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Abstract

In order to eliminate the bulky and costly offshore substation, a new offshore wind farm
configuration has recently been proposed: series-connected configuration. Among the series-
connected configurations, the pulse width modulation current source converter (CSC)-based one is
considered a good candidate. In this thesis, a new PWM CSC-based wind energy conversion system
is proposed for the series-connected wind farms. Compared with the previous work, the proposed
topology reduces the cost and the manufacturing pressure of the system. A new control scheme is
proposed to solve the voltage and current imbalance problem of the proposed configuration. In
addition, the optimal modulation scheme is investigated for the series-connected CSCs. Simulation
results are provided to assist in the investigation and verify the performance of the proposed

configuration and control schemes.
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Chapter 1

Introduction

Offshore wind energy is continuously being developed because of its environmental-friendly
characteristic and most importantly, the abundant, rapid, and stable offshore wind resources [1]. As of
2019, the total installed capacity of the world is about 29.1 gigawatts (GW), of which 6.1 GW was
installed mostly in PR China, United Kingdom, and Germany [2].

For long-distance offshore wind power systems, high voltage DC (HVDC) is the most suitable
transmission system. The current offshore wind farm configuration is mainly parallel configuration,
which has been put into use by ABB, Siemens, and other companies [3-4]. However, the parallel
configuration faces the problems of high cost and complexity as well as low reliability and efficiency
[7-9]. Researchers have proposed a series-connected configuration [7-10, 13-16], which can greatly
improve the above problems, but this is an emerging technology with technical challenges in power

converter topologies and controls.

In this thesis, a new power converter topology for series-connected wind farm configuration is
proposed. Innovative control systems are proposed, and optimal modulation schemes are studied. The
new topology not only reduces the cost of the system, but also improves flexibility, stability, and

efficiency of the system.

This chapter starts with the structure of the offshore wind farm, and then introduces transmission
systems, wind farm configurations, and existing power converter topologies proposed for the series-
connected wind farm configuration. In addition, the technical challenges of the series-connected

configuration are analyzed, and dissertation objectives are proposed.

1.1 Overview of the offshore wind energy conversion systems

Fig. 1-1 shows the basic structure of a typical offshore wind energy conversion system. The
fundamental components include wind turbines, generators, offshore converters, transmission cables,
offshore and onshore substations. Wind energy is converted into mechanical energy by wind turbines
and then converted to electrical energy by generators. After generators, there are offshore converters

and step-up transformers. The generated power is transferred from the offshore to the land by the



transmission cables, and then connected to the grid through transformers in the onshore substation.
There are two configurations of offshore wind farms, parallel configuration and series-connected
configuration. The parallel-connected configuration is a mature technology. However, a bulky and
costly offshore substation is required. The series-connected configuration can eliminate the offshore
substation, which greatly reduces costs, but it is an emerging technology with technical challenges in
topology and control. There are two types of transmission systems, HVDC and high voltage AC
(HVAC). For transmission distances greater than 50km, HVDC is the better choice.

Collection point Grid

Transmission Cable

@ Offshore Step-up Offshore substation Onshore substation |
converter transformer

Fig. 1-1 Basic structure of a typical offshore wind energy conversion system.

1.2 Transmission systems

There are two types of transmission systems that can transmit power from offshore wind farms to

onshore grid connection points: HVAC and HVDC. The comparison between them is shown below:

1) Cost: The cost of HVDC transmission lines is lower than the cost of HVAC lines. DC
transmission requires fewer conductors than AC transmission (2 conductors per DC circuit and 3
conductors per three-phase AC circuit). However, the power converters in HVDC are more expensive
than those in HVAC. Therefore, if the transmission distance is higher than 50 kilometers, HVDC

costs less, and if the transmission distance is lower than 50 kilometers, HVAC is the more economical

option [5].



2) Efficiency: There is no skin effect in DC. Similarly, in the case of direct current, the corona loss

is lower. Compared with HVAC, HVDC lines have lower losses over longer distances.

3) Asynchronous interconnection: The AC grid is standardized to 50 Hz in some countries/regions
and 60 Hz in other countries/regions. It is impossible to interconnect two AC power grids operating at

different frequencies [6]. HVDC can do it.

4) Reactive power compensation: The equivalent capacitance of the AC cable will generate
reactive power when carrying current. When the frequency increases or the distance increases, the
current carrying capacity of the AC cable decreases. Therefore, reactive power compensation is

required at long distances. DC systems do not have this problem.

