intermittency
nature of wind, therefore no flicker is generated, and they can meet most of the current Grid

Codes requirements [6-7] .

The transmission of the wind power from the offshore collection point to the onshore
collection point is a major challenge from both economical and technical viewpoints. Many
factors could influence the choice of the transmission medium for the wind power including:
the additional functionality required by the system operator for wind farm integration (Grid
Code requirements), wind farm capacity, wind farm type, transmission distance, power losses

and environmental considerations.
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In general there are three options for offshore wind power transmission [8-9]:
= High-voltage alternating-current transmission system (HVACQ).

» High-voltage direct-current transmission system based on line-commutated converter
(LCC-HVDC).

» High-voltage direct-current transmission system based on voltage source converter (VSC-
HVDC).

5-2 Requirements for wind farm integration

In the past wind farms connected to power networks were small-size capacity and the
penetration of wind power was small compared with the total installed generation. There
were no special requirements for wind farm integration to the network because their impact
on power system network stability was very small and could be neglected; and the wind
farms were required to disconnect from the power network under abnormal operating
conditions. Nowadays, the situation has changed due to the dramatic increase on installed
wind power. An increase in wind power penetration means that wind power plants have
considerable impact on system stability, and they must satisfied special requirement before
connection to power system. Many countries such as Denmark, Germany, Spain, and UK
have issued new connection codes for wind farms connection.

This section reviews the GB Grid Code requirements that any wind farm and dc converters
must comply with. The new requirements state that wind farms must provide additional

functionality, such as [6, 10-12]:

» Steady-state and dynamic reactive power control and voltage control.
= Active power and frequency control.

= Fault ride-through capabilities.
5-2-1 Voltage and reactive power control

Wind farms are required to be capable to regulate the reactive power at their terminals in

order to control the voltage at the point of common coupling (PCC). In the GB Grid Code,

the reactive power requirement of the wind farm is defined in Section CC.6.3.2 (see Fig. 5.2)

[13]:

1- The wind farm must be able to supply rated MW output at any point between the limits
0.95 lag and 0.95 lead at the PCC with the GB transmission system.
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2- With all plants in service, the reactive power limits defined at rated MW at lagging power
factor will apply at all active power output levels above 20% of the rated MW output.

These reactive power limits are reduced due to the amount of plant in service.

3- With all plants in service, the reactive power limits defined at rated MW at leading power
factor will be applied at all active power output levels above 50% of the rated MW output,
These reactive power limits will reduce linearly below 50% of active power output unless

the requirement to maintain the reactive power limits defined at rated MW at leading

power factor down to 20% active power output.

MW
100%

| I MVAR

I
I
1 ! ! 1
E C D B

I
|
T
I
A

Fig. 5.2: Reactive power requirement for wind farm integration in UK

Point A is equivalent (in MVAr) to: 0.95 leading Power Factor at Rated MW output
Point B is equivalent (in MV Ar) to: 0.95 lagging Power Factor at Rated MW output
Point C is equivalent (in MV Ar) to: -5% of Rated MW output
Point D is equivalent (in MVAr) to: +5% of Rated MW output
Point E is equivalent (in MVAr) to: -12% of Rated MW output

5-2-2 Fault ride-through capability

If a short circuit occurs somewhere in the ac grid, the fault may extend across the system
until the fault is terminated by circuit breakers. Some wind farms may not be able to remain
stable and open their circuit breaker. In this case the system needs a higher spinning reserve
to prevent the risk of black-out. An essential requirement in the GB Grid Code is that wind
farms must remain connected to the system during a transmission system fault. The Fault
Ride-Through capability (FRT) can be defined as the ability of a generating unit or power
converter to ride through different types of faults. The GB Grid Code FRT capability

requirements are given below and summarized in Fig. 5.3 [13]:

e A wind farm must remain transiently stable for a closed-up solid short-circuit with
duration of 140ms. In addition, the wind farm has to remain connected to the system for

any dip duration on or above the heavy black line in Fig. 5.3.
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o The voltage at entry points must be restored to 90% of their pre-fault values within 0.5s as
specified in CC.6.3.15.1.

¢ During the fault period where the voltage is outside the limits specified in CC.6.1.4, the
wind farms and dc converters must generate the maximum reactive power possible
without exceeding their thermal ratings.

 The terminal voltage of the wind farm should not be less than 15% of the nominal voltage
during the fault period.

V/V(%)
L 3
100%

94% |- — —

60% |

15%

] n >

0 140ms 500ms Time

Fig. 5.3: AC Fault Ride-Through capability requirement for wind farm integration in the UK.

5-2-3 Frequency control

As the active power balance in the power network is strongly coupled to the frequency, any
mismatch between the generation and demand may cause the system frequency to rise or
decrease, depending on the net difference between generation and demand. Primary
frequency control installed in each generation plant is used to stabilize the frequency during
sudden load changes. The power system operator starts, stops or adjusts the output of
generating units in operation in order to support the primary control and re-schedule the
generation of power plants.

Fig. 5.4 shows the frequency requirements of wind farms according to the GB Grid Code.
Some of the requirements concerning the relationship between the wind farm active power

and the AC network frequency are summarized as follows [13]:

e A wind farm must be able to operate continuously with constant active power output for

system frequency within 49.5Hz and 50.5 Hz, Grid Code CC.6.3.3 (a).

e The wind farm active power output should not be reduced by more than 5% for system

frequency changes within the range 49.5 to 47 Hz.

e The wind farm must be able to operate continuously between 47-52 Hz for period less

than 30sec.
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Fig. 5.4: Frequency requirement for wind farm integration in UK.

5-3 Offshore Wind Farms integration options

There are three possible solutions for transmitting the offshore wind power to the shore: The

transmission link to the shore can be HVAC, CSC-HVDC or VSC-HVDC.
5-3-1 High-voltage alternating-current transmission (HVAC)

Conventional HVAC transmission systems with submarine or underground cable offer a
simple, well-proven and cost-efficient solution for the grid connection of offshore wind
farms. They consist of the following main components: An AC collection grid, an offshore
substation, one or several three-core XLPE-insulated HVAC cables and onshore substation
[3, 9]. Depending on the transmission distance and transmitted power, the offshore/onshore
substation may be equipped with reactive power compensation devices to provide the
required reactive power. The cable length and carrying capability is limited due to many
factors such as power losses, transmission voltage level and complexity of reactive power
compensation schemes. Transmission levels in the range 132-170kV for distances up to
30km with reactive power compensation at both ends could increase the maximum

transmitted power rating to 300-400MW [3].

Offshore Onshore
substation substation

farm

{  STATCOM

....................

Fig. 5.5: Basic configuration for HVAC system used for wind farm connection.
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The main limitations of using CSC-HVDC system for wind farms connection are:

» Special arrangement is needed at the offshore wind farm side to keep strong AC system in
order to enable the operation of the line-commutated converters even during periods with
little wind. Start-up generator is used to power up the offshore AC grid prior to a possible
start-up level. A Hybrid HVDC system combining a CSC-HVDC system with a static
compensator (STATCOM) is another solution; the STATCOM provides the commutation
voltage to the HVDC converter and the reactive power compensation to the network [15].
It also provides limited active power support to the offshore side during transient

conditions such as active power fluctuations from the wind farm.

s CSC-HVDC systems are not capable to provide independent control of the active and
reactive powers. Reactive power compensation is needed at both offshore and onshore

converter station and this increases the size of the converter station.

* CSC-HVDC systems produce large amounts of harmonics, hence ac harmonic filters are
required at converter stations.

* Only suitable for connection of ac networks with a high short-circuit ratio

The technical advantages of classical CSC-HVDC with STATCOM compared to other
solutions are: they are a well-established technology with high reliability and require little
maintenance, comparatively low operation losses, and they have low capital cost for very
high power level. However, CSC-HVDC transmission becomes only interesting for bulk
transmission capacities above approximately 600MW. There is no commissioned CSC-

HVDC system for offshore wind power connection.

38 PCC
oy

STATCOM L — SvC

Fig. 5.6: Basic configuration for LCC-HVDC system used for wind farm connection.
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5-3-3 VSC-HVDC transmission system for offshore wind farms integration

VSC-HVDC transmission is able to address the shortness of HVAC and CSC-HVDC systems
and makes it easier for wind farms to meet the Grid Code requirements due to its new
features [16-17]. The VSC-HVDC system for wind farm connection consists of an AC
collection grid, offshore substation, DC cable, and onshore substation. Fig. 5.7 shows the
single-line diagram of a VSC-HVDC system for wind farm integration. The conversion
losses in a VSC converter are considerably higher than in a CSC-HVDC system, the major
disadvantage is the vulnerability of DC transmission systems to DC faults.

Table 5.2 summarizes the most recent projects using VSC-HVDC systems for wind farm

integration. Gotland project was the first VSC-HVDC system used to transmit the offshore
wind power with +£80kV dc link voltage.

Table 5.2: Examples of the VSC- HVDC transmission systems for wind farm integration [18].

Project Rating (MW)| DC voltage (kv Distance (km) Commissioning

year
Gotland (Sweden) 50 +80 2X70 (submarine 1999

cable)
Tjaereborg (Denmark) 7.2 +9 2X4.3 (submarine 2000

cable)
TROLL A (Norway) 82 +60 67 (cable) 2005

2X75 (underground
BOWIN1(Germany) 400 +150 cable)+2X128 2009
(submarine cable)
VALHALL (Norway) 78 150 292 (cable) 2010
DolWin1 (Germany) 800 +320 2013
HVDC
B T T pPcC
Wind Farm 4 <
]
HVDC
VSC1 vsc2

Fig. 5.7: Basic configuration for VSC-HVDC system used for wind farm connection.
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5-4 Control system strategies for VSC-HVDC system integrating FSIG wind farms

The control system design of a VSC-HVDC system connecting a fixed-speed wind farm

(FSIG) depends on the operation mode of the FSIG wind farms. There are two operation
modes for FSIG wind farms:

a) The wind farm delivers all the wind power generated to the network without any control in

the generated power.

b) The power delivered by the wind farm is controlled by a reference command.

5-5 VSC-HVDC system integrating FSIG wind farm without power command

If the turbine blades of the FSIG have a fixed position on the hub of the wind turbine, the
FSIG wind farm will deliver the generated power without any control in generated power.
The FSIG operates at fixed speed without the ability to control the generated power. The
FSIG power depends on the wind availability and the turbine characteristics. The VSC
converters provide the necessary reactive power at the wind farm level and the PCC with the
grid. In order to transmit all the power generated by the wind farm to the power network
without assigning a direct power command, the control system of the VSC-HVDC system is
chosen as:

» The wind farm-side converter (VSC,) regulates the reactive power exchange between the
VSC converter and the induction generator to maintain the voltage at the wind farm
terminal at 1.0. This ensures that each turbine delivers active power and absorbs reactive
power according to wind speed variations.

» The grid-side converter (VSC,) maintains the dc link voltage and regulates the ac voltage
at the PCC with the grid.

Fig. 5.8 shows the diagram of the control system at the wind farm and grid-side converters.

The wind farm converter requires the iz, and iy, to flow following predetermined reference

points. The reference i;w and i;w, which are supplied by the outer controllers, are derived

from the active (va,) and reactive (vg,) voltages controllers as shown in equations (5.1), (5.2)

and Fig. 5.8a.

e =K1 Oy = Vaa) Tt | O, =V, )t (5-1)

i =y O = Vi) + ey [ (g0 =V )t (5-2)
where k,; and k;; are the proportional and integral gains of the active and reactive voltage

. * *
controllers. The references for the voltage components is chosen as v, =1.0 andvg, =0.

112



The grid-side converter regulates the dc link voltage and maintains the ac voltage at the PCC
with the grid at 1.0 pu. The reference of the d-axis current (i3, ) and g-axis current (i) are

g
derived from the dc and ac voltage controllers, respectively (summarized in equations (5.3),
(5.4) and Fig. 5.8b)

iz;g = kpZ(Vdc - Va’c) + ki2 I(V;c - Vdc )t (5-3)

igg =k 3 (Vg —Vg) + ki3 [ (Vg —vg)dt (5-4)

where kp, kiz, kp3, kis are the proportional and integral gains of the dc voltage and the ac
voltage controllers, respectively.

VSCl
I SRI TI Vi
B oL (D
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dq
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(a) Wind farm-side converter control system.
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(b) Grid-side converter control system.

Fig. 5.8: Schematic control diagram of a VSC-HVDC connecting an FSIG wind farm.

5-6 Performance evaluation of VSC-HVDC connecting an FSIG wind farm operating

without power command

Large integration of wind power may cause problems on the stability of the ac system. The
main problems which can generate from large-scale wind integration are: voltage stability,
power quality and frequency variations [19-20]. Voltage stability problems occur due to
continuous variation in the terminal voltage due to wind power generation variations.

Wind farms power varies according to wind speed, the large power variations can affect the
generation-demand balance and lead to frequency variations. In this case, the frequency
controllers in conventional power stations must response at a fast rate to adjust the frequency
variations. On the other hand, the ability of the wind farm to remain connected to the system
during system disturbances is very important because if wind farms are disconnected from
the system this will affect the power balance and the frequency will collapse. Power system
quality is mainly affected by the wind power fluctuation and the generated harmonics in
voltages and currents in the system [21]. The harmonics are generated due to exist of power
electronics devices which are used in conversion systems or to control the voltage.

In this section the performance of the FSIG and the VSC-HVDC transmission system and
their ability to address the main issues of wind farm integration, as indicated by GB Grid

Code, are investigated during wind speed variations and ac system abnormal conditions.
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In order to investigate the system performance, a test system of a three-level VSC-HVDC
system connecting a fixed-speed offshore wind farm scheme as shown in Fig. 5.9, is used.

The FSIG wind farm is modeled with a 600MVA aggregate model (it comprises of
120x5MVA wind turbines connected to a 33kV collection network). A fixed capacitor bank
of 20MVAr connected at the wind farm terminals is used as reactive power source. The dc
cable length between the offshore wind farms and the shore is 150km. The ac network is
represented by a synchronous generator with ratings of 2400MVA, 13.8kV with a
13.8/275kV transformer. Both the synchronous generator and the wind farms fed a static load
of 2345+j185. All system parameters are given in Table 5.3. The system may be used to
represent a real system, for example the ac network total capacity is 3000 MVA with
2400MVA conventional plant and 600MVA wind power plant which means 20% wind

power penetration.

Table 5.3: System parameters (proposed system of using VSC-HVDC for wind power integration)

Induction 600MVA | 33kV, =50, Stator variables [R=0.011, L=0.133], Rotor variables [R=0.022,
generator L=0.122], mutual inductance=2.9, Inertia=3.54, pair of pole=3.0.

ac; network | Transformer T; (33/132 kV, 300MVA, R;=0.0005pu, L1;=0.3pu), phase reactance
(Lp;= 0.25pu based on 500MVA&132kV)

ac, network Transformer T, (132/375 kV, SOOMVA, R1,=0.0005pu, L1,=0.3pu), phase reactance
(Lg2= 0.25pu based on 500MVA&132kV), TL data (0.02Q/km, 100km)

dc side circuit V4=300kV, the capacitor C =300uF , cable data (0.02Q/km, 100km)
Synchronous 2400MVA, 13.8kV,50Hz, x,=1.305, x,=0.445, x 4= 0.296, x';=0.243 , x/=0.18
generator R=0.003,H=6.25
HVDC
ac network
L ‘ 275kv,2400MVA
- -
z | I} SR 1
Wind Farm L L
33y, 700MVA - - oe
1 2345+]185
HVDC
Vsl | A\

Fig. 5.9: VSC-HVDC connecting offshore wind farms to an ac network.
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The function of the VSC-HVDC is to transport offshore wind power to the ac network
without causing problems on power system operation. In order to achieve this function, the

integration process with VSC-HVDC system must meet all requirements set by the power

system operators.

1- The voltage at the PCC with the ac system must keep within the allowed deviation from

their nominal value.

2- The FSIG wind farm must remain connected to the system during an ac fault at the

network.
3- The total harmonic distortion (THD) in the voltage and current waveforms should be
within the specified range.

4- Eliminate the fluctuation in the wind power.

To investigate the performance and the impact of the VSC-HVDC integrating FSIG wind

farm on the ac system performance, two scenarios are analyzed:

% Scenario [: Wind speed variations.

% Scenario II: Three-phase fault at the ac network side.

5-6-1 Scenario I: System performance during wind speed variations

The reactive power required by the FSIGs depends on the amount of the FSIG generated
power. In large offshore wind farms the reactive power consumption may cause operation
problem unless the wind farms are equipped with effective controllable reactive power
devices capable to adjust their output with the FSIG active power, in order to maintain the
voltage at the wind farm terminals. When the FSIG is connected via a VSC-HVDC system
the VSC converters could be used to provide the reactive power required by the FSIG to keep
the voltage magnitude at the desired value. Also at the PCC the grid-side converter provides
the same function to keep the voltage magnitude at the PCC.

Fig. 5.10 shows the system behaviour during wind speed variations. The wind speed variation
with time is shown in Fig. 5.10a. As the FSIG wind farm delivers full power, the blades have
fixed position (B=0°) at all wind speeds as shown in Fig. 5.10c. The wind power generation
and the reactive power consumption increase at high wind speed and decrease at low wind
speed (Fig. 5.10b). The turbine rotational speed is approximately constant with very little
change (Fig. 5.10d) regardless of the change in power level. The wind farm terminal voltage

is kept constant because the wind farm-side VSC converter adjusts its reactive power to keep

the voltage at 1.0pu.
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The great impact of wind power variation is on the ac network frequency, the frequency of
the ac network can be considered a measure of the balance or imbalance between generation
and demand in the network. Any mismatch between the generation and demand may cause
the system frequency to increase or decrease depending on the net difference between
generation and demand. The primary frequency controller acts to maintain the frequency
within the nominal value (50Hz) by adjusting the conventional plant power output. The
continuous variation of the wind power delivered by the VSC-HVDC transmission system
causes mismatches between the generation and demand and leads to frequency fluctuations as
shown in Fig. 5.10h. When the synchronous machine senses the frequency variation, the
primary control is automatically activated to maintain the frequency by changing the
generated power (Fig. 5.10g). The synchronous machine power increases when the wind
speed decreases and vice versa. In reality the frequency deviation depends mainly in the net

difference between mechanical and electrical power in the machine and the machine inertia

according to‘;—‘t" = 2“’—1;( P, —P,). The frequency in Fig.5.10h suffers relatively high deviation

and recovers with slow response due to the large inertia of the synchronous machine
(H=3.51); this may require using tertiary control by stopping or varying the output of
generating units.

If there is not enough reserve generation during low wind speed to cover the shortness in
wind generation, or if the wind power penetration is so high that the primary frequency
control is not able to decrease the power of the synchronous machine within suitable time,
black-out of the whole system may occur. As PWM techniques are used, the ac harmonics
generated by the VSC converter are relatively small. The ac harmonics filter can be
eliminated if a multilevel converter topology is used. The THD in the ac voltage at B, is
0.6758% and this complies with the harmonic level limit of 1.5% stated in the IEEE Std 519-
1992 [22]. The ac voltage and current waveforms are shown in Fig. 5.10i and Fig. 5. 10j.

500]

a. wind speed (m) | ' b FSIG active and reactive pover (MVA) |

t(s)
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5-7 VSC-HVDC system integrating FSIG wind farm with power command

As mentioned in the previous section the wind farms power variation could cause frequency
problems. In order to restore the nominal frequency the rotational energy stored in large
synchronous machines is used to keep the power balance between generation and demand.
The FSIG and VSC-HVDC system can be used to contribute in the frequency regulation in
the ac grid, if the FSIG is operated with an assigned power command.

In this case the FSIG is operated under the rated limit, then the FSIG could adjust the blade
position in order to keep the generated power within the desired value. The VSC-HVDC
system decouples the FSIG wind farm from the ac system; therefore the rotor turbine could
rotate freely with the wind speed variation.

The faster response of a voltage source converter compared to conventional synchronous
machines with relative large mechanical inertia, can be used to allow the FSIG to provide
short-term frequency stabilization. The dynamic response of the dc system during a load
change is described by [25-26]:

2Hcd—§t—a’=APdc ~AP, (5-5)
Where Ao is the frequency deviation, AP is the change on the dc transmitted power, AP, is

the load change, and H, is the effective dc inertia constant, defined as:

___Total ac system inertia (5-6)
MW rating of the dc system

c

Wind turbines have a limited capability of participating in primary frequency control in the
same way as conventional generation units. For instance, if the demand changes and system
frequency increases/decreases, the wind farms can adjust their output by changing the blade
position. The ability of wind farms to provide frequency control is in expanse of maximum
power tracking), the wind farms at normal conditions operates under the rated limit (in this
case the wind farm can not converter all available wind power into electrical power). In

general, there are some strategies to limit the wind farm power output 3, 10]:

% Absolute power constraint: This control approach limits the total power output of the wind

farm to a predefined set point.
% Balance control: The balance control approach allows a reduction in the power production

of the overall wind farm at a predefined rate and later an increase in the overall power

output, also at a predefined ramp rate.
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The control system of the VSC-HVDC is such that the wind farm-side VSC converter
controls the power and regulates the voltage of the wind farm. While the grid-side VSC

converter maintains the dc voltage and regulates the ac voltage at the PCC with the ac

network (as in the FSIG operated without power command).

According to equation (5.8) and Fig. 5.14, the reference current components i;
w

supplied by the outer controller are derived from the active power controller and the AC

E]
and i,

voltage controller, respectively.

*

;o P
oy (5-8a)
i;w = kpl (V:, "vw)+ki1.[(v:v — vy, )dt (5-8b)

where kp; and k;; are the proportional and integral gains of the ac voltage controller.

The active power controller of the wind farm-side converters is equipped with a
supplementary frequency controller to provide the frequency regulation to the grid if any
change happens in the generation-demand balance. The frequency controllers are based on
the active power-frequency characteristic as in conventional synchronous generators, which
can be represented by a linear equation as f — f, = K(P—£,) [27]. If any change occurs in the
ac system frequency, the frequency controller will adjust the active power generated by the
FSIG to regulate the system frequency. The correction signal generated by the frequency

controller can be expressed as:

irore =k s (f = )+ ks [(f = [t (5-9)

where k,r and ki are the proportional and integral gains of the frequency controller. The
complete control system block diagram of the wind farm-side converter is shown in Fig.
5.14.
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Fig. 5.14: Wind farm-side converter control system.

The operation of VSC-HVDC system connecting wind farms with assigned power command
is investigated with the same parameters provided in Table. 5.3, but the induction generator
rating is increased to 750MW. Fig. 5.15 shows the system behavior when the wind speed
varies as indicated in Fig. 5.15a. At the normal conditions, when the wind farm operates with
average wind speed, which is taken as 11m/s, the wind farm-side converter power command
is 350MW which is under the rated limit of the FSIG wind farm; the blade angle position is at
4°. When the wind speed suddenly increases at t=2s, the wind farm increases the blade angle
in order to keep the generated power at the desired level. Then, at t=4s, when the wind speed
is decreased, the FSIG wind farms response is to decrease the blade angle in order to keep the
generated power at the desired level (see Fig. 5.15¢).

In all cases, the turbine rotor speed which is operated independently from the ac-side
synchronous speed is varied to maintain the generated power at 350MW as shown in Fig.
5.15d. The FSIG wind farm now is operated with variable speed and this adds valuable
control functionality.

The main disadvantage of this approach is the availability of the wind at the wind turbine
level because at low wind speed the wind farm adjusts the blade angle to values lower than
the pre-position angle, and the maximum extraction occurs when [3=0°, so it is not possible to
increase the generated power when the blade angle is at this position. This approach is
valuable to power system operators since the wind farm does not have a negative impact on
system stability but this in expanse of maximum power tracking at wind farms level.

Moreover, it could provide frequency stabilization as shown in Fig. 5.15f.
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system operator prefers the approach with the power command, because additional

controllability is obtained and the wind farm participates in frequency regulation.

Table 5.4: Comparison of the FSIG wind farm integration via VSC-HVDC system.

Feature Without power command With power command
Provide voltage and reactive power control YES YES
FSIG remains connected at ac fault at the ac gird YES YES
Provides frequency control NO YES
Comply with THD specified range YES YES
Variable-speed operation NO YES
Eliminates the fluctuation in the wind power YES YES
Maximum power tracking YES NO

5-9 Multi-terminal VSC-HVDC System for FSIG wind Farm Integration

In a multi-terminal VSC-HVDC system used for offshore FSIG wind farm integration, the dc
converters connected to the wind farms always operate as rectifiers and the dc converters
connected to the ac grid operate as inverters. The multi-terminal VSC-HVDC control system
is designed depending on the wind farms operation mode as described in sections 5.5 and 5.7.
The potential benefit of using a VSC-MTDC system for wind farms integration is the
control flexibility, power sharing between grid-side converters and the improvement in the
transmission system reliability during the sudden loss of a grid converter or one of the dc
cables.
The four multi-terminal system shown in Fig. 5.18 is used to transmit the power from the
offshore FSIG wind farm to the ac network with the parameters shown in the figure. The
VSC-HVDC system is operated with a power-command of 350MW for each unit. The dc link
circuit is composed of DC links connecting VSC;-VSC; and VSC,-VSC,4 with auxiliaries’
links connecting VSC;-VSC, and VSC;3-VSCi;. A 2400MVA, 13.8 kV synchronous
generators with AVR and governor-turbine control systems represents the ac network. Both
the ac system and the wind farms supply a static load of 2345+j135MVA.
The power sharing between the grid-side converters is achieved using droop control equipped
in addition to the dc voltage controller in VSC, converter. Fig. 5.19 shows the power
management if the droop controller is activated. The multi-terminal system is operated
normally without droop controller until t=2s, the power is divided equally between VSC; and
VSC, and no power flows in the auxiliaries cables, the droop control is activated at t=2s to

allow transmission of 120MW from VSC; to VSC; between t=2s and t=4s. At t=4s the droop
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A VSC-HVDC system can be used to integrate a DFIG wind farm when the transmitted
power and transmission distance are reasonable. There is no redundancy between the power
electronic converter in the DFIG circuit and the sending end converter of the VSC-HVDC.
The DFIG converter is used for ensuring maximum power extraction and VSC-HVDC
converter is used for power accommodation [30]. Similar to the VSC-HVDC system used to
connect the FSIG wind farm, the control strategy depends on the operation mode of the
system. If the VSC-HVDC system is used to transport the wind power with the power
command then, the sending-end converter is responsible for accommodating wind power
with a predetermined power command in addition to maintaining the ac voltage in the wind
farm grid. While the receiving-end converter is used to control the dc link voltage and the ac
voltage at the PCC with the ac onshore network [29, 31]. In this approach the VSC-HVDC
system could be used to provide frequency control by installing a frequency controller in the
sending-side converter. The alternative operation mode is to use the VSC-HVDC system to
transport the wind power without a power command. In this case the sending-converter is
used to maintain the ac voltage at the wind farm grid [32]. Fig. 5.21 shows the single-line

diagram of the VSC-HVDC system connecting a DIFG wind farm.

Sending-end receiving-end
converter converter
DFIF o -
cB Bi: T T PCC
k |
‘ \
Maximum power  (dc voltage) + ¥ Vd
tracking  (acvoltage st BF)  (active power +(ac voltage (de voltage) +

at BF) or (ac voltage at BF) ac voltage at PCC

Fig. 5.21: VSC-HVDC system for DFIG wind farm integration

The multi-pole synchronous generator (SG) is one of the possible options for the wind
farm integration. The main advantage of the synchronous generator is that it could be
connected to a diode rectifier [33-34]. When the diode rectifier is connected to the SG, the
SG operates at unity power factor with zero reactive power exchange with the diode rectifier.
A dc/dc step-up converter raises the dc voltage of the diode rectifier because the synchronous
generator is not capable of generating high voltage at low speed. Since the diode rectifier is

uncontrollable, the control of wind farm is achieved through the dc/dc step-up converter or
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the excitation system. The dc/dc step-up converter divides the dc link voltage into two levels,
the input dc voltage from the rectifier diode and the output dc voltage at the VSC converter.
By adjusting the duty cycle of the dc/dc step-up converter the shaft speed can be controlled to
extract maximum wind power according to the wind speed change. The VSC converter at the
receiving-end maintains the dc link voltage and the ac voltage at the PCC in the onshore ac

grid. Two control strategies could be used for the wind farm integration as described in [33]:

1- The power control of the wind turbine is made through the excitation system while the

dc/dc step-up converter regulates the generator voltage.

2- The excitation system regulates the generator voltage, while the dc/dc step-up converter

ensures the maximum power extraction by regulating the rotor speed.

The low cost of the rectifier and the low conversion losses make the synchronous generator
probably the most economic option today [34]. Fig. 5.22 shows the single-line diagram of the
VSC-HVDC system connecting a SG-based wind farm.

de/de

Sending-end
converter

receiving-end
converter

m

excitation

se W) o de/de T PCC
oé() |® A _l converter . @ I ()

/.

( maximum power
tracking) or active power +

yl
(dc voltage) +
ac voltage at PCC

Fig. 5.22: VSC-HVDC system for SG-based wind farm integration

Permanent magnets synchronous generator represents another alternative instead of the
synchronous generator for direct-drive wind turbines. PMSG is simpler than the synchronous
generator because no excitation system is needed. In addition, it is more competitive for low
wind-speed wind farms because it could have higher pole number than the conventional
synchronous generator. Similar to the synchronous generator, the PMSG is connected to
diode rectifier, de/dc converter used in the dc circuit to step-up the rectifier dc voltage [35-
36]. The control of the PMSG is achieved through the de/dc step-up converter as described
in [37-38]. In this approach, by changing the duty cycle of the dc/dc step-up converter
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Fig. 5.23: VSC-HVDC system for PMSG wind farm integration.



Table 5.5: Compassion of the different wind turbine technologies

FSIG

DFIG

SG

PMSG

Size and weight

Low specific mass (kg/kW),
smaller outer diameter and

low number of poles

Low specific mass,
smaller outer diameter

JJow number of poles

high specific mass,
large outer diameter

,high number of poles

high specific mass,
large outer diameter
and high number of

& partial power & electrical excitation poles
converter is connected system
at rotor circuit
Mechanical Gearbox is required Gearbox is required No gearbox No gearbox

drive system

Reactive power | Supplied by capacitor bank | Supplied by converter No requirement No requirement
requirement + Sending-end converter connected at the rotor
circuit
Sending-end VSC VSsC diode diode
converter
receiving-end VSC VAlS VSC VSC
converter
Sending-end the ac voltage at wind farm | the ac voltage at wind maximum power Adjust shaft speed
converter gird (no power command) or farm gird (no power tracking or active (maximum wind
control the active power (with command) or the power control +

power command

active power (with

power command

regulates the

generator voltage

power capture) or the
transmitted power

(with power command

receiving-end

dc voltage+ the ac voltage at

dc voltage+ the ac

dc voltage+ the ac

dc voltage+ the ac

converter the PCC in the onshore gird | voltage at the PCCin | voltage at the PCC in | voltage at the PCC in
control the onshore gird the onshore gird the onshore gird
Speed control limited + ++ ++
to maximize
wind power
capture.
Transmission sending-end VSC losses is sending-end VSC diode rectifier loss is diode rectifier loss is
losses

high

losses is high
+additional losses in
VSC-HVDC system

in rotor circuit

low losses in dc/dc
converter and

excitation losses

low losses in dc/dc

converter

5-11 Summary

In this chapter the use of VSC-HVDC transmission system for integration of FSIG wind farms
was investigated. The VSC-HVDC system facilitates the connection of the FSIG wind farms in
order to meet the requirements set by the GB grid operator. Two control strategies for VSC-
HVDC system were investigated. In the first approach the VSC-HVDC accommodates the
wind power without a power command. The sending-end converter is used to maintain the ac
voltage at the wind farm grid and supply the reactive power required for the wind farm

according to wind speed variation. The FSIG plus the VSC-HVDC met all the requirement set
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by power system operator; improve the power quality as investigated in this chapter. However
with this control approach the FSIG+VSC-HVDC do not provide frequency support.

In the second control approach, the VSC-HVDC system accommodates the wind power with
following an assigned power command. The FSIG plus the VSC-HVDC system met the grid
code requirements and add additional frequency control functionality. In this case the wind
farm is operated below the rated limit. Therefore, the VSC-HVDC system could increase or
reduce the accommodated power to help in stabilization of the onshore frequency if any power
mismatch occurs. The wind farm owner does not prefer this approach for economical reasons,
whereas it is valuable for power system operators from the controllability point of view.

A multi-terminal VSC-HVDC system can be used to integrate the FSIG wind farm in order to
improve the transmission system reliability. Alternative routes are available to push the wind
power to the onshore network during emergencies such as maintenance, sudden loss of grid
side converters or loss of one of the dc links. The initial cost is high in this case, because
additional auxiliary cables are required in addition to increases in converters and dc links
ratings to be able to withstand the total power during emergencies.

The transient stability of the VSC-HVDC system connecting the FSIG wind farm was
investigated during a three-phase fault at the grid side. The VSC-HVDC system can be used
with different turbine technologies. The operation of the VSC-HVDC is similar with all
technologies with minor differences in the control strategies adopted for each technology. The
only concern is to find the optimal economic solution including both the turbine technology

and the HVDC system.
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Chapter Six

Small-signal stability of multi-terminal VSC-HVDC connecting wind farms
6-1 Introduction

Offshore wind power utilization has dramatically increased in the last decade. This increase
creates new challenges on how to integrate offshore wind farms into ac power systems
without causing operational and stability problems. Multi-terminal VSC-HVDC systems

present one of the possible solutions for offshore power integration as discussed in Chapter 4.

Due to the continuous growth of HVDC transmission systems, several HVDC systems may
be connected to the ac power network buses resulting in a complex ac/dc interconnected
system. The transient and dynamic behavior of the ac/dc interconnected system depends on
the characteristics of the ac/dc interconnected system and its controllers.

The major factors influencing the stability of the ac/dc interconnected system are [1-2]:

* The ac system: synchronous machines exhibit low-frequency oscillations due to the slow
response of AVR and turbine-governor controllers (power system stabilizers - PSSs - may
be used to damp these oscillations). Other factors which affect the ac system stability
include reactive power compensation equipment and active filters for harmonics

mitigation.
* The dc system: acts as an active power source and introduces harmonics in the system.

* The dc converters: VSC converters with high-switching frequencies are a source of
harmonics; these may cause operational problems in the system unless unwanted
harmonics are eliminated. Also the VSC controllers exhibit high-frequency oscillations.
The VSC converter provides the reactive power during a fault within a short duration
period until the synchronous machines adjust their controllers to ride through the

disturbance [3].

From the stability viewpoint, the HVDC system connected to the ac system network does not
have a negative effect on the dc/ac interconnected system stability. The overall system must

remain stable during normal operating conditions and return to its steady state after system

disturbances.
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In order to study the stability of the interconnected system, two distinct stability concerns

exist in power system analysis [4-5]:

» Transient stability, which is concerned with the ability of synchronous machines to remain
in synchronism following a large perturbation, such as that caused by a three-phase fault

with automatic reconnection following fault clearance.

= Small-signal stability, which is concerned with the ability of power systems to maintain

synchronism following small disturbances.

The small-signal stability of multi-terminal VSC-HVDC systems connecting wind farms) is
assessed in this Chapter using Eigenvalue Analysis. In small-signal stability analysis the
disturbance is considered sufficiently small to permit the linearization of the equations

representing the system and to express them in state-space representation [6].

The eigenvalues of the lineralized system model are calculated to evaluate the small-signal
stability of the system. The eigenvalues provide the necessary information about the system
stability: if all eigenvalues have negative real parts then the system will remain stable after
small disturbances, otherwise it will not [7]. Complex conjugate eigenvalues correspond to
oscillatory modes, the time constant of the amplitude decay is the reciprocal of the real part

of the eigenvalues, and their imaginary parts represent the oscillations frequencies.

The way in which system operating conditions, system parameters and controllers gains
influence the dynamic performance of the interconnected system can be demonstrated by
observing their influence on the loci of the dominant eigenvalues (the eigenvalues with the
most significant influence on network dynamic performance). The participation factor matrix
formed from the left and right eigenvalues matrix gives the required information about the

relationship between the eigenvalues and the state modes.

The dynamic performance of the interconnected system is described using first-order
nonlinear differential equations expressed as [8-9]:

405 = Adx+ B ©-)

where
Ax is the state vector
Au is the input vector
A s the state matrix

B s the input
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6-2 State-space model of multi-terminal VSC-HVDC connecting wind farms

In order to derive the state-space model of the multi-terminal VSC-system shown in Fig. 6.1,
the system is divided into small subsystems. The nonlinear behaviour of each subsystem is
linearized at a particular steady-state operating point. It is assumed that the power system is
balanced among the three phases, therefore, only the positive-sequence relationships are

considered. The system in Fig. 6.1 is composed of the following subsystems:

» The offshore system: consists of the FSIG model (FSIG; and FSIG,) and the wind-side
VSC converters (VSC; and VSCy).

s The dc circuit system: consists of the dc links cables (dc link;, dc link,, auxiliary link; and

auxiliary linky).

» The onshore system: consists of the synchronous generator (SG), the grid-side VSC

converters (VSC; and VSC,), and the onshore network (TL;, TL, and TL3).

-
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Fig. 6.1: Multi-terminal VSC-HVDC for offshore wind farm integration.

In the following section, the state-space model representation of the individual subsystems is

derived.
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Fig. 6.2: Control system of the grid-side converters.

The reference currents obtained from the dc voltage and ac voltage controllers are:

oy = K pac Vgt V) + e [V gy =Vt

. (6-4a)
= kpdc (Vdcl - Vdcl) + Z3;

i:qi = kpac(VTl - VTI ) + kiacI(VTl - VTl)dt

. (6-4b)
=kpae Ve = Vi) + 24

Where kpac, Kide kpac and kiqc are the dc voltage and ac voltage controllers gains respectively. z3;

and zy are the integral parts of the dc voltage and ac voltage controllers.

The voltages at buses B;-B3 and their state-space representation are defined as:

Ve =V +vs2q (6-5)

V. Vegi
AV =22 Ay + =2 Ay, (6-6)
A A

The state-space model for the reference currents then are:

Aiy, = —k g AV gy + Az, + kpch;a (6-7a)
- Vi Ve * _
Alsqi = _kpac V_:lAvsdi - kpac W:Avsqi + AZ4,- + kpacVTl (6 7b)

From Fig. 6.2, the VSC converter voltage components (vea & vcq) are:
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Veai = kpi (sas = i) + Ry [y — 1y )t + WL

v sql

_ o . 6-8a
_kpi (lsdi - lxdi) + 2y +oLi, + Vsdi ( )

‘c*sqi

+v

(4 Sdl sqi

chi =kpl( sqi sq1)+k I(l:qz ~lsgi )dt ol

=k, (lsq,- lig)+ 2y — oL, + Vigi

(6-8b)

Where isq, isqi are the active and reactive components of the current, kyi and k; are the

proportional and integral gains of the current controller, while z;; and zy; are the integral part

of the current controllers.

Now, equations (6.3) after substitution for v.; and v,, from equation (6.8) are:

dAisd' _(R"+k.”i) 2wl kpikpdc 1 k. . k k
i . v . 1 pi i pac N
dt 1, et Me Ve At s Y (6-9a)
dAisqi _ _(RL +kpi)Al. o 2L, Aj ~+LAZ » kplkpdcvsdl Ay k kpdcvsql A

dt Lc Sqt Lc sdi LE 2 LCV7 | sdi LC VT1 sqi

k k,ik (6-9b)
+iAZ4 P pde. AV
L 4T

dAVdcl — ( i+ kP'l-fd' + wl‘ci-"li) N ( it kplqul chlsdl) .

dr CcV Ay + 1% LAY

det del
(Vd di T Veqil q+kpdkplzl) i, ik ik
cdi’sdi cqi’sqi c™ pi®sdi AV .rdl A sqi A ___:zh plA ._Sql p,A
Cdec] dor CVd 1 i CVdcl “ CVdcl & CVdcl Fa (6'90)
_(.\'dl -k kpac sqi _\'dl)A __(i.\'di Tl -k kpac sqi _\'ql)Av .+A1{Ic_ Sd’kp‘kpdCAV
CVaelVn “* CV eV weoc CVa et
k .k
qu pi™ pde
—AV
CVdcl

The state-space representation of the integral parts of the dc voltage, ac voltage and current

controllers are:

dAz; _

T = kil ki ik pac DV gy + ki Azs; + Kk Ve (6-10a)
d_gfz_f =k Ay~ Rk ;;d; AV, =k VW; AV + by Az, + bk e AV (6-10b)
Eﬂ?j‘% = —kige AV gy + Kige AV gy (6-10c)
dAZ i _kiac 'sddi kiacvs i * -

= _V“V_d R R R (6-10d)

The complete state-space model for the grid-side VSC converter and associated controllers is:
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6-4 Synchronous Generator, AVR, and governor-turbine models

'(RC“Lkpf) 20l K i e 1 ky
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The synchronous generator in the onshore grid is modeled with a seventh-order model in the

synchronous reference frame with AVR and turbine-governor controls. The state-space

model of the synchronous generator is as follow [8, 12]:
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The excitation system used with the synchronous generator is static excitation (shown in Fig.

6.3) with the following parameters:

representation of the excitation system is:
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Fig. 6.3: Excitation system block diagram.

The block diagram of the turbine-governor system used with the synchronous generator is
shown in Fig. 6.4. The turbine-governor model parameters are: Tsg=250, Tsm=0.01s, Te=10,

Kg=1s. The state-space representation is given in equation (6.14).

- )
— 0 o0 1 K,
Y. TSR T
A 2 1 _1 AYZ TSR TSR ASR
Loy |=|—— = o |[av,|+] 0 0 { ] (6-14)
ap | | Tom Tw AP 0 o [A°
m 1 -1 m
0 _—
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Fig. 6.4: Steam turbine-governor system block diagram.
6-5 Onshore network model

The impedance matrix is used to model the onshore power network in the dg reference frame
[12]. The current and voltage components in each bus are referred to a common reference
frame using the concept of the common reference frame [12-13]. The relationship between
the voltage and current components at the nodes where the synchronous generator and

voltage source converters are connected is:
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[V1=[2][1] (6-15)
where [Z] is the impedance matrix. Since the voltage/current relationship is:
Vot iVy =(R+ jX) (1, +JjI,) (6-16)

Then the state-space representation of the onshore network is derived as follow:

(Av““ i Ry, Xy R, X, R, -X; ] FAVS‘“ ]

Avgyy Xy Ry X, R, X3 Ry Avyg,

Avey - Ry Xy Ry Xyp Ry XyllAv, 6-17)
Avxqz Xy Ry, Xy, R,, X, Ry, Av.\‘qZ

Avys Ry Xy Ry X5 Ry Xy || Av,,

_Avxqg | X5 Ry X, Ry, Xy Ry | _Avsq3

where Ais and Av; are the current and the voltage at By, B,, and Bs;. While R and X are the

impedance matrix components.

6-6 DC link circuit model

The single-line diagram of the dc link circuit is shown in Fig. 6.5. The stray capacitors of the
dc cables are added to the reservoir capacitors of the VSC converter stations. The dc link

dynamic equation is [14]:

dld 31 Rd 3 1 1
c. [ ¢ I + V — V 6-] 8
dt de de3l de dc3 de dcl ( )

Where I is the dc link current, V; is the dc voltage at the rectifier/inverter side, Ry, is the

dc cable resistance, and Ly is the dc cable inductance.

Idc3l Idcl
Vies ® > 'L' ' Vs
dc
é Rd
J c
dc34 dc2l I
L d de
A 14
dc4 [ & > b [ e dc2
c Idc42 dcz

Fig. 6.5: Single-line diagram of the dc link circuit.
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Based on equation (6.18) the state-space model of the dc link currents flowing in the dc link

circuit is derived as follow:

A _

dt

dAIdc42 =

dt

dAlysq _

dt

dAIchl —

dt

_ Rdc

1

1

I, Alyes, +'L_dc‘AVdc3 _L—dCAVdcl
- 1;:: Alyyy +—L_Z:AVdc4 _LLdCAVdc‘Z
- 2‘: Al sy +L%ICAVdc3 —L%JCAV‘M
- 1;:: Alyery +LLdCAVdc2 _LLdCAVdcl

(6-19a)

(6-19b)

(6-19¢)

(6-19d)

The state-space model of the equivalent dc currents of the VSC converters (I.; to Lu4), which

combines the dc and the ac circuit, is derived as follow:

Al =Aly,, +Al,

lc21

=_dedAIdc31 L dAL,, —iAV _,_LAV +LAV (6-202)
del dc2 de3
R, dt R,.dt Ry Ry Re
AIch = Aldc42 _AlchI
6-20b
LadBay La@Ban 1y 2 np Ly, .
R de dt Rdc dt Rdc Rd" Rdc
Alyy = Alyzy + ALy,
6-20c
- dedAIdc3l _ dedAIdc34 +—2—AVdC3 _LAVdcl -——I—AVdc4 ( )
Rdc- dt Rdc dt Rdc Rd" Rdc
Alyy =AMy, _Aldc34 (6.20d)
- dedAIdc42 + LdCdAIdC34 +iAVd 4 ——I_AVdcz —”LAVdﬂ '
Rdc dt Rdc dt Rdc Rd" Rdc
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6-7 Wind farm-side VSC Converter Model

Similarly, the state-space model of the wind farm-side VSC for small-signal stability analysis
is as follows:

__dAisd" - & Al wL" AI‘ Avsdr Avcdr

- 4 Lo sgr AV

dt Lc Lsar Lc Lc Lc (6 21 a)
dAi R, wL . Ai Ay Av

qr . _ Xk Ai o — sqr cqr

dr LT L L L (6-21b)
d AVd 3 - v . I: di dr Ve ] I
—_ded Year A - cqr Als . cdrs grlsqr A sdr Ay,

dt CV s CVdc3 q CVs GOV (6-21c)

+ by Av,,, Al
CVis C

The wind farm-side converters' control system is chosen such that they control the active
power and regulate the ac voltage at the wind farms terminals (B; and By4). The control

system block diagram of the wind farm-side converters is shown in Fig. 6.6.

A\ 4
sdr

Fig. 6.6: Control system of the wind farm-side converters.

The reference currents obtained from the active power and ac voltage controllers from Fig.
6.6 are:

i, = (6-22a)

i:qr:kpac(VT3 TE})+ IGLI(VT3— T3)dt

. (6-22b)
=Kpoe Vs =Vp3) + 24,

where kpq and kiq are the ac voltage controllers’ gains and zy4 is the integral part of the ac

voltage controllers.
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The state-space equations for the reference currents then are:

*

-P 1

Moy =0 Avyy +5—AP (6-23a)
Aily = Koo B AV ke AV, + Az, Vs 6-2
sqr pac VT3 sdr pac VT3 pac ( - 3b)

The complete state-space representation of the wind farm-side VSC converters is:

dniy,  (Ro+ky) Az, kP k.
sar A 1r P _ pi *
o L gy T I +—chs2dr Av,, T, AP (6-24a)
dhi, —(R.+ky) Az, k, Kok v kk Kk
sqr __ 4 H 2r pi 4 C” sdr Vs i .
= Ai = P pac “sqr P pac _
dt L etV A T Ly, M T M+ i (6:240)

(%

dAVdc3 - ( cdr chlvqr + kpllsdr) AP+ ( » T wLClsdr + kpl sqr)

i Al
sdr
dt CV s CV,, sar
(valr sdr + chr sqr) Al i i ki
T Ay e g T Nz, P Az,
r r r
C Vdc3 C  CVys CVyis CV,, (6-24c¢)
ki i kK pedorV i
pi sdr sd) pi" pactsqr ¥ sdr sqr
cv V Vear + cvV Avsrdr CV..V Avxtlr +—Avsqr
de3 7 sdr de3 de3" T3 de3

k kpac sqr sqr A k kpac sqr V* kpiisdr AP*

v u—
sdr — T3
CVyesVrs CVis CVye3Vsar

And the state-space representation of the integral parts of the ac voltage and current

controllers are:

*

dAZ,. . k iP k i *
Ttl = _kpiAlsdr + AI;Z Avsdr v:;r AP (6'253)
sdr
dAz ro— ; Vsdr vS‘I" o
th = —kiiAlsqr - kiikpac T/EAvsdr - kiikpat‘ Vrs AV rt k AZ Pt k"kPaCAV (6 25b)
dAz,, _ —kigcVear _ kiauvsqr 6-25¢
T = T Ay, AV, Fiue AV (6-25¢)

The complete state-space model of the wind farm-side VSC converters and associated control

system is:
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6-8 Wind farm state-space model

A fifth-order model is used to describe the stator and rotor circuits of the FSIG generator [15-

16].

Vg = =Ry —0W, + d‘/;;bf
Vgor = ~Rilper + O 4o + d'/;;zsf
0=—R iy —sOW oy + d‘/;;"f

0==R i, +SOW, + V;ttlrf

dfi);nf - 2151( (T —Top)
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(6-27a)

(6-27b)

(6-27¢)

(6-27d)

(6-27¢)



where v is the voltage, R is the resistance, i the current, @, is the stator frequency, S is the
machine slip, and y is the flux linkage. The subscripts d and ¢ indicate the direct and

quadrature axis frame respectively, and subscripts r and s stand for rotor and stator quantities.

T, is the mechanical power while the electrical power is defined as:

Ty =V orrlay ~Vay? of (6-28)

The flux linkage is calculated using the following equation:

Var = ~(Ly + L, Yigr = Lyl (6-29a)
Vasr = ~(Lop + Lung Vgoy = Ly (6-29b)
War =Ly + Ly Yigy = Lyl f (6-29c¢)
Wy =Ly + Ly Yig, e — meiq v (6-29d)

Based on equations (6.26) to (6.28) the state-space model of the FSIG generator is:

dAi, dAi
st b o A : :
Los " W R Aiyo + o, L, Aiy+o L A —Av,, (6-30a)
dAi dAi
gsf f . . .
L, o L dtq =—R A~ L, Ny —a,L, ANy —Av, (6-30b)
dAi, dAi
rf dsf . _ . _ .
L, 7 +L,, P R AL, + (a)s wrf)L""fAlqrf + (ws a)rf)meAzqsf (6-30¢)
=L, A0~ L, i, Ao,
dAi dAi
g1/ 9/ _ _ P _ P — ]
Ly p thw = T R AL, (a’s v )erfAldrf (a)s a)rf)meAldrf (6-30d)
+ Loy A0+ L1y A,
A, 1 A . o o
dtf = 557 Ty = Ll Doy * Linglasg Dy + Loglary My =Ly Ay (6-30¢)

mf

The state-space model for the three-phase capacitor bank connected with the FSIG

generators is [17]:

dAv, 1
sf . . -
— = :(Az‘w —Ai,, ) +Av_, (6-31a)
dAv 1

sf . - -
—tq_. = _;;(Alqsf — Alsqr ) —_ Avrdf (6 3 lb)
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The complete state-space model of the FSIG and the capacitor banks is:

L, O L, 0 00 (g ]
0 L, O L, 0 00| |a,
L, 0 L, 0O 0 00 4 Aigy
0 Ly 0 L, 0 0 07 A, |= (6-32)
0 0 0 0 2H_ 00| |Agy
0 0 0 0 0 1 0| |Avuy
0 0 0 0 0 0 1] A%
[ R, L, 0 L, 0 -1 0]
oL, R, 0L, 0 0 0 -1|
0 (a-a)L oy [ ] [0
=) Ly R, (@-ay)L,, Loy —Lidyy 0 0 N | |0
(2 -a,)L, 0 ~(o-w,)L,, R, Ly 4Ly L. 0 0 ZM‘ 8
Lrnlﬂqrf o Loy Loy 0 0 0 AZ;,,, AT,
- 0 0 0 0 0 1 |Avuy| A
C, )
Avq_yf »Alsqr ]
. [ AV |
0 —_ _
o 0 0 0 1 0

6-9 The complete state-space model of interconnected ac/dc system

The complete state-space model of the system shown in Fig. 6.1 for small-signal stability
analysis is obtained by combining the individual state-space models of grid-side converters,
synchronous machine and associated controllers, onshore ac network, dc link circuit, wind
farm-side converters and FSIG generator. In this chapter, the wind speed is assumed constant
hence wind farms aerodynamic system is neglected and the mechanical system is represented
by an equivalent mechanical torque T,,. Power balance equations are used to link the
converters models into dc network. The dc currents and voltages of the onshore network (in
Eq. 6.17) are used to link the grid-side converters into the ac network. The wind farms are
linked to the wind farm-side converters using current injection theory. The block diagram in
Fig. 6.7 explains how individual subsystems are linked together to obtain the complete

linearized model for small-signal stability analysis. The complete state matrix has a

dimension of 56x56.
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6-11 Small-signal stability analysis of the dc/ac interconnected system

The small-signal stability of a multi-terminal dc system connected to an ac network is
assessed using eigenvalue Analysis technique. The eigenvalues of the state matrix are
calculated to study the system dynamic stability after a small disturbance, and to explore the
influence of dominant modes on system damping and stability limits. The power flow results
of the interconnected system are also indicated in Fig. 6.1.

The calculated eigenvalues are presented in Table 6.2. It can be seen from Table 6.2 that all
eigenvalues have negative real parts indicating a stable operating condition after a small
perturbation is applied. The eigenvalues that dominate the transient response of the system
are the pair A43 44 and A47. The participation factor matrix (given in Appendix E) indicates that
machine states (Ir, d and w) have a dominant effect on the complex pairs A43, 44 (with time
constant of 2.12s and frequency of 1.64 Hz). While the VSC converters states (cas Tog, Ved, Vegs
larerand Iy, have a dominant effect on the eigenvalues associated with the high-frequency
oscillations. Therefore any attempt to improve the network damping must take these states
into account. For example, a power system stabilizer (PSS) can be used to improve the
damping of the oscillations associated with A43 and 44, while proper tuning of VSC converter
controllers will damp the high-frequency oscillations.

In Table 6.2 the complex pairs A1 > and Ay 4 (corresponding to fast switching of the converters,
with frequencies of 3169 Hz and time constant 0.00315 sec), are damped out at a much faster
rate. These modes are often caused by super-synchronous oscillations due to interaction

between adjacent converters, as reported in [18].

Table 6.2: Eigenvalues for the test system (eigenvalues are multiplied by system frequency 50Hz)

A VSC) & VSC, (k,=1,k;=40,ky;=10, K= 400 kppe=0.01 k;2=500), Oscillations | Damping
VSC; & VSC,y (K,=1.5, k;= 500, k,,=0.01,k;,,=500) frequency time (sec)
(Hz)

A&y -50.54 + 3169i 3169 0.00315
A& Ay -50.54 + 3169i 3169 0.00315
s & Mg -177.31 £ 2121i 2121 0.00089
A& Ag -424.22 +1523i 1523 0.00037
ho& Mo -11.97+ 1564i 1564 0.0133
Ai&hps -221.11 £2083i 2083 0.00072
Mis& A -12.89 + 2640i 2640 0.0123
Mis & Mg -46.42 + 2264 2264 0.00343

Mr& hig -50.22 + 1697.4i 1697 0.00317
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6.10a, kia=40 provides the best transient response after a system disturbance with fast
recovery time.

Table 6.5b shows the effect of the different values of proportional gain of the dc voltage
controller (kpqa:) on the damping of oscillations after a disturbance. When a large kpq. is used
the damping time decreases, for example when k,2.=50 the damping time for the oscillations
associated with the pair Ajy 12 is 0.004sec, while the damping time for the same pair is
0.007sec for k=40, 0.0083sec for k=30, 0.01sec for kuy=20, and 0.0125sec for kpa=10.
The time-domain simulation validates the results obtained from the small-signal stability
analysis as shown in Fig. 6.10b. The best recovery response after the disturbance is obtained
when kpe=50. The time-domain simulation is carried out with the grid-side converters

parameters equal to (k;=400, k,=1, kig.= 400, kpec=0.01, kiy;=500).

Table 6.5a: Effect of changing ki of the grid-side VSC dc voltage controller (eigenvalues are multiplied by
system frequency 50Hz)

A kigc=40 kig.=100 kig.=400 Kigc=600 kig.=800
A&, -50.04 + 6480i -50.04 £ 10099i -50.01 % -50.04 £ 245351 -50.01
200491 28319i

Ao&Aio -12.7 £ 1407i -6.36 £ 15671 -6.36 + 15671 -6.36 = 15671 -6.36 £ 1567i

Table 6.5b: Effect of changing k. of the grid-side VSC dc voltage controller (eigenvalues are multiplied by
system frequency 50Hz)

A kpgc=10 kpac=20 kpac=30 kpgc=40 kpqc=50
M&M, -50.03 £2.0049i | -50.03 £2.0049i -50.03 + -50.03 +2.0049i -50.03
2.0049i 2.0049i
A& A -12.67 £ 14071 -15.80 + 14091 -19.05 + 1411i -22.45 + -39.6 + 1414i
0.1412.8i
Az & Aig -25.98 £ 1414i -39.60 + 1414i -39.6 + 1414i -39.6 + 14141 -39.6 + 1414i
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seen that A4g move towards the imaginary axis when the machine loading increases while that
A47 move towards the imaginary axis when the machine loading decreases as shown in Table
6.6, indicating a reduction in damping and an increase in the oscillation frequency (that is, a
reduction in the small-signal stability margins). The system may lose its stability if the

machine rating is further increased or decreased.

Table 6.6: Eigenvalues for different loading scenarios (based on 2400MV A machine rating).

Eigenvalues |  P1=0.5*Pging P1=0.75*Pyaing PP aing Pi=1.25%Pring | P1=1.5*Praing
A& A, -50.03 £ 200491 | -50.03 +20049i | 50.03 + 200491 | -50.03 + 20049i | -50.03 + 20049
As & Ag 17276 £ 21191 | -172.76 2119 | -172.7+2119i | -172.76 £ 21191 | -172.76 + 2119

Mz & Maa -0.087 £ 1.72i | -0.076+1.64i | -0.066+1.58 | -0.058% 1551 | -0.049+ 1.54
Az -0.0109 -0.0113 -0.0121 -0.0139 -0.019
Aas -0.178 -0.156 -0.131 -0.096 -0.058

6-16 Summary

In this chapter the small-signal stability of a multi-terminal VSC-HVDC transmission system
connecting FSIG wind farms was investigated. The eigenvalue Analysis technique was used
to study the system behavior after small perturbations. The state-space model of the
interconnected ac/dc system was derived by dividing the system into small subsystems and
then the complete model was obtained by combining the individual subsystems together
using the mathematical relation between them (power balance equation to link the converters
and the dc link system, current injection theory to link the FSIG to grid-side converter, and
the impedance matrix to link the synchronous machine into grid-side converters). The small-
signal stability analysis is well known in the literature for networks with only conventional
synchronous generation, therefore the model in this chapter was developed to investigate the
small-signal stability of modern power systems that will include a large number of power
electronic converters such as VSC-HVDC. Under these conditions, when conducting small-
signal stability analysis, attention must be paid to super-synchronous frequencies due to the
high switching control systems of the converters and their effect on system stability. The
impact of the grid-side VSC controllers was carried out using small-signal stability analysis
considering the oscillations frequencies and the time required to damp out these oscillations.
Time-domain simulations with the controller parameters under investigation was carried out
to validate the results obtained from the small-signal stability analysis. Finally the effect of

the machine rating was studied to ensure stable operation if the system load flows change.
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Chapter Seven

Network Reinforcement of the 400kV Scottish-English Interconnectors
using VSC-HVDC Transmission

7-1 Introduction

The UK government targets to meet its obligation in reducing the CO, emissions, and to
increase the share of renewable power in total generation mixture to 20% by 2020, requires
the installation of new large generation units based on renewable sources. The majority of
this power is expected to come from wind farms in northern and eastern parts of UK, and
Scotland is set to play a major role to meet this demand. Many of the sites being considered
for developing offshore/onshore wind farms in Scotland are located in remote areas and often
at considerable distance from the existing transmission system. The installation of large-scale
wind farms requires significant extension of the existing network in order to accept the
additional generation plants and to increase the transmission capacity. The GB electricity
network is a large interconnected network covering Scotland, England and Wales. Three
power system operators share the control and operation of the GB electricity network:
National Grid Electricity Transmission (NGET), Scottish Hydro Electric Transmission Ltd
(SHETL) and Scottish Power Transmission (SPT).

In the literature, there are many studies considering the reinforcement of the GB network to
handle the large-scale installed wind power. The proposed studies agree on building new
transmission lines, and upgrade some of the existing transmission lines and substations. The
major reinforcement projects in the SHETL and SPT networks (Scotland network) to transfer

the wind power to the load centres in England according to [1-2] are (see Fig. 7.1):

< Build new 220km, 400kV Beauly-Denny transmission line in north Scotland in SHETL
licensed area: This transmission line is required to transmit the wind farms power installed
in the north of Scotland from SHETL licensed area to the SPT licensed area.

& Maximize the existing transmission system in the SHETL licensed area by
reconductoring and re-insulation of existing tower routes, extensions to existing
substations or by installation of flexible ac transmission devices (FACTS). This upgrade is

planned to be in the Dounreay-Beauly—Kintore and Caithness and Moray transmission

lines.
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« Sloy Area Reinforcement: This development is required to accommodate 250MW of
wind power in Argyle (west of Scotland) using new 275kV line connection to the main
network.

% Upgrade Scotland-England Interconnector in SPT licensed area: This requires the
upgrading of the western and eastern interconnectors from a dual 400kV circuit to a
double circuit. In addition to reconductoring and re-insulation of existing tower routes and
existing substations, installation of reactive power compensation devices is required.

«* Build of western sub-sea HVDC system between Hunterston and Deeside and eastern sub-
sea HVDC system between Peterhead and Hawthorne Pit. These new HVDC systems are
proposed to transmit 3.6GW from Scotland to England.

7-2 Scotland-England interconnectors

For the purpose of illustrating system performance and transmission reinforcement, it is
useful to divide the network into zones and to consider power transfers across certain critical
boundaries. The GB electricity network is divided into 17 boundaries and zones (6 for
Scotland and 11 for England and Wales) [3]. The power transfer from Scotland to England is
achieved via two interconnectors based on HVAC transmission located in the SPT and
NGET licensed areas (Z¢ and Z;). These interconnectors are labeled as western and eastern
interconnectors in Fig. 7.1.

The main focus of this Chapter is to enhance and reinforce the interconnector links between
Scotland and England, and to maximize their transfer capacity without creating operational
problems concerning voltage stability. The future installed wind farms in Scotland necessitate
the reinforcement of the existing interconnector links to be able to transfer the large power
from Scotland down south to England and Wales. Since, the GB network is a complex
interconnected network composed of many generation plants and thousands of transmission
and distribution lines, a generic model including the Scotland network, the interconnectors,
and England network has been built to investigate the possible options for the reinforcement
of the interconnectors.

Fig. 7.2 shows the generic model of the Scotland-England network. The Scotland network is
simplified by considering just the generation plants and the 400kV substations in Zs while the
power transmission from Zs to Zg is represented by equivalent power generation plant. The
England network is represented with two aggregate power plants and static loads. The main

generation plants and the 400kV substations used to represent the Scotland-England network

in Fig. 7.2 are:
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1- The generation plant in COCKENZE: this plant comprises 4x276 MW generation units
injecting 1104 MW into COCK4 substation. A 66km, 400kV double circuit transmission line
is used to transmit the power from COCK4 substation to ECCL4 substation.

2- The generation plant in TORNESS: this plant comprises 2X607 MW generation units
injecting 1214MW into TORN4 substation. TORN4 substation is connected to STRAV4

substation via a 85km, 400kV dual transmission line, and to ECCL4 substation through a
35km, 400kV double transmission line.

3- The substation in KILS4: this substation receives the power from HUER4 substation in Zs
and transmits it to STRAV4 substation using 35km, 400kV dual transmission line.

4- The generation plant in STRAV: this station represents the sum of the power received
from Z5. Substation STRAV4 is connected to substation TORN4 through a 85km, 400kV
line, to KILS4 via a 35km, 400kV dual line and to the ELVA4 substation via a 62km, 400kV

line.

5- A 500MW generation unit represents the CLDYE generation plant (300MW) and future
EAALSHAUGH generation plant (200MW). These units inject the power into ELVA4
substation; ELVA4 is connected to HOFF4 substation through a 62km, 400kV line.

Substation ELVA4 may be considered as the start-end of the western interconnector.

6- Substation HOFF4: this substation receives the power from ELVA4 and delivers it to
HAKB4 substation in the England network through a 65km, 400kV line.

7- Substation ECCL4: This substation receives the power from COCK4 substation and
TORN4 substation, and delivers it into STWBA4 substation in England. ECCLA4 is the start-
end of the Eastern interconnector transmission line.

8- The England network is represented with two aggregate power plants (12GW and 3GW
generation units), and static loads (with sum 15200+400MVA) as shown in Fig. 7.2. A 90km,
400kV transmission line is used to connect STWBA4 and HAKB4.

The transmission line parameters used in the generic model are obtained from the Seven Year
Statement [3] issued by GB National Grid. The increases of interconnectors’ capacities
during the next seven years are presented in Table 7.1, which shows the transmission power

in the boundaries between Scotland and England from 2011 to 2018.
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Table 7.1: Amount of the transmitted power from Scotland to England in MW [3](2011-t0-2018).

year Western line Eastern line
2011/2012 1266 1634
2012/2013 1372 1616
2013/2014 1421 1612
2014/2015 2033 1930
2016/2017 1404 1570
L 2017/2018 1700 1740
4y
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Fig. 7.2: Generic model of Scotland network, the interconnectors and England network.
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There are three possible scenarios to enhance and reinforce the Scottish-English 400kV

interconnectors in order to maximize their transfer capacity [4-5].

» The first scenario is to upgrade the interconnectors from a dual to a double circuit
transmission line, reconductoring and re-insulation of existing tower routes, build new
substations or to extend existing ones, and installation of flexible ac transmission systems
(FACTS) devices to provide reactive power compensation, improve power flows
controllability and to reduce power transmission losses. This scenario prefers to invest in
reinforcement devices rather than to build new lines and to overcome the difficulties of
new right-of-ways and to address public opinion concerning health issues, wildlife
protection.

» The second scenario is to convert the existing high-voltage ac lines to high-voltage dc
lines using VSC-HVDC transmission. The main features of this solution are increased
transmission capacity, full control over power flows, inherent reactive power capability in
each converter station and small footprint. VSC-HVDC transmission requires less space
and has less environmental effect compared to an HVAC system.

» The third scenario is to use the VSC-HVDC link in parallel with the existing high-voltage
ac transmission lines. In this case the VSC converter may be used to provide the reactive

power compensation at the point of the common coupling.

7-3 Using FACTS devices for reinforcement of the interconnectors

Flexible ac transmission systems (FACTS) are power electronic devices used to control
voltage and power flows in electrical transmission and distribution systems. FACTS devices
could address the new challenges resulting from the increase of power transmission to the
England network. The capacity of the interconnectors could be increased with minimal
infrastructure investment, environmental impact, and implementation time compared to
traditional transmission solutions by improving the utilization of the existing power system
through the application of advanced control technologies. The main contributions of FACTS

devices in power networks are [6-7]:

& Increase transmission line controllability (voltage, active and reactive power control)
% Increase the loading capability of lines
% Provide reactive power compensation

% Improve power quality and power oscillation damping
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In general, FACTS technology are classified into line-commutated thyristor-based devices and
self-commutated IGBT/IGCT devices [8].

Line-Commutated FACTS: Line-commutated FACTS may be regarded as a means of
inserting variable impedance either in shunt (static VAR compensators, SVC) or in series
(thyristor-controlled series compensation TSSC/TCSC). The use of thyristor technology
readily achieves high-power handling capability with low losses and robust overload
capability, but they have relatively long response times corresponding to the limits of the line
frequency switching, and the inherent time constant of the controlled reactive power
component.

Self-Commutating FACTS Devices: Self-commutating FACTS act as controlled sources,
which are capable of injecting voltage or current at the point of common coupling. This
provides better decoupling between the compensation function and network conditions. These
FACTS devices are switched ON/OFF with a high switching frequency, eliminating the low-
order harmonics associated with line-commutated systems. Self-commutating devices may be
connected in parallel (STATCOM), series (dynamic voltage restorers, DVR, static
synchronous series compensator SSSC), or in series/parallel connection (unified power flow
controller, UPFC). These systems are generally based around pulse-width modulated (PWM)
voltage source converter (VSC) technology, similar to that employed in VSC-HVDC systems.
VSC-based FACTS devices achieve faster response times, improved transient response, and
reduced size relative to thyristor-based systems. Table 7.2 provides a comprehensive summary

of FACTS devices applications in power systems.

Table 7.2: Summary of flexible ac transmission system (FACTS) devices (based on [6-7, 9]).

Series devices Shunt devices Series/shunt
Functionalities devices
TCSC TSSC SSSC DVR SVC STATCOM UPFC
i . IGBT based
Fixed | © ‘V’;f&fe“; IGBT based| IGBT based|  Thyristor, | opot anse
components capa({ltor + capacitor + VSsSC VSC capacitor and VSC converter, converter
thyristor . converter converter reactor
thyristor
VAr Yes but Yes but Yes, Yes, Yes but Yes, Yes,
compensation discrete discrete continuous continuous discrete continuous continuous
Voltage control Yes Yes Yes Yes Yes .Yfes Yes
SSR damping good good excellent possible limited limited
oscillation possible if . -
damping Very good| Very good Very good configured limited limited Very good
Active power yes
es es no no
control capability yes yes J Y
€s
Unbalanced no no no yes Yes no ’
Minimization
i . yes
Voltage quality| . o limited limited limited yes yes
improvement

172



7-4 VSC converter reactive power capability to provide voltage provision

Figure 7.3 shows the single-line diagram of a VSC converter and the vector diagrams for the
VSC leading and lagging modes of operation. The reactive power exchange with the point of
common coupling is regulated by controlling the converter voltage as described in equation (7-
1) [10-11]:

0. =V x V, - Vsccos(éT -6SC)
sc ~ Ut X, (7-1)

By controlling the converter voltage (Vsc), the VSC converter acts exactly like a STATCOM
but with active power flow. As illustrated in Fig. 7.3, the voltage may lead or lag the current to
regulate the voltage at the PCC (¥7) at the desired nominal value. This feature can be used in
VSC-HVDC systems to provide ac voltage control (in addition to active power and dc voltage
control) to the ac systems at the ends of the line [12]. The reactive power capability of the VSC
converter provides greater flexibility for the ac system, such as reducing transmission losses,
stabilizing a particular bus voltage, and operating at unity power factor to minimize the
transmission current. The reactive power requirements to maintain the voltage at the PCCs at

the ends of the VSC-HVDC system differ according to the ac systems strength.

ot—
vSsC
Vsc
Isc
Vr Isc Xsc Vi
Isc b
/
Vsc Isc Xsc
Vsc> Vr Vsc<Vr

leading VAr(Capacitive ) lagging VAr( inductive )

Fig. 7.3: Single-line diagram of VSC converter and vector diagrams for leading and lagging modes of operation.

Hence, VSC-HVDC transmission can be used to enhance the ac systems performance and
power transmission capability by regulating the reactive power at the PCCs. This can be
achieved either by connecting the ac systems directly via the VSC-HVDC system, in this
case the VSC converters provide the voltage regulation at the PCCs. The other option is to

connect the VSC-HVDC in parallel with the HVAC system, in this case the VSC-HVDC

system is used to regulate the voltage at both ends of the HVAC to increase the HVAC

capacity, and to reduce transmission losses.
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7-5 Reinforcement of Scotland-England interconnectors using VSC-HVDC
transmission

The capacity and controllability of the interconnectors could be increased by converting the
existing HVAC lines into VSC-HVDC lines, resulting in the decoupled operation between
the Scotland and England networks. The VSC-HVDC system may be installed as point-to-
point or in a back-to-back configuration. Moreover, the VSC-HVDC system is required to
operate in parallel in order to accommodate the large power delivered by the HVAC lines.
The decoupling of the Scotland and England networks is achieved by replacing the eastern
interconnector between ECCL4 and STWBA4 with an 8km, 2150MW point-to-point VSC-
HVDC system and part of the western interconnectors, between HOFF and HARK
substations, with a 65km, 2400MW point-to-point VSC-HVDC system as shown in Fig. 7.4.
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Fig. 7.4: Using VSC-HVDC systems to interconnect Scotland and England networks.
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The potential benefits of transmitting the power through VSC-HVDC systems (decoupled

operation) are summarized as follow [4, 13]:

« Large power can be accommodated without affecting the voltages at the interconnectors,
because the VSC converters provide the reactive power support at the PCCs.

 The VSC converters in Scotland can be utilized to provide additional functionality such as
voltage control and frequency regulation to the Scotland network. The England network is
strong with huge reserve generation to cope with the variations in transmitted power from
Scotland.

% The decoupled operation prevents the propagation of abnormal conditions from the

English network to the Scottish network.
7-5-1 Frequency regulation at the Scottish network in decoupled operation

In power systems the active power balance is strongly coupled to the frequency. Any
mismatch between generation and demand causes the system frequency to rise or decrease,
depending on the net difference between generation and demand. Frequency stability is a
serious issue for power system operators in networks highly populated with wind power
plants. The installation of wind power plants in Scotland may cause active power mismatch
and frequency instability in the Scottish network due to the nature of the wind power,
uncertainty of the wind and variation in wind speed [14]. This requires robust, high response
technology to stabilize the network frequency in the event of wind generation increase or
decrease. Also, the active power balance is affected by the connection/disconnection of
generation units or large loads and this affects the network and causes the remaining units
turbines to over-speed or under-speed in order to restore the network frequency.

The GB Grid Code specifies that all generation units must operate continuously with constant
active power output in the frequency range of 49.5-50.5Hz, and the frequency could rise to
52Hz or fall to 47Hz in exceptional circumstances for period less than 30s [3, 15]. The
generation equipments are designed to operate in this ranges and the protection system of the
generators trips if the frequency is out of the specified range.

In conventional networks, frequency stabilization is achieved through adjustment of the
mechanical power of the generators using turbine-governor control. The turbine-governor
control has relatively long response time due to the high inertia of the generators. The

frequency regulation ancillary service in generation plants is composed of three functions

[16] as shown in Fig. 7.5:
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« Primary frequency control: limits the frequency variation caused by a sudden power
unbalance in the grid by adjusting the governor speed of each generating unit within 15-
30s.

« Secondary frequency control: allows restoring frequency and interchange power to their
scheduled values. This is done using units under control of an automatic central regulator
within 15-30 minutes.

« Tertiary control: consists in starting, stopping or varying the output of generating units in

operation, in order to support the secondary control.

continuous service

A
50.2 K/ |event.
< "\ 10s 30s  60s
< v Vo e time
> 4938
3 ......-""
g .......
S 495 S NE—
) V
492 otcasional services
X » 0 30 min
primary secondary
response response

Fig. 7.5: Typical frequency response under the event of loss of generation.

The capability of the VSC-HVDC system to control the power flow could be utilized to
provide frequency support together with conventional generation units in the Scottish
network during emergencies (wind power variation, disconnection of generation area, and
add/remove of major load). The advantage of using VSC converters for frequency
stabilization is to increase the dynamic response of the Scottish network during power
imbalance events. A combined active power and frequency controller equipped in the VSC
converter is used to regulate the system frequency; the controller is activated in response to
moderate changes in the generator rotor speed or busbar frequency in the Scotland network
[17]. Therefore the VSC converter responds by adjusting the power transmitted to the
England network in the right amount to stabilize the frequency.

The VSC,; and VSC, in the Scotland side (in Fig. 7.4) sense the Scottish network frequency
and compare it with the nominal frequency (50Hz). Any difference between the nominal and
the sensed frequency activates the frequency controller to generate a correction signal in

order to stabilize the system frequency. The correction signal (AP) is added to the active
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power reference set-point (£,) to obtain a new power reference set-point P that

new

incorporates the effect of any active power mismatch. The maximum value for the correction
factor is set such that the VSC converter stations in Scotland can increase or decrease their
output power at any time by +25% of the converter rating without exceeding its current limit

The frequency controller correction signal to modify the active power reference set-point is

derived as follow:
AP =k (f = )+ [ (f = )t (7-2)

where, kyr and ks are the proportional and integral gains of the frequency controller. If the
Scottish network frequency is lower than the nominal, that means that the demand is more
than the generation, the frequency controller generates a negative correction signal to reduce
the power transmitted to the England network. If the Scottish network frequency is higher
than the nominal, that means that the demand is less than the generation, then the frequency
controller generates a positive correction signal to increase the power transmitted to the
England network.

In addition, the VSC converters at both sides are used to provide voltage control at the points
of common coupling (B{-to-B4) by manipulating their reactive power exchange with the ac

network using an ac voltage controller as described in Chapter 3.

7-5-2 Simulation results to demonstrate the ability of VSC-HVDC transmission to

provide frequency regulation in the Scottish network

The capability of VSC-HVDC transmission to support the frequency control in the Scotland
network and to regulate the voltages at the PCCs is investigated in this Section. The system
behavior during under-frequency cases resulting from decrease in wind farm generation,
disconnection of generation unit, or addition of major load is studied with the sudden
addition of (500+j150) MVA load at time t=5s in the Scotland network. Fig. 7.6 shows the
key waveforms obtained from simulations, which demonstrate the ability of VSC-HVDC
transmission to improve the frequency stability in the Scotland network and to regulate the
voltage at the HVDC systems interconnector ends. To explain the advantages of using the
VSC-HVDC system to improve the dynamic frequency stability, two VSC-HVDC operation

modes are investigated:
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1- The VSC-HVDC systems in Fig. 7.4 are equipped with a frequency controller. This means
that both the VSC converters and generation units contribute to frequency stabilization.
2- The VSC-HVDC systems in Fig. 7.4 are not equipped with a frequency controller. This
means that only the generation units provide frequency stabilization.

I- Under-frequency case

First, the VSC-HVDC systems operate with frequency controllers. It can be observed that
when the additional load is connected the Scotland network frequency decreases, indicating
that the generation becomes less than the network demand (see Fig. 7.6a). The frequency
controllers in the VSC converters in the Scotland network (VSC; and VSC,) sense the
decrease in the Scotland network frequency and generate a negative correction signal in order
to reduce the power transmitted to the England network by an amount exactly enough to
stabilize the network frequency. The VSC, and VSC, active power controllers received the
correction signals and reduced the transmitted power as shown in Fig. 7.6b and Fig 7.6¢c. The
VSC converters respond immediately after the connection of the additional load with a high
response to restore the frequency. VSC; and VSC, adjust the transmitted power from
2150MW to 1970MW and from 2400MW to 2200MW respectively. This represents 72% of
the additional load, and the remaining 28% is covered by the generation units in Scotland
(SG;-to-SGs). The fast time response of the VSC converters to adjust their transmitted power
and to provide most of the power required to stabilize the frequency is due to their small
inertia compared to that of conventional synchronous generators.

To asses the benefits of the VSC converters in frequency stabilization, the VSC-HVDC
systems in Fig. 7.4 are now operated without frequency controllers with the same operating
conditions, the simulation results are shown in the same Figures along with the first operation
mode to facilitate the comparisons. At the same time (t=5s), the additional load is connected
to the Scotland network, in this case the conventional synchronous generators in the Scotland
network respond alone to stabilize the network by speeding-up their turbines to increase the
output power in order to restore the generation-demand balance and stabilize the network
frequency with a slow time response as shown in Fig. 7.6a. Referring to Fig. 7.6a, the
frequency dynamic stability, the time required to return to the nominal frequency, the
frequency overshoot, and the deviation in frequency magnitude are better when the VSC-

HVDC system is equipped with frequency controllers.
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II-Over-frequency case

Similarly, the system behavior during over-frequency cases resulting from increases in wind
farm generation, or removal of major load is studied with the sudden removal of a (400+j150)
MVA load at time t=5s from the Scotland network. Same operation modes are considered for
the investigation. Fig. 7.7 shows the simulation results obtained during system over-
frequency events initiated by the load disconnection at time t=5s in the Scotland network
when the VSC-HVDC system is operated with frequency controller. The frequency at the
Scotland side is slightly increased as shown in Fig. 7.7a, and the frequency controllers
equipped in VSC; and VSC; converters sense the increase in the frequency and generate
positive correction signals to adjust the active power setting point. VSC, and VSC, received
the correction signals and increased the power transmitted to the England network with the
required amount to stabilize the network frequency, as shown in Fig. 7.7b and Fig. 7.7c.
VSC, and VSC; adjust the transmitted power from 2150MW to 2305MW and from 2400MW
to 2575MW respectively, this represents 82.5% of the disconnected load, and the remaining
17.5% is covered by the generation units in Scotland (SG;-to-SGs).

The system dynamic behavior during an over-frequency event when the VSC-HVDC system
is not equipped with a frequency controller is shown also in Fig. 7.7 to facilitate the
comparison of the two modes of operation. The frequency stabilization is better when the
VSC-HVDC system operates with a frequency controller considering the time required to
returns to the nominal frequency, and the overshoot and deviation in the frequency

magnitude.

The capability of the VSC-HVDC systems to provide voltage control at the points of
common coupling (Busses B;-Bs) is explained with the aid of Figures 7.5d and 7.6d. The
voltages at the PCCs are kept within the nominal value in both over- and under-frequency
events. The reactive power exchange in VSC converters (VSC;-to-VSCys) is changed
simultaneously with the change in the transmitted active power in order to regulate the
voltage at the PCCs. This is clear in simulation results, which show the converters active and

reactive power (Figures 7.6b to Fig. 7.6d, and Figures 7 .7b to Fig. 7.7d).
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7-5-3 Isolating the Scottish network from disturbances in the English network

In interconnected networks based on HVAC transmission, the automatic generation control
of the individual units is coordinated using tie-line power and frequency signals [18]. One of
the disadvantages of tie-line operation is the possibility of disturbance propagation from one
network to the remaining networks. For example, if a short circuit occurs somewhere in any
network, the voltage becomes zero in the faulted phases, and due to the low impedance of the
transmission line the voltage depression extends across the whole system until the fault is
terminated by circuit breakers [16]. Another disadvantage of tie-line operation is the

propagation of frequency instability due to connection/disconnection of generation units or

major load change events.

In the GB interconnected network case, any abnormal conditions in the England or Scotland
networks propagate and affect the whole network and this could increase the black-out risk.
The use of VSC-HVDC as transmission medium eliminates these problems because in
asynchronous connection (decoupled operation), there is no need for coordinated control
[18]. By decoupling the operation of the Scotland-England networks through VSC-HVDC
transmission, the two networks are operated separately without any control coordination; this

may improve the fault-ride through capability and prevent the propagation of disturbances.

The ability of VSC-HVDC to act as firewall and prevent the transmission of disturbances is

investigated considering the following scenarios:

% Sudden loss of major load in the England network and its effect in the Scotland network

(frequency instability propagation).

% Three-phase fault at one of the point of common coupling in the England network (fault
propagation).
The frequency instability event is investigated by removing a load of 500+180MVA from B;
in the England network at t=5s (this is also equivalent to connecting a 500MW generation
unit). Fig. 7.8 shows the key simulation waveforms explaining the system behaviour in both
networks after the sudden removal of the load from England. As expected the English
network frequency is affected due to the active power imbalance that results from the
removal of the load, whilst the Scotland network frequency remains unaffected as shown in
Fig. 7.8a due to the decoupled operation. The reactive power exchange of converter VSCs is

adjusted after the removal of the load to maintain the voltage magnitude at B3 as shown in

Fig. 7.8b.
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Fig. 7.10: Use of VSC-HVDC in parallel with HVAC system to interconnect Scotland and England networks.
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Fig. 7.11 shows the schematic diagram for the hybrid parallel connection between ECCL4
and STEW4 substations and its overall vector diagram. The vector diagram in Fig. 7.11b is
drawn under the following assumptions: ac line connecting buses B1 and B2 is highly
inductive, therefore its resistance has been neglected; ac side filters are neglected; leakage
inductances of transformers and that of interfacing reactors are added together; power flows

in ac and HVDC lines are from B1 to B3; voltage vector ¥, is the reference for the whole

system; and converter stations VSC1 and VSC3 regulate the voltage at buses B1 and B3.
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Similarly, the active and reactive power that converter VSC3 exchanges with B3 are:
A7
Fy= _’;?ﬂlsm(é‘cz —63) (7-7)
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The active and reactive powers at the sending end of the HVAC] line in parallel with VSC-
HVDCI link that connects B1 and B3 are:

(79
Qoc1 =5~ 08 & (7-10)

When converters VSC1 and VSC3 regulate the voltage magnitude at B1 and B3, such
that[l7l| =|I7'3[ =V,, by adjusting the reactive power exchange between VSC; and VSC; and the

coupling point with the ends of HVACI line, may force the power factor at both ends of the
HVACI line connecting B1 and B3 to be equal, cosg,,, =cos¢, , =cosis,, see Fig. 7.11b. This

case is identical to that when the line is fully compensated with an SVC or a STATCOM at
the middle [19]. This demonstrates the technical and economical value of the parallel scheme
especially in the context of network reinforcement and offshore wind farm connection.

Since the VSC converters keep ¥; and V; at equal values (1.0pu), then

11X, =V;sing,,, =V,sing,;, =V;sin}é,, and the active and reactive power at the sending
end of HVAC can be expressed as:

2

P :—%sin53 (7-11)
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2

Qo1 = 2);/1 sin2%53 =';“X1312 (7-12)

acl
13

A similar expression can be obtained for the receiving end.
The vector diagram in Fig. 7.11b also illustrates the operating regions of both converter
stations during power transmission from Bl to B3, including the unity power factor

boundary, the region where converter operation is limited by available dc link voltage, and
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the region where operation is limited by converter switching device current rating. The
mirror of this vector diagram represents the reversed power flow. It can be observed from
Fig. 7.11b that changing VSC1 operation from over-excitation (when converter releases VAr
to bus B1), to under-excitation (where VSC absorbs VAr from B1), the voltage vector ¥V,
moves from the yellow region, through the unity power factor boundary line, into the pink
region.

It is not possible for the VSC-HVDC system to enhance the HVAC line and provide reactive
power support when it reaches its maximum reactive power limit. The reactive power
capability of the VSC-HVDC system is limited according to the converter rating and the dc
link voltage. Therefore, any attempt to increase the power flow after the converters have
reached their reactive power limit require more reactive power from an external source to
keep the ac voltage at the end of the HVAC system at the rated value. In the parallel
connection, the VSC-HVDC systems could not be used to provide frequency stabilization or
used as firewall to prevent disturbances propagation as in the decoupling operation, because
the two network generation plants are still coordinated via HVAC lines power and frequency

signals.

7-7 Simulation results of using parallel operation

Fig. 7.12 shows the simulation results that demonstrate the capability of VSC-HVDC system
to enhance the HVAC transmission system and provide the required reactive power control at
the end of the HVAC lines. First, the hybrid parallel interconnectors operate at steady-state
and transmit the power into the England network. VSC-HVDC1 and VSC-HVDC2 are
controlled to transmit the rated powers 1100MW, 1000MW respectively, while HVACI and
HVAC?2 lines are accommodating the rest of power delivered to England which is 1000MW,
1500MW respectively. The reactive power exchange between the VSC converters and the
coupling points with the HVAC systems is regulated such that the voltages at the ends of the
HVAC line (buses B;-to-By) are kept within 1.0pu. According to Fig. 7.12a and Fig. 7.12b,
the reactive power exchange is not the same for all VSC converters (VSC1-to-VSC4) due to
the difference in ac systems strength. The power factor of the current flowing in the HVAC
lines are kept close to unity (really it is 0.993) at both ends of the line as shown in Fig. 7.12f.
To demonstrate the ability of the VSC-HVDC system to provide the reactive power support,
the power transmission to England is increased by 1000 MW. At t=5s, a 1000MW generation

plant is connected to the Scotland network and the additional power is delivered to England
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power balance in the Scotland network is affected, the converters at the Scotland side adjust
the transmitted power to England with sufficient amount to stabilize the network frequency.
The VSC converter also provides voltage control at the point of common coupling and
maintains the voltages at 1.0pu. This helps in maintaining the voltage stability at both sides
of the HVDC system. In the decoupled operation, the VSC-HVDC system acts as firewall to
prevent the propagation of disturbances from the England network to the Scotland network,
and this reduces the risk of black-out in the Scotland network. Simulation results were used
to demonstrate the advantage of the decoupled operation including frequency stabilization in
the Scottish network, improving of voltage stability at the end of the HVDC system and
prevent of fault transmission. The English network in this case suffers during the change in
transmitted power but it handles these power variations because it is a strong network (with
enough generation reserve). Energy storage may be required to be installed if the wind power
penetration is increased further.

The third option is to use a parallel HVAC/VSC-HVDC connection to increase the
interconnector’s capacity and controllability. The VSC-HVDC is used to transmit the power
into the England network and to enhance the HVAC system by regulating the voltage at the
ends of the HVAC lines. In this option, the VSC-HVDC system improves system voltage
stability when the transmission capacity is increased, but the system still suffers from
synchronous operation problems. The network is operated in synchronism due to the
existence of the HVAC links, for this reason the VSC-HVDC cannot be used to provide

additional functionalities similar to that obtained in the decoupled operation.
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Chapter Eight
Conclusions and Recommendations for Further Research

8-1 General conclusions

This thesis investigated the use of HVDC transmission systems for the large-scale integration
of offshore wind farms into mainland power networks and for reinforcement of the HVAC
links between Scotland and England in order to increase their transmission capacities without
affecting the power and voltage stability. Due to limitations of conventional current source
converter-based HVDC systems, such as commutation failures, and inability to operate in
weak or dead ac systems with no generation, voltage source converter-based HVDC systems
were selected and discussed in detail in this thesis.

A detailed model for VSC-HVDC converters based on the neutral-point clamped converter
was developed as a modelling platform in Simulink and used throughout the thesis to conduct
the various studies presented. Design of multi-tasking control systems for voltage source
converter HVDC systems was conducted to ensure robust dynamic performance and to
enhance disturbance rejection. This improved VSC-HVDC performance was achieved by
including feed-forward terms in the current signal controllers and neglecting those of the dc
voltage controllers. The basic VSC-HVDC controllers incorporated are active power,
frequency, dc voltage, ac voltage and ac current controllers. However, the choice between
these controllers was application dependent (for example, the wind farm-side converter is
equipped with ac controller when the wind farm is operated without power command to
maintain the voltage at the wind farm network, while active power controller is incorporated
when the wind farm is operated with power command).

The steady-state and transient performance of the developed VSC-HVDC systems was
investigated in the context of point-to-point and multi-terminal VSC-HVDC networks. This
included the dynamic assessment in the event of step changes in the active power command,
power reversal, and ac and dc side faults. Further investigations were carried out on the
hybrid connection ‘VSC-HVDC in parallel with HVAC line’ for connection of two network
areas, and in the integration of offshore wind farms using point-to-point and multi-terminal

VSC-HVDC networks.
In multi-terminal dc operation, active power-dc voltage droop control was included in the
control systems of the converters that regulate the dc voltage in order to facilitate power

sharing (dispatch) between grid-side converters. This thesis also investigated the use of
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multi-terminal VSC-HVDC networks for the development of a transnational grid for power
trading, network reinforcement, and voltage support at individual ac regions. Furthermore,
power management during loss of ac grid at one converter station was investigated. The
vulnerabilities of the voltage source converter in HVDC networks were identified during
various types of disturbances such as loss of dc-side slack bus, loss of an ac grid converter
station, and exposure of the multi-terminal dc network to dc- and ac-side faults.

Regarding offshore wind farm integration using VSC-HVDC transmission, wind turbine
generators based on fixed-speed induction generators (FSIGs) were selected in this thesis to
represent the more demanding case scenario. Here, the purpose of the VSC-HVDC link was
to facilitate GB Grid Code compliance, to improve ac fault ride-through capability by
decoupling the FSIG dynamics from the onshore grid during ac faults in the grid side, and to
provide reactive power support at both ends. Two control approaches for the offshore
converter of the VSC-HVDC system were investigated.

In the first approach, the VSC-HVDC injects the wind power into the dc link without
assigning a direct power command, and establishes a stiff ac bus at the wind farm network
supplying the reactive power required by individual FSIGs. This control approach does not
allow the wind farm to contribute to ancillary services to the mainland grid such as power
levelling and frequency stabilization. Nonetheless, this approach allows operation of the wind
farm with a maximum power tracking strategy and is independent of the wind turbine
technology being used (i.e. FSIG, DFIG or full-converter with synchronous generators).

In the second control approach, the wind farm-side converter of the VSC-HVDC link was
used to inject the offshore wind power into the dc link with an assigned active power
command, while the wind turbines use their pitch control to regulate the active power
injection. Also, an additional frequency control loop was included to enable the wind farm to
provide frequency support to the onshore network. In this approach, the wind farms were not
allowed to operate with a maximum power tracking; at average wind speed (11m/s) the blade
angle position is at 4° to limit the wind generation to 350MW while this is the maximum
power tracking with 8m/s wind speed. This feature enables the wind farms to increase/or
decrease the transmitted power into the mainland network by adjusting turbine blades
positions. For example, with 11/ms the wind generation may increased to 400MW or reduced
to 300MW by reposition the blades at 1.6° or 8° respectively. The wind farm contribution to
frequency regulation is limited to 20% of the converter rating (this means 80MW maximum

penetration in frequency regulation).
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The frequency support from wind farms is valuable to power system operators but not
preferred by the wind farm owners due to economical reasons. Both approaches can be used
with point-to-point and multi-terminal VSC-HVDC systems in order to improve the overall
power system reliability and stability.

Additionally, the small-signal stability of a generic four-terminal VSC-HVDC network
connected to two independent offshore wind farms and synchronous machine in the mainland
grid was investigated. In this investigation all the controllers of the VSC-HVDC converters
and conventional power plants were fully modeled and represented. The wind farm was
assumed to operate with constant input mechanical torque for simplicity in the analysis. The
eigenvalues and corresponding participation factors were calculated to evaluate the small-
signal stability of the overall system. The impact of the controllers of the grid-side
converters on small-signal stability was investigated thoroughly, by observing the impact of
variations in the controllers’ gains in the oscillations frequencies and damping times of each
individual mode. For further validation, time-domain simulations with the obtained
controller’s gains were carried out when the system was exposed to small perturbations.

For reinforcement of the existing interconnectors between the Scottish and English networks
using VSC-HVDC transmission, two connection scenarios were investigated.

The first scenario was to replace both existing HVAC links with point-to-point VSC-HVDC
links. This connection option may result in complete decoupling operation of the Scottish
power network from the English one. The benefits of the decoupling feature facilitated by the
VSC-HVDC connection with regards to power system transient and voltage stability were

investigated and are summarized as follows:

% The proposed VSC-HVDC links may increase the amount of power that could be
exchanged between Scotland and England by 2.5 times compared to that achievable with
the existing HVAC lines (using the same power corridors). Also, the VSC-HVDC links
can provide reactive power support to both ac networks without additional cost, improving
transient and voltage stability at both networks.

% The VSC-HVDC converters located in the Scottish network may provide frequency
support to the Scottish network by adjusting the amount of power exchanged between the
Scottish and English networks.

% The proposed VSC-HVDC links act as a firewall that could prevent any propagation of ac
network disturbances from one network to the other. This reduces the risk of black-out in

the in both networks.
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In the second scenario, two hybrid connections were proposed to increase the
interconnectors’ transmission capacity. This required installation of two new VSC-HVDC
links in parallel with the existing HVAC links between Scotland and England. In this
configuration the VSC-HVDC converters at both ends of the links may enhance the
utilization and voltage profile of the existing HVAC links. The VSC converters at both ends
of the HVAC links can regulate the reactive power at the PCCs in order to maintain the
voltages at 1.0pu. The main shortcoming of this approach is that the VSC-HVDC links
cannot be used to provide frequency support or prevent disturbance propagation. This is

because the two networks are still operating in synchronism due to the existence of the

HVAC links.
8-2 Research Findings

The main findings of the thesis are summarized as follow:

1- VSC-HVDC systems address most of the shortcomings associated with HVAC and LCC-
HVDC systems, and represent an attractive solution for various applications in power
systems such as wind farms connection, multi-terminal dc operation, and reinforcement of
electrical power systems.

2- VSC-HVDC systems are a suitable option for wind farm connection in order to meet all
Grid Code requirements issued by GB national electricity network (regardless of the wind
turbine technology being used).

3- Integration of large offshore wind farms via VSC-HVDC systems enables them to
contribute to frequency stabilization in the onshore power network (at the expense of
operating slightly off the maximum power tracking curve). The wind farms are able to
provide 71.4% of the power required to stabilize the frequency in the event of 70MW
difference in power balance of the network. The high response of the VSC-HVDC compared
to conventional synchronous generation enables the wind farm to provide 50MW by
changing the turbine blades position and machine speed (the position is adjusted from 4 to 8°/
or 1.6° and the machine speed is changed from 1.03pu to 1.02/ or 1.006 to increase / or
decrease the injected power into the mainland network) . This percentage increases if the
power variation is less than 70MW and vice versa.

4- The use of VSC-HVDC systems to replace the HVAC links between Scotland and
England increases the transmission capacity of the links, improves system voltage stability,
prevents faults propagation, and could provide frequency support to the Scotland network in

the event of power mismatches. VSC; and VSC, provide 72% / or 82% of the required power
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to stabilize the frequency during sudden increase of S00MW/ or losing of 400MW and this
speeds-up the time required for network frequency stabilization compared to the time
required when the conventional machines adjust their outputs and reduce the frequency
deviation. When the 500MW is added to the system it took 9s for the frequency to recover
back to the nominal with less than -0.5Hz deviation, while the same action took the
conventional machine more than 20s with frequency deviation of -1.5Hz to recover.

5- A hybrid connection increases the transmission capacity of the links between England and
Scotland and improves the voltage stability of the system, but cannot help in frequency

stabilization or prevent faults propagation.

8-3 Suggestions for future research

The main drawbacks of the VSC-HVDC system used in this thesis for wind farms integration
and transmission line reinforcement are the high conversion losses and the absence of reliable
protection systems at the dc side. In addition to that, the power leveling in the English
network during wind farm power output variations is a serious issue since the VSC
converters achieve the power leveling only at the Scottish side. Therefore, suggestions for

further investigation are as follows:

» Development of reliable dc system protection systems to protect the converters during dc-
side faults. The research will focus in new generation of hybrid multi-level converters
introduced recently with ability to riding through both ac and dc faults.

» Investigate the possibility of installation of energy storage systems (ESS) in the English
network to achieve power leveling during wind power variations. The main question here
is what is the optimal location of ESS and their affect in the dynamic performance of the
network.

> Investigate the possible scenarios to connect the GB network with the countries in the
North Sea to create a transnational super grid. This will help to maximize the utilization of
the wind power in the North Sea. The study focuses on finding the optimal option for the
creation of the network and stability assessment of overall system under different
circumstances. In these scenarios the ESS mentioned above can be used to achieve the
power leveling in the North Sea network.

> Optimization of the design in order to reduce the overall conversion losses in VSC

converters.
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Appendix A

Fourier analysis of an LCC converter ac input current

Any regular time-domain waveform can be represented by an infinite sum of sinusoidal

terms. The general expression of the Fourier series is [1]:

f(at)= = + a, cos wt + a, cos 2wt + a; cos 3wt +...+ b, sin wt + b, sin 2wt + b;sin3wt +... (A-1)
where
% ]r‘ (wt)cosnwt dot  n=0,1,23..... (A-2)
0
1% :
= Jf(wt) sinnwt dot  n=1,23..... (A-3)

If f-wt)= f{wt) then the function is even and 5,=0.
If f{-wt)=-f(wt) then the function is odd and a,=0.

If f{wt+r)=-f{wt) then the Fourier series contains only odd harmonics

A-1 Harmonic analysis of a 6-pulse converter with star/star transformer
The ac input line current waveform of an LCC converter with transformer winding connected

as star/star is shown in Fig. A. It can be seen that the waveform has zero average value in a

complete periodic cycle, therefore ay=0. Since f{-wt)=-f{wt) then the function is odd which

means a,=0.

The current waveform over the range (0-to-2m) is described as follow [2]:

i=1

o> (0-to-z/6)  i=0, (n/6-to-57/6)

i=-1,, (Tx/6-to-117/6) i=0, (117/6-to-27)

The value of b, is calculated as follow:

St
6
b, = 2 | sinnwt dowt = -2 (COSM —COS%J
T r nir
6 (A-4)
4 T . nm
b,=—]sin—sin—
nmw 2 3
And the Fourier analysis for the ac input line current waveform is
flan)= —\/;da[sma)t—ism&ot—%sm7a)t+ﬁsm1 Icot+és1n13a)t+ ......... (A-5)
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A-2 Harmonic analysis of a 6-pulse converter with star/delta transformer

The ac input line current waveform of an LCC converter with transformer winding connected
as star/star is shown in Fig. A. Similarly, ay=zero, the function is odd and a,=zero.

The current waveform is described as follow [2]:

i=1,/N3 (0<ot<zB) i=2I,/\3 (z3<wt<2z3) i=I,\B (22/3<wt<nr)

i=-1,\3(x <wt<4z/3) i=—-21dc/\/§,(47r/3<a)t<57r/3) i==I,/\3, (0 < wt < x/6)

The value of b, is calculated as follow:

Fid r

3. 3. T .
b, =% | sinnwt dwt + )[ sinnwt dwt + | sinnwt dot
0 2z

3 3 (A-6)

——smn—”{sm——+2sm —+smmj

nn\/— 2 6

And the Fourier analysis for the ac input line current waveform is

flot)= idﬂ[sm(oﬁrésmﬂot+;sm7a)t+l—ll—smlla)z‘+%sm15’aot+ ......... J (A-7)

Bridgel

an HE

Bridge2

Fig. A: The 12-pulse converter bridge.

A-3 Harmonic analysis of a 12-pulse converter

The 12-pulse converter comprises of two parallel 6-pulse converters. The first one is
connected via a star/star transformer while the second one is connected via a star/delta
transformer as shown in Fig. A. Due to the phase relationships some of the currents
components in one bridge are in anti-phase with those in the other converter [3-4]. This

means some harmonic components are eliminated.
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Appendix B
Pulse Width Modulation (PWM)
Pulse width modulation is one of most common strategies to control the ac output of a VSC
converter. PWM varies the duty cycle of the converter switches at a high switching
frequency; the output waveform is then averaged to produce the low-frequency output
voltage (or current). The main advantage of PWM is the elimination of low-order harmonics
in the output waveform. The only conflict comes from the energy losses due to the frequent

switching of the converter reducing its efficiency.

B-1 Sinusoidal PWM Modulation

The most straightforward PWM modulation scheme is the sinusoidal pulse width modulation
(SPWM) in which a low-frequency sinusoidal reference waveform is compared against a
high-frequency carrier waveform [1-2]. Fig. B1 shows one-phase leg of a VSC driven by a
triangle-wave carrier, the phase leg can switch either to the upper dc rail when the reference
waveform is greater than the carrier waveform and supply a positive output voltage, or to the
lower dc rail when the carrier waveform is greater than the reference waveform and supply a
negative output voltage.

The phase leg voltage is defined as [2], [3]:

(B-1)

Vy, =V Msinwot
Where M is the modulation index, V. is the dc voltage, and o the angular frequency.
The modulation index is defined as:

M — Vmax(a) (B_z)
.

max(cr)

Where Vmax) and Vipaxer) are the peak values of the reference waveform and carrier

waveforms, respectively.

=

L] /\i\/\

- Load V,,sinwt
Z e  EEE————— <
+

Fig. B1: One-phase leg of a voltage source converter driven by triangle-wave carrier.
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In Fig. B1, the converter switches T; and T, are controlled based on the comparison of the

reference waveform Vax;) and the carrier waveform Viuaxer). The result is shown in Fig. B2:

* T; is ON when Viyaxaz) > Vimaxer) and the output voltage is V;/2
* T, is ON when Viaxaz) < Vimaxier) and the output voltage is -V4/2
= The output voltage is varied between V;/2 and -V,./2.

The harmonic spectrum of the output voltage waveform shows that it is composed of:

1- Fundamental frequency component.

2- Harmonic components of order A*f, +B*f, around the fundamental frequency

component, where £, is the carrier frequency, f; is the fundamental frequency, 4 and B

are integers. B is 1 if 4 is an even number, otherwise it is 2.

The selection of the frequency modulation index (my= f/f) is very important since this ratio
determines the harmonic spectrum of the output waveform. A higher value of the frequency
modulation index produces the lowest harmonic amount but at the same time increases the

VSC losses. Fig. B3 illustrates the harmonic spectrum of a two-level converter with:

fi=60Hz, £.,=1080, and m= 18.
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Appendix C

Analytical method to calculate the VSC converter conversion losses

The analytical method is one of the approaches for evaluating the conversion losses in the
VSC converter. It is used in the earlier stage of converter design in order to estimate the
losses and the heat-sinking devices requirements.

In this Appendix the analytical method is used to calculate the losses in two-level and three-
level neutral-point clamped converters. The equation to calculate the conversion losses of the
VSC converter is derived based on sinusoidal pulse modulation; the datasheet of IGBT/diode
is used to find the converter devices characteristics.

The average and the rms current flowing through the device in the conduction period are

calculated as follow:

17
i =—jz (rdwt (C-1)

(€2

2

] —I—Tf i2(dwt
rms T 2 a

1 =
5

C-1 Analytical method to calculate conversion losses in two-level converters

Figs. 3.7 and Table 3.2 (in chapter 3) show the current path and switching condition of one
leg of the 2-level converter, i, is the load current defined as i, (¢) =1, sin(wt-8), the leg
phase voltage is defined as V,(t)=V,sinot while the duty cycle for the device switches is
given by:

dpy =dpy =21+ Msina] (C-3a)

dpy=dp =1-d,, =%[1—Msin wt] (C-3b)

The average and rms currents for IGBTs T, and T, are calculated using equations (C-1, C-2)

and the duty cycle defined by (C-3) as:

Iy = ZL fé‘,.,iada) -1, [-21; M °8°S‘9] (C4)
Lpy gy = lm[i - M°8°S'9] (C-5)
By == j S, i2dat =12 [; M ;;Se] (C-6)
1 s = I [%—M3°—250] (C-7)
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The average current for the lower free-wheeling diode is similar to that of the upper IGBT

device but in the opposite direction, therefore:

Iprav =Ir2av (C-8)
Ippay =110 (C-9)
1y s = 12 ms (C-10)
12, =1 (C-11)

D2,rms Tl,rms

After the calculation of the average and the rms currents through the devices the conduction

losses are calculated as follow:

Po=V,+r fl,z,m (C-12)
where Vy is the device forward voltage and r; is the device forward resistance.

The free-wheeling diode is switched ON/OFF very fast compared to the IGBT so its
switching losses are relatively small compared to that in the IGBT, therefore they are

neglected. The switching losses for the IGBT are calculated using equation:

T+6 6k 1
p, =S5Ss " Gin(ar- o) =oSsIm (C-13)
2T @8 T

C-2 Analytical method to calculate conversion losses in three-level converters

Figs. 3.10 and Table 3.3 (in chapter 3) show the current path and switching condition for one

leg of the 3-level diode-clamped converter system. The load current is i, (¢) = I,, sin(wt —8)

and the phase leg voltage is¥, (f)=V,, sinat . The duty cycle of the switching devices is:

5 = M sin wt O<wt<r B 1 O<Lwt<rm
sal = 0 mlwt<2x a2 7\ 1+Msinot  r<wt<2m (C-14)
6503 =]_5sal ) 6:04 =1~5s02

The average and root-mean-square currents in the IGBTs are calculated as follow:

Law =Ly = % ;f&mliadw = A;[zlrm [(x—8)cos B +sinf] (C-195)
1 =, LS I, . 16
Lpraw =Lz = —Zr-[jzada)t + [ 6, dot]= 4—[4 +6M cos 6 - Msin 6] (C-16)
] n /4
2,o=r, = Lis paw=Mn(3, 4c056+cos26] (C-17)
sal,av sad,av o0 ? salta 127
2 2 1 7, 0L, L
L s =Lt ms =5;[£xadax+ ’j; Ol dar] =—12” [3(7r — M)+ 4M cos - M cos26] (C-18)
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The average and root-mean-square currents in the free-wheeling diodes are:

= _[55,,, ido= ML, [@cos 8 —sin 0]
l)al av
A (C-19)
Ipssav = 1 Da3av = 1 paz.ev = Lpatav
12
Dotms =5 I aicdo=—"" M, —"[3-4c0s8+cos26]
' dm (C-20)
11)04 rms 112)a3rm.r = 112)a2,rms = Igalrm:
The average and root-mean-square currents in the clamping diodes are:
I,
lusan = Lo =5 Buedor+ ] 6, idon) =2 - Moy - 2)c050-+ 25in6) (C-21)
P =1l =L[’j’r5. sizdox +”}95 Jitdat] =£[37z'—6M—2Mcos 20] (C-22)
sas,rms sab,rms 271, ) sa3ta > sa2a 12”_

After calculation of the average and the rms currents through the devices, equation (C-12) is

used to estimate the conduction losses.

For a three-level NPC converter, the switching losses in the IGBTs T, and T are:

Protow = Pras o fs jk,] sin(at ~ @)t = k{sl'" [1+cosd]
(C-23)

P =P =l;— | kllmsin(ax—G)da)t=££—'”[l—cosﬁ]
27 x 2

sa2,sw sa3,sw
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Appendix D
Fixed-Speed Wind Turbine Model

Fixed-speed wind turbines use a squirrel-cage induction generator to convert the mechanical
power to electrical power. A gearbox is required on the drive shaft to match the difference on
operation speed between wind turbines and drive generator.

The fixed-speed term comes from the fact that the rotor speed remains constant despite the
change on generation power level. In general, the basic components of a fixed-speed wind

turbine as illustrated in Fig. DI are [1]:

= The aerodynamic rotor (converts the wind power into mechanical power).

= Mechanical system (connects the aecrodynamic rotor to the electrical generator using shafts
and gearbox).

» Squirrel-cage induction generator (converts the mechanical power to electrical power).

* Blade angle controls (control and optimize the wind turbine operation).

= Reactive power compensation (generate the magnetizing current for the squirrel-cage

induction generator).

v
—w)
J |Wind turbine Ty | shaft
" model model
mTurb
Pitch servo L
motor

ZY

’ Wind Farm
| control

Fig. D1: Fixed-speed wind turbine structure

ZY

| Pref & a)ref

To simplify the derivation of the mathematical model of a fixed-speed wind turbine, the
following assumptions are take into account:

1- Magnetic saturation is neglected.

2- Flux distribution is sinusoidal.

3- Any losses, apart from copper losses, are neglected.

4- Stator voltages and currents are sinusoidal at the fundamental frequency.

5- Stator transients are neglected.
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D-1 Wind Turbine Aerodynamic System

The wind turbine rotor transforms the absorbed kinetic energy of the air into mechanical
power. The mechanical produced by the wind turbine is expressed as [2]:

1
P,= _2_pa,,cp7r RV} (D-1)

Where pui»r is the air density (1.225Kg/m>), R is the rotor radius (m) and V, is the wind speed
(m/s) and c,, is the power efficiency coefficient. The wind turbine just extracts a fraction of the
power in the wind, and this fraction depends on the power efficiency coefficient. The Betz’s
limit defines the maximum limit for the power efficiency coefficient (c,) as 0.59% of the
kinetic energy on the moving wind. The power efficiency coefficient is a function of the
turbine tip-speed ration (A4) and turbine blade angle in degrees (). The general expression to
describe the power efficiency coefficient is:

=52 (;’?)
cp—c,(I-cjﬁ-CJ)e +egh (D-2)

Where the value of 4; and A are calculated as:

11 0.035
A A+0.088 B+1 (B=3)
1= a);urb (D-4)

w

where @r, is the turbine rotational speed, the value of constant ¢;-cs is varying due to

manufacturer data, the constant value used in this research is given in the table below:

Table D.1: Approximation of power curve constant values used in fixed speed wind turbine

Cé

0.0068

C; Cz C3 Cy Cs

0.5176 116 0.4 5 21

The optimal operational point of a wind turbine at a given speed for extracting maximum
power from the prevailing wind can be found from the wind turbine characteristics shown in
Fig. D2. Fixed-speed wind turbines have to be designed with rotational speed to match the

most likely wind speed in the area of installation.
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D-3 Squirrel-cage induction generator model

The mathematical model of the squirrel-cage induction generator is well-documented in the

literature [1, 4]. The following equations describe both stator and rotor voltages in the dq

reference frame.

. dy

v =Ry~ Oy + =8 (D-8a)

. ay

Ve =~ Ry + o5y + dt" (D-8b)
. dy,

0= —erdr —swsl//qr +% (D-SC)
dy,,

0=—Ri, +soy, + qu (D-8d)

where v is the voltage, R is resistance, i is the current, @ is stator frequency, S is the machine
slip, and  is the flux linkage. The subscripts d and ¢ indicate the direct and quadrature axes
frame respectively, and subscripts » and s stand for rotor and stator quantities. The induction
machine can operate as generator or motor, when the machine operate as generator the
current leaving the machine is positive whilst the current leaving the machine is negative in

motor convention. The flux linkage in equation (D-8) can be calculated using the following

equations:

Wy =Ly +Ly)ig = Lyiy (D-9a)
W =L, +L,)i, = Lyi, (D-9b)
wo =—(L, +L)i, ~L,i, (D-9¢)
War = (L, + Ly Yigy = Lyl (D-9d)

Where Ly , L, _ L, are stator leakage inductance, rotor leakage inductance, and mutual
inductance respectively. The voltage equation can be rewritten as in equation (D-10) by re-

arranging equations (D-8) and (D-9) and neglecting stator transients as:

vy = =Ry + o, (Ly + L, )iy + L, d,,) (D-10a)
Vs = —inqs ~o, (L, +L,)i, +L,i,) (D-10b)
0= Ry + S0, (L + Ly Yy + L) + 20 (D-10¢)
d
0=Ri, —So,(L, + L,)iy + Lyis)+ Z"’ (D-10d)
t
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The rotor slip equation is defined as:

s=1—§‘;’)'" (D-11)

Where p is the number of machine poles, @, is the mechanical frequency of generator.

The electrical torque 7, is given by:

T, =Varkay ~V sl (D-12)

The equation of motion of the generator is defined as:

d;;,,, =ﬁ(]‘m—n) (D-13)

And the active and reactive power (P;, () are given as:

Po= vyl 4 Vi (D-14)
(D-15)

o, = Vaslas ~ Vaslgs

The power exchange in a fixed-speed wind turbine is only through the stator terminal because

just the stator terminal is connected to the grid, while the rotor is short circuited.
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