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Abstract

Offshore wind power is attracting increased attention because of considerable wind resources,
higher and steadier wind speeds, and smaller environmental impact. Recently, a current source
converter (CSC)-based series-connected configuration is proposed and it is considered a
promising solution for offshore wind farms as the offshore substation used in existing systems
can be eliminated. However, such a CSC-based configuration has disadvantages in terms of size
and weight, dynamic performance, cost, reliability, and efficiency. Therefore, this thesis
proposes new configurations, modulation scheme, and control schemes to improve the

performance of the CSC-based offshore wind farm.

First, a new configuration is proposed for the CSC-based offshore wind farm. Compared with
existing CSC-based configurations, the new one is expected to be smaller in size and weight.
Second, conventional space vector modulation (SVM) with fast dynamic response cannot be
used for grid-side CSCs because of its high-magnitude low-order harmonics. To solve this issue,

an advanced SVM with superior low-order harmonics performance is proposed.

Third, power balancing among series-connected CSCs is an important consideration for system

reliability. The possible imbalance of power is investigated and quantitatively defined. A power



balancing scheme is proposed, based on which equal power distribution among CSCs is ensured.
Fourth, to lower the system insulation requirement of the CSC-based configuration, a bipolar
operation is investigated. Compared with monopolar mode, bipolar mode gives lower insulation
level, thus contributing to the system in terms of lower cost and higher reliability for a given
power rating. In addition, an optimal dc-link current control giving higher efficiency is proposed
for the bipolar system. Fifth, an optimized control strategy with reduced cost and improved
efficiency is proposed for the CSC-based offshore wind farm. The nominal number of onshore
CSCs is optimized, which reduces the cost on power converters. And an optimized bypass

operation is introduced to onshore CSCs, which improves the efficiency of the system.

Finally, simulation and experimental results are provided to verify the performance of the

proposed configuration, modulation scheme, and control schemes.
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Chapter 1

Introduction

Among all available renewable energy sources, wind energy (onshore and offshore) has
increasingly become a mainstream [1]. Compared with onshore wind power, the offshore wind
power features considerable wind resources, higher and steadier wind speed, and minimized

environmental impact [2].

Generally, there are two types of configurations, namely, fixed-speed and variable-speed
configurations for single-turbine wind energy conversion systems (WECS) [2]. In the case of the
fixed-speed system, generator terminals are directly connected to the grid with no power
converter being required. On the contrary, variable-speed system employs power converters for
adjusting the generator speed to capture the maximum power from the wind. The variable-speed
operation of the turbine gives higher energy efficiency and lower mechanical stress, thus

becoming the dominant technology in WECS [3].

A group of wind turbines are placed over an extended area to form a wind farm. In general, the
whole wind farm consists of two parts. One is the power generation system, and the other is the
power transmission system. The power generation system is to generate and collect the captured
wind power of the wind farm which is then transmitted to the onshore grid system through the
transmission system. The power transmission system includes high voltage ac (HVAC) and dc
(HVDC) transmission systems. By contrast to HVAC which is most suitable for applications
where the distance is lower than around 50 km, HVDC is dominating the market when the

transmission distance is above 50 km [4], [5].

The initial and maintenance costs of offshore wind farms are higher compared to onshore
farms because stronger foundations are needed. Therefore, aside from considering reliability and
efficiency as the main requisites for all onshore systems, the footprints and weights of the
components are particularly important for offshore systems. The total weight of the system that
is dominated by the offshore substation significantly affects the cost and complexity of the

offshore wind farm [6].



In this thesis, new configurations are proposed for offshore wind farms with smaller size and
weight. Besides, advanced modulation scheme and optimized control schemes are proposed to
improve the performance of the proposed configurations in terms of lower cost, higher reliability,
and higher efficiency and flexibility.

This chapter starts with a comprehensive review of the offshore wind farm system including
the basic electrical structure, megawatt WECS in offshore applications, transmission systems,
offshore wind farm configurations, and offshore substation. Following the review, the objectives
of the dissertation are defined.

1.1 Overview of offshore wind farm

Figure 1-1 shows the basic structure of a typical offshore wind farm where only main electrical
components are considered [7]. As shown in Figure 1-1, the output of the offshore converter, that
is normally 690 V, is stepped up to 33 kV by a step-up transformer, then converted to an HVAC
level by another step-up transformer, and then converted to an HVDC level by an ac/dc power
converter (modular multilevel converters (MMC) is dominating the market) [8]. The captured
power of the wind farm is then delivered to the onshore collection point by the transmission
system. All the step-up transformers, HVDC ac/dc converters, compensators, and energy storage
components, if any, are housed in an offshore substation.

The whole system basically consists of two parts. One is the wind energy generation and
conversion system. Based on the operating mode, it is generally divided into two categories,

fixed-speed and variable-speed systems.

The second is the transmission system. Offshore wind farms are usually located far from the
onshore grid connection point. To transmit the power of the offshore wind farm from the
offshore collection point to the onshore collection point, both HVAC and HVDC transmission
links are available in practice, though with different features. HVAC is the simplest and most
economic connection method when the distance between offshore and onshore connection points
is less than 50 km. HVDC, on the other hand, is dominating the market when the distance is
above 50 km [4].
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Figure 1-1 Basic structure of offshore wind farm [7], [8].
1.2 Megawatt wind energy conversion system

Each turbine-based system used in the offshore wind farm discussed in this dissertation is rated
at megawatt levels. This is mainly propelled by the associated cost saving in initial foundation
and the increase of energy harvest capability at higher altitudes with higher wind speeds. A
variety of configurations have been proposed for megawatt WECS. They can be divided into two

categories based on their operating mode, fixed-speed and variable-speed WECS [2].
1.2.1 Fixed-speed WECS

A typical configuration for a high-power fixed-speed WECS is shown in Figure 1-2. To assist
the start-up of the turbine, a soft starter, a three-phase ac voltage controller, is used to limit the
inrush current in the generator winding. Once the start-up process is over, the soft starter is
bypassed by a switch, and the WECS is then connected to the grid through a transformer. To
compensate for the inductive reactive power consumed by the induction generator, a capacitor-
based power factor (PF) compensator is normally used. In practice, the compensator is composed
of multiple capacitor banks, which can be switched into or out of the system individually to

provide an optimal compensation according to the operating conditions of the generator.

Due to the use of a cost-effective and robust squirrel-cage induction generator (SCIG) with
inexpensive soft starter, the fixed-speed WECS features simple structure, low cost, and reliable
operation. However, compared to the variable-speed WECS, the fixed-speed system has lower
energy conversion efficiency since it can achieve the maximum efficiency only at one given

wind speed.
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Figure 1-2 Fixed-speed WECS.

1.2.2 Variable-speed WECS

The variable-speed WECS can be divided into direct- and indirect-drive systems. The indirect-
drive turbine requires a gearbox to match the low turbine speed to the high generator speed. The
synchronous generator and induction generator equipped with full-capacity power converters
have all been used in practical systems. In addition, doubly fed induction generators (DFIGS)
with reduced-capacity converters and wound-rotor induction generators (WRIGS) with
converter-controlled variable rotor resistance have also found practical applications. In direct-
drive turbines, low-speed synchronous generators with a large number of poles are employed.
The speed of the synchronous generators is designed to match the turbine speed such that the

gearbox normally required in the indirect-drive turbines is eliminated.

Figure 1-3 shows the typical configuration of a DFIG-based WECS. The stator is connected to
the grid directly, whereas the rotor is connected to the grid via reduced-capacity power
converters. The speed range of the DFIG-based WECS is around £30%, which is 30% above and
below the synchronous speed. The maximum slip determines the maximum power to be
processed by the rotor circuit, which is around 30% of the rated power. The use of reduced-
capacity converters results in reduction in cost, weight, and size. Compared with the fixed-speed
system, the energy conversion efficiency of the DFIG-based system is greatly enhanced.
However, the DFIG-based system has certain disadvantages that can not be neglected when
considering for offshore applications. First, the connection of the power converter necessitates
the use of a wound rotor with slip rings and brushes. The average life cycle of the brushes used
in DFIG is only 6-12 months, which makes regular maintenance a required task. This drawback
prevents DFIG from offshore applications where the maintenance cost is quite expensive.
Second, a costly gearbox used to provide a high gear-ratio for the wind turbine rotating speed to
be transformed to the generator speed also brings issues of increased cost, reduced reliability,

and necessary regular maintenance.
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Figure 1-3 DFIG-based indirect-drive WECS.

Figure 1-4 shows the typical configuration of a direct-drive WECS where synchronous
generators, including electrically excited synchronous generators (EESG) and permanent magnet
synchronous generators (PMSG), are mostly used. All direct-drive configurations require a full-
rating power converter to enable generator speed variations. Such a converter is costly and low in
efficiency compared with the reduced-capacity converter in DFIG. However, the elimination of
the gearbox offsets the increased cost. The full-rating power converter also brings full control
capability which can be utilized to significantly improve fault ride-through capability of the
generation system. Thus, the direct-drive configuration with a full-rating power converter

becomes a favorable option for megawatt WECS.
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Figure 1-4 Direct-drive WECS.

1.3 Transmission system

Offshore wind farms are usually located far from the onshore grid connection point. To
transmit the power of the offshore wind farm from the offshore collection point to the onshore

collection point, both HVAC and HVDC transmission links are available.
1.3.1 HVAC transmission system

Figure 1-5 shows a typical HVAC system including an medium voltage alternate current
(MVAC) collector system, an offshore substation, and an onshore substation possibly with the
static VAR compensator (SVC).



HVAC is the simplest and most economic connection method when the distance between
offshore and onshore connection points is less than around 50 km [9]. However, as the distance
goes up, HVAC has the following disadvantages [10], [11]. First, the submarine ac cable
produces large amount of reactive current due to its high equivalent capacitance. As a result, the
current-carrying capacity of the cable is significantly reduced with increasing transmission
distances and voltage levels. Thus, reactive power compensations are required. Second, HVAC is

unable to directly connect two ac power networks with different frequencies.
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Figure 1-5 A typical HVAC system.
1.3.2 HVDC transmission system

With increasing transmission distances and voltage levels, HVDC transmission system is
verified to be the most suitable option [12], [13]. Basically, there are conventional line
commutated converter (LCC)-based HVDC system [14], [15], voltage source converter (VSC)-
based HVDC system [16], [17], and PWM CSC-based HVDC system [18] commissioned in the
industry and/or reported in the literature.

(@) LCC-based HVDC system

Figure 1-6 shows the classical LCC-based HVDC system. LCC needs the grid voltage to assist
the commutation of thyristor valves. Thus, it is susceptible to the grid disturbance and a
relatively strong grid is required. The LCC-HVDC system needs large passive filters to reduce
low-order harmonics and it cannot provide independent control of active and reactive powers
[19], [20]. What is more, the footprint and weight of this system are huge. All these drawbacks
make the LCC-based HVDC system less suitable for offshore applications even though it has

been demonstrated for more than 50 years of service experience on land.
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Figure 1-6 LCC-based HVDC system [14], [15].
(b) VSC-based HVDC system

VSC-based HVDC system in combination with offshore wind farm is already commissioned in
practice, such as “HVDC Light” by ABB [7] and “HVDC Plus” by Siemens [8]. Figure 1-7
shows such a typical VSC-based HVDC system. The collected power of the wind farm is
transferred from ac to dc by the wind farm-side VSCs and then transmitted to grid-side VSCs
through the HVDC cables. The grid-side VSCs transmit available power to the grid and provide
reactive power according to grid codes. The wind farm-side VSCs, step-up transformers, and

other required components are housed in an offshore substation.

Compared with LCC-based HVDC system, VSC-based HVDC system offers a couple of
advantages: self-commutated ability and independent control of active and reactive power. On
the other hand, the cost and loss of VSC-based HVDC system are higher than that of LCC-based
HVDC system. And, the reliability of VSC-based HVDC system is lower compared with LCC-
based HVDC system due to the higher component count.
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Figure 1-7 VSC-based HVDC system [16], [17].



(c) PWM CSC-based HVDC system

Recently, a PWM CSC-based HVDC system is proposed for offshore wind farms shown in
Figure 1-8 [21]. A number of PWM CSCs are connected in series at both offshore and onshore
sides, respectively. Compared with LCC-based HVDC system, PWM CSC-based one is based on
self-commutated converters and has the ability of independent control of active and reactive
power. Compared with the VSC-based HVDC system, it features a unique feature, which is the
reliable short-circuit protection. To sum up, all these features make the PWM CSC-based

configuration highly promising in offshore applications.
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Figure 1-8 PWM CSC-based HVDC system [18].
1.4 Offshore wind farm configuration

Based on the connection manner of wind turbines, the offshore wind farm configurations
proposed in literature and/or implemented in practice can be classified into two categories,

parallel-connected and series-connected configurations [4], [23], and [24].
1.4.1 Parallel-connected configuration

Parallel connection is most widely used in present wind farms. In combination with the
transmission system, the parallel-connected configuration can be further divided into three
classes, parallel ac connection and HVAC system, parallel ac connection and HVDC system, and

parallel dc connection and HVDC system.

Figure 1-5 shows the configuration of the parallel ac connection and HVAC system. The
output voltage of each wind turbine is mainly 690 V (or 3000-4000 V), then stepped up to a

medium voltage level by the step-up transformer. All the turbine systems are connected in



parallel to form an MVAC collection system. The MVAC is then stepped up to an HVAC level
(60-245 kV) by another transformer housed in the offshore substation.

The second configuration is the parallel ac connection and HVDC system shown in Figure 1-7.
This is the most popular interconnection approach for far located offshore wind farms with larger
power capacity. The MVAC collection system is first converted to an HVAC level by a step-up
transformer and then converted to an HVDC level by an ac/dc power converter. The step-up
transformer and ac/dc converter are housed in an offshore substation. The receiving-end onshore
substation contains a dc/ac converter and a step-down transformer, if any. Both CSC and VSC
can be used in this configuration. Among all, MMC has become an important milestone in VSC
HVDC-based offshore wind farms because of its enhanced reliability, near sinusoidal output

waveform and high efficiency [25], [26].

Figure 1-9 shows the configuration of the parallel dc connection and HVDC system where an
intermediate dc/dc converter is used to step the low output voltage (1200/5000 V) of the ac/dc
converter up to an MVDC level (30-50 kV) [27], [28]. The output dc voltages of the dc/dc
converters are then connected in parallel to form an MVDC collection system. The MVDC is
then stepped up to an HVDC level using a central wind farm dc/dc converter housed in an
offshore substation. The dc/dc converters consist of a dc/ac conversion stage, medium- or high-
frequency transformer, and an ac/dc conversion stage [29], [30]. Compared with the step-up
transformer and the ac/dc converter used in Figure 1-5 and Figure 1-7, the size and weight of the
dc/dc converter are smaller. Though this configuration is highly researched, it has not been

implemented yet.

MVDC (33-50 kV) Grid
HVDC

(300 kV or more)

Offshore Onshore
Substation Substation

Figure 1-9 Parallel dc and HVDC system.



In summary, all parallel-connected configurations need the offshore substation. Such an
offshore substation is very costly and bulky and is the main disadvantage of the parallel-

connected configuration.
1.4.2 Series-connected configuration

The series-connected configuration can eliminate the offshore substation, thus greatly lowering
the cost of the whole system. Figure 1-10 shows such a series-connected configuration proposed
for offshore wind farms. The dc output of each offshore converter is connected in series to reach

an HVDC level so that the offshore substation can be eliminated.

HVDC Grid
:| (300 kV or more)
~ |
G -
— = 3
I |
| L]
L Onshore
Substation

Figure 1-10 Series dc and HVDC system.

Various converters can be employed in this configuration. For example, a high-frequency
converter-based configuration is proposed in [31]. Each turbine-side converter consists of a 3-
phase to 1-phase matrix converter, a high frequency transformer, and a single-phase ac-dc
converter. However, such a high-frequency converter rated with an MW level is difficult to
implement. Thyristor-based and PWM CSC-based configurations can be also found in [32], [18].

One main concern of the series-connected configurations is the generator insulation. The wind
generator that is furthest from the grounding must be capable of withstanding a full transmission
voltage. To tackle this problem, a three-phase low-frequency transformer is normally employed
between the generator and the offshore converter as shown in Figure 1-8. Such a low-frequency
high-power transformer, however, is heavy and bulky, adding additional burden to offshore

construction because of the limited space either in the nacelle or in the tower of the turbine [6].
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1.5 Offshore substation

As mentioned earlier, the offshore substation is used in existing offshore wind farms. However,
there are a couple of constraints associated with the offshore substation that should be addressed
considering the offshore conditions [34]. First, the employed components should be as compact
as possible to reduce the overall size and weight. Second, the offshore environment is extremely
harsh. Constant exposure to the salty air and water requires equipment to be located either
indoors or in sealed enclosures. Third, the auxiliary supplies, such as generators or batteries, are
required to ensure supply availability for the critical load during very low or no wind condition.
Fourth, the maintenance access is limited and costly. Thus, the components should be

maintenance-free with high reliability.

The offshore substation houses the offshore step-up transformers, HVDC converters,
compensator, storage batteries, and other related components. Thus, it is very bulky and costly.
Figure 1-11 shows one of the world’s largest offshore substations used in the offshore wind farm
“Dolwin2” which is commissioned by ABB [35]. The complete platform including substructure

weighs around 23,000 tons and is around 100 meters long, 70 meters wide and 100 meters tall.

Figure 1-11 Offshore substation used in “Dolwin2” by ABB [35].

1.6 Dissertation objectives

1.6.1 Thesis objectives

As mentioned earlier, the PWM CSC-based series-connected configuration is a promising

solution for offshore wind farms. But, a low-frequency high-power transformer which is heavy
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and bulky is needed for the issue of generator insulation. Therefore, this thesis endeavours to
propose new configuration for CSC-based offshore wind farms with smaller size and weight. In
addition, advanced modulation scheme with high dynamic performance, and optimized control
schemes giving low cost and high reliability and efficiency will be proposed for the proposed

configuration.
The main objectives of this dissertation are summarized as follows.
(1) New configuration with smaller size and weight for CSC-based offshore wind farm

The series-connected configuration can eliminate the offshore substation, but a three-phase
low-frequency transformer is needed for the issue of generator insulation. Such a low-frequency
transformer is heavy and bulky, introducing additional burden as the space in the nacelle or in
the tower of the turbine is limited. Therefore, configuration with smaller size and weight is
preferred for offshore wind farms.

(2) Advanced SVM scheme with superior low-order harmonics performance for CSCs

The switching frequency of high-power CSC is limited to a few hundred Hertz for reducing
switching loss and device thermal stress. Under such a low switching frequency, conventional
space vector modulation (SVM) featuring high dynamic performance cannot be used for CSC
mainly due to its high-magnitude low-order harmonics. Thus, the second objective of the work is

to propose an advanced SVM scheme with superior low-order harmonics performance.
(3) Equal power distribution among grid-side series-connected CSCs

Mismatches among series-connected CSCs exist and will introduce power imbalance. Power
balancing among series-connected CSCs is an important consideration for system reliability.
Otherwise, the system reliability may suffer. For example, the one that contributes a greater
portion of the power will be thermally overstressed. Thus, another objective of the work is to

ensure power balancing among the series-connected CSCs.
(4) Bipolar operation of CSC-based offshore wind farm

Bipolar operation features low insulation requirement, thus contributing to lower cost and
higher reliability. However, a unique challenge exists for the CSC-based series-connected
configuration operating under bipolar mode that is the dc-link current control. There are two
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paths for the dc-link current and the dc-link current control directly determines the efficiency of

the bipolar system. Therefore, an optimal dc-link current control with high efficiency is needed.
(5) Optimal strategy for CSC-based offshore wind farm with low cost and high efficiency

First, the nominal number of onshore CSCs in previous study is simply set to be same as that of
the offshore turbine units, introducing higher cost on onshore CSCs and higher operation losses
under rated condition. Second, the wind speed at each turbine cannot be guaranteed to be
identical, generating different dc-link reference currents. To ensure proper operation, the
maximum one has to be selected to be the dc-link current of the wind farm. This lowers the
system efficiency under derating conditions. Therefore, the last objective of the work is to

propose an optimized strategy with low cost and high efficiency.
1.6.2 Thesis outline

This dissertation consists of seven chapters which are organized as follows.
In Chapter 1, the background and introduction of the study are presented.

In Chapter 2, new configurations are proposed for medium-voltage (MV) and low-voltage (LV)
turbine-based series-connected offshore wind farms, respectively. Compared with existing

configurations, the new ones are expected to be smaller in size and weight.

In Chapter 3, a natural sampling SVM (NS-SVM) scheme is proposed for grid-side CSCs.
Compared with conventional SVM, NS-SVM features superior low-order harmonics
performance without compromising other performance, such as low switching/sampling
frequency and fast dynamic response. Besides, the optimal space vector sequence in terms of

low-order harmonics performance based on NS-SVM is investigated and designed.

In Chapter 4, a power balancing control is proposed for the grid-side series-connected CSCs.
The possible power imbalance among series-connected CSCs is analyzed and quantitatively
defined. By applying the proposed power balancing scheme, both power balancing and other

required control objectives are ensured simultaneously.

In Chapter 5, a bipolar CSC-based system is investigated and an optimal dc-link current control
is proposed. Compared with monopolar operation, bipolar operation features lower insulation
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level, higher reliability, and larger power capacity. And compared with conventional dc-link

current control, the proposed one gives higher efficiency.

In Chapter 6, an optimal strategy for the CSC-based series-connected offshore wind farm is
proposed. The nominal number of onshore CSCs is optimized that cost saving on power
converters is achieved and higher efficiency under rated condition is obtained. The efficiency of
the wind farm under derating conditions is also improved by the optimized bypass operation of
onshore CSCs.

The main contributions and conclusions of the dissertation are summarized in Chapter 7.

Besides, possible future research work is also suggested.
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Chapter 2
Medium-Frequency Transformer Based

Offshore Wind Farm Configuration

Apart from considering reliability and efficiency as the main requisites for all onshore systems,
the footprints and weights of the components are particularly important for offshore systems. As
illustrated in the previous chapter, existing configurations either need an offshore substation
which is very bulky and costly or require a high-power low-frequency transformer which is very
heavy. Therefore, the objective of this chapter is to propose new configuration for CSC-based

offshore wind farm with smaller size and weight.

This chapter starts with an introduction of the proposed new configurations, medium-voltage
(MV) and low-voltage (LV) turbine-based configurations, followed by the illustration of features
of these configurations. To ensure safety operation, voltage balance control is proposed for MV
turbine-based configuration, while current balance control is proposed for LV turbine-based one.
Both simulation and experimental results are provided to verify the performance of the proposed

configurations and control schemes.
2.1 Medium-frequency transformer based configuration

Figure 2-1 shows the overall structure of the CSC-based series-connected offshore wind farm
[36]. In the offshore part, either MV (3-4 kV) or LV (690 V) wind turbine can be used.
Accordingly, different generator converters are needed for MV and LV systems, respectively.
The output of each generator converter is connected in series to reach an HVDC level. The
captured power of the wind farm is transferred to the onshore grid system by undersea cables. In
the onshore part, a number of CSCs are connected in series to form a centralized dc/ac converter.
The centralized dc/ac converter is then connected to the grid system through multi-winding

transformers. One common dc-link inductor Lgc is shared by offshore and onshore converters.
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Figure 2-1 CSC-based series-connected offshore wind farm.
2.1.1 Configuration with medium-voltage turbine

Figure 2-2 shows the topology of a single MV-based system. It consists of an MV PMSG, a
three-phase diode rectifier, a modular medium-frequency transformer (MFT)-based converter,
and a current source converter (CSC). The MFT-based converter is composed of a number of H-

bridge converters with series input and output.
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Figure 2-2 MV turbine-based configuration.

MFT-based converter

The three-phase diode rectifier interfacing the generator shown in Figure 2-2 displays the
advantages of high reliability, low cost, and small size and weight. The side effect of this passive
converter is that it generates a relatively high torque ripple in the generator. However, various
methods have been proposed in literature to solve this problem [37]. Furthermore, the
synchronous inductance of a PMSG is usually above 0.4 per unit (pu) for high-power, low-speed

wind applications [38] which helps reduce the torque ripple further [22].

The modular MFT-based dc-dc converter plays two roles. First, it is for generator-side control.

The primary objective for the generator-side converter is to obtain the maximum power input
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from varying wind speeds. This can be achieved by regulating the modular MFT-based converter.
Second, the MFT is used to solve the issue of generator insulation. In a series-connected offshore
wind farm, the wind generator that is farthest from the grounding point must be capable of
withstanding the full transmission voltage. Compared with the bulky low-frequency transformer
[40], the MFT is smaller in size and weight which is particularly important for offshore
applications. Furthermore, a modular design is implemented based on a number of cells that are
connected in series at both input and output. This helps reduce the burden of transformer
implementation as one transformer carries only one part of a megawatt-level power. The modular
design of the dc-dc converter also contributes to the choice of low-cost, low-voltage switching

devices instead of high-voltage ones.

The nominal number of H-bridge converters is determined by: (a) input dc voltage, (b) the
voltage rating of the selected insulated-gate bipolar transistor (IGBT), and (c) the chosen cell
voltage. The rated input dc voltage is approximately 5000 V for a 4000 V PMSG-based system.
1700 V IGBT is selected because it is the most suitable switching device in terms of cost, voltage
utilization, and failure in time rate for MV applications [41]. Given a cell voltage of 1000 V, five
cells (without redundancy) needs be connected in series at both input and output. A dc-dc

converter with six cells is normally used in practice for redundancy purpose (N+1).
2.1.2 Configuration with low-voltage turbine

Figure 2-3 shows the topology of a single LV turbine-based system. Compared with the MV
configuration shown in Figure 2-2, the LV one has a different offshore converter. The offshore
converter is also a modular MFT-based converter, but with a parallel connection at input and a

series connection at output.

Apart from regulating the generator speed to achieve maximum power point tracking (MPPT)
and solving the issue of generator insulation, the modular MFTs-based converter used in the LV
configuration plays an additional role that is to step up the low input voltage to a medium voltage
level to be compatible with the use of MV CSC. The number of modules of the modular MFT-
based converter is determined by the rating of the MV CSC. For example, for a 690 V, 1 MW
WECS, six modules (turn ratio of each MFT is 1:1) are needed for a 4160 VV CSC where the dc-

link current and voltage (average value) are around 220 A and 4500 V.
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Figure 2-3 Proposed LV turbine-based configuration.
2.1.3 Medium-frequency transformer

Medium-frequency transformer with smaller size and weight is a good solution for applications
where size and weight restrictions are becoming serious and demanding. For example, in the
electric traction applications, the size and weight of the on-board components are a major
constraint facing train manufactures because reducing the amount of space used by equipment
means that more space is available for passengers. The low-frequency traction transformer (15
kV/16.7 Hz or 25 kV/50 Hz), is one of heavy pieces of equipment on a train. ABB has
commissioned a power electronic traction transformer system where the traditional low-
frequency transformer is replaced with MFTs as shown in Figure 2-4 [42], [43]. The size and
weight of the system is reduced without compromising performance. It has been installed on the

locomotive and has been in service officially since 2012.

Figure 2-4 Power-electronic traction transformer system by ABB [42], [43].

The system is modular that consists of 8 power converters (9 for redundancy), 8 MFTs, and
other related components. The maximum power rating of this system is 1.8 MVA with each
MFT being around 225 kVA. The frequency used is 1.8 kHz. Each MFT is built around a
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nanocrystalline C-cut core. This magnetic material is retained due to the low loss property at
increased frequencies and relatively high saturation induction (around 1.2 T). The
nanocrystalline material is preferred over the cheaper amorphous material (which also exhibits
higher saturation induction in the range of 1.5 T) mainly because of the noise issue and the losses
[43].

As mentioned earlier, compared with all onshore applications, the footprint and weight are
particularly important for offshore applications. In addition, the space either in the nacelle or in
the tower of the turbine is limited. Then the offshore system will greatly benefit from MFT
which is smaller in size and weight compared with traditional low-frequency transformers. The
design of MFT which can completely follow the one commissioned by ABB and is not the focus

of the thesis.

In practice, the following two items should be considered for the implementation of the MFT.
One is the operating frequency. Increasing operating frequency results in a large reduction in size
and weight of the transformer. However, in megawatts-level wind energy systems, it is not the
case. A significant challenge will be introduced to the thermal and cooling system design due to
the combination of small size and high losses as increasing operation frequency. An important
finding is that above a certain frequency, there is hardly any size reduction when increasing the
frequency further [44]. Therefore, in practice, an optimum design should be a trade-off between
operation frequency and size to achieve a best overall performance. In the present study, a
switching frequency of 1200 Hz is employed.

The second challenge comes from the insulation design of high-power MFT. In the proposed
series-connected configuration, MFTs are used for the issue of generator insulation. However,
the technology of high-power MFTs with high insulation level is not mature. Based on the search
of the literature and industry, there are a single 1 MVA/20 kHz transformer with a 300 kV
insulation requirement [46], and a modular 1.8 MVA/1.8 kHz transformer (225 kVA for each
transformer) with 75 kV insulation used for traction by ABB [42], [43]. Therefore, a maximum
transmission level below 300 kV is promising for the proposed modular MFTs (1 MVA/1.2 kHz)
(166 kVA for each transformer). On the other hand, it is more reasonable setting the transmission
voltage at a medium voltage level, around 100 kV, for example, based on the search of the
industry [42], [43].
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2.2 Control of MFT-based converter

The control system of the series-connected offshore wind farm consists of two parts [40]. One
is the control of offshore converters aiming to achieve MPPT. The other is the control of onshore
converters consisting of dc-link current control and reactive power control. The control of
onshore and offshore converters is decoupled. In this section, the control of offshore converters

will be discussed.

The constituent modules of the modular converter in both MV and LV configurations are
designed to be identical. However, they cannot be guaranteed to be identical mainly due to
manufacturing techniques. The mismatch of components will lead to uneven distribution of
voltage/current among the constituent modules. Thus, additional control scheme is needed to
ensure equal power distribution among all the modules. In this section, an input capacitor voltage
balance control is proposed for MV configuration, while a current balancing control is proposed
for LV configuration.

2.2.1 Voltage balance control for MV configuration

The constituent modules of the modular converter (Figure 2-2) are designed to be identical.
Assuming that all the involved components of the five constituent modules are identical, then the
captured wind power will be evenly distributed among them. Then, an equal voltage distribution
of input capacitors among the constituent modules will be achieved as well. The modular

converter therefore can be simplified to one H-bridge converter.

However, given existing manufacturing techniques, the components used may not display
exactly same characteristics. For example, the turns ratio of MFTs may be slightly mismatched,
1: k1 #1: k2 £ ... 1: k5. As a result, the operation of the modular converter is destabilized if only
a common duty ratio alone is employed [47], [48]. The module with the lowest turn ratio has the
highest input capacitor voltage and constitutes the largest proportion of total power. The voltage
imbalance causes overvoltage, which may either destroy the switching devices or induce

unwanted protection circuit actuation.

In summary, two control objectives must be ensured. One is MPPT. The other is voltage
balance control of the modular MFT-based converter.

a) Voltage balancing control
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Figure 2-5 shows the control scheme of MV configuration. Note that MPPT is mature in
practice and can be found in related research [38], thus not repeated here. The output of MPPT is
the duty cycle dcom of the dc-dc converter. MPPT is achieved upon applying the common duty
cycle deom to the dc-dc converter. For example, when the amount of captured wind power

increases with wind speed, the duty cycle dcom increase as well.
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Figure 2-5 Voltage balance control for MV configuration.

The proposed capacitor voltage balancing scheme adjusts the duty cycle of each H-bridge
converter to achieve an even distribution of input capacitor voltages. The applied duty cycles dj,
d2 ..., and ds, are composed of two parts: one is the common duty cycle dcom that represents
MPPT, and the other is the individual part Adi, Ad2 ..., and Ads that originates from the
regulation of input capacitor voltage balancing control. With control under the common duty
cycle dcom, the module with a larger turn ratio tends to draw higher input current than other
modules do. This occurrence is impossible under steady state because the series connection at the
input mandates that the input currents of the constituent modules should be equal. Hence, the
capacitor of the module with a larger turn ratio must discharge more to compensate for the
required current; this lower the capacitor voltage more in this module than in others. Therefore,
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input voltage loops are established to regulate individual input capacitor voltages by using
classical PI controllers. The regulator output is obtained by adjusting the duty cycles required for
voltage balancing. In contrast to the common duty cycle dcom, the module with a higher input
capacitor voltage has a higher duty cycle with dcom + Ad. In the process, additional power is
transferred to the load that more power is discharged from the capacitor. The discharge reduces

the capacitor voltage, and the regulation continues until voltages are balanced.
b) Stability analysis of the voltage balance control

Figure 2-6 shows the simplified model used to analyze the stability of the voltage balance
control shown in Figure 2-6. Each converter is modeled as an equivalent resistance, Rneg [39],
connected to its input capacitor. The regulation process is modeled as an ideal current source, ireg
= kv (Ve_ref- Ven), N =1, 2, ..., 5, connected across the input voltage of each converter. ky is the

gain of the voltage balancing controller.

s 2-1
Vc_ref ZEZVcN ( )
N=1
iconl
+ ireglz + iRnegl
k(Vc_ref - Ver)
Va = Rneg
|
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+ ire95: { iRnegS
k(Vc_ref* Vc5)
Vs — Rneg

Figure 2-6 Equivalent circuit used for stability analysis.

The objective is to ensure an input voltage balancing among all the converters. The condition
for the system stability shown in Figure 2-5, is that for an increase in any converter input voltage,
the input current drawn by the converter should increase as well. This ensures that the higher

input current discharges appropriately to reduce the input voltage.
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A

In terms of ac perturbation quantities, the condition for stability is that v v, should be in

c_ref

N

phase with i,,,—1i_,y - lawe IS the average current of all the converters.

1 5
iave = _Zicon ( 2-2 )
5 N=1
From Figure 2-6
ic:nl = kv (Vc_Aref _VAcl) + F\{/ﬂ
e (2-3)
. AN AN A VC
leons = kv (Vc_ref _Vcs) + s
Rneg
Then iaAve is derived based on (2-3)
A 5 A \Y ) -
iave = lZiconl === (2 4)
5 N=1 R

Combining (2-3) and (2-4) gives

a1 Ao
lave ™ leons = (R_ - kv)(Vc_ref _Vcl) ( 2-5 )

neg

. . 1 :
As mentioned earlier, (—— —k,)should be larger than zero to ensure a stable operation, and

neg

this is the basic guideline for the design of kv.
2.2.2 Current balance control for LV configuration

In contrast with MV configuration where a voltage balance control is needed, an average
current balance control is required to ensure even current distribution among the constituent

modules of the modular MFT-based converter.

Figure 2-7 illustrates the proposed average current balance control. The applied duty cycles di,
d> ..., and ds are composed of two parts: one is the common duty cycle dcom that represents

MPPT, and the other are the individual parts Adi, Ad> ..., and Ade that originate from the average
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current balancing regulator. With control under the common duty cycle dcom, the module with a
larger turn ratio tends to draw higher input current (power) than other modules do. Hence, the
module with a larger turn ratio must transfer less power to the load to reduce its input average
current. Therefore, input average current loops are established to regulate individual input
average current by using classical PI controllers. The regulator output is obtained by adjusting
the duty cycles required for current balancing. In contrast to the common duty cycle dcom, the
module with a higher input average current has a lower duty cycle with dcom - Ad; this lower duty
cycle reduces the power transferred to the load and thus its input average current decreases. This

regulation continues until input average currents of the constituent modules are balanced.

The stability analysis of the current balancing control shown in Figure 2-7 is similar with that

of the voltage balancing control shown in Figure 2-5, thus not repeated here.

P ——— _T_Nm_
im1<—+ dl : | Lac
- . dc
Im2<7 d; |
Vin -l
= I
|
|
I
. [—=-"
|m6<—-r d5 :
[ I — I Y Y Y\
dl dzT_ _de
Average Current T dy
~ Sharing Scheme O—| Adi+ [+
: —> PI O«
i ) Iml + -
i Im1 —> > | Iml d2
i . |m2 m_tef Ad + T +
| |m2—|> X > —>—>—+>O—> Pl —2>O<—
] Ime -1 | ‘
1 Im6 —p —> m2 | ds
| |
| Ade+ T + |
3 —>O—> PI —>0<+— |
% Im6 dcom i
| From MPPT |

Figure 2-7 Average current balance control for LV configuration.
2.3 DC-link voltage investigation

In CSC-based applications, MV drives [22], for example, the dc-link current used for control is

mainly considered, while the dc-link voltage relating to the system insulation is determined by
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the system rating and thus does not need to be paid additional attention. In the series-connected
offshore wind farm configuration, however, it is not the case. The dc-link voltage is determined
by both the system rating and the cables between offshore converters and between offshore and
onshore converters. In this section, two items are investigated when considering the effect of
cables, one is dc-link voltage which determines the system insulation and cost, and the other is

dc-link current which affects the performance of control objectives.
2.3.1 Offshore converter

The offshore modular converter used in the MV turbine unit is a series-input series-output
converter as shown in Figure 2-2, and it is a parallel-input series-output converter for the LV
turbine unit as shown in Figure 2-3. Seeing from the output of each converter, the two types of
converters are same that can both be replaced with a pulse-wave voltage source as shown in
Figure 2-8 where the conventional phase-shifted modulation is used.
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Figure 2-8 Key waveforms of each offshore converter.

In practice, the wind speed at each wind turbine cannot be guaranteed to be identical, which
means the magnitudes of the output voltages (Vdc_n) of offshore converters are possibly different.
In addition, each offshore generator unit is controlled individually, which means the initial phase
angle of Vqc n is possibly different. Therefore, the pulse-wave voltage of each offshore converter

can be expressed as
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Ve () =d, +an_micos{27sz (t+At,)} (2-6)

m=1

where dn is the duty cycle of vgc n for unit #n, an m (0< an_m <1) is the magnitude coefficient of the
m-order component of vqc n, and At represents the initial phase angle of vq4c n. Note that 4#, could
be any possible numbers, while it can be modified to fall into the range of 0 <4z <1/f where f is
the fundamental frequency, that is 2400 Hz.

For example, the time domain and frequency domain waveforms of vgc n under d = 0.9 are
illustrated in Figure 2-9.

d=0.9 o =09 ______________

O
04 foo
02 foo

0 1/2400 2/2400 3/2400 4/2400 1(s) 0 2f 4f 6f 8f 10f 12f 14f 16f 18f 20f
(a) Time domain (b) Frequency domain

[EY

Vge n (pU)

o
o

Figure 2-9 Pulse-wave voltage source. (a) time domain. (b) frequency domain.

A number of such pulse-wave voltages is connected in series to reach an HVDC level.
However, there are cables connected between offshore converters and cables between offshore
and onshore converters as shown in Figure 2-1. Then, the dc-link voltage cannot be simply
thought to be equal to the sum of these pulse-wave voltages. Instead, the voltage reflection at the
end of the cables possibly increases the peak value of these pulse-wave voltages, leading to
higher dc-link voltage. Also, the performance of the dc-link current under the above condition
needs to be evaluated as it affects the performance of control objectives of the system.

2.3.2 Cable modeling

As shown in Figure 2-10, single-core submarine cables are used between series-connected
offshore converters and between offshore and onshore converters [49]. The key parameters of the
cables, such as the length, the capacity, the insulation level, and other parameters like
capacitance, inductance, and resistance, depend on a couple of factors: the configuration of the
offshore wind farm, height of the wind turbine, system rating, and so on. Here, in the present
work, the length of the cable between two adjacent offshore converters is set to 1 km, while the
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one between offshore and onshore converters is set to 50 km. All the related parameters are listed
in Table A-1.

Cable

+ r‘l Zc +
Vdcﬁn (t) Vdc_n' (t) Z|

Figure 2-10 Configuration of a cable.
Figure 2-10 shows such a configuration where Z; is the impedance of the load and Zc is the
characteristic impedance of the cable. One important feature of the distributed-circuit cable is the

possible voltage reflection at the end of the cable. The voltage reflection coefficientI’,, is defined

as [50]

T = : (2-7)

Considering a lossless cable, the characteristic impedance of the cable is defined as [50]

7 = Lcable ( 2-8 )

° \cC

cable

where Lcabie IS the inductance per unit length and Ccanie is the capacitance per unit length of the

cable.

The typical characteristics of the voltage reflection coefficient are [50]

(@) If Z, = (open circuit) I', =1, which means the peak value at the end of the cable will be

doubled,
(b) If Z, =0¢(short circuit) I, =-1, and

(c) If Z,=Z,(matched impedance) I', =0. In this case, there is no voltage reflection in the end

of the cable that the voltages at both ends are same in magnitude.

From the frequency domain perspective, the single-core distributed parameter cable can be

approximately modeled by cascading a couple of identical RLC sections shown in Figure 2-11,
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where the resistance, inductance, and capacitance are uniformly distributed along the cable.

Section 1 Section N
Rcable Lcable Rcable Lcable Rcable Lcable
— ¢+ ANA—YYY —— — AN
+ +
Ve n (t) —Ceaviel2 = Ceable jljccable —Ceavle Ceaviel2 == Vdc_n' (t)

Figure 2-11 LRC sections-based single-core cable.

First, unlike a real distributed model which has an infinite number of states, the RLC section
linear model has a finite number of states that enables the computation of a linear state-space
model. The number of sections to be used depends on the frequency range to be represented. An
approximation of the maximum frequency range represented by the RLC line model is given by

the following equation [51]

_Nv

max —
8l

(2-9)

where N is the number of RLC sections, I¢ is the cable length, and v is the propagation speed

P (2-10)
L_C

cable ™ cable

For example, for a 1 km cable having a propagation speed of around 70,000 km/s, the
maximum frequency range represented with a single RLC section is approximately 8.75 kHz,

while the number for two RLC sections is 17.5 kHz.

The transfer function of one RLC section is expressed as:

Vdc_nl(s) _ 1 2 11
Vdc_n(s) L C + R C ( ) )

2
cable ~cable S cable ~cable S+1

2 2

The resultant magnitude response is illustrated in Figure 2-12. The cutoff frequency for one-
section model is around 20 kHz, and is increasing as increased number of RLC sections. In other
words, a model with more RLC sections can present higher frequency and is more likely a real

distributed-circuit model. Shown in Figure 2-12, the main harmonics are located at below 48 kHz,
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which means at least 5 RLC sections are needed to mode a 1 km cable. Similarly, the 50 km
cable connected between offshore and onshore converters needs at least 250 RLC sections to

represent a frequency of 48 kHz.

100
10 Sections
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Magnitude (dB)
g

-200
10° 10* 10° 10°
Frequency (Hz)

Figure 2-12 Magnitude response of the transfer function of a 1 km cable.

Second, different cables in length have different resonant frequencies shown in Figure 2-13.
The first resonant frequency of a 50 km cable is around 350 Hz which is much lower than the
one of a 1 km cable as shown in Figure 2-12.
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Figure 2-13 Magnitude response of the transfer function of 50 km and 48 km cables.

Therefore, from frequency domain perspective, the voltage at the end of the cable (v4c_n") with

respect to the one at the beginning of the cable (vac_n) can be defined as

Vge_n' () = |H(j27 vy o () 2H (j24F) =H (t+At, +At, ) (2-12)

n_dec_ n

where|H (jo)|is the gain of magnitude, and ZH (jw) is the delay in phase. For simplicity, Hn_m s
used to represent the gain of magnitude of the m-order component for vgc n, Atn is defined as
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same as before, and At n is to represent the delay in phase. Note that Az nis fixed given a fixed

length of cable, that is

At e (2-13)

where I _n is the length of the cable between two adjacent offshore converters.

Applying (2-12) to (2-6) gives

Ve o' () =d, +H, o2, > cosfmf (t+At, +At, )] (2-14)

m=1

2.3.3 DC-link voltage

As mentioned earlier, two items are mainly investigated in this part. One is dc-link current
which affects the performance of the control objectives of the system and the other is dc-link
voltage which determines the performance of the system in terms of insulation level and related
cost. Two equivalent circuits can be derived depending on where to place the dc-link inductor.

(a) DC-link inductor evenly distributed at offshore converter side

One possible design is evenly placing the dc-link inductor at each offshore converter side as

shown in Figure 2-14 where Lgc_n = Ldc/n.

o e TRaNSMISSION o

Offshore Lgcr ine | Onshore |
Sl L Grid |
! MFT-based ! ! CSC #1 ;
| converter T

i deZ | i |:

i MFT-based !

| converter |——— M csc# -

: ! |

% den : : | —
MFT-based— """ . s # !
i converter H ‘ H m T Multi-Winding
| I 1 T Transformers |

Figure 2-14 Configuration when evenly placing dc-link inductor at offshore side.

However, such a design is not allowed from the circuit perspective. As shown in its equivalent
circuit Figure 2-15, the pulse-wave voltage source connected with inductor and the transmission

line is equivalent to a voltage source seeing from the onshore CSCs. This voltage source is then
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connected in parallel with the capacitor at the output of the CSC which is not allowed, and the
dc-link current control of the system under this condition is failed. This case is no longer

discussed in the following.

Vdcfn ;
- + Lacn ! Transmission line

| A A |

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

Figure 2-15 Equivalent circuit of Figure 2-14.

(b) DC-link inductor placed at onshore station

The system configuration when placing the dc-link inductor at onshore station is shown in
Figure 2-1. Placing the dc-link inductor at the onshore station can greatly lower the burden of
offshore construction. The equivalent circuit when placing the dc-link inductor at onshore station
is shown in Figure 2-16. The cables between adjacent offshore converters (Ic n) and between
offshore and onshore converters (lc 1) are represented with RLC sections as mentioned
previously. The onshore CSCs are equivalent to a pure resistor Ricad Under the condition of unity
power factor. The offshore converter #n is replaced with a pulse-wave voltage source, that is

Vdc_n @S mentioned previously.

Transmission line lc.t Lac 1y

I 111

+
Vdc_1

Cable #1

|071

Vdc_T Vdc_on * @ %Rload

Cable #2

I c2

Figure 2-16 Equivalent circuit of the system when placing dc-link inductor at onshore station.
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The equivalent circuit shown in Figure 2-16 can be further simplified as shown in Figure 2-17
with the help of superposition and under the following assumptions. First, the interruptions
between cables are neglected. Besides, the impedance of the DC-link inductor (Lqc) together with

the equivalent load (Rioad) are significantly larger than that of the cable, thus can be considered
open circuited.

Figure 2-17 Simplification of Figure 2-16.

The voltage at the end of the transmission line vqc T, is expressed as

Vdc_T (t) = ivdc_n ! ( 2-15 )

where vgc n" IS the individual voltage at the end of the transmission line transmitted from
offshore to onshore. Shown in Fig. 11, the initial phase angle of vac n" consists of three parts: the
initial phase angle of vac n (4n), the phase shift on the cable between offshore converters (4¢c n),

and the one on the cable between offshore and onshore converters (4z 7).

Substituting (2-14) into (2-15) yields
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Ve 1 t)=d, + Hl_mai_chos{anf (t+ At + At, | ++AL ¢ )}

m=1

Vae 1"

+d,+H 27ma27mZ:cos{27sz (t+At, +At, , ++At, ; )}+ (2-16)

m=1

Vac_2"

co+d, + Hn_man_mZCos{Zﬂmf (t+At, +At, ++AtC_T)}

m=1

Vdcin

It is difficult if not impossible to calculate the value of (2-16) in the full operation range as there
is quite a number of uncertain variables. However, only the maximum peak value under rated
condition needs to be considered in practice as it affects the insulation level, cost, and reliability
of the system. Thus, it is very necessary to find the possible maximum peak value of (2-16) under

rated condition.

Under rated condition, all the wind speeds at turbines are same and maintaining at 1 pu, which
means the magnitudes and duty cycles of all the pulse-wave voltages vqc n are same at 1 pu.
Besides, the time delay (phase shift) on the cable Az n» is known once the cable is fixed, and so
does for At 1. The gain of magnitude for the m-order ac component Hn m which depends the
characteristics of the cable can also be estimated. The initial phase angles (4#), on the other hand,
cannot be guaranteed to be identical, which is already analyzed earlier, thus not repeated here. To
sum up, all the variables in (2-16) can be known or can be estimated except the initial phase angle

Aln Of Vdc_n.

As mentioned earlier, Aty is varying from 0 to 1/2400. Then, a lot of possibilities could happen

on (2-16) where the maximum value occurs at the condition of
(t+AL+AL | +AL ) =(E+AL +AL ,++AL ) == (t+AL +AL  +At ;) (2-17)

when all the individual voltages at the end of the transmission line vgc " are in phase.
Removing the common parts in (2-17) gives
(At +At, ) =(At, +At, ,) =---=(At, +At, ) (2-18)
which means when the difference in initial phase angles between vgc nand vgc 1, that is At - At1, is

equal to the difference on the cables, that is Az n- At 1, (2-16) receives its maximum value. On
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this basis, the equivalent circuit can be simplified further as shown in Figure 2-18 where vqc n' is

defined as same as that in Figure 2-17.

Figure 2-18 Simplification of Figure 2-17.

In addition, shown in Figure 2-17, the maximum peak value for individual voltages at the end

of the cable vgc " could be two times of that of vac_nas the voltage reflection coefficient isI, =1

under an open circuit. Therefore, the resultant maximum peak value of the dc-link voltage is two

times of the rated value. The average value, however, is maintained.

The dc-link current, on the other hand, is not affected. As mentioned earlier, the possible
maximum peak value of the dc-link voltage that could be two times of the rated value is
determined by those ac components where the fundamental frequency is 2400 Hz. Such ac
components produce significantly high inductive reactance on the dc-link inductor. Thus, the
resultant ac current in the dc-link current is too small that can be neglected. To sum up, the
possible maximum peak value of the dc-link voltage when placing the dc-link inductor at onshore
station could be two times of the rated value under the condition of (2-18). The dc-link current is

not affected.

Figure 2-19 illustrates the simulated performance of the dc-link voltage and current under the
condition of (2-18). Five offshore turbine units are employed. The initial phase angles for vqc 1,
Vdc 2 ..., and Vgc s are purposely set to 0, A, Atz ..., and Ats to meet the condition of (2-18). For
example, 4z is the time delay on the cable connected between vgc 1 and vqc 2, while Azsis the time
delay on the cable between vqc 1 and vqc 5. As shown in Figure 2-19, the peak value of the dc-link
voltage is two times of its rated value. The dc-link current, on the other hand, is not affected.
Figure 2-20 illustrates the simulated performance of the dc-link voltage and current without the
condition of (2-18). The initial phase angles for vqc 1, Vdac 2 ..., and Vac 5 are purposely set to be
same, 0, for example. As shown in Figure 2-20, the peak value of the dc-link voltage is around

1.6 times of its rated value which is lower than that in Figure 2-19.
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Figure 2-19 DC-link voltage and dc-link current under the condition of (2-18).

Ve 1 and Vg m (pu)
o
[00]
B
2
—?

| | | | i i
0 12400 212400 .\ 32400 42400  1(5)
1 —_— LS A S 3
08— T T |
>
2
206
0.4
L I R B i
0.05 0.06 007 () 0.08 0.09 t(s)

Figure 2-20 DC-link voltage and dc-link current without the condition of (2-18).
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2.3.4 DC filter design

To avoid the possible two times of rated value of the dc-link voltage, a dc filter is added to each
offshore converter as shown in Figure 2-21. On this basis, the design of dc filter and dc-link
inductor are given.

The dc filter helps remove the ac components from the pulse-wave voltage vac nand keeps its dc
component. All the dc components are then connected in series to reach an HVDC level and then
transmitted to the onshore converters through the cables. However, it is worth noting that the
operation principle of the configuration with dc filter shown in Figure 2-21 is different from
VSC-based configurations. In VSC-based configurations, the dc-link voltage should be
maintained as a constant in the full operation range and thus should be evenly distributed among
the dc-link capacitors. Here, in the CSC-based configuration, it is not the case at all. First, the
capacitors are used for filter purpose. Second, the voltage across the capacitors, Vdc Tn, iS
decoupled with each other, and its value is depending on the wind speed at the turbine. There is

no voltage balancing issue among the series-connected dc-filters capacitors.

Idc de_l Idc de Idc
A e I e AR AR T
+ + +
A A A A
Cdc 1
Vie 1 T Vien

Vde T Vdc_on # @

converter
#m

Figure 2-21 Configuration with dc filter.
The dc filter is designed by the voltage-second balance principle shown in Figure 2-22, that is

Al i
(Vdc_n _Vdc_Tn) = de_n A: ( 2-19 )

where Vac_tn = Vac_t/n under rated condition, Vac_tis the average dc-link voltage, Alqc is the rated
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dc-link current ripple, At is the duty cycle under rated condition, and Vqc n is defined as same as

before.
Vi
I’ " Vdc Tn
I'4
At

Figure 2-22 Voltage across each offshore converter.

Equation (2-19) gives the value of the filter inductor Lqc n, the capacitor Cqc nis then depending

on the selection of the cutoff frequency of the dc filter, that is

1

f (2-20)

filer —

2z L, C

dc_n~dc_n

The cutoff frequency of the dc filter frier Should be selected based on the worst case, that is
when one of the resonant frequencies of the cable model is just locating at the fundamental
frequency (2400 Hz). For example, for a 50 km cable, the gain for the fundamental component
(2400 Hz) is around 40 dB (100 times higher). Thus, the attenuation coefficient of the dc filter
under 2400 Hz should be at least 40 dB (100 times lower) in order to cancel the above possible
amplification on the cable. On this basis, the cutoff frequency frirer is selected to be 300 Hz. Note
that the detailed calculation of the filter parameters is not presented just for conciseness as it is a

very well proven method.

Figure 2-23 shows the dc-link voltage and current with the dc filter. The main harmonics of the
voltage vdc n are highly attenuated by the dc filter, while they are amplified by the transmission
line. Thus, the dc-link voltage at the end of the transmission line Vqc 7 still contains some low-
order harmonics. The peak value of the dc-link voltage with the dc filter is around 0.45 times of
that without the dc filter, thus giving significant cost saving on insulation issues and cables and

increasing system reliability.
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Figure 2-23 DC-link voltage and dc-link current with DC filter.

2.4 Performance investigation

The performance of the proposed configurations and the effectiveness of the proposed
voltage/current balancing scheme are verified by MATLAB/Simulink simulations. The wind
turbine and PMSG used in simulation are provided by MATLAB/Simulink. The turbine model
receives the wind speed and provides an optimized reference speed to the control system. The
inertia constant of a megawatts-level WECS is normally around a few seconds [38], while in the
following simulations, it is reduced to achieve a faster speed.

2.4.1 Voltage balance control for MV configuration

Five modules are employed in the modular MFT-based converter. To introduce imbalance, the
turn ratios of the five transformers are purposely set to 1:1 (Module 1), 1:1.005 (Module 2), and
1:1.01 (Module 3), 1:1.015 (Module 4), and 1:1.02 (Module 5). In the following simulation,
three typical operation conditions are conducted: with/without voltage balance control, stepped
change in wind speed, and reactive power control.
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(a) Performance with and without voltage balance control

Figure 2-24 illustrates the simulated performance of the proposed WECS under conditions of
unity power factor (UPF) and with/without voltage balance control scheme. Figure 2-24 (a)
shows grid-side injected real and reactive power (Ps, Qs); Figure 2-24 (b) dc-link current lq4c; and
Figure 2-24 (c) input capacitor voltages of the MFT-based cascaded dc-dc converter. Beforet =2
s, the system operates in steady state with voltage balance control. The grid-side injected real and
reactive power are 1 MW and 0 MVar, respectively. The input voltage of each module is
balanced with Ve1 = V2 = Ve = Vs = Vs = 1000 V. At t = 2 s, the voltage balance control is
deactivated (all five modules operate under the common duty cycle dcom). The dc-link current
and the real/reactive power are still controlled well, while the input capacitor voltages begin to
diverge. Ve is the highest (1180 V) among the voltages because the duty ratio of its transformer
(Module 1) is the lowest of the obtained ratios. Att = 2.5 s, the voltage balance control scheme is

reactivated and the input capacitor voltages quickly converge to nominal values.
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Figure 2-24 Simulated performance with and without voltage balance control.
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(b) Performance under stepped wind speed

Figure 2-25 illustrates the simulated performance of the proposed WECS under stepped wind
speed. To emulate the transient response of the proposed WECS, wind speed is purposely
stepped down from 12 m/s (1 pu) to 10 m/s (0.833 pu) at t = 2 s and up from 10 m/s (0.833 pu) to
12 m/s (1 pu) at t = 4 s, respectively. The speed of the PMSG, that is wg, tracks the reference
speed wg_rer Well in both steady and transient states. As the power, Ps is the cube of generator
speed wg, only 0.57 pu of power is captured when the wind speed is reduced to 0.833 pu as
shown in Figure 2-25 (a). To minimize loss, a minimum dc-link current is regulated accordingly
shown in Figure 2-25 (b). The input capacitor voltages (Vci, Vc2, Vs, Ves, and Ves) are well

balanced in all steady and transient states, as shown in Figure 2-25 (c).
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Figure 2-25 Simulated performance under stepped wind speed.
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(c) Performance under reactive power control

Figure 2-26 presents the simulated performance of the proposed WECS under reactive power
control. Reactive power Qs is injected into the grid according to grid codes [3] with 330 kVar
(0.33 pu) between 2 and 3 s,
shown in Figure 2-26 (b), a minimum dc-link current is set accordingly to minimize loss in the
process. Figure 2-26 (c) shows that all input capacitor voltages are evenly distributed. The
power factors under reactive power injection (0 pu, 0.33 pu, —0.33 pu) are 1, 0.95, and —0.95 as

shown in Figure 2-27. va and iga are the grid-side phase voltage and the injected current,

respectively.
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Figure 2-26 Simulated performance under reactive power control.
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Figure 2-27 Grid injected current and phase voltage.
2.4.2 Current balance control for LV configuration

Six modules are employed in the offshore modular converter to cooperate with the use of a
4160 V CSC. To introduce imbalance, the turn ratios of the six transformers used are purposely
set to 1:1 (Module 1, 2, and 3), 1:1.2 (Module 4, 5, and 6). Note that the average input currents

I Of the constituent modules are used and presented in the following.
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Figure 2-28 Simulated performance with/without current balance control.
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(a) Performance with and without voltage balance control

Figure 2-28 illustrates the simulated performance of the proposed topology with/without
average current balance control. Figure 2-28 (a) shows the grid-side injected real and reactive
power (Ps, Qs); Figure 2-28 (b) dc-link current (l4c); and Figure 2-28 (c) average input currents
with/without current sharing control (Im). The system is operating under rated condition where
the grid-side injected real and reactive power (Ps, Qs) are 1 MW and 0 MVar. Before time t = 2s,
the current balance control is employed. The average input currents are balanced as shown in
Figure 2-28 (c). At time t = 2s. the current control scheme is deactivated that all the modules
operate under the common duty cycle. Then, the average input currents begin to diverge and
finally reach to a steady state. At t = 2.5s, the current balance control is reactivated and the input

currents of all the modules quickly converge to normal values again.
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Figure 2-29 Simulated performance under stepped wind speed.

(b) Performance under stepped wind speed
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Figure 2-29 illustrates the simulated performance under stepped wind speed. To simulate the
transient response, the wind speed is purposely set to step down and up from 12 m/s (1 pu) to 10
m/s (0.833 pu) at t = 2 s and from 10 m/s (0.833 pu) back to 12 m/s (1 pu) at t = 4 s, respectively.
The reactive power Qs, on the other hand, is maintained at O pu. As mentioned earlier, a
minimum dc-link current is altered accordingly to minimize the loss. During the transient and
steady states, the input average currents of the modular converter are balanced as shown in
Figure 2-29 (c).

(c) Performance under reactive power control

Figure 2-30 presents the simulated performance under stepped reactive power injection.
Reactive power Qs, is injected into the grid according to grid codes [3] with 330 kVar (0.33 pu)
between 2 and 3 s, —330 kVar (-0.33 pu) between 4 and 5 s, respectively. The input average

currents of the modular converter are balanced well during the process.
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Figure 2-30 Simulated performance under stepped reactive power control.
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2.5 Experimental verification

Experiments are conducted to verify the performance of the proposed configuration and the
control schemes. First, the experiment setup is simplified by replacing the wind turbine-PMSG—
diode rectifier part with a voltage supply. All the control schemes are processed based on
dSPACE DS1103. Detailed system parameters are listed in the Appendix.

2.5.1 Experimental verification for MV configuration

Three MFT modules are employed in the experiment, and the turn ratios of the three MFTs are
set to 1:1 (with a tolerance of = 2%). A 400-ohm resistor is paralleled with the input capacitor of

Module 3 on purpose to introduce imbalance.
(a) Performance with and without voltage balance control

Figure 2-31 shows the experimental performance of the configuration with and without the
voltage balance control scheme. Vi, is the total input voltage; Vci, Ve, and Vs are the input
capacitor voltages for Module 1, 2, and 3, respectively; lqc is the measured dc-link current; and Ps
and Qs are the plotted real and reactive power based on the measured voltages and currents data.
With voltage balance control, the input voltages of the modules are well balanced with Vc1 = Ve
= V¢z = 83 V; the dc-link current is controlled at 8.5 A; and the grid-side injected real and
reactive power are 1,275 W and 0 VA. As depicted in Figure 2-31 (a), when the voltage balance
control is deactivated (all the three modules operate under common duty cycle dcom), the input
capacitor voltages (Vc1, V2, and Vea) start diverging. Vs decreases to be the lowest value due to
its paralleled resistor (400 ohm); Vc1 and Vc2 are unequal because of the tolerance in the turns
ratio of the transformers (x 2%). The dc-link current and the real/reactive power, on the other
hand, are tracking their references well. The input capacitor voltages of the modular converter

quickly converge to nominal values when the voltage balance control scheme is reactivated.
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Figure 2-31 Experimental performance with/without voltage balance control.
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Figure 2-32 Simulated performance under stepped input voltage.
(b) Performance under stepped wind speed
Figure 2-32 illustrates the experimental performance under stepped input voltage from 0.8 pu
(200 V) to 1 pu (250 V). The resultant dc-link current I4 increases from 7.5 A to 8.5 A, and the
injected real power Ps increases from approximately 0.52 pu (660 W) to 1 pu (1275 W) while the

reactive power Qs is maintained at zero. During both steady and transient states, the input

capacitor voltages (Vc1, Vc2, and Vc3) are well balanced as shown in Figure 2-32 (a).
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Figure 2-33 Experimental performance under reactive power control.
(c) Performance under reactive power control
Figure 2-33 illustrates the experimental performance of the converter for the proposed
configuration under reactive power control. Different reactive power Qs (0 pu, 0.33 pu, —0.33 pu)
are separately injected into the local grid. As in Figure 2-33 (b), a minimum dc-link current lqc is

changed accordingly to minimize system loss. The input capacitor voltages Vci, Ve, and Vs

shown in Figure 2-33 (c) are distributed evenly during all steady and transient states.
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2.5.2 Experimental verification for LV configuration

Similarly, an extra resistor is connected across the output of Module 3 to introduce current

imbalance on purpose.

500w F 3 4 800.02 200.0e/ Stop

\/
Vin

(A R e e e e
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1004/ 2 100A/ 3 100A/ 4 200 1000; 50003 Stop

S

No Balance Control

>
< »

(b)

Figure 2-34 Experimental performance with/without average current sharing control.

(@) Performance with and without current balance control

Figure 2-34 shows the experimental performance with/without current balance control. Vi, is

the input voltage of the modular converter; I_mm’3 are the measured average input currents for

Module 1, 2, and 3, respectively; and lqc is the measured dc-link current. First, the system is

operating under conditions of Vin = 100 V and l¢c = 6 A. With current sharing control, the
average input currents are balanced withI_, =1, =1_.as shown in Figure 2-34 (b). At time t,

the current balance scheme is deactivated. The average input currents of the three modules start
to diverge quickly due to the mismatch among the constituent modules. Module 3 draws the
highest current due to the extra resistor. Finally, the input currents quickly converge to their

normal values when the current balance control is reactivated.
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Figure 2-35 Experimental performance under stepped input voltage.

(b) Performance under stepped wind speed

Figure 2-35 illustrates the experimental performance under stepped input voltage from 0.8 pu
(80 V) to 1 pu (100 V). The resultant dc-link current lqc increases from 5 A to 6 A. During the

operation process, the average input currents are well balanced as shown in Figure 2-35 (c).
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Figure 2-36 Experimental performance under stepped reactive power control.

(c) Performance under reactive power control

Figure 2-36 illustrates the experimental performance under reactive power control. Different
reactive power Qs (0 pu, 0.33 pu, —0.33 pu) shown in Figure 2-36 (c) are separately injected into
the local grid. As shown in Figure 2-36 (a), a minimum dc-link current lgc is changed
accordingly to minimize system loss. The average input currents of the modular converter shown

in Figure 2-36 (b) are well balanced during both steady and transient states.
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2.6 Conclusions

In this chapter, modular medium-frequency transformer (MFT)-based configurations are
proposed for medium-voltage (MV) and low-voltage (LV) turbine-based offshore wind farms,
respectively. Compared with commercial configurations, the proposed ones give significant cost
saving thanks to the series-connected structure where the very bulky and costly offshore
substation is eliminated. Compared with existing series-connected configurations, the proposed
ones feature smaller size and weight and higher reliability thanks to the adaption of the modular

MFTs-based converter.

The modular MFT-based converter used in MV configuration is connected in series at both
input and output, while it is in parallel at input and in series at output for LV configuration. In
practice, tolerance of the components of the modular converter exists, leading to uneven
distribution of power among the constituent modules. To solve this issue, a voltage balance
control scheme is proposed for MV configuration and a current balance control is proposed for
the LV one.

In addition, the performance of the proposed system considering the effects of cables are
investigated. The possible maximum peak value of the dc-link voltage is two times of its rated
value, while the dc-link current is not affected. To avoid the two-time rated dc-link voltage, a dc
filter is introduced to each offshore converter. The design of the dc filter and dc-link inductor are

given.

Both simulation and lab-scale experiments are conducted to verify the performance of the
proposed configurations and the effectiveness of the proposed schemes.
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Chapter 3
Natural Sampling SVM with Superior

Harmonics Performance for CSCs

In the proposed configuration, MV CSCs are used as grid-side converters. MV CSCs are well
proven converters in high-power MV drives [22]. In practice, only selective harmonics
elimination (SHE) is used for MV CSCs. SHE features superior low-order harmonics
performance, but it is an off-line modulation scheme with slow dynamic response. Space vector
modulation (SVM) featuring fast dynamic response and being the proper scheme to achieve
common mode voltage reduction, active damping, and power factor control, however, cannot be
used in practice mainly due to its poor low-order harmonics performance. Therefore, the
objective of this chapter is to propose an advanced SVM scheme for grid-side MV CSC with

superior harmonics performance.

This chapter starts with a brief overview of existing modulation schemes for MV CSC,
followed by the introduction of the proposed natural sampling SVM (NS-SVM). Compared with
conventional SVM, NS-SVM preserves low switching/sampling frequency and high dynamic
performance, but features superior low-order harmonics performance that can be comparable to
SHE. Besides, an optimal space vector sequence in investigated based on NS-SVM and the best
one in terms of low-order harmonics performance is selected. Experimental results are provided

to verify the effectiveness of the proposed NS-SVM.
3.1 Existing modulation schemes for CSCs

Figure 3-1 shows the topology of the grid-side CSC in the proposed system. The used
switching devices are symmetrical gate-commutated thyristors (SGCT) with reverse voltage
blocking capability. The device switching frequency is normally limited to approximately 500
Hz to reduce switching loss and satisfy the stringent thermal requirements of devices. Besides, a
CSC normally requires a three-phase capacitor Csat its output to assist the commutation of the
switching devices and filter the output PWM current.
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Figure 3-1 Topology of grid-side CSC.

The switching pattern design for a CSC should generally satisfy: at any instant of time
(excluding commutation intervals) there are only two switches conducting, one in the top half of
the bridge and the other in the bottom. Generally, the major modulation schemes for MV CSCs
are SHE, trapezoidal pulse width modulation (TPWM), and SVM [22].

SHE features superior low-order harmonics performance that it can eliminate a number of low-
order unwanted harmonics with low switching frequency. However, SHE is an offline
modulation scheme lacking the flexibility for control. In practice where variation of the
modulation index is needed [52], the solutions for all the required modulation indices have to be
calculated offline and stored in the system prior to operation, which is impractical. TPWM is a
carrier based modulation scheme. Although it allows the modulation index to be changed from 0
to 1, the dc utilization rate is restricted to between 0.66 and 0.74. Thus, the controllable range of
output current magnitude is quite limited. Compared with SHE and TPWM, SVM provides
higher dynamic performance since (a) its modulation index can be adjusted within a sampling
period and (b) the CSC output PWM current iy can be directly controlled by the bypass operation
instead of dc-link current adjustment by the front-end converter. However, SVM is not used in
grid-side MV CSC. This is because its output contains high-magnitude low-order harmonics,
particularly the fifth and seventh harmonics, lying closely to the resonance frequency of the LC

filter of the converter, and will introduce resonance as the grid-side damping is insufficient [22].
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Previous research on SVM of CSCs is mainly about mapping from VSC vectors to CSC
vectors [53]-[56], and direct SVM of a CSC with different vector sequences [57]-[60].
Unfortunately, few studies have focused on reducing low-order harmonics of SVM. Ref. [61]
investigated the magnitudes of lower-order harmonics (5th and 7th) of different vector sequences
and combined two of these sequences to give a better harmonic performance. But this approach
adds complexity to the implementation and the overall performance is still not desirable. Refs.
[62]-[64] proposed new SVM schemes to reduce the magnitude of low-order harmonics by re-
positioning the reference vectors in each counter period. However, the improvement is limited at
high modulation indices. Ref. [65] introduced a multisampling SVM scheme. It features good
low-order harmonics performance but with penalties of higher sampling frequency and
additional switching frequency. In addition, the harmonics performance highly relies on the
sampling frequency that higher sampling frequency is required to achieve better performance.

With special focus on achieving superior low-order harmonics performance while preserving
low switching/sampling frequency and high dynamic performance of conventional SVM, a NS-
SVM is proposed for the grid-side CSC.

3.2 Natural sampling SVM

A CSC has a total of nine switching states as shown in Table 3-1. A typical space vector

diagram for the CSC is shown in Figure 3-2, where | to 1 are active vectors and T is the

zero vector. The active vectors form a regular hexagon with six equal sectors, while the zero

vector 1 lies on the center of the hexagon. The current reference vector lref in Figure 3-2 (a)
rotates in space at an angular velocity, « = 2#f, , where fi is the fundamental frequency of the

inverter output current iw. The length of the reference lref represents the magnitude of the output

current, which is determined by the modulation index ma of the converter, given as lret/lac. @ iS

the angular displacement between the current reference vector and o axis. For a given length and
position, Iyt can be synthesized by the three nearby vectors. For example, with Iy falling into
sector | (Figure 3-2 (b)), lrer can be synthesized by 1, 1, and 1, [22]. The dwell times for the

vectors can be calculated based on the ampere-second balancing principle.

The resultant dwell times are expressed as:
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T, =m_sin(z/6-6)T, for-x/6<60<7x/6

T, =m,sin(z/6+ )T,
To =Ts _Tl _Tz
where Ti, T2, and To are the dwell times for the vectors 17, 1, and 1. Note that (3-1), (3-2),

and (3-3) can also be used by rearranging the actual angle g when I is in other sectors. The

modified angle @' falls into sector I:

for-~z/6<60<x/6

for-z/6<60<x/6

O=60—(k—-1Dx/3 for -x/6<60"<x/6

where k=1, 2... 6 for sectors I, II... VI, respectively.

Table 3-1 Switching States and Space Vectors

Type Switching States On-State Switch Space Vector

Zero [14] S, Se -

States [36] S3, Se I,
[52] Ss, S2
[61] Se, St T,
[12] S1, S I,

Active [23] Sz, S3 [

States [34] Sz, S4 [
[45] S4, Ss T,
[56] Ss, Se T
iB
1023

Sector 111

[341T,

Sector IV

[45] T,

Sector V

I [56]

Sector VI

(a) Space vector diagram

(b) Vector synthesis in one sector

Figure 3-2 Operating principle of SVM for CSCs.

3.2.1 Conventional SVM

Note that The following analysis are conducted under the typical conditions of switching
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frequency (fsw) = 540 Hz and sampling frequency (fsp) = 1080 Hz.

In the case of conventional SVM, the dwell time for each selected vector is calculated once at
the beginning of each sampling period (carrier period) and kept fixed within one sample period.

The dwell time for the first vector _of the three-segment sequence (11 1, ) in Sector 1 is

taken as an example to illustrate the principle of conventional SVM.

As shown in Figure 3-3, the blue lines (T1(Con-SVM)) are the dwell times for the first vector

I’ calculated based on conventional SVM (3-1):

T, =sin(z/6—(—x/6))T, for-n/6<60<x/18
T, =sin(z/6—(—x/18))T, for-z/18<6<x/18 (3-5)
T, =sin(z/6—(x/18))T, forx/18<0<x/6

The red line (Ty(NS-SVM)) shown in Figure 3-3 refers to the continuous dwell time (3-1).
Obviously, discretization error exists during the digital implementation of conventional SVM.
Such a discretization error causes high-magnitude low-order harmonics [65], especially the 5th
and 7th harmonics, lying closely to the resonance frequency of LC filter (3.5-5.5pu) of the
converter, and will introduce resonance as the line damping is insufficient [66]. Therefore,
conventional SVM is not used in commercial high-power MV CSC-based drives [22].

o Tow
T\ T: (Con-SVM) ,/ Carrier

T ""'-9 } 1080 H\z
NS-SVM)

6,/
6

il pits_ | Di/LE 0il6
< Iy R P PN dny

@ @ @ Discretization error

Figure 3-3 Dwell time calculation of conventional SVM and NS-SVM.

3.2.2 Natural sampling SVM

The discretization error for conventional SVM exists in digitally implemented control because
of the limited sampling frequency. On the other hand, the low-order harmonics can be

significantly reduced if the discretization error can be eliminated (a natural sampling
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performance as that in analog control). Two methods can help, one is by infinite sampling
frequency, and the other is by the proposed NS-SVM. The former is impractical, while the latter
(NS-SVM) can effectively and efficiently achieve that [67].

As shown in Figure 3-3, g,,6,, 6, are natural sampling-based dwell times. It implies that a

naturally sampled performance as same as that in analog control can be achieved based on

6,,0,,0,. Then, the question goes to how to find @, g,, 6, . Figure 3-3 shows that g, 9,, 0,are

intersections of the vector reference and the carrier. The vector reference Ty is shown in (3-1).

The equation of the carrier can be derived as follows:

(@) number of carrier pulse determination. For example, three are three carrier pulses in each

sector under fsw = 540 Hz; and

(b) derivation of the linear carrier. For example, the equation for the first carrier can be derived

based on points (- /6,0) and (— ~/18,T,).

The resultant equations for the carriers are expressed as

f(0)=(90/ 7 +3/2)T, for-z/6<6<-r/18
f(0)=(90/ 7 +1/2)T, for-~/18<6< /18 (3-6)
f(0)=(90/7—1/2)T, for z/18<0 <716

By combining (3-1) and (3-6), the natural sampling-based dwell times can be solved. However,
these equations are nonlinear that are difficult to get online. To solve this issue, simplified but
precise linear dwell time equations are derived based on Newton—Raphson algorithm [22].

O, is taken as an example to illustrate how to derive the linear equation.
The solving equation (F()) for @, is obtained by combining (3-1) and (3-6):

F () =m_sin(z/6—6)T, —(960/ = +3/ 2)T. (3-7)
The initial guess of @, is represented by g, :

0, =-16 (3-8)

The result after one iteration @,, :
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CF(6,) m, sin(z/6—0,)— (90, / 7 +3/2)

0, =06 *
W% e, % m, cos(7r/6—6,)+9/ 7

6=06,,
The result after the second iteration @,,, :

o —g _ FO) _,  msin(r/6-6,)-(96,/x+3/2)
R F(e)\ . m, cos(z/6—6,)+9/x

6=6,,

(3-9)

(3-10)

The switching angle g calculated after two iterations (3-9) and (3-10), is precise enough in

terms of harmonics performance compared with that of the original set of equations. The other

switching angles can be achieved with the same manner, thus not repeated here. A flow chart is

provided in Figure 3-4 where @, is taken an example to illustrate the derivation principle.

n (CSE) g

Vector reference/Carrier
updating
(3-6)

A 4

Initial Guess of 6,

Op,=-716

A 4

First calculation of 6,
(3-9)

v 911

Second calculation of 91
(3-10)

"91

( Stop )

Figure 3-4 Flow chart of dwell times solving based on two-step iterations.

In summary, the proposed NS-SVM is able to find the natural sampling-based dwell times

online based on the derived two-step equations. What is more, the used switching/sampling

frequency is maintained same as that in conventional SVM.

3.2.3 Comparison between conventional SVM and NS-SVM

The comparison of low-order harmonics performance between conventional SVM and the

proposed NS-SVM s carried out based on same conditions, that are same switching/sampling
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frequency (540/1080 Hz) and same space vector sequence (three-segment sequence).

The harmonic profile of conventional SVM is given in Figure 3-5. lun is the rms value of the
nth-order harmonic current in iy and lwimax IS the maximum rms fundamental-frequency current
under the condition of ma = 1. The 5th and 7th harmonics are 10.36% and 7.8% of the
fundamental component, respectively. The harmonic profile of NS-SVM is illustrated in Figure
3-6 where the 5th and 7th harmonics are reduced to almost zero. By contrast, the high-order
harmonics (17th, 19th, 23th, and 25th harmonics) are slightly higher than those of a conventional
SVM. However, this is not an issue because these high-order harmonics can be effectively
damped by the LC filter.
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Figure 3-5 Harmonic profile of output PWM current based on conventional SVM.
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Figure 3-6 Harmonic profile of output PWM current based on NS-SVM.

The main low-order harmonics (5", 71", 11" and 13") in the full operation range based on
conventional and the proposed NS-SVM are presented in Figure 3-7. Figure 3-7 shows that the
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proposed NS-SVM has better low-order harmonics (5th, 7th, 11th, and 13th) performance in the

full operation range, especially at high modulation indices.
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Figure 3-7 Low-order harmonics performance between conventional SVM and NS-SVM.

In summary, compared with conventional SVM, the proposed NS-SVM gives a superior low-
order harmonics performance in the full operation range without compromising performance in

terms of low switching/sampling frequency and high dynamic performance.
3.3 Optimal space vector sequence design

Ref. [61] investigated the performance of low-order harmonics (5th and 7th harmonics) of
different vector sequences based on conventional SVM and concluded that the harmonic
performance can be improved by combining two sequences under proper modulation index and
different LC filters lead to different combinations. However, the harmonics performance in [61]
is still unsuitable for practical applications. Besides, its implementation is complex as the
switching between two space vector sequences at different modulation indices and LC filters is

required.
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With a special focus on low-order harmonics, this section investigates the low-order harmonics
performance of different space vector sequences based on the proposed NS-SVM. The sequence

with the best harmonics performance will be selected [68].
3.3.1 Implementation of different sequences

The most discussed space vector sequences for a CSC in the literature [55]-[60] are shown in
Figure 3-8. SQ1-SQ3 is generated by using the saw tooth carrier, while SQ4-SQ6 is realized

with triangle carrier with the asymmetrical sampled PWM.
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€ Ts >

OE I N
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(e) SQ5| I_’0 | I_’n+1 Ian | IHn | Iqurl I40 |
= T, >
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< T, >

Figure 3-8 Different space vector sequences.

To make a fair comparison, a couple of constraints and requirements are specified in advance.
First, the switching sequence design for the CSC should satisfy two requirements for the
minimization of switching frequency: (a) the transition from one switching state to the next
involves only two switches, one being switched on and the other switched off; and (b) the
transition for the combined current reference moving from one sector to the next requires the
minimum number of switches. Second, three-phase symmetry (to eliminate unbalancing effects)
and half-wave symmetry (to eliminate even-order harmonics) need to be satisfied. The quarter-
wave symmetry does not offer obvious harmonic performance advantage over the half-wave
symmetry and, thus, is not considered [61]. Third, the switching frequency is limited to around
500 Hz to reduce switching loss and satisfy the stringent thermal requirements of devices [22].

Note that, with consideration of the above constraints and requirements, the switching frequency
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of different sequences might not be same [61]. In summary, the present work aims at finding the

most suitable space vector sequences for MV CSCs based on NS-SVM.
Case A: Sequence 1

Space vector sequence 1 (SQ1) shown in Figure 3-8 (a) is the traditional three-segment
sequence. Figure 3-9 shows that in each sector, there are six dwell times. The dwell time
references are Ty (3-1) and T1+T2. The carriers are same with that in (3-6), thus not repeated here.

Combining (3-1) and (3-6) gives the solutions of g, 0,,6,. Similarly, g,, g,, 6, is obtained by
the combination of (3-11) and (3-6).

T, +T,=m_sin(z/6—O)T, + m,_sin(z/6+ O)T, (3-11)
__ Sampling Period T. “
o,
T1+T2x 6 A 4
7] Carrier
.7 1080 Hz
T~ '}
o
; 1
I Lo Lo LT Lt
—76 ! z 0 —7/18 v 2 o’ 2 72'/%

Figure 3-9 Sequence 1 (Sector I).

Case B: Sequence 2

Space vector sequence 2 (SQ2) shown in Figure 3-8 (b) divides the zero vector and puts them at
the start and the end of the sequence. Figure 3-10 shows the details of SQ2 in Sector I. To achieve
a minimum device switching frequency, all the zero vectors in one sector should be same except
the last one. The last one should be same as the first one selected in the beginning of the next
sector. On this basis, during the transition from one sector to the next only two switches are
involved. Otherwise, four switches will be generated if the two zero vectors are different. A

switching frequency of 540 Hz and a sampling frequency of 1080 Hz are therefore selected.

As shown in Figure 3-10, there are nine dwell timesg,,0,,0,,0,,6.,6,,0,,06,,0,for SQ2 per

sector. The carriers are same with that of SQ1, but the dwell time references are different. The

three dwell time references are To/2, T1 + To/2 and T1 + T2 + To/2. As same as that in SQ1, the
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combination of carriers and references gives the solution of the dwell times.

T,/2= (T, —m_sin(z/6—0)T, —m_sin(z/6+O)T,)/2

T+T,/2=,+m,sin(z/6—-6)T, —m_sin(z/6+ )T )/2

T+T,+T,/2=(T, +m,sin(z/6—-6)T, + m_sin(z/6+ O)T,)/2

Figure 3-10 Sequence 2 (Sector I).

Case C: Sequence 3

A TS\
Ti+T,+To/2 % 0, b5 o, é
0, Carrier
7 1080 Hz
T1+T0/2 T @ N
1 6,
o, To/2 6, o, o
LiooLo iR nob o nnt L g
6 —-7/18 718 76

(3-12)
(3-13)
(3-14)

Space vector sequence 3 (SQ3) shown in Figure 3-8 (c) puts the zero vector in the center. The

last active vector in one sector is same as the first active vector selected in the beginning of next

sector. Thus, the switching frequency is reduced from 540 Hz to 480 Hz. SQ3 has six dwell

timesg,,0,,0,,0,,0.,0, per sector. The carrier equations are same as that in SQ1 and SQ2. The

dwell time references are Ty (3-1) and T1 + To.

T,+T, =T, —m_sin(xz/6+ O)T,

Figure 3-11 Sequence 3 (Sector I).
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Case D: Sequence 4

Space vector sequence 4 (SQ4) shown in Figure 3-8 (d) is generated by the triangle carrier
waveform with the asymmetrical sampled PWM (dwell times are calculated every half-carrier

period). Again, to maintain waveform symmetry, the sequence should restart at each sector

boundary (instead of continue), and a proper zero vector should be selected at a sector boundary;

as same in SQ2, the zero vector (highlighted by a blue block) in the last sample in the present

sector should be selected as the zero vector (highlighted by a red block) for the next sector. A
540 Hz switching frequency and a 1080 Hz sampling frequency are suitable [61] . The resultant

carriers for SQ4 are therefore divided into two parts.

In Sectors I, 111, and V (Figure 3-12), the carrier equations are:

f(0)=(90/7+312)T. for-z/6<0<-x/18

f(0)=(-90/x+1/2)T, for-»/18<60<x/18 (3-16)
f(@)=090/r—-1/2)T, forz/18<6<x/6

The corresponding dwell time references are To/2, T1+ To/2, and T1 + T2 + To/2.

In Sectors 11, 1V, and VI (Figure 3-12), the carrier equations are expressed as:
f(@)=(—96/~7-1/2)T, for-z/6<60<-x/18
f(0)=(90/ 7z +1/2)T, for-z/18<60</18 (3-17)
f(@)=(—96/7+3/2)T, forz/18<60<7x/6

The corresponding dwell time equations are To/2, T2+ To/2 and T+ T2 + To/2.

T,+T,/2=(T, —m,sin(z/6—O)T, +m, sin(z/6+O)T,)/2 (3-18)

A Ts \

T1+T2+T0/2 N 63 U4 01 9 97

A o, Carrier T1+kT2+T0/ 2 %
Ti+Tol2 i 1080 Hz B
\ a
G | T2 NG

O T2 4 0, e\ 4 &

R L IR B DS AT I Y A B B 11 A B S Y

-6 -xl18 iz/18 6 i57/18 77118 7l2

< » Sector I, 1, V « > |« —» Sector 1, 1V, VI < >

Figure 3-12 Sequence 4. (a) Sector I, 111, V. (b) Sector II, 1V, V1.
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Case E: Sequence 5

Space vector sequence 5 (SQ5) shown in Figure 3-8 (e) is generated by removing one zero
vector in the center of SQ4. Again, the zero vector (highlighted by a blue block as shown in

Figure 3-13) in the last sample in the present sector should be selected as the zero vector for the

next sector. To ensure a symmetry waveform, a switching frequency of 480 Hz together with a
sampling frequency of 1440 Hz is needed.

A TSX
Carrier
1440 Hz Z
9 %
&
T,+To
o ¥
2 0 98
ar LG -
! X — " {
To
AT R
I AL o B B W D B o -

Figure 3-13 Sequence 5 (Sector I).

Similarly, equations of the carriers and the dwell time references To, and T2+ To are expressed
as (3-19), (3-3) and (3-20), respectively.

f(0) =120/ +2)T, for-z/16<0<-r/12
f(0)=(~120/ )T, for-~/12<60<0

(3-19)
f(0)=(120/7)T, for0<@<r/12
f(0)=(—120/7+2)T. forz/12<0<r/6
T,+T,=T,—m_sin(z/6—O)T, (3-20)

Case F: Sequence 6

Space vector sequence 6 (SQ6) shown in Figure 3-8 (f) is obtained by removing the zero

vectors at both sides of SQ4. As a discontinuous sequence, SQ6 is not symmetrical from the

sequence center with advantage of reducing one switching during the sector crossing, where T

(highlighted by a blue block as shown in Figure 3-14) in the present sector will be the same as T

in the next sector. A switching/sampling frequency of 540/1440 Hz are required for waveform

symmetry.
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SQ6 has eight intersections (dwell times) g,,0,,0,,6,,6,,6,, 6,, 6, per sector shown in Figure
3-14. SQ6 is a discontinuous sequence that the eight intersections are calculated by different
dwell time references. The carriers are same as those in SQ5, while the dwell time references for

6,,0,,0,,0, are Trand T1+T, and the dwell time references for ,,0,,0,, 0, are T and T1+To.

In summary, dwell time equations for different space vector sequences are listed in Table 3-2.

A TS)‘
g
6 3 8
T1+T,
O f—
-\‘k—"‘“—'—..._
Ta
P
I, LT N N g
e ol ig ¢ il 712 6
A
Carrier
T1+T2‘ 093 Hz 6)7
e 08
6,
/
Ta
SRS A
6 -rl12 ' ) 12 76
Figure 3-14 Sequence 6 (Sector I).
Table 3-2 Summary of Different Space Vector Sequences
Vector Switching Sampling Effective Switching Angles Derived Equations
Sequences | Frequency(fsw) | Frequency(fs) o for Angles Solving
SQ1 540 Hz 1080 Hz 0.,6,,0,,80,,.0.,0, (3-1), (3-6), (3-11)
SQ2 540 Hz 1080 Hz 6.0,0,0,0.,06,0,,0,0, | (3-6),(3-12), (3-13), (3-14)
SQ3 480 Hz 1080 Hz 0.,6,,0,,86,,.0.,0, (3-1), (3-6), (3-15)
0 esf’ 00000000000 | (312), 313, 319, (316)
S04 540 Hz 1080 Hz |5 eecetore' RN
172 e A sy 6 T e T | (3-12), (3-14), (3-17), (3-18)
Sector 11, 1V, VI
SQ5 480 Hz 1440 Hz 6.0,,0,0,,.06..,6,.,80,,0, (3-3), (3-19), (3-20)
6.,0,,06.,0 3-1), (3-11), (3-19
SQ6 540 Hz 1440 Hz S (3-1), (3-11), (3-19)
6,,6,,0,0, (3-2), (3-11), (3-19)
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3.3.2 Comparison among different sequences

Figure 3-15 shows the low-order harmonics performance of the six sequences based on NS-
SVM. SQ1 and SQ2 perform better low-order harmonics in the full operation range compared
with other sequences. Even though the magnitude of the 7th harmonic of SQ6 around ma = 0.6 is
the lowest one among the six sequences, SQ6 cannot be used in practice as the 5th harmonic in
the full operation range and the 7th in high and low modulation index are very high. Compared

with SQ1, SQ2 offers better performance in the full operation range.

Therefore, SQ2 is the best one in terms of low-order harmonics performance (5th and 7th)

among all the six space vector sequences in the full operation range.
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Figure 3-15 Low-order harmonics performance among different sequences.

One main step of the NS-SVM s to calculate the natural sampling based dwell times online.

As mentioned earlier, they can be obtained by the two-step equations derived based on Newton—
Raphson algorithm. However, they are complex and will increase computational burden. To

solve this problem, one-step equations are introduced. The one-step equations contribute to lower
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computational burden, but with similar low-order harmonics performance as illustrated in Figure
3-16. The final simplified one-step equations are shown in Table 3-3.

|w5/|wl,max% Iw7/|w1,max0/0

0.6 I \ X Or?e—step 12 i One-step

% A N _ —
Zj / Ttvo—steg\\ :: m \
03 // A 0.6 // \
ny N7 \\

0.1 0.2

0 0 i i i \
01 02 03 04 05 06 07 08 09 ma 01 02 03 04 05 06 07 08 09 ma

Figure 3-16 Comparison of low-order harmonics between one-step and two-step equations.

Table 3-3 Online Dwell Times Equations for SQ2

6, M 2(m,Sin(r/6=0,) +m, sin(x/6+0,)) + (90, | 7 +1)
6, 1/2(m, cos(z/6—6,)—m, sin(z/6+86,))—9/x

1/2(—m_ sin(z/6—86,)+m_sin(z/6+6,))+ 90,/ = +1)
1/2(—m,cos(z/6 —86,) —m, cos(z/6+86,))—9/x

o, | 0+

1/2(—m,_sin(z /6 —6,)) —m_sin(z /6 + 6,,)) + (96,, / = +1)
1/2(—m_cos(z/6—-6,)+m_ cos(z/6+86,))—-9/x

o, | 6,+

1/2(m_ sin(z/6—-6,,)+m_sin(z/6+6,,))+90,, |«
1/2(m,cos(x/6—-6,,)—m,_sin(x/6+6,))—-9/rx

O, | -7/18+

1/2(—m_sin(z/6—-6,))+m_sin(z/6+6,,))+96,, /=

o, | 0, +
1/2(—m,_ cos(z/6—-6,,)—m_cos(z/6+86,,))—-9/~x

1/2(—m,sin(z/6—6,)—m,_sin(z/6+6,))+90,, | =

o, | 6, +
1/2(—m_cos(z/6—-6,)+m_cos(z/6+6,))—9/x

1/2(m_ sin(z/6-6,,)+m,sin(z/6+6,))+96,, /-1
1/2(m_ cos(z/6—-6,)—m_sin(z/6+6,))-9/rx

O, | 7118+

1/2(—m_sin(z/6—-6,)+m_sin(z/6+6,))+ (96, / 7 —1)
1/2(—m, cos(7/6—-86,) —m,cos(z/6+86,)) -9/~

G, | 0, +

1/2(—m,sin(z/6 —-6,,)) —m_sin(xz/6 + 6,,)) +(96,, / = —1)

499 G, +
1/2(—m_ cos(z /6 —6,)+m_cos(z/6+6,,)) —9/x
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3.4 Experimental verification

3.4.1 Comparison between conventional SVM and NS-SVM

Figure 3-17 and Figure 3-18 illustrate the experimental waveforms of the converter output
PWM current iw, line current is and their FFT analysis under conditions of fsw = 540 Hz and ma =
1. In the case of conventional SVM shown in Figure 3-17, the 5" and 7" harmonics are
approximately 11% and 7.0%, respectively. The 11" and 13" are around 7.3% and 7.2%. The
low-order harmonics performance of NS-SVM, on the other hand, is superior as shown in Figure
3-18, that are 0.6% (5th), 0.7% (7th), 1.1% (11th), and 1.66% (13th), respectively.

1004/ 2 3 4 19.90z 5.000%/ Stop 10,080 2 3 4 0.0s 5.000g/ Stop
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Figure 3-17 Experimental waveforms based on conventional SVM.
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Figure 3-18 Experimental waveforms based on NS-SVM.

In summary, NS-SVM performs better low-order harmonics than conventional SVM. Though
the magnitudes of the high-order harmonics (17th, 19th, 23th and 25th) of NS-SVM are higher
than conventional SVM, they are effectively damped by the LC filter shown in Figure 3-18.
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3.4.2 Comparison among different sequences

Figure 3-19 shows experimental waveforms of the converter output PWM current iw and their
FFT analysis of different vector sequences. All the experiments are conducted based on ma =1.
The resultant switching frequencies for different sequences may be different as previously

mentioned. SQ3 and SQ5 are with 480 Hz, while SQ1, SQ2, SQ4, and SQ6 are with 540 Hz.
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Figure 3-19 Experimental waveforms of different sequences under unity modulation index.
Obviously, SQ1 and SQ2 perform better in terms of low-order harmonics (5th and 7th)

compared with other sequences.
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Figure 3-20 and Figure 3-21 show the experimental waveforms of converter output PWM
current iw and line current is of SQ1 and SQ2 under fsw = 540 Hz, fi.c = 4.5 pu, ma = 0.5, Rg =
0.01 pu. SQ2 performs better low-order harmonics performance than SQL1.

In summary, the four-segment sequence (SQ2) based on NS-SVM is the best one in terms of

low-order harmonics performance among the six investigated sequences.

10.044 2 3 4 0.0s 5.000z/ Stop 2 H00Af 3 4 0.0s 5.000%/ Stop

I | SQ1|fy, =540 Hz, ma|= 0.5

ahtin i e sl sy
111 1 A N N
piA B[ ﬁl | 1| iy {lhkmgth . J \erw
UL A A _[FFTof i, \=
v 2V/d|v v

)N
o
Py

vT
N

Figure 3-20 Experimental waveforms of SQ1.
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Figure 3-21 Experimental waveforms of SQ?2.

3.5 Conclusions

In commercial grid-side MV CSCs, only the selective harmonic elimination (SHE) is used.
SHE features superior low-order harmonics performance but with low dynamic response as it is
an off-line scheme. SVM featuring fast dynamic response, however, cannot be used for the grid-
side MV CSC mainly due to its high-magnitude low-order harmonics. A multi-sampling SVM
can improve the performance of the low-order harmonics, but with the penalty of higher

switching/sampling frequency which is not preferred for high-power MV applications.

72



In this chapter, a natural sampling SVM (NS-SVM) with superior low-order harmonics
performance, is proposed for grid-side MV CSCs. Compared with conventional SVM, NS-SVM
features superior low-order harmonics performance in the full operation range without
compromising performance in terms of fast dynamic performance and low switching/sampling
frequency. Compared with the multi-sampling SVM, NS-SVM does not introduce additional
switching frequency, but with superior low-order harmonics performance that is equal to the

performance when the sampling frequency of the multi-sampling SVM increases to infinite.

Besides, the optimal space vector sequence among existing main sequences for CSCs in terms
of low-order harmonics performance is investigated. Among these investigated sequences, the
four-segment sequence based on NS-SVM performs best low-order harmonics performance in

the full operation range.

Experiments are carried out to verify the performance of NS-SVM and the selected optimal

space vector sequence.
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Chapter 4
Power Balancing Control of Series-
Connected CSCs

In the proposed CSC-based offshore wind farm configuration, a number of MV CSCs are
connected in series to form a centralized dc/ac inverter transferring the wind power to the grid.
An equal power distribution among all the CSCs should be ensured during operation. Otherwise,
the system reliability may suffer. For example, the one that contributes a greater portion of the
power will be thermally overstressed. In previous studies, the series-connected CSCs are
controlled based on assumptions that all CSCs are ideal and identical and the power is evenly
distributed among them. However, in practice, such assumptions are invalid as tolerance of
components exists. Therefore, in this chapter, the investigation of power distribution among
series-connected CSCs considering the tolerance is conducted and a power balancing control
scheme to ensure an even distribution of power among CSCs is proposed.

This chapter starts with a brief introduction of conventional control scheme of the series-
connected CSCs followed by the proposed one. First, the possible power imbalance is discussed
and concluded. Second, the possible imbalance is quantitatively defined. Third, a power
balancing scheme is proposed that an even distribution of power among CSCs is ensured. Both

simulation and experimental results are provided to verify the effectiveness of the scheme.
4.1 Control objectives of series-connected CSCs

Figure 4-1 shows the series-connected CSCs in the proposed system. Figure 4-2 shows the
conventional control scheme of the series-connected CSCs. There are two control objectives for
the series-connected CSCs when used in offshore wind farms. One is the dc-link current control
and the other is the power factor control. The dc-link reference current lqc ref and the reactive
power Qrer are received from the wind farm supervisory control and grid codes, respectively [40].
The outputs of the dc-link current and reactive power controllers are d-axis grid current reference

(Igd_ref) and g-axis grid current reference (lgq ref), respectively. The converter reference current
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(Iwd_ref, lwq_rer) IS Obtained by compensating the grid-side filter capacitor current. The modulation
index ma and delay angle a are calculated based on the grid converter reference current and
gating signals are generated using SVM and then applied to all the CSCs. Please refer to [40] for
more details.
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Figure 4-1 Series-connected MV CSCs.
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. Control scheme for grid-connected CSCs [39]

Figure 4-2 Conventional control scheme for series-connected CSCs [40].

Conventional scheme assumes that all the CSCs and passive components are ideal and identical
that equal power distribution can be achieved by applying identical switching signal (ma and o)
to all the CSCs [40]. However, it is not the case at all in practice where tolerance exists. The
power balance among CSCs must be ensured during operation. Otherwise, the system reliability

suffers. For example, the one with a higher power will be thermally overstressed. In summary,
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the question goes to if the tolerance of components in practice will introduce power imbalance

and how much. This will be answered in the following [69].

4.2 Power and input voltage of CSCs

4.2.1 Relationship between power and input voltage

As shown in Figure 4-1, the CSCs are connected in series and share one dc-link current, that is
lac. The dc-link voltage of the system, that is Vqc is equal to the sum of all the input voltage of
each CSC, that is Vgem. Based on power conservation, the power of each CSC will be
automatically balanced once its input voltage is balanced. For simplicity, the balance of input

voltage of the CSCs will be discussed in the following.
4.2.2 Instantaneous input voltage

The instantaneous input voltage of each CSC vgem is clamped by the grid voltage. Taking
Module #1 as an example. Assuming at one instant, S11 and Sz are on, the input voltage vac: is
equal to vao-Vho (the on-state voltages of the switching devices are too small that can be neglected)
as shown in Figure 4-1. Similarly, vac1 under other switching states can be obtained with the
same manner and they are illustrated in Table 4-1. Figure 4-3 shows the instantaneous input
voltage vye1 of Module #1 during one fundamental period where the modulation index ma and the

delay angle a are set to 0.8 and 0, respectively.

As the capacitor voltage is clamped by the grid voltage, the instantaneous input voltage of each
CSC is therefore clamped by the grid and the instantaneous input voltage of each CSC will be

well balanced.

Table 4-1 Switching States and Input Voltage

Type Switching On—_State Input
States Switch Voltage vq
Zero [14] Su, Sug
States [36] S13, Si6 0
[52] S5, S12
[61] S16, Su1 Vao-Vio
[12] S11, S12 Vao-Vco
Active [23] Si12, S13 Vbo-Veo
States [34] Si13, S14 Vbo-Vao
[45] S1a, S15 Vco~Vao
[56] Sis, S16 Veo~Vio

76



AN
/

0 /2 T 3n/2 2n
Figure 4-3 Input voltage during one fundamental period (m, = 0.8, o= 0).
4.2.3 Average input voltage

The average input voltage of each CSC is derived based on the rule of energy conservation.

The input power is given by
Pn =Vaclgc (4'1)
where Vqc and Iqc are the average dc voltage and dc-link current, respectively.

The output power for each CSC can be expressed as
Pu= \/§\/LL l,,C0s() (4-2)

where Vi is the rms line-to-line voltage of the grid, lw: is the rms value of the fundamental-
frequency current of iw, a is the phase displacement between the grid voltage and the

fundamental current of the CSC output PWM current iw.

Neglecting the power losses in the inverter, the input power Pin is equal to the output power
Pout,

\/§v|_|_ L cos(a) =Viclge (4-3)
from which
V. =v3/2V, m, cos(a) (4-4)

where m, =\/§IW1/IdC.
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In summary, the peak value of the instantaneous input voltage of each CSC clamped by the
grid voltage will be well balanced, while the average input voltage which is related to both the
modulation index and the delay angle shown in (4-4) may not be balanced during operation. This
will be investigated in the next section.

4.3 Input voltage distribution among CSCs

This section investigates the power distribution among CSCs. The possible imbalance of power
among CSCs is unveiled and quantitatively defined. As mentioned earlier, the power will be
automatically balanced when the average input voltage is balanced. And the latter will be
discussed in the following.

4.3.1 Voltage distribution under practical conditions

In practice, the tolerances include the possible unequal on-state voltages of switching devices,

the possible mismatch of gating signals, and the tolerance in filter parameters.
(@) Unequal on-state voltage of switches

The effect of unequal on-state voltage of switches on the average input voltage distribution are
very limited that can be neglected. Taking a 1 MW, 4160 V CSC as an example where the rated
dc-link current is around 200 A. The commercial switches for MV CSC are SGCT [70] with the
maximum on-state voltage being around 5.78 V. Even an impractically huge tolerance, 100%,
for example, can only introduce a limited imbalance, that is 200*5.78 W which is about 0.1% of

its rated power.
(b) Delay in gating signals

A mismatch (delay) in each gating signal possibly occurs in practice. However, it affects
neither the peak value of the instantaneous input voltage nor its average input voltage. First, the
instantaneous input voltage, a chopped one, is clamped by the grid voltage as shown in Table 4-1.
Second, the average input voltage is not affected by the delay in gating signals which can be
verified by (4-4).

(c) Tolerance in filter parameters

As mentioned earlier, the control objectives achieved by series-connected CSCs are dc-link

current control and power factor control. Here, in the case of a wind farm, the reactive power
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required by grid codes is normally achieved by adding extra reactive support equipment at the

plant level, such as SVC and STATCOM. Thus, UPF is used as an example in the following.

Figure 4-4 illustrates the phasor diagrams of the CSC, where all the voltage and current
phasors, such as lg, lw, and V¢, represent their fundamental-frequency components only. The
subscript “1” designated for the fundamental frequency is omitted for simplicity. Figure 4-4 (a)
shows the phasor diagram under ideal condition. The control objective is UPF that the line
current lg is in phase with grid voltage Vg. To achieve this, the capacitor current, that is Ic_uer,
needs to be compensated. The resultant reference PWM current lw ref IS then obtained. Figure 4-4
(b) illustrates the phasor diagram under a positive tolerance of Cr (+20%). The capacitor current
required to be compensated to achieve UPF is increased by a factor of approximate 1.2, while the
reference PWM current of lw _rer calculated based on an ideal condition is remaining the same.
The resultant line current lg is lagging the grid voltage. The UPF control is failed. Similarly, a
leading power factor is produced when the tolerance of Cs is negative as shown in Figure 4-4 (c).
The phasor diagram under the condition of inductor tolerance can be obtained with the same

manner, thus not repeated here.

IngPF
(a) Unity PF

(c) Leading PF

Figure 4-4 Phasor diagram under different conditions.

Based on the above phasor diagram, the capacitor and inductor voltage/current are expressed as

follows.
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Iw_ref = IC_UPF + Ig_UPF

Ig = Iw_ref - Ic
I, = joC,V.k (0.8 <k, <1.5)
V, =V, +V,

V, = jol, 1k, (0.8<k, <1.2)

(4-5)

where lw ref IS the common reference PWM current for all CSCs, Ic_ uprr and g upr are the
capacitor and line currents under UPF, ki and k are tolerance coefficients for the capacitor and
inductor in practice, and the others are same as those defined above. Note that the maximum
tolerance for such the filter-based capacitors can be ranging from -20% to +20% or even to +50%

[71]. The inductance normally has a maximum tolerance within £20%.

The resultant reference current I ref and line current Iq are expressed as

=(1- wch L, ) ourr ja)Cng (4-6)

I w_ref

_ (1-°C, L)l uer + JCV (1-K))

9 2 (4-7)
(1-°CLkk,)

Accordingly, the resultant grid-side power factor is illustrated in Figure 4-5. First, the tolerance
in capacitance leads to the tolerance in power factor. For example, a lagging power factor of -
0.87 is received under conditions of Ig upr = 0.5 pu and ki =1.5 (+50% tolerance). Second, given
a fixed tolerance in capacitance, the tolerance in actual power factor aggravates with reduced line

current. In practice, this occurs when the wind turbine is operating under low speeds.

Reference =1 k;=1

1.1 v
s 10 = —
g ol |17 k=08
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204/ ‘
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Figure 4-5 Tolerance in power factor.
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The capacitor voltage V. can be defined with the same way.

y ol 1= @"CiL)l, e —0'LC VKo A-k)

: o) g (4-8)
(1— @°C, L kk,)

The first term in (4-8) represents the tolerance in capacitor voltage V., that it is too small that
can be neglected compared with the second term, the grid voltage Vg. Thus, a well-balanced

average input voltage can be obtained among CSCs.

In summary, the tolerance in the filter leads to significant tolerance in grid-side power factor
which is not allowed by grid codes. The tolerance in average input voltage, on the other hand,

can be negligible.
4.3.2 Voltage distribution under power factor control

To achieve UPF, a power factor control loop should be added to the conventional control
scheme. In the following analysis, a two-module based system is taken as an example. And the

capacitor voltage which is well maintained is not presented in the phasor diagram for simplicity.

Figure 4-6 shows the phasor diagram of the two-module system. Assuming the system is now
operating under steady state by conventional scheme. By applying identical reference current,
that is lw_ref (Ma and «), to the two modules, two different line currents (lg1 and lIq2) are generated.

One (lg2) is leading the grid voltage, while the other (l41) is lagging as shown in Figure 4-6 (a).

Iwziref

] v v ' . ' 777«»
boag ap lgr g uprlg Vy

(b)

Figure 4-6 Phasor diagram under power factor control.

To achieve UPF, the delay angle (a) of the common reference current lw1_ref Shown in Figure 4-
6 (a) should be increased to compensate the lagging phase angle (61) of the line current lg:
(Module #1), while a reduced delay angle is needed to compensate a leading phase angle (62) of

the line current Ig2 (Module #1). After the regulation, the system will be operating under steady
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states again, but with a different operation point as shown in Figure 4-6 (b). The reference
current for Module #1 is now shifting from lw rerto lwa ret’, while it is shifted from lw _refto lwo ret’
for Module #2. lwi ref ' and lwo rer ' are with different delay angles, but sharing the same

modulation index (ma').

The average input voltage for each module before and after power factor control is derived as
follows. The input power (Pq4c) for the two-module system before the regulation shown in Figure
4-6 (a) is approximately equal to

I:)in :Vdcldc =2~ 3/2VLL ma COS(a) (4-9)

After the regulation, the system is operating with a different point as shown in Figure 4-6 (b)

P, =V +Viu )y =V3/2V,, {m, cos(a,) + m, cos(; )}

a~ra—0, (4-10)

a, ~a—0,
where 01 and 6 are calculated based on (4-7), and a is calculated based on (4-6).
Before and after the regulation, the input power is remaining the same. Combining (4-9) and

(4-10) gives

_ 2m, cos(a) (4-11)
* cos(a—6,)+cos(a—6,)

Based on (4) and (11), Va1 and Vg2 are expressed as follows

V., =v3/2V, m, cos(e—6,) =a-(cos(a —6,)) (4-12)
V,., =v3/2V, m, cos(a - 6,) =a-(cos(a —b,))

The resultant average input voltages Vdc1 and Vacez in the full operation range are shown in
Figure 4-7 where the capacitor tolerances for Module #1 and #2 are +50% (k:=1.5) and -20%
(k1=0.8), respectively. Figure 4-7 shows that Vg1 is around 1.28 times of Vg2 under rated
condition. Besides, the imbalance aggravates as reduced line current. Here, the given tolerance in
filter parameters of the two modules is the critical case, one (ki1=0.8) giving the maximum value
Vdc2, While the other (k1=1.5) giving the minimum value Vqc1. The other average input voltage

under other conditions will be random-distributed between them. Note that the number shown in
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Figure 4-7 may be slightly different with that in the following simulation and experiment. This is

due to the approximation used in (4-10).
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Figure 4-7 Input average voltage under UPF control.

In summary, three conclusions can be drawn based on above analysis. First, the instantaneous
input voltage of each CSC is clamped by the grid voltage so that it is well balanced. Second, in
the case of conventional scheme, the dc-link current control is ensued, the imbalance of average
input voltage of each CSC can be neglected, while a significant tolerance in grid-side power
factor occurs which is not allowed by grid codes. Third, UPF can be ensured by adding an
additional power factor control to conventional scheme, though leading to great imbalance of
average input voltage among CSCs. The one with higher average input voltage carries higher

power that will be thermally overstressed. Thus, additional power balancing scheme is needed.
4.3.3 Combined voltage balance control

As analyzed above, to achieve both voltage/power balancing among CSCs and UPF at the grid
side, different PWM reference currents are needed. Accordingly, a combined control scheme is

proposed shown in Figure 4-8.

First, the conventional scheme (Figure 4-2) is entirely inherited. Besides, two additional
control loops are added. One is the power factor control loop that helps ensure UPF at the grid
side. The other is the voltage balance control that helps ensure voltage/power balance among
CSCs. Each CSC is then controlled individually in the proposed scheme instead of sharing an

identical control signal in conventional scheme.

The input modulation index (ma) and delay angle (o) is received in the way as same as that in

conventional scheme. Vgem ref iS Obtained by the captured wind power (Pqc) and the dc-link
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current (lac). The grid-side power factor 6, of each CSI is obtained by the phase locked loop. The
output of the controller produces individual reference currents, ma1 and « are for Module #1 and
Mam and am are for Module #m, and then applied to each CSI. Once the input voltage balancing is
achieved, the power of each CSI will be automatically balanced due to the series connection.
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Figure 4-8 Proposed combined voltage balance control.

According to (4-4), the average input voltage of the CSC #m after regulation Vgc n can be

expressed as

Vie m =v3/2V (M, +Am, )cos(a, +Aa,) (4-13)

where maand « are the common modulation index and delay angle for each CSC received based
on conventional scheme, Amam comes from the average input voltage balancing control, and Aam
from the power factor control. For example, before time t, the system is operating under steady
states where both voltage balancing and required power factor are ensured. At time t, the power
factor control loop of one CSC is activated and a positive Aam is obtained after the regulation.
The new delay angle is then increased to a« + Aam, leading to a reduction in the average input
voltage of the CSC according to (4-4). This therefore introduces an imbalance of the average
input voltage and the voltage balancing control loop of the CSC is activated that a positive AMam

is generated. Finally, the balancing is achieved again according to (4-13).
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The phasor diagram of the previous two-module system under the proposed scheme is shown
in Figure 4-9. As shown in Figure 4-9, the reference current applied to the two CSCs based on
conventional scheme is lw_ref (Ma and a). To ensure well-balanced average input voltage and grid-
side power factor, UPF, for example, the reference current for the CSC with a higher capacitor
current lc1 shown in Figure 4-9 needs to shift from ly ret (Ma and ) to lwi_ret (Ma1 and a1), and the
reference current for the CSI with a lower capacitor current I, needs to shift from lw ref (Ma and «)
to lw2_ref (Ma2 and a2). During the process, both the modulation index and the delay angle are
regulated. After the regulation, the same grid-side line current Iy upr is ensured for both CSls as
shown in Figure 4-9. Thus, both the average input voltage balancing and the required grid-side

power factor of the two-module system are obtained.

Figure 4-9 Phasor diagram based on the proposed combined control scheme.

4.4 Performance investigation

In this section, both simulations and lab-scale experiments are conducted to verify the
effectiveness of the proposed scheme. Note that in practice, the maximum tolerance of
capacitance can be well maintained within = 20% [71], while the possible +50% tolerance listed
in some commercial products [71] may not be typically occurred. However, for such series-
connected CSCs used for offshore wind power, the reliability is number one priority that the
possibly most critical condition should be considered. Thus, to verify the effectiveness of the
proposed separate scheme, the tolerance for capacitance is purposely set to be ranging from -20%
to +50%.

4.4.1 Simulation investigation

Figure 4-10 shows the simulated performance with and without the combined voltage balance

control scheme. Before t = 1 s, the system operates under conventional scheme. The average
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input voltages for Module #1 and #2 (Vqc1 and Vac2) are 4000 V and 3800 V with the resultant
mismatch being around 5% that is same as previous analysis. The power factor reference is set to
unity that no reactive power is injected to the grid. The actual numbers, however, are with a
different value. For example, the actual power factor for Module #1 is -0.96 as shown in Figure
4-10 (c). Att = 1 s, the power factor control is activated. The grid-side power factor is tracking
its reference effectively. Vgc1 and Va2, on the other hand, start to diverge quickly and finally
reach to a steady state with Vg1 = 3450 V and Vac2 = 4350 (Va1 = 1.27 Vae2). At t = 2 s, the
proposed scheme is activated. Vgc1 and Vacz start to converge quickly, while the power factor is

remaining unity. During the process, the dc-link current lqc is controlled to be constant as shown
in Figure 4-10 (a).
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Figure 4-10 Simulated performance with and without voltage balance control.
Figure 4-11 shows the simulated performance under stepped dc-link current. This is to emulate
the stepped wind speed in practice. Figure 4-11 shows that the dc-link current control, the grid-

side power factor control, and average input voltage balancing control of the two CSCs are
ensured.
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Figure 4-11 Simulated performance under stepped dc-link current.

4.4.2 Experimental verification

Figure 4-12 shows the experimental performance with and without the combined voltage
balance control scheme. Note that in the experiment, the inverter-side line-to-line voltage of the
variac transformer which is connected to the grid is measured. Thus, in the following, the
displacement between the line current and the phase grid is equal to 6’ - 30° where 6’ is the

displacement between the line current and the line-to-line voltage.

When only conventional scheme is applied, average input voltages Vgc1 and Vgc are 92 V and
87 V with the resultant difference between them being around 5%. The power factor reference
Orer 1S set to unity, while the actual number is different. Figure 4-12 (c) shows injected line
current igr and line-to-line voltage van of Module #1. The actual power factor is -0.96 that is same

as that in the previous analysis. The imbalance of average input voltage of the two modules
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aggravates when the reference power factor is obtained with the help of power factor control as
shown in Figure 4-12 (b). Vg is decreasing from 92 V to 78 V, while Vg2 is increasing from 87
V to 100 V with the resultant mismatch reaching to 28%. When the proposed separate scheme is
applied, Vg1 and Ve start to converge quickly and the power factor is remaining unity. During
the whole process, the dc-link current lqc is well controlled as shown in Figure 4-12 (a).
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Figure 4-12 Experimental performance with and without voltage balance scheme.
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Figure 4-13 shows the experimental performance under stepped dc-link current. The average

input voltages of the two CSCs are well balanced and the grid-side power factor is maintained at

unity.
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Figure 4-13 Experimental performance under stepped dc-link current.

4.5 Conclusions

In this chapter, the power distribution among grid-side series-connected MV CSCs is
investigated. First, the power imbalance among series-connected CSCs is unveiled where the
tolerance in filter parameters is the dominated factor. Second, conventional scheme gives a small

mismatch of power, but produces a significant tolerance in power factor which is not allowed by
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the grid codes. To meet grid codes, an additional power factor control has to be added. The
resultant imbalance, however, aggravates greatly. Third, a combined control scheme is proposed.
Compared with conventional scheme, two additional control loops are added. One is the voltage
balance control used to ensure equal voltage/power distribution among CSCs. The other is the
power factor control employed to guarantee the grid-side power factor. In summary, the
combined scheme ensures dc-link current control, grid-side power factor control, and power

balancing among series-connected CSCs simultaneously.

Both simulation and experiments are provided to verify the effectiveness of the proposed
scheme.

90



Chapter 5
DC-link Current Control of Offshore Wind
Farm with Bipolar HVDC System

The proposed CSC-based series-connected offshore wind farm features smaller size and weight
as no offshore substation and low-frequency transformers are used. However, a big challenge
exists for the system, that is the high insulation requirement. A CSC-based configuration is
normally operating under monopolar mode. The resultant maximum insulation requirement is the
full transmission voltage, leading significant challenge to the whole system in terms of cost and
reliability. Bipolar operation gives lower insulation requirement. However, the dc-link current
control is a main concern for the CSC-based configuration operating under bipolar mode. There
are two equivalent paths for the dc-link current and the dc-link current control directly
determines the efficiency and flexibility of the system. Therefore, the objectives of this chapter
are to investigate the performance of the bipolar operation and propose an optimal dc-link

current control.

This chapter starts with a brief introduction of conventional dc-link current, followed by the
proposed optimal dc-link current control under bipolar mode. Equivalent circuits for monopolar
and bipolar modes are derived respectively. Compared with monopolar mode, bipolar mode
gives lower insulation requirement, thus contributing to lower cost and higher reliability.
Compared with conventional dc-link current control, the proposed one features higher efficiency
and flexibility. Both simulation and experimental results are provided to verify the performance
of the system under bipolar mode and the effectiveness of the optimal dc-link current control.

5.1 Monopolar operation

Figure 5-1 shows the CSC-based series-connected offshore wind farm configuration. In the
offshore part, a number of turbine units are connected in series to reach an HVDC level. In the
onshore part, a number of MV CSCs are connected in series to form a centralized dc/ac converter.
The step-up multi-winding transformers are employed to connect the converters to the grid,
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providing isolation and grid integration. A dc-link inductor, that is Lqc, is shared by offshore and

onshore converters.

Offshore Wind Farm . Onshore Grid Connection

Modular MFT-based i MV CSC
converters

Grid

Multi-winding
transformers

—_
1
I

Figure 5-1 CSC-based offshore wind farm with monopolar HVDC system.

CSC-based configuration is normally operating under monopolar mode as shown in Figure 5-1.
However, one significant challenge exists, that is the high system insulation level, leading to
higher cost, lower reliability, and limited power capacity.

The wind generator that is farthest from the grounding point must be capable of withstanding
the full transmission voltage. To tackle this issue, a couple of methods are proposed as follows
[72], [73].

(@) insulate the generator winding, and offshore converter for high potential (the full

transmission voltage) to the ground, or

(b) insulate the wind turbine tower for high potential (the full transmission voltage) to the

ground and keep the nacelle on high potential, or
(c) using transformers.

Among the above methods, the transformer-based solution seems more reasonable in practice.

Ref. [40] employed a low-frequency high-power transformer between generator and the front-
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end CSC that generators with regular insulation levels can be used. However, this low-frequency
transformer is heavy and bulky increasing burden on offshore construction as the space either in
the nacelle or in the tower of the wind turbine is limited [6]. To solve this issue, a modular
MFTs-based configuration is presented in this work. It features smaller size and weight which is
particularly important for offshore applications. However, the technology for such a high-power
MFT with the maximum insulation level being around an HVDC level, 300 kV and higher, for

example, is immature [45].

First, such a high insulation level produces significant costs on the high-voltage isolated
transmission cables as well as the modular MFTs and converters that all with high-voltage
isolation requirement. Second, the reliability is reduced as increased insulation requirement.
Third, the power capacity of the series-connected system under monopolar mode is limited.
More turbine units need be connected in series to reach a higher HVDC level and achieve higher
transmission capacity. In practice, this is impractical mainly due to the limitation of the increased

insulation requirement.

In summary, the CSC-based series-connected offshore wind farm with monopolar HVDC
system results in a full transmission insulation requirement, leading to higher cost, lower

reliability, and limited power capacity.
5.2 Bipolar operation

Bipolar operation is typically used in VSCs where the insulation of the system is half of the dc-
link voltage. Following this, the CSC-based series-connected configuration under bipolar mode
is given in Figure 5-2 [74].
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Figure 5-2 CSC-based offshore wind farm with bipolar HVDC system.
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Bipolar mode lowers the insulation level. Given a transmission voltage level in monopolar
mode, that is 300 kV, for example, the resultant insulation requirement under bipolar mode is
now reduced to 150 kV, giving significant cost saving as well as higher reliability. In addition, a
bigger transmission capacity can be obtained by extending the bipolar system to a multi-port
system as shown in Figure 5-3. In the case of monopolar system, however, this can only be
achieved by connecting more modules in series which is impractical as previously mentioned. In
summary, the CSC-based configuration with bipolar operation mode features lower insulation
requirement, giving lower cost, higher reliability, and higher transmission capacity.

————————————————————————————————————————————————————————————————————————————————
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Figure 5-3 Multi-port CSC-based offshore wind farm.

However, a technical challenge exists for the system operating under bipolar mode, that is the
dc-link current control. Figure 5-4 illustrates the equivalent circuits of the system under
monopolar and bipolar modes, respectively. Monopolar mode has one current path that the dc-
link current is flowing through all the converters. Bipolar mode, on the other hand, has two
current paths. The dc-link current control proposed for monopolar mode can be used in bipolar
mode, though with the penalty of lower efficiency which will be illustrated in the following.
Thus, an optimal dc-link current control bringing high efficiency for the bipolar system is needed.
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Figure 5-4 Path for dc-link current under monopolar and bipolar modes.
5.3 Optimal dc-link current control

The dc-link current control plays a critical role in offshore wind farm operations. In general,
two constraints are set for the dc-link current control. First, the dc-link reference current should
be equal or greater that the maximum value between generator- and grid-side determined
minimum dc-link reference currents. A minimum dc-link current is required to achieve MPPT
for offshore turbine-generator converter, below which MPPT cannot be obtained. Similarly, a
minimum number is required for grid-side converter to ensure power factor control, UPF, for
example. Thus, the final dc-link reference current should be equal or greater than the two
“minimum values” to ensure all control objectives simultaneously. Second, the dc-link current
should be maintained as small as possible to lower operation losses. Unlike a VSC-based wind
farm where the dc-link voltage is controlled at a constant value, the dc-link current in a CSC-
based wind farm can either be controlled as constant or varied according to the variation in the
input power. The fixed dc-link current operation gives a faster dynamic response but at the
expense of high system losses during low wind speeds [2], while a variable dc-link current
greatly reduces the system losses with the penalty of low dynamic performance [2]. Fast
dynamic response, however, is not mandatory in wind energy system because the large inertia of
the turbine-generator system gives slow change in the output power. On the other hand, a high
efficiency is much more preferred. In summary, a proper “minimum” dc-link current reference is

the key point for the whole system.
5.3.1 DC-link reference current determination

(a) Generator-side reference current
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The primary objective for the generator-side converter is to obtain the maximum power input
from varying wind speeds. This can be achieved by regulating the modular MFT-based converter
as shown in Figure 2-2. A simplified circuit diagram of the offshore converter interfacing the
generator unit #n is shown in Figure 5-5. The PMSG is simplified with a voltage source (es) with
a finite source inductance (Lg), representing the back-EMF and the synchronous inductance,
respectively. The modular MFT-based converter is simplified with an ideal Buck converter. The

load at the dc link is considered as a current source.

Due to the presence of a large input line inductance, the current commutations in the rectifier
are not instantaneous and will cause voltage drops at the dc output. The commutation angle as
well as the resultant voltage drop depends on the generator inductance Ls and the dc-link current

lac. If the commutation angle is less than 60° the average dc output voltage Vac n and

commutation angle ¢ can be calculated as follows [75],

Vdc n :ﬂ Es,LL _gws ledc (5-1)
- s T
cos(s) =1— %(o <5 <60°) (5-2)

s,LL

where Es 1 is the rms value of the line-to-line back-EMF es; ws is the optimum electrical speed of
the PMSG under MPPT.
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Figure 5-5 A simplified modular MFT-based converter for unit #n.

It can be observed from (5-1) and (5-2) that the longer time the commutation takes the more
voltage drops the dc output will suffer. If the commutation angle increases and exceeds 60°, the

decrease of the dc voltage will be more rapid until it drops to zero. Rectifier input power factor
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will decrease as well and the generator stator winding current will increase substantially. This

operation mode is unreasonable and should be avoided.

Assuming the captured wind power Pge nis transferred to the dc side Pqc_n with the loss being
neglected, there is,

I:)dc_n :Vd_nldc = Pge_n (5'3)
Combining (5-1) and (5-3) gives,
_(iE 3 s s dc)ldc (5-4)
/4

The generator-side dc-link current is therefore calculated as follows.

| 3V2E,, +|18E,,,° ~1270,L,P (5.5)

s—s' ge_n
dc —
6oL,

To achieve MPPT, a real solution of lgg should be found from (5-5). Accordingly, the

following parameter constraint for the synchronous generator needs to be satisfied.

E..’ z%”a) L.P (5-6)

s—s' ge_n

Based on (5-5) and (5-6), two real solutions are found for the dc-link current. The smaller one
is selected while the larger one is unreasonable in practice as it cannot satisfy the prerequisite
given in (5-2). In addition, the lost duty cycle of the modular MFT-based converter due to the
presence of the transformer leakage inductance should be compensated. Here, the maximum lost

duty cycle is set to 0.1.

The resultant dc-link reference current determined by generator-side converter is

3V2E,, - 18E,,’ ~1270,L,P, 5-7)

, s—s'ge_n
| —

degen 6w,L, 0.9

Figure 5-6 shows the minimum dc-link reference current determined by the generator-side
converter. First, the curves are given under different magnetic fluxes, ranging from 0.8 to 1.2 pu.
It’s reasonable that when the generator terminal voltage drops as the magnetic flux reduces, the

dc-link reference current is increasing accordingly in order to obtain the same amount of power in
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the dc-link. Second, a higher synchronous inductance gives a slightly larger reference current.
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Figure 5-6 Reference dc-link current determined by generator-side converter.
(b) Grid-side reference current

The total available wind power of the wind farm (Pwr) is expressed as follows.

PWF = i(Pge_i) (5-8)

The grid-voltage phase-locked loop is employed to generate a noise-free synchronous angle &,

and angular frequency @,. Assuming a lossless system, the total available wind power (Pwe) is

equally shared by each grid-side converter. Based on the reactive power demand (Qcmg) from the

system operator, the dc-link reference current for onshore-side converter is derived as follows.

I:)WF =m- §Vsd isd (5-9)
2
_ 3\ i (5-10)
Qcmd =m- (_E) sdlsq

where Vsqg and Vsq, isd and isq are the d- and g-axis components of the grid voltage and current,

respectively.

The reference current of the CSC iwd_ref and iwq_ref Can be derived as follows [38]:
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{de_ref = isd_ref + icd = -sd_ref - a)ngch (5_11)

I =1 = Isq_ref + a)ngVcd

wq _ ref sq_ ref + Icq

where isd_ref, and isq_ref are the references of the d- and g-axis components of the grid current. icq
and icq and Veg and Veq are d- and g-axis components of the capacitor current and the voltage

respectively. These variables can be expressed as follows [38]:

c 90'sq (5-12)

g —g'sd

(Vq:%Q+Vw—wLi

V,, =Ry, + @, L

Cl
where Lg and Rq represent the grid-side line inductance and resistance, respectively.

With the modulation index ma being set to its maximum value, that is 1, to lower conduction
losses [2], the magnitude of the minimum dc-link current lgc gr determined by the grid-side

converters can be derived based on (5-8)-(5-12):

2 2
2 P 2Q,, 2Q, 2 P (5-13)
lge o :J{(l_”gngC*)(srmVZ)_wg R,C; (5 mVsdd )} +{(1_wgngcf)(3 me:d)mngVSd +0,R,C, (gﬁ)
Again, note that, in the case of a wind farm, the reactive power required by grid codes is
normally achieved by adding extra reactive support equipment at the plant level, such as SVC
and STATCOM. Thus, only UPF needs be considered. The grid-side line resistance Rgy is too

small that can be neglected. Then the grid-side minimum reference current is simplified as

(5-14)

lie o =\/{(1—w;Lgcf><§ i )} +(0,CVy))

mV,

(c) Final reference current

The dc-link currents determined by generator- and grid-side converters in the full wind speeds
are illustrated in Figure 5-7. As mentioned earlier, the larger one is selected to be the final dc-link
reference current. Note that all the reference currents shown in Figure 5-6 and Figure 5-7 are in a
per-unit system. The base dc-link current is the minimum current determined by the grid-side

converter under the condition of UPF as per (5-13).

Two conclusions are drawn from Figure 5-7. First, smaller filter capacitors (Cf) output lower

minimum dc-link reference currents. The grid-side CSC has a three-phase ac capacitor, which
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absorbs considerable amount of leading current. The leading current needs to be compensated by
the converter if UPF is required at the grid connection point. In low wind speed ranges (0-0.4pu),
the captured real power is very low (the captured wind power is proportional to the cube of the
wind speed) and the dc-link current is mainly determined by the reactive current in the capacitors,
resulting in almost constant values. As the wind speed goes up, the grid-side dc-link current
requirements rise as well as the active current increases. Note that the output capacitor filter Cs is
normally ranging from 0.15 pu to 0.3 pu for a dual-bridge CSC thanks to the grid-side phase-
shifted multi-winding transformers [22].
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Figure 5-7 Reference dc-link current determined by generator- and grid-side converters.

Second, it is the generator-side rather than the grid-side converter determining the final dc-link
reference current of the wind farm in the main operation range. For example, in the case of Cs =
0.15 pu, the generator-side reference current is higher than that of the grid-side one in the full
operation range, and thus is selected to be the final reference current of the wind farm. A similar
result is also found in the case of Cs =0.3 pu, but mainly in high operation ranges, that is ranging
from 0.58 to 1 pu.

5.3.2 Optimal dc-link current control

When the CSC-based series-connected system operates under monopolar mode shown in
Figure 5-1, the currents through all individual modules are same. However, the wind speed at
each turbine cannot be guaranteed to be identical. The inconsistency of wind speeds leads to

different dc-link reference currents for each unit. To ensure all control objectives, conventional
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scheme picks the maximum value among all to be the final dc-link reference current as shown in
Figure 5-8 [40].

ldc_offshore ldc_gria lac_ref :max(ldc_offshore s ldc_grid )

Gy e ] *\J e ED .0 Zr 2

transformers
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q } { - #m # Multi-winding e ret <T> §R' 2

Figure 5-8 Bipolar offshore wind farm with conventional dc-link current control.

The principle of the bipolar operation using conventional scheme is given in Figure 5-8.
ldc_oftshore 1S the maximum current among all offshore generator-side converter determined
reference currents, while lqc gria iS the reference current determined by the onshore grid-side
CSCs. The larger one is selected to be the final dc-link reference current of the whole wind farm
lac_rer. Ideally, the current on the earth path (lo) is zero. R; represents the equivalent load of the
whole system. Such a dc-link reference current can ensure all the control objectives of the wind

farm, but with a penalty of high operation losses which will be discussed in the following.

An optimized dc-link current control with higher efficiency is proposed. Instead of picking the
maximum value among all reference currents as shown in Figure 5-8 to be the final dc-link
reference current of the whole system, two reference currents are separately selected for the
positive and negative links of the bipolar system. Accordingly, the bipolar system is controlled as
two monopolar systems with independent dc-link current control. The resultant equivalent circuit
is shown in Figure 5-9. R|_1and R, > represent the equivalent loads for upper and lower parts of the

bipolar system. lgc_rer1 and lqc_rer2 are defined as follows.

I dc_refl = maX(I I (5-15)

dc_ gel, I dc_ge2,--, " dc_gep, I dc_grl)

_ 5-16
Idc_ref2 - maX(I dc_ge(p+l), Idc_ge(p+2),---, I dc_gem, Idc_grz) ( )

where p is the number of the turbine-generator units with p = m/2. lqc_gr1and lgc_gr2 are calculated
based on (5-14).

Such an optimized dc-link current control can both ensure all the control objectives achieved in
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monopolar system and improve the overall efficiency and the flexibility of the whole system.
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Figure 5-9 Bipolar offshore wind farm with the optimal dc-link current control.

For simplicity, the operation loss of onshore CSCs is taken as an example. As for a CSC, the
switching (Psw) and conduction (Pcon) loss for CSCs can be expressed as follows based on the
well-known method.

[ v

Psw = fsw(Eon(I nom’Vnom) + Eoff (Inom'Vnom))(I_)(V_) (5-17)

I:’con = (VCEO +r- I(t)) : I(t) (5-18)

where Eon and Eoff are given in the datasheet of the device, fsw is the switching frequency, Inom and
Vnom are the rated current and voltage, while i and v are the instant values during the switching
event, vceo and r are constant values used to calculate the on-state voltage of the device, and i(t)

is the current flowing through the device.

Given a fixed input power, the switching losses of the onshore CSCs for both schemes are
same according to (5-17). This is in view of the fact that the voltage will accordingly increases as
the current decreases. The conduction loss of the CSCs, on the other hand, is only related to its
carrying current as shown in (5-18). Lower current gives lower conduction losses. Therefore, the
conduction loss of the CSCs under the proposed scheme shown in Figure 5-9 will be greatly

reduced compared with that under conventional scheme as shown in Figure 5-8.

For example, assuming the maximum wind speed in the upper part of the bipolar system is 1
pu, while it is 0.9 pu for the lower part. The resultant minimum dc-link reference currents are 1.1
pu (ldc_rer1) and 0.88 pu (ldc_rer2) according to Figure 5-7. In the case of conventional control, the
final dc-link current has to be set to 1.1 pu and flows through both upper and lower parts. In the

case of the proposed control, the upper and lower part are controlled independently with their
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own dc-link currents, 1.1 pu for the upper part, and 0.88 pu for the lower part. As previously
mentioned, the switching loss of the lower part for the two schemes is same, while the
conduction loss for the proposed scheme is reduced to 0.75 pu according to (5-18) where the
base conduction loss is the loss calculated under conventional scheme. As for an MV CSC, the
conduction loss is weighting more than the switching loss with the typical relationship being
around Pcon = 2.4 Psw [76]. Therefore, the total operation loss of the onshore CSCs of the lower
part based on the proposed scheme is reduced to 0.82 pu compared with that based on
conventional scheme. In addition, a larger mismatch of the maximum wind speed between upper
and lower parts contributes to bigger operation loss savings. For example, the operation loss of
the lower part will be reduced to 0.67 pu when the maximum wind speeds for upper and lower
parts are 1 pu and 0.8 pu. The same principle also applies to the offshore converters, thus not
repeated here.

Apart from achieving lower operation loss, the proposed dc-link current control gives the
bipolar system higher flexibility. As mentioned earlier, the upper and lower parts of the system
are controlled independently. Each part can operate on its own dc-link reference current as an
independent system with the earth return. Therefore, one part can continue to transmit power in
case the other one is out of service for whatever reason (power limitation mode or technical
checking). In addition, a large transmission capacity can be achieved by extending the bipolar

system to a multi-terminal system as shown in Figure 5-3.

In summary, the CS-based offshore wind farm with bipolar HVDC system features lower
insulation requirement, giving lower cost, higher reliability, and higher power capacity. The

optimal dc-link current control gives higher efficiency and flexibility.
5.4 Performance investigation

The performance of the bipolar operation of the CSC-based system and the optimal dc-link
current control are verified by both simulation and lab-scaled experimental tests. Two CSCs are

used in the following simulation and experiments. The parameters are listed in Appendix.
5.4.1 Simulation investigation

Figure 5-10 illustrates the simulated performance of the proposed bipolar system under stepped

dc-link currents. ig1 anc and ig2_anc represent three-phase load currents for Module #1 and #2; lgc1
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and lqc2 are the positive and negative dc-link currents of the bipolar system, respectively; I, is the
current through the earth return. Before t = 2s, Module #1 and #2 are operating under steady state
with the dc-link currents being around lgc: = 0.6 pu, lgcz = 0.44 pu. At t = 2 s, the dc-link
reference current for Module #1 is stepped up to 1 pu, while Module # 2 is increasing from 0.44
pu to 0.8 pu. During this period, the dc-link currents are well tracking their references as shown
in Figure 5-10. The current through the earth return I, is accordingly changed. This process

continues until the system are operating under steady state again.

T T (a)
= VS (T i
i wL\ {I\lf\1 [Aﬁ“\ {I\"\\ ‘[.v\n :’M\ [I;H” ! ‘ ‘ \I lf l'[[{ 1{]“[
i *Wji})\i){w)fuwf\/r A
RN R
ERRTIATIRYIRYURY IRVORRRARRARNATARY ”1
S -1 o AR JH‘H 1
S o A il \N v

Load Currents for #2 (pu)
o

1.9 1.94 1.98 2.02 206  t(s)

Figure 5-10 Simulated performance of the bipolar system under stepped dc-link current.
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Figure 5-11 illustrates the simulated performance of the proposed bipolar system when one
module is bypassed. Before t = 2s, Module #1 and #2 are operating under rated condition with
lac1 = laco =1 pu. At t = 2 s, the dc-link reference current for Module #1 is set to 0 pu purposely.
As a result, the load current for Module #1 and its dc-link current are decreasing to 0 pu, while

Module # 2 is operating at 1 pu without any disruption.
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Figure 5-11 Simulated performance of the bipolar system when one module is bypassed.
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5.4.2 Experimental verification

Figure 5-12 shows the experimental performance of the bipolar system under stepped dc-link
currents. Figure 5-12 (a) shows the dc-link currents and the neutral current. lqc1; (b) load currents
of Module #1. ig1_anc; and (c) load currents of Module #2. ig2_anc. Before time t Module #1 and #2
are operating under steady state with the dc-link currents being around lgc1 = 0.6 pu (3 A), lac2=
0.44 pu (2.2 A). At time t, the dc-link reference current for Module #1 is setto 1 pu (5 A), while
Module # 2 is set to 0.8 pu (4A). Accordingly, lsc1and lgc2 are tracking their references as shown

in Figure 5-12. The current through the earth return I, is changed accordingly.

Idcl
I’4

1"

ﬁ \Idczk

loa_oy AnaftAAARAA AR
adrarasanarAnan| }

S |

"o I

IQZabc A wlm A A A A

NN OO SO P AT
\ Hi

>—<’
=]

I

(©

Figure 5-12 Experimental performance of the bipolar system under stepped dc-link currents.
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Figure 5-13 illustrates the experimental performance of the bipolar system when one module is
bypassed. All the conditions are same with those in simulation. The two modules can be

operating independently with the help of separate dc-link current control.
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Figure 5-13 Experimental performance of the bipolar system when one module is bypassed.
5.5 Conclusions

In this chapter, the bipolar operation of the CSC-based series-connected offshore wind farm is
investigated. Compared with traditional monopolar operation mode, bipolar mode gives lower

insulation level, thus, contributing to lower cost and higher reliability. Besides, the bipolar
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system can be extended to a multi-terminal system with larger amount of power transferring,
while the capacity of a monopolar system is limited to a certain number mainly due to the

constraint of the increased insulation requirement.

An optimal dc-link current control is proposed for the bipolar system. The equivalent circuit of
the bipolar system is derived. The minimum dc-link current of the wind farm is derived and
defined, based on which an optimal dc-link current control with higher efficiency and flexibility

IS proposed.

Both simulations and experiments are carried out to verify the performance of the bipolar

system and the optimal dc-link current control scheme.

108



Chapter 6
Optimized Control Strategy for Offshore
Wind Farm with Reduced Cost and

Improved Efficiency

As mentioned in the previous chapters, the proposed CSC-based series-connected offshore
wind farm features smaller size and weight and higher reliability and flexibility. However,
another two issues exist. One is the high cost of grid-side CSCs. The nominal number of onshore
CSCs is conventionally set to be same as that of the offshore turbine-generator units. This leads
to higher cost on power converters. The other is the reduced efficiency due to the inconsistency
of wind speed at each turbine. In practice, the wind speed at each turbine cannot be guaranteed to
be identical. The inconsistency of wind speed generates different dc-link current references,
among which the maximum one is selected to be the final dc-link current of the wind farm. This
leads to a reduced overall efficiency. Therefore, the objective of this chapter is to propose an
optimized strategy for the CSC-based offshore wind farm with reduced cost and improved

efficiency.

This chapter starts with a brief introduction of conventional strategy for the CSC-based
offshore wind farm, followed by the proposed strategy. The nominal number of onshore series-
connected CSCs is optimized that lower cost and higher efficiency can be obtained under rated
condition. What is more, a bypass operation is introduced to grid-side CSCs, based on which the
efficiency of the wind farm is improved under derating conditions. Both simulation and

experimental results are provided.
6.1 Conventional control strategy

In practice, the wind speed at each turbine cannot be guaranteed to be identical as shown in
Figure 6-1. The inconsistency of wind speed generates different dc-link reference currents for

each turbine unit. However, due to the series connection, the dc-link current through all the
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converters is inevitably the same. This therefore addresses a considerable challenge for the

system operation. To overcome the above challenge, a coordinated control is proposed in [40].
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Figure 6-1 CSC-based offshore wind farm with different wind speeds.

In the coordinated scheme [40], the nominal number of grid-side series-connected CSCs is set
to be same as that of offshore turbine-generator units, that is m = n as shown in Figure 6-1.
Second, the maximum dc-link current reference among all generated reference currents is
selected to be the final dc-link reference current of the wind farm to ensure both offshore and

onshore control objectives. Third, all the grid-side CSCs are involved during operation.

However, there are two issues associated with the coordinated scheme. One is the high cost of
grid-side CSCs. The other is the lower efficiency of the wind farm caused by the inconsistent
wind speed at each turbine. Therefore, the main objective of this chapter is to propose an

optimized strategy for the wind farm with lower cost and higher efficiency.
6.2 Optimized control strategy

As mentioned earlier, conventional strategy achieves all the control objectives, but at the
expense of high cost and lower efficiency on grid-side CSCs. Therefore, in this chapter, an
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optimized control strategy is proposed [77]. It aims at achieving lower cost and higher efficiency

with all the control objectives being ensured simultaneously.

6.2.1 Optimized nominal number of CSCs with lower cost and higher

efficiency

As presented previously, a proper “minimum” dc-link current is required to ensure all the
control objectives and achieve high efficiency. The dc-link currents determined by generator-
and grid-side converters under UPF and MPPT in the full operation range are illustrated in
Figure 6-2. Note the base dc-link current is the minimum current determined by the generator-

side converter. The base power is the maximum captured power under rated wind speed.
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Figure 6-2 Final dc-link reference current determination.

As mentioned earlier, the final dc-link reference current should be equal or higher than the

larger one between the generator- and grid-side reference currents, that is

Idc_ref = maX(l dc_ge? Idc_gr) (6-1)

Figure 6-2 shows that the generator-side reference current determines the final dc-link
reference current of the wind farm in high wind speeds ranging from around 0.57 pu to 1 pu,

while it is the grid-side one under low speeds.

In conventional scheme, the number of onshore CSCs (m) is set to be same as that of offshore
turbine-generator units (n). This introduces a high cost. In the case of a single turbine unit shown

in Figure 6-2, the final minimum dc-link reference current is determined by the generator-side
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converter, that is 1 pu, while it is 0.9 pu for the grid-side converter. As a result, the nominal
modulation index for the grid-side CSC is 0.9. This also applies to all the onshore CSCs as the
nominal power is evenly distributed among them and m = n. This therefore results in a derating
operation for CSCs, leading to additional cost on CSCs as more CSCs are required to transfer the

nominal power.

Therefore, less CSCs will be needed when operating the onshore CSCs under ma = 1 and
maintaining the dc-link reference current of the wind farm. First, the nominal dc-link current of
the wind farm (lac_rated) IS calculated based on the nominal power Pwr rated according to (6-1).
Second, the nominal power of the wind farm is evenly distributed among an optimized number
(m) of onshore CSCs which are operating under ma = 1. The resultant nominal power for each
onshore CSC is Pwr rated /m. Then, the optimized number of onshore CSCs, that is m, is derived
as follows. Note that the solutions of (6-2) may be non-natural numbers that its rounding natural

number which is equal or larger than the solution of (6-2) should be selected.

PWF _rated (1_ a)gz Lng )

: (6-2)
Vaa \/Idc_rated2 - (wgc Vg )2

2
m==
3

For example, assuming a wind farm having 10 turbine units. According to (10), only 9 CSC are

needed when using the proposed scheme which gives a 10% reduction in cost.

In addition, the 9-CSC system gives a higher efficiency compared with the 10-CSC system.
The operation losses of the onshore CSCs include switching (Psw) and conduction (Pcon) losses

shown below.

Psw = fsw(Eon(Inom'Vnom) + Eoff (Inom'Vnom))(IL)(VL) (6-3)

nom nom

P =T1vaE ©)i0)- f (6-4)

where Eon and Eoff are given in the datasheet of the device, fsw is the switching frequency, Inom and
Vhom are the rated current and voltage, while i and v are the instant values during the switching
event, vce(t) is the on-state voltage according to output characteristic i(t) = f(vce(t)), i(t) is the
current flowing through the device, and f(t) is a function of pulse pattern with the switch turn-on
=1 and switch turn-off = 0.
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As for a CSC, the switching scheme is: only two switches in the converter are conducted at any
instant with one in the top half of the CSC bridge and the other in the bottom half [22]. Hence, a

three-phase CSC can be equivalent to a one-leg converter for loss evaluation shown in Figure 6-3.

Figure 6-3 Equivalent circuit of a CSC used for loss evaluation.

Then the conduction losses for one CSC can be simplified as:
Poon = 2Vee ®)-i) (6'5)

Equation (6-5) tells that the 9-CSC system has a 10% reduction in conduction loss compared
with the 10-CSC system as they share the same dc-link current. Besides, in an MV CSC where
SGCT is employed, the conduction loss is around 2.5 times of the switching loss [76]. Therefore,

about 8% of total loss of onshore CSCs under a rated condition can be saved.

The switching losses for the 10-CSC and 9-CSC system are

Vy+Vy e Vg

I c

Psw_lO = 61:sw(Eon(Inom’Vnom)-I_ Eoff (I nom’Vnom))(I - )( V )
nom ' ' nom . (6-6)
e vy +V, +o4V

I:>sw_9 = 6fsw(Eon(|n0m’Vnom)+ Eoff (l nom’Vnom))(I : )( : i/ 9)

wherev,,---,v;, IS the average dc voltage across one CSC for the 10-CSC system, while v, ,---,vq IS

for the 9-CSC system.

Obviously, the 9-CSC and 10-CSC system are with same switching losses as they share same

dc-link current and same dc-link voltage.

It is worth noting that the de-rating voltage/power in conventional scheme, does not benefit

each CSC in terms of cost of the switching devices. Instead, the switches (voltage rating and
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number per phase) of each CSC for both conventional and the proposed schemes are same which
is unique for MV CSCs. The switches used in MV CSC are SGCT. Only one type of commercial
SGCT exists in the market (6500 V SGCT designed by ABB). The numbers of used switches
(SGCT) per phase in commercial MV drives (by Rockwell Automation Canada) are 2 for 2400 V
drives, 4 for 3300 V/4160 V drives, and 6 for 6600 V drives [70]. Therefore, the cost of each
CSC for both schemes are same, while the proposed one needs less CSCs, thus lowering the cost
on CSCs. In addition, the proposed scheme also features higher efficiency, thus benefiting lower
cost to the thermal and cooling system of onshore CSCs.

According to (5-14), the resultant grid-side dc-link reference current lgc_gr p With the optimized

number is derived as

lge or »= \/{(1_ a)gngCf )(zr:cF)} +(0,CVy )’ (6-7)

sd

Figure 6-2 shows that the final dc-link currents of the wind farm for both schemes are same in
a major operation range from around 0.6 pu to 1 pu, while the proposed scheme generates a
slightly higher reference current under low wind speeds ranging from a cut-in speed (0.45 pu) to
around 0.6 pu. Note that the slightly higher dc-link current in low wind speeds produces slightly
higher losses, but does not matter so much as the generated power of the wind farm is greatly
reduced in low wind speeds as shown in Figure 6-2. In summary, all the control objectives can

be ensured as the final dc-link current of the system is maintained.

In summary, the optimized nominal number of onshore CSCs gives a 10% reduction in cost and

an 8% in loss under a rated condition.
6.2.2 Optimized control of CSCs with higher efficiency

As mentioned earlier, the inconsistency of wind speed at each turbine leads to a reduced
efficiency. Assuming the wind speed at each turbine is identical, that is 1 pu, for example, the
generated power is 1 pu as well as its dc-link reference current (1 pu) as shown in Figure 6-2.
The total power of the wind farm is evenly distributed among all the onshore CSCs. Then the
resultant grid-side determined dc-link reference current is 1 pu. Finally, the dc-link reference

current lqc_rer Of the wind farm is set to 1 pu to ensure all control objectives.
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However, it is not the case in practice as the wind speed at each turbine cannot be guaranteed
to be identical. For example, when the maximum wind speed among all is 1 pu and the others are
lower, the available power of the wind farm Pwr will be greatly reduced and so does the power
of each onshore CSC compared with the previous case where all the speeds at turbines are 1 pu.
The resultant grid-side determined dc-link reference current is therefore reduced to be less than 1
pu. The final dc-link reference current of the wind farm, however, should be set to be the
maximum one between generator- and grid-side ones, that is 1 pu, to ensure all the control
objectives. Then, the operating modulation index for each CSC is less than 1. As analyzed
earlier, a smaller modulation index requires more CSCs to transfer a given power, thus leading to

higher operation losses.

To lower the loss of onshore CSCs under the condition of inconsistent wind speeds, a bypass
operation is introduced to onshore CSCs. First. an optimized number of CSCs instead of all is
operating while the others are bypassed according to the captured wind power. The number of
operating CSCs is optimized by enabling the involved CSCs to operate under ma = 1 and keeping
the current dc-link current of the wind farm unchanged. The former is to lower operation loss,
while the latter is to ensure all the control objectives. Second, when the captured wind power of
the wind farm increases, some or all of the bypassed CSCs are shifted to normal operation again.
The optimized number of CSCs (l) is derived based on (6-7):

-0, L,C)E
|- 3 Vs (6-8)
\/Idc_ref ‘- (a)ngVsd )2

The bypass operation of a CSC can be achieved by (1) turning on one-leg switches of the
converter, or (2) turning on all three-leg switches of the converter and disconnecting it from the
grid, or (3) turning on one-leg switches of the converter and additional bypass switch/parallel-

connected switches (GTO, for example) across the input terminals of the CSC.

A comparison of operation loss between conventional and the proposed schemes for a 10-
turbine system is shown in Table 6-1. As mentioned previously, only 9 CSCs are needed to be
compatible with the 10-turbine system. All values except the number “m” and “I”” are based on
the per-unit system. The based power and base current are defined as same as previously defined.

The base switching (Psw) and conduction (Pcon) loss are those generated by one CSC based on
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conventional scheme. A mismatch within 20% is purposely set for the wind speeds of the 10-
turbine system as shown in Table 6-1. The wind speed at turbine #1 and 2 is 1 pu, while it is 0.9
pu for unit #3, 4, 5, and 0.8 pu for #6, 7, 8, 9, and 10, respectively. The resultant generated power
is 1 pu, 0.729 pu, and 0.512 pu with the total available power of the 10-turbine system Pwr being
6.964 pu. The final dc-link reference currents for both schemes are same at 1 pu so that all the
control objectives achieved by conventional scheme can be completely guaranteed by the
proposed one. However, all the 9 CSCs are required for conventional scheme, while the
proposed one only needs 6 CSCs based on (6-8).

Table 6-1 Comparison Between Conventional and Proposed Schemes

Items (pu) #1 | #2 | #3 #4 #5 #6 #7 #8 #9 #10
Wind speed (vw) 1|1 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.8
Generated power (Pge n) 1|1 1]0729]|0.729 | 0.729 | 0.512 | 0.512 | 0.512 | 0.512 | 0.512
Total power (Pwe) 6.747
generz;uor—mde reference current 111 0.8 0.8 0.8 0.8 063 | 063 | 063 | 063
dc_gen

Conventional Scheme

Grid-side reference current

(ldc_gr) 07

Final dc-link reference current 1

(ldc_ref)

Number of involved CSCs (1) 9
Proposed Scheme

Grid-side reference current 1

(ldc_gr_p)

Final dc-link reference current 1

(ldc_ref)

Number of involved CSCs (1) 6

Besides, different combinations of wind speeds of the 10-turbine system have different bypass
solutions. For example, 4 CSCs will be bypassed when more offshore units are operating under a
wind speed of 0.8 pu. In addition, a larger mismatch among wind speeds leads to more CSCs
being bypassed. Theoretically, the maximum number of bypassed CSCs is 7 which occurs when
one turbine is operating under a rated wind speed, while the others are all under a very low wind
speed. Note that the above 10-turbine system can be considered a per-unit system and can be
extended to a N-turbine system.

The operation loss of the onshore CSCs before and after bypass operation can be obtained with

the same manner as mentioned in last chapter. First, the switching loss of the onshore CSCs
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before and after bypass operation is same, which can be verified by the same principle in the
previous section, thus not repeated here. Second, the conduction loss of the operating CSCs
before and after bypass operation is same as the dc-link current is kept same. The bypassed
CSCs, on the other hand, give possibly different loss savings depending on their bypass methods:
(1) when turning on one-leg switches, the CSC is bypassed. Under such a condition, the
conduction loss before and after bypass operation is same; (2) when turning all switches and
disconnecting the CSC from the grid, the CSC is bypassed. Under such a condition, each leg
carries one third of the dc-link current. Accordingly, the on-state voltage vce(t) of the involved
SGCTs, is decreased with a factor of around 27% [78], giving a reduction of 27% in conduction
loss. Due to different weighting factors between switching and conduction losses for an MV
CSC (Pcon = 2.4 Psw) [76], the finalized operation loss of each bypassed CSC is reduced with a
factor of around 20%. However, this bypass method requires additional switches to disconnect
the CSC from the grid and these switches introduce losses during normal operation; and (3)
when turning on one-leg switches and the additional bypass switch/switches connected across the
input terminals of the CSC, the CSC is bypassed. Under such a condition, the conduction loss is
reduced which is similar to the case of (2). No extra loss is introduced by the bypass
switch/switches during normal operation. The cost for the bypass switch/switches is acceptable
as low-cost GTO can be used. Note that, an optimal design for such an offshore wind farm
should consider all the factors simultaneously, such as cost, efficiency, reliability, and so on.
Here, the “optimized scheme”, however, does not consider them simultaneously. Thus, a further

study is needed when implementing the scheme in practice.

To sum up, the series-connected CSC-based system with the help of the proposed optimized
strategy achieves a lower cost and a higher efficiency with all the control objectives being

ensured simultaneously. The main conclusions are summarized in Table 6-2.

Table 6-2 Comparisons Between Conventional and Proposed Strategies

Items Conventional Proposed
Rated Condition Nominal number of ?:1':r1ﬂmber of
(all wind speeds at each onshore CSCs needed : . (m=0.9n) (6-2)
. offshore turbine
turbine are under rated (m) units)
?Ondltl_on without Cost of onshore CSCs 1pu 0.9 pu
inconsistency)
Loss of onshore CSCs 1pu 0.92 pu
Derating Condition Number of operating All A part of CSCs
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(inconsistency of wind onshore CSCs (1) (I=n) (I<m<n) (6-8)

speed at each turbine) depending on the maximum
mismatch and different
combinations of wind speeds
and the bypass methods

All the control objectives of a wind farm are ensured | Yes Yes

Loss of onshore CSCs 1pu

6.2.3 Overall strategy of the wind farm

The overall control strategy of the proposed CSC-based series-connected offshore wind farm is
summarized as shown in Figure 6-4. It consists of three parts: wind farm supervisory control

(WFSC), offshore converters control, and onshore converters control.

The WFSC acts as a single centralized unit, which has inputs from system operator orders,
available power from each turbine-generator unit, monitoring signals from each turbine-
generator and grid-side converter unit, and measured grid voltage at the wind farm grid
connection. The WFSC outputs active power to each turbine-generator unit, and dc-link current
reference and reactive power reference to grid-side converters. The WFSC operates the wind
farm either in maximum power mode or power limitation mode according to the system
operator’s demands. In maximum power mode, every wind turbine in the wind farm is allowed

to operate in MPPT control mode to capture the maximum wind power.

The control objectives of offshore converters include independent MPPT and voltage/current
balance control for MV/LV turbine systems. First, the primary objective for offshore converters
is to capture the maximum wind power from varying wind speeds. This can be achieved by
regulating the modular MFT-based converter as shown in Figure 6-4. By controlling each turbine
converter independently, all turbines are able to achieve MPPT irrespective of the inconsistency
of wind speed at each turbine. Second, an additional voltage balance control is required for MV
configuration and an average current balance control for LV configuration. The constituent
modules of the modular MFT-based converter in both MV and LV configurations are designed to
be identical. However, they cannot be guaranteed to be identical in practice leading
voltage/current imbalance among the constituent modules. Thus, additional control scheme is
needed: a voltage balancing control for MV configuration, and a current balancing scheme for
LV configuration. In summary, both MPPT and voltage/current balancing are ensured by

applying the control scheme shown in Figure 6-4.
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The control objectives of onshore converters are dc-link current control, reactive power control,
voltage balancing control, and the optimized control scheme for series-connected CSCs. First,
the performance of the wind farm with bipolar HVDC system is investigated. Compared with
monopolar mode, bipolar mode features lower insulation level, thus contributing to lower cost
and higher reliability, but with a technical challenge for its dc-link current control. Accordingly,

an optimal dc-link current control with higher efficiency and flexibility is proposed.

Second, a combined control scheme is proposed for series-connected CSCs. In the CSC-based
offshore wind farm configuration, a number of MV CSCs are connected in series to form a
centralized dc/ac inverter to transfer the captured wind power to the grid system. In practice, the
tolerance in component leads to tolerance in the grid-side power factor and the power/input
voltage among series-connected CSCs. To ensure both grid-side power factor and power
balancing among CSCs, a combined control scheme is proposed as shown in Figure 6-4.

Third, an optimized control strategy is proposed for the offshore wind farm with lower cost and
higher efficiency. The nominal number of onshore CSCs is optimized that a lower cost is
obtained. An optimized control is proposed for onshore CSCs that the overall efficiency of the
wind farm under the inconsistency of wind speeds is improved. In addition, the scheme is

implemented without any additional components or auxiliary circuits.

In summary, the proposed modular MFT-based configuration features smaller size and weight
which is preferred for offshore applications. Besides, lower cost, higher efficiency, and higher
reliability and flexibility are obtained with the help of the proposed control schemes summarized
in Figure 6-4.
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Figure 6-4 Overall control strategy of the CSC-based offshore wind farm.
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6.3 Performance investigation

As shown in Figure 6-4, the overall control strategy of the wind farm consists of a couple of
parts. The present focus is the optimized strategy of the PWM CSC-based system, while other
related control objectives such as MPPT, voltage balance control, active and reactive power

control, are already thoroughly illustrated in the previous chapters, thus not repeated here.

6.3.1 Simulation investigation

Figure 6-5 illustrates the simulated performance of the two-CSC system under the optimized
control scheme. ig1 anc and ig2_anc represent the three-phase load currents for Module #1 and #2;

lqc is the dc-link current of the two-CSC system.
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Figure 6-5 Simulated performance of the two-CSC system under optimized control.
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Before t = 1s, Module #1 and #2 are operating under a derating condition with ig1 anc = ig2_abc
=0.707 pu. The dc-link current is controlled at a rated value, that is l¢c = 220 A (1 pu). Att = 1s,
Module #2 is purposely bypassed to lower the operation loss. At the same time, the control
system reallocates the power of the two-CSC system that Module #1 is now carrying the total
power. The resultant load current of Module #1 ig1 anc is decreasing from 0.7 pu to 0, while ig2_anc
is increasing from 0.7 pu to 1 pu as shown in Figure 6-5 (b). At t = 1.08s, the control system
purposely reactivates Module #2 to emulate the situation when the available power of a wind
farm is increased to the number that the bypassed CSC needs be switches in again in practice. As

shown in Figure 6-5 (b) and (c), the load currents are changing accordingly. In the process, the
dc-link current lqc is controlled to be fixed as shown in Figure 6-5 (a).
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Figure 6-6 Experimental performance of the optimized strategy.
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6.3.2 Experimental verification

Figure 6-6 illustrates the lab-scaled experimental performance of the optimized scheme. Figure
6-6 (a) shows dc-link currents and neutral current. lgc: 2 A/div. Time: 20 ms/div; (b) load
currents of Module #1. ig1 anc: 2 A/div. Time: 20 ms/div; and (c) load currents of Module #2.
Ig2_anc: 2 A/div. Time: 20 ms/div. Before time t, the dc-link current is controlled at a rated value,
that is lsc = 5A (1 pu) as shown in Figure 6-6 (a), while Module #1 and #2 are purposely set to a
derating operating point with igi abc = ig2_abc =0.707 pu. At time t, Module #2 is purposely
bypassed to lower the operation loss. At the same time, the control system reallocates the power
of the two-CSC system that Module #1 is now carrying all the power. The resultant load current
of Module #1 ig1_anc is reducing from 0.7 pu to 0, while ig2_anc is increasing from 0.7 pu to 1 pu as
shown in Figure 6-6. 80 milliseconds later, the control system purposely reactivates Module #2
to emulate the situation when the available power of a wind farm is increased to the number that
the bypassed CSC needs to be employed again in practice. As shown in Figure 6-6 (b) and (c),
the load currents are changing accordingly. In the whole process, the dc-link current lgc is
controlled to be constant as shown in Figure 6-6 (a). Therefore, all the control objectives can be

ensured.

Figure 6-7 shows the corresponding gating signals for Module #1 and #2. For simplicity, only
two signals are illustrated here. Figure 6-7 (a) shows that during the bypass operation of Module
#2, all the devices are keeping turning on. The gating signal of the same device in Module #1, on

the other hand, is modulating but with an increased modulation index as shown in Figure 6-7 (b).
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Figure 6-7 Gating Signals of switching devices.

Note that the experimental results shown above could not give an accurate cost and loss
savings mainly due to the limitation of the lab-scaled experimental platform. First, the
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verification of the cost saving on the onshore CSC needs at least 10 series-connected CSCs
which is too expensive to build. Thus, the resultant loss saving on the 10-CSC model could not
be verified either based on the lab-scaled setup where only 2 CSCs are employed. Second, the
lab-scaled setup cannot give an accurate date of loss saving by the bypass operation compared
with that in the simulation (Table 6-2). The switches of the CSC used in the lab-scaled setup are
three integrated modules (SKM300GBD12T4) where rated voltage/current is 1200 V/300 A,
while the number for the MFT is 200 V/10 A. Thus, the lab-scaled experiment has to be
conducted under a low current that the resultant operation loss saving on the CSC by the
proposed strategy is inaccurate, and thus not presented here. In summary, the experiments are
mainly for verification of the proposed strategy, while its benefits in terms of cost and loss

shown in Table 6-2 are provided based on simulation.
6.4 Conclusions

In this chapter, an optimized control strategy is proposed for the CSC-based series-connected
offshore wind farm with lower cost and higher efficiency. First, a nominal number of grid-side
series-connected CSCs is optimized that a lower cost (10% cost off) and a higher efficiency (8%
loss off) are achieved under rated condition. Second, a bypass operation is proposed for the
onshore series-connected CSCs that the operation loss under derating conditions is reduced. The
reduction in operation loss of onshore CSCs is varying depending on the maximum mismatch,
different combinations of the wind speed at each turbine, and the bypass methods. Third, all the
control objectives achieved in conventional scheme are ensured as the dc-link current of the
system is maintained. In summary, the optimized strategy features higher efficiency and lower

cost with all the control objectives of a wind farm being ensured simultaneously.

Both simulation and experiments are provided to verify the effectiveness of the proposed

optimized strategy.

124



Chapter 7

Conclusions

In this dissertation, a CSC-based series-connected offshore wind farm configuration is studied.
The main topics include new configurations, advanced modulation scheme, and optimal system
control schemes. In this chapter, the main contributions received and the future work expected

are summarized.
7.1 Contributions and conclusions

The main contributions and conclusions of this research work are summarized as follows.

(1) New configurations have been proposed for current CSC-based series-connected

offshore wind farms with smaller size and higher reliability.

Modular medium-frequency transformer (MFT)-based configurations are proposed for
medium-voltage (MV) and low-voltage (LV) turbine-based offshore wind farms, respectively.
Compared with commercial configurations, the proposed ones give significant cost saving thanks
to the elimination of the bulky and costly offshore substation. Compared with existing series-
connected configurations, the proposed ones feature smaller size and weight and higher

reliability thanks to the adaption of the modular MFTs-based converter.

(2) A voltage/current balancing control scheme has been proposed for the offshore

converters of the MV/LV configuration.

The front-end converter for MV-based configuration is a modular converter with series input
and output, while it is parallel input and series output for LV-based configuration. In practice,
tolerance of the components of the modular converter exists, leading to uneven distribution of
power among the constituent modules. To solve this issue, a voltage balance control is proposed
for the MV-based configuration and a current balance control is proposed for the LV-based one.
With the help of the balancing scheme, an equal power distribution is ensured for both

configurations.
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(3) An advanced SVM has been proposed for grid-side CSCs with superior low-order

harmonics performance.

An advanced modulation scheme, natural sampling space vector modulation (NS-SVM), is
proposed for grid-side CSCs. Compared with conventional SVM, NS-SVM preserves same
dynamic performance and switching/sampling frequency, but features superior low-order
harmonics performance. Also, the optimal space vector sequence based on NS-SVM in terms of

low-order harmonics performance is investigated and designed for grid-side CSCs.

(4) An optimal dc-link current control has been proposed for the offshore wind farm with
bipolar HVYDC system.

First, the performance of the CSC-based configuration under bipolar operation mode is
investigated. Compared with monopolar operation mode, bipolar operation gives lower
insulation level, thus enhancing system reliability along with cost reduction. Second, an optimal
dc-link current control is proposed, based on which the bipolar system is equivalent to two

independent monopolar systems. The resultant efficiency and flexibility are improved.
(5) A power balancing control has been proposed for grid-side series-connected CSCs.

Equal power distribution among grid-side series-connected CSCs should be ensured for safety
operation. In this thesis, the possible imbalance of power among series-connected CSCs is
investigated and quantitatively defined. Accordingly, a power balancing scheme is proposed and
verified that an equal distribution of power among the series-connected CSCs is ensured in the
full operation range.

(6) An optimal control strategy has been proposed for the offshore wind farm with

reduced cost and increased efficiency.

An optimized control strategy is proposed for the CSC-based offshore wind farm with lower
cost and higher efficiency. First, the nominal number of grid-side CSCs is optimized, based on
which a lower cost as well as a higher efficiency under rated condition is obtained. Second, a
bypass operation is introduced to the series-connected CSCs. The efficiency under derating

conditions is improved.

(7) Simulation models have been proposed for the system investigation.
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A complete system model, including the wind turbine, PMSG, modular MFT-based converters,
series-connected MV CSC, and the grid, are built. The performance of the proposed

configuration, modulation scheme, and control strategies are investigated based on the model.
(8) Experimental verifications on laboratory prototypes have been conducted.

In this thesis, two experimental platforms are used. One is the lab-scale platform designed for
verification of the performance of the proposed configurations and the effectiveness of the
proposed control schemes with all the algorithms implemented based on dSPACE DS1103. The
other is a 10-kVA back-to-back CSC used to verify the performance of the proposed modulation
scheme that the algorithms are implemented based on DSP (TMS320F28335) and FPGA
(EP4CE10E22CS8).

7.2 Future work

The following work is suggested for future research.
Current source converter-based modular multilevel converter.

Multilevel operation benefits the system in terms of lower switching frequencies, smaller dc-
link inductors, and higher quality of grid injected current. Thus, novel modulation schemes or

new configurations helping obtain a multilevel operation of the CSCs are worth investigation.
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Appendix
System Parameters in Simulations and

Experiments

Detailed system ratings, generator parameters and converter parameters for simulations and
experiments are listed in the following table. The pictures of Experimental Setups are given in
Figure A-1 and Figure A-2.

Table A-1 Simulation and Experimental Parameters

Simulation Experiment
Parameters
Sl pu SI pu
System Rating
Nominal Power 2x1 MW 1.0 2x650 W | 1.0
Grid Voltage 4160 V 1.0 208 V 1.0
DC-link Current 220 A 1.0 8A 1.0
Grid/Load Current 138 A 1.0 3.5A 1.0
Frequency 60 Hz 1.0 60 Hz 1.0
PMSG
MV PMSG
Nominal Voltage 4000 V
synchronous Inductance 0.4 pu
Rated Speed 400 rpm
Number of Pole pairs 8 Voltage Source
LV PMSG Supply
Nominal Voltage 690 V
synchronous Inductance 0.45 pu
Rated Speed 22.5rpm
Number of Pole pairs 26
Generators-side converters
MFT-based converter for MV-based system
Number of Modules 5 3
1:1
1:1.005 1 : i
Turn Ratios of Transformers 1:1.01 )
1:1.015 1:1
1-1.02 Tolerance + 2%
Input Capacitor 200 uF 2.0 1000 uF | 2.0
Switching Frequency 1200 Hz 1.0 1200Hz | 1.0
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MFT-based converter for LV-based system

Number of Modules 6 3
1:1
1:1 1:1
. 1:1 1:1
Turn Ratios of Transformers 1:12 1:1
1:12 Tolerance + 2%
1:12
Input Capacitor 200 uF 2.0 1000 uF | 2.0
Switching Frequency 1200 Hz 1.0 1200Hz | 1.0
Grid-side converters
PWM CSC #1
DC-link Inductor (Lgc) 45 mH 1.0 40 mH 0.9
Grid-side inductor (Lg) 4.5mH 0.1 5mH 0.11
Grid-side Capacitor (Cy) 77 uF 0.5 90 uF 0.58
Switching Frequency (fsw) 540 Hz 1.0 540 Hz 1.0
Modulation Scheme SVM SVM
PWM CSC #2
DC-link Inductor (Lqgc) 45 mH 1.0 40 mH 0.9
Grid-side inductor (Lg) 4.5mH 0.1 5mH 0.11
Grid-side Capacitor (Cr) 77 uF 0.5 90 uF 0.58
Switching Frequency (fsw) 540 Hz 1.0 540 Hz 1.0
Modulation Scheme SVM SVM
Cables
Length of Cable Between
Adjacent Offshore Converters 1km 50m
(lc )
Length of Cable Between
Offshore and Onshore 50 km 50m
Converters (I 1)
Resistance Per Unit Length 0.2 ohms/km 3 ohms/km
Inductance Per Unit Length 1.4 mH/km 0.35 mH/km
Capacitance Per Unit Length 0.142 pF/km 0.12 uF/km
Medium-frequency Transformer
Rated Power 1 MVA 2 KVA
Rated Input/Output Voltage 1000/1000 V 200/200 V
Rated Current 200 A 10A
Leakage Inductance 50 uH 40 pH
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¢

Figure A-1 Photo of the lab-scaled platform.

(1) Constant voltage supply. (2) dSPACE DS1103. (3) Driver interface board. (4) Voltage/current sensor boards. (5)
MFT-based converter. (6) DC-link inductor for Module #1. (7) DC-link inductor for Module #2. (8) PWM CSC #1.
(9) PWM CSC #2. (10) Grid-side transformers. (11) Oscilloscopes.
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Glossary of Acronyms and Symbols

CSC
DFIG
EESG
EMF
FFT
HVAC
HVDC
LCC
LV
MFT
MMC
MPPT
MV
MVAC
NS-SVM
PF
PMSG
PU
SGCT
SHE
sQ1
SQ2

SQ3

Current Source Converter

Doubly Fed Induction Generator
Electrically Excited Synchronous Generator
Electro-Motive Force

Fast Fourier Transformation

High Voltage Alternating Current

High Voltage Direct Current

Line Commutated Converter

Low-Voltage

Medium-Frequency Transformer

Modular Multilevel Converter

Maximum Power Point Tracking
Medium-Voltage

Medium Voltage Alternating Current
Natural Sampling Space Vector Modulation
Power-Factor

Permanent Magnet Synchronous Generators
Per Unit

Symmetric Gate Commutated Thyristor
Selective Harmonics Elimination

Sequence 1

Sequence 2

Sequence 3
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SQ4
SQ5

SQ6
STATCOM
svC

SVM
TPWM
UPF

Ve
WECS
WFSC

WRIG

Sequence 4

Sequence 5

Sequence 6

Static Synchronous Compensator
Static VAR Compensator

Space Vector Modulation
Trapezoidal Pulse Width Modulation
Unity Power Factor

Voltage Source Converter

Wind Energy Conversion System
Wind Farm Supervisory Control

Wound-Rotor Induction Generator

The following provides explanations to the variables that are commonly used in this
dissertation. Other variables which only appear in specific sections are explained in the context

where they appear.

Voltages

Ver, Vez ... Ves input capacitor voltages of the modular MFT converter
Va grid phase voltage

Vin total input voltage of the modular MFT converter
Vao, Vbo, Vco converter output voltages

Vi grid line-to-line voltage

Vict, ---Vdem average input voltage of each CSC

Vdcl, --- Vdem instantaneous input voltage of each CSC

Videm_ref average input voltage reference of each CSC

Vsd, Vg, d- and g-axis components of the grid voltage

Ved, Veg d- and g-axis components of capacitor voltages
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Currents

|dc_ref

|gd_ref, |gq_ref
|wd_ref, |Wq_ref
lc_upr

lg_upr

isd, isq

icd, icq

|dc_gr
|dc_offshore
|dc_grid

I dc_rated

Power
Ps

Qs

Qret
Pwr

PWF_rated

Pge_n

dc-link current of the offshore wind farm

converter output PWM current

line current

generator-side converter determined dc-link current
grid-side converter determined dc-link current

average input current of the modular MFT converter

dc-link reference current

d-axis, g-axis grid current references

d-axis, g-axis converter reference current
capacitor current under UPF

line current under UPF

d- and g-axis components of the grid currents

d- and g-axis components of the capacitor currents
magnitude of the minimum dc-link current
dc-link current determined by offshore converters
dc-link current determined by onshore CSCs

rated dc-link current

grid-side active power

grid-side reactive power

grid-side reactive power reference

Total wind power of the offshore wind farm
rated power of the wind farm

captured wind power of each turbine unit
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Psw switching loss for CSCs

Pcon conduction loss for CSCs

LC components related

Ly grid-side equivalent line inductance

Lac dc-link inductance

Cs CSC output filter capacitance

Cin Input capacitance of the modular MFT converter
Ry grid-side line resistance

Ri equivalent load of grid-side CSCs

¢! tolerance coefficient of the capacitance

k2 tolerance coefficient of the inductance

CSC modulation related

active vectors of CSCs

I, zero vector of CSCs

f; fundamental frequency of CSC output current

@ fundamental angular frequency of CSC output current
o angle of a vector in the space vector plane

Ma modulation index of CSCs

Ts sampling period

fow switching frequency

fsp sampling frequency

o delay angle of CSCs
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