Overall, HVAC is a more economical option for short transmission distances. When the distance

increases, HVDC is the better option.

1.3 Offshore wind farm configuration

Based on the connection methods of wind turbines, there are mainly two types of configurations for

offshore wind farms: parallel-connected configuration and series-connected configuration.

1.3.1 Parallel-connected configuration

The structure of the parallel-connected configuration is shown in Fig. 1-2, where the outputs of
generator-side power converter are boosted through respective step-up transformers and then
connected to the collection system. Then, the collection system is converted to HVDC by another
step-up transformer and an HVDC power converter. The second-stage step-up transformer and the
HVDC converter are held in the offshore substation. The generated power is transmitted to onshore
via the HVDC transmission system, converted to HVAC through an inverter, and then connected to

the grid through transformers.

The parallel configuration is a mature solution. ABB's "Bolwinl", "Dolwinl" and "Dolwin2"
offshore substations have been put into use in Germany and "Dowin5" and "Dogger Bank" are also
expected to be commissioned in Germany and the United Kingdom by 2024 [3]. Siemens will also
provide 14 MW Gamesa Turbines for the US Dominion Energy Coastal Virginia Offshore Wind
(CVOW) commercial project [4].



However, the offshore substation is very bulky and costly. Fig. 1-3 shows the offshore substation
used in "Dolwin2". The complete platform weighs approximately 23,000 tons, is approximately 100

meters long, approximately 70 meters wide, and approximately 100 meters high [3].

In addition, the efficiency and reliability of the parallel-connected configuration is low, and the
complexity is high. As shown in Fig. 1-2, the configuration is a multi-stage power conversion system,
and therefore the efficiency of the system is low since each stage of power conversion has power
losses. Furthermore, the system involves the use of huge amounts of components, which increase the

complexity of the system as well as lowering the reliability.

Collection system Grid

Generator

OvVDC
—O-

Step-up
transformers

****************************************************************

Offshore substation Onshore substation

Fig. 1-2 Parallel-connected wind farm configuration.



Fig. 1-3 “Dolwin2" offshore substation [3].

1.3.2 Series-connected configuration

In order to reduce costs and improve the efficiency and reliability, researchers have proposed a new
wind farm configuration: series-connected configuration [7-19]. As shown in Fig. 1-4, the outputs of
generator-side power converters are connected in series to reach the HVDC level without using any
step-up transformers and HVDC converters. Therefore, the bulky and costly offshore substation, step-
up transformers and HVDC converters are eliminated, which greatly reduce the costs. In addition,
compared to the parallel configuration, the series-connected configuration has a simpler structure with
fewer power conversion stages and a smaller number of components. Therefore, the complexity is
reduced, and the efficiency and reliability are increased [8]. In summary, the series-connected
configuration sees significantly advantages in terms of cost reduction, efficiency and reliability
improvement, and is therefore a good candidate for next-generation offshore wind energy conversion

systems.

However, the series-connected configuration is an emerging technology. It has not been well

studied and technical challenges exist. For example:

1) Generator insulation. Different wind turbine-generator-converter systems have different insulation
requirements due to their different distances to the grounding point [7-9]. As shown in Fig. 1-4, the
generator furthest from the grounding point has an insulation requirement of an HVDC level. This is

not feasible for the generator manufacturing, and so practical insulation methods must be established.

5



For example, shown in Fig. 1-4, low-frequency transformers are employed between turbines and
generator-side power converter to withstand the high voltage stress, and then the generator insulation
issue is solved. However, this is not favourable for offshore wind applications since the transformer is

very bulky [7].

2) Power converters and controls. Existing power converters and controls which are used in parallel-
connected configurations cannot be used here directly. New power conversions and controls should

be developed for the series-connected configuration.

Generator-side

power converter Grid
B HVDC
(L& |
————— : Grdsidepover |
Low frequency ~ : Grid-side power
! converter
transformer ! — '

— L _ _ _
%—@ { ( ) Onshore substation
la ¥

Fig. 1-4 Series-connected wind farm configuration.

1.4 Power converter topology

The available power converter topologies for the series-connected configuration are mainly divided
into three types: conventional line commutated converter (LCC), voltage source converter (VSC), and

pulse width modulation (PWM) current source converter (CSC).



1.4.1 Conventional line commutated converter-based wind system

Fig. 1-5 shows the LCC-based wind system where series-connected LCCs are employed at both
offshore and onshore. The LCC-based topology has been used on land for more than 50 years.
However, it has several limitations for offshore wind systems [20-21]: 1) LCC needs a strong grid
voltage to assist the commutation of thyristor valves, so LCC is susceptible to grid interference, 2)
LCC requires large filters to reduce low-order harmonics, which increases the cost and volume, and 3)
LCC cannot provide independent control of active and reactive power, which means that the dc-link
current control and power factor control cannot be performed. These limitations make LCC

unsuitable for offshore wind power applications.

Offshore substation Onshore substation

---------------------------------------------------------------------------------------------------------------------------

i Collection point F—W—ﬁ
* s :

;

Offshore | i | ‘ Grid

wind farm *

Generator—sidw Grid-side power
1 power converter 1 ! converter

Fig. 1-5 Structure of the LCC-based topology [20].

1.4.2 Voltage source converter-based wind system

The VSC-based topology is the mainstream choice in the parallel configuration-based wind farm
and has been implemented into practice. The structure of VSC-based topology for the series-
connected configuration is shown in Fig. 1-6. The modular multilevel converters are typically used as
the grid-side power converter [22-23], while the generator-side converter can be either a 2-level VSC
or a 3-level VSC [23]. The generator-side VSCs convert the collected power from AC to DC and then
the power is transmitted from offshore to onshore through HVDC cables. The grid-side VSC converts
the DC back to AC and then connected to the grid through transformers. Compared to LCC-based

=1



topologies, the switches used in VSCs have a self-commutated ability and therefore can provide

active and reactive power control.

However, VSC-based series-connected configuration have a technical challenge: the DC-link
voltage of the VSC-based wind system must always be a constant to ensure grid connection. Shown
in Fig. 1-6, when one or some of the generator-side VSCs encounter unexpected failures and has to be
bypassed, the DC-link voltage must be controlled as a constant to ensure a continued grid connection.
By doing so, the constant DC-link voltage will be evenly distributed to the rest of healthy VSCs,
which will cause overvoltage and induce safety issues. To avoid this problem, a redundancy design is
required. The voltage ratings of VSCs should be increased or more back-up VSCs should be

connected in series, but both methods increase the cost.

Grid

!

~

Generator-side
power converter

Onshore substation

Fig. 1-6 Structure of the VSC-based topology [22].



1.4.3 PWM current source converter-based wind system

Offshore wind farm

--------------------------------------------------------

| Generator-side |
' power converter |

LFT

Onshore substation

| Grid-side power :
converter !

PMSG

)

Fig. 1-7 Structure of the CSC-based topology [9].

Fig. 1-7 shows the PWM CSC-based wind system. Compared to the LCC-based system, this one

has self-commutated ability and can provide independent active and reactive power control.

Compared to the VSC-based one, this system does not have the constraint of a constant DC-link

voltage under any conditions and is therefore a good candidate for the series-connected wind system.

As shown in Fig. 1-7, even if some generator-side CSCs encounter a bypass due to whatever reasons,

there is no overvoltage on the healthy CSCs. This is because the DC-link voltage of the CSC-based

system is not a constant. Instead, it is variable and ranges from 0 to 1 per unit (pu) in the full

operation range. The voltage stress of generator-side CSCs is only related to the power generated by

the connected generator. Similarly, the voltage across each grid-side CSC will not be affected by fault

bypass since it is clamped by the grid voltage. In addition, PWM CSCs have reliable short-circuit

protection [28]. To sum up, the PWM CSC-based system is a promising system for the series-

connected wind energy conversion systems.



The grid-side power converter of the PWM CSC-based system shown in Fig. 1-7 is constructed by
connecting identical CSCs in series at input and in parallel at output through multi-winding

transformers. For the generator-side power converter, different topologies have been proposed [7-9].

Fig. 1-8 shows a traditional PWM CSC proposed for MV turbine systems [9]. This PWM CSC-
based generator-side converter features all advantages of a PWM CSC, such as simple topology and
good harmonic performance. However, the weight and size suffer because low-frequency

transformers (LFT) need to be used to solve the issue of generator insulation as shown in Fig. 1-7.

Offshore wind farm Onshore substation
T Generator-side | " Grid-side pmer __________________________________
: power converter | {  converter
' LET ' ' Grid

O—O% || r
. UMV PMSG T | | T

Fig. 1-8 LFT-based generator-side power converter [9].

To keep all advantages of PWM CSCs without introducing extra burden on size and weight, two
types of MFT-based generator-side power converters were reported: one is for low-voltage (LV)

turbine systems as shown in Fig. 1-9 and the other for MV turbine systems as shown in Fig. 1-10.

Shown in Fig. 1-9, the MFT-based generator-side power converter consists of a LV (690 V) turbine
connected to a permanent magnet synchronous generator (PMSG), a low-cost three-phase diode
rectifier, and an MFT-based modular converter [8]. The MFT-based modular converter is composed
of a couple of LV converter connected in parallel at input and in series at output. Such a structure

enables the use of MV PWM CSC at the grid-side of the system and therefore all advantages of PWM
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CSCs are inherited. In addition, compared with LFT-based converter shown in Fig. 1-7, the MFT-
based one sees smaller size and weight as well as a higher reliability due to the adoption of a modular

design.
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Fig. 1-9 MFT-based generator-side power converter for LV turbine systems [8].

Fig. 1-10 illustrates the MFT-based generator-side converter proposed for the MV turbine systems
[7]. It includes an MV turbine-PMSG, a low-cost three-phase diode rectifier, and an MFT-based
modular converter. The MFT-based modular converter has a different structure in comparison with
that in the LV turbine system shown in Fig. 1-9. The constituent converters are connected in series at
both input and output. By dosing so, the low-voltage switches with a lower cost can be used for MV
turbine systems. As well, a smaller size and weight and a higher reliability are expected compared

with the LFT-based one.

However, the MFT-based generator-side power converter proposed for MV turbine systems has a

couple of challenges:

1) The use of low-cost switches at higher power ratings. As the power rating of each turbine system

increases, high-current switches are required. These high-current switches however are expensive.

2) Practical manufacturing of high-power MFT. As the power rating of each turbine system increases,
the power each MFT carries increases. However, high-power MFT with high-voltage insulation

requirements are not mature.
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Fig. 1-10 Proposed MFT-based configuration in [7] for MV systems.

1.5 Dissertation objectives

As mentioned earlier, the PWM CSC-based series-connected configuration is a promising solution
for next-generation offshore wind farms. And the MFT-based power converter with potential
advantages of smaller size and weight and higher reliability is a good candidate for the generator-side
power converter of the series-connected system. However, in the application of high power MV
turbine systems, it suffers from two technical challenges as the power rating increases: one is the use

of expensive switches and the other the need of immature high-power high-voltage MFTs.

Therefore, this thesis is dedicated to reducing the cost of generator-side power converters and the
manufacturing burden on the MFTs A new topology will be proposed for the generator-side power
converter of the PWM CSC-based series-connected wind system. In addition, optimal modulation

schemes will be studied for the proposed new power converter.
The main objectives of this dissertation will be summarized as follows:
1) New generator-side power converter with lower cost and easier manufacturing

A new generator-side power converter will be proposed for the PWM CSC-based series-connected
wind system. The cost of the converter is lower by using more cost-effective switches. Besides the

burden on the MFTs manufacturing is reduced by a proper design.

2) Optimal modulation scheme investigation for the grid-side PWM CSCs

12



All modulation schemes for the grid-side CSCs will be investigated and compared, based on which

the optimal modulation scheme will be selected for the series-connected CSCs.
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Chapter 2

A New PWM CSC-Based Series-Connected
Offshore Wind Energy Conversion System

As discussed in the previous chapter, the MV (2.4-69 kV) generator-side power converter of the
PWM CSC-based has two technical challenges: the use of expensive high-current switches at higher
power ratings, and immature manufacturing of high-power MFT. Therefore, the objective of this

chapter is to propose a new PWM CSC-based wind energy conversion system to address the above

two problems.

This chapter first introduces the proposed new PWM CSC-based wind energy conversion system.
The operation principle of the proposed power converter including both generator- and grid-side
power converters is thoroughly illustrated and analyzed. On this basis, a control strategy is proposed.

Finally, simulation results are provided to verify the performance of the proposed power converter

and control.

Modular MFT- Series-connected
based converter CSCs

|

I

1

i

| . Multi-
' Winding
|
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I
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i

I

i

Transformer

Grid

Fig. 2-1 Proposed PWM CSC-based series-connected offshore wind farm.
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2.1 Proposed PWM CSC-based wind energy conversion system

Fig. 2-1 shows the configuration of the proposed PWM CSC-based series-connected offshore wind
energy conversion system. This conversion system includes two subsystems: offshore conversion
system and onshore conversion system. In the offshore part, a few wind energy conversion systems
are connected in series to form an HVDC. Each wind energy conversion system consists of a turbine,
an MV generator, and a generator-side MFT-based power converter. In the onshore part, multiple
CSCs are connected in series to form grid-side power converters of the wind system, and then
connected to the grid through a multi-winding transformer. A DC-link inductor is used and connected
between power converters at the two parts to enable a continuous and smooth DC current of the PWM

CSC-based wind system.

The control of the offshore and onshore subsystems is decoupled. In addition, all generator-side
power converters in the offshore subsystem are designed to be identical and independent in control.
The same is true for the grid-side power converters. Therefore, in this chapter, one turbine-based

conversion system will be taken as an example to illustrate the proposed power converter and control.

2.1.1 Generator-side converter

Fig. 2-2 shows the topology of the generator-side power converter of the proposed wind system. It
consists of an MV PMSQG, a three-phase diode rectifier, and a modular MFT-based converter. The
three-phase diode rectifier has the advantages of high reliability, low cost, low size and weight.
However, the diode rectifier generates a relatively high torque ripple in the generator [7]. The
synchronous inductance of a PMSG is usually around 25 mH which helps reduce the torque ripple
[27]. The modular MFTs as discussed earlier are to address the issue of the generator insulation.
Overall, the generator-side converter has two functions: generator speed control and generator

insulation problem solving.
A. Operation principles

Shown in Fig. 2-2, the MFT-based modular converter is with a hybrid configuration with H-bridge
converters connected in both series and parallel at input and in series at output. The series- connection
of n converters at input can reduce the input voltage of each H-bridge converter which enables the use
of low-voltage switches, and the parallel-connection of the m converters can reduce the average
current of each converter which enables the use of low-current switches. In addition, the series-

connection of such n¥m converters at output can increase the voltage gain of the generator-side
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converter which facilitates the construction of HVDC using less turbine units. The numbers, n and m,

are determined by the voltage and current ratings of each turbine system as well as the used switches.
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Fig. 2-2 Proposed generator-side MFT-based modular converter.
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For example, in the previous study [7] where 20 pieces of 1700V/400A IGBTs are needed for a
4000V/1IMW turbine system, while in the proposed converter, 40 pieces of 1700V/200A IGBTs are
required by the use of 10 H-bridge converters with 5 in series connection and 2 in parallel connection
(2 converters share one capacitor as shown in Fig. 2-2). Though the number of switches as well as
their drivers, and diodes are doubled, the finalized cost of the proposed converter is lower because the
price of such switches with twice the rated current ratings are more than doubled. For the case of
turbine systems with megawatts level, such as 4000V/2MW, a lower cost of the power converter can
be expected by either 1) further doubling m so that 1700V/200A IGBTs can continue to be used, or 2)
maintaining the current m, while using the 1700V/400A IGBTs, whichever is cheaper. For the final
design, a comprehensive evaluation including the cost of switches, drivers, and diodes should be

conducted.
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B. Modular medium-frequency transformer

The modular MFTs are introduced in the proposed topology mainly to solve the problem of
generator insulation. Besides, the MFT can help realize zero-voltage switching (ZVS) for the primary

switches through its leakage inductance without requiring additional components [7-8, 15].

In the series-connected configuration, the turbine-generator furthest from the grounding must
withstand an HVDC level [7], and therefore insulation must be accomplished. Some of the following
approaches can be used for generator insulation [9]: 1) Establish insulation between the generator
winding, filter capacitor and CSC 2) Isolate the wind turbine and maintain the nacelle; and 3)
Transformer-based insulation method. Among them, the transformer-based solution is considered the
most feasible. Compared with the bulky LFT, MFT has a smaller size and weight, which is important
for offshore wind power applications. The high-power MFT with high-voltage insulation levels is

immature, and the main technical challenges are:

1) Thermal and cooling system design. With an increased frequency, the increased losses
(hysteresis, eddy current, copper) and reduced volume cause strict challenges to the thermal design

[24-26].

2) Insulation design. In the series-connected wind farm configuration, the maximum insulation
level of the MFT is the HVDC level. In addition, as the power rating of each turbine system increases,
the power each MFT carries increases. A combination of high power and high voltage insulation

requirement leads to a burden on the implementation of the MFTs [24-26].

In this proposed power converter, by connecting modules both in series and parallel, each MFT
carries less power compared with that in previous studies [7]. For example, for each generator-side
power converter with a power rating of 4000V/1MW, the power of each MFT in the previous study is
0.2MW [7], while it is reduced to 0.1IMW in the proposed converter. The burden on MFT

manufacturing is therefore reduced.

C. Modulation

The modules in the modular converter are identical, and their control schemes are also identical.
Here, the Module 1 shown in Fig. 2-3 is used to illustrate the modulation scheme of the modular
converter. The modulation scheme of a single module is shown in Fig. 2-4. Ignoring the dead time

and switching time, each cycle is mainly divided into the following states:

1) When ¢ < fo, 81, Ss, D1, D4 are turned on, and the power is transferred to the load.
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2) When t< ¢t < t, S1, S> are turned on, there is no power transmission.
3) When ;< t <t», S», S3, D1-Ds are turned on, and the power is transferred to the load.
4) When 6,< t <t3, S, S3, D>, D3 are turned on, there is no power transmission.
5) When < t <ts4, S1, S> are turned on, and there is no power transmission.
The equivalent circuits for each state are shown in Fig. 2-5.

To sum up, this MFT-based generator-side modular converter has advantages of being able to 1)
reduce the cost by using low-voltage and low-current switches for MV high-power wind systems, and

2) facilitate the MFT manufacturing by adopting a hybrid modular configuration.

I

Fig. 2-3 Structure of a single module.
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Fig. 2-4 The modulation scheme of a single module.
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2.1.2 Grid-side converter

The grid-side converter is shown in Fig 2-6, in which the offshore part of the proposed wind system
is simplified as a DC voltage source Vi,. Same as that in previous studies [7], a few CSCs are
connected in series to function as the grid-side converter of the proposed wind energy conversion
system. All CSCs share a same DC-link current. As well, they are designed to be identical and share

same gating signals.

Each CSC is connected to an LC filter and then connected to the grid through a multi-winding
transformer. The LC filter consists of a filter capacitor Cr and a leaking inductance L, of the
transformer. The functions of LC filters are: 1) reducing the harmonic contents of the current to meet
the grid codes, and 2) assisting the switches commutation. Each CSC is composed of six gate-
commutated thyristors (GCTs). These GCTs have reverse blocking capability. The switching
frequency of these switches is usually set at around 500 Hz to reduce switching losses. Modulation
schemes of CSC mainly include space vector modulation (SVM), trapezoidal pulse width modulation
(TPWM), and selective harmonics elimination (SHE). Their performance is different and will be

introduced in detail in Chapter 3.
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Fig. 2-6 Grid-side series-connected CSCs.
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2.2 Control schemes of the converter

Fig. 2-7 illustrates the overall structure of the proposed control schemes. The control schemes for
the proposed power converter consists of two parts. One part is the control of the generator-side
converters, which includes 1) maximum power point tracking (MPPT); and 2) the balance control of
the input current and input voltage of different modules. The other part is the control of the grid-side

converters, including 1) DC-link current control, and 2) Reactive power control.
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Fig. 2-7 overall structure of proposed control schemes.

2.2.1 Generator-side control

A. Maximum power point tracking (MPPT)
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The wind power P,, captured by the blade and converted into mechanical power can be calculated
by

P, = % pAVC, @2-1)

where p is the power density, 4 is the sweep area, given by 4 = z/*>, where [ represents the length of

the blade. v,, is the wind speed, and C, is the power coefficient of the blade.

The main goal of MPPT is maximizing the mechanical power at different wind speeds by

maximizing the power coefficient of the blade. The typical MPPT schemes are shown below [1]:

1) MPPT with optimal power control. The power profiles define the maximum power that the
turbine can produce at different wind speeds. The generated power is sent to the generator control
system, which compares the power reference with the power sent from the generator to generate a

control signal for the power converter.

2) MPPT with optimal speed control. The measured wind speed is used to generate the generator
speed reference value based on the best tip speed ratio, and the generator speed is controlled by the

power converter.

3) MPPT with optimal torque control. For a given gear ratio, the mechanical torque of the turbine
can be converted into the mechanical torque of the generator. The generator speed is measured and
used to calculate the required torque reference. Through feedback control, the generator torque is

equal to the torque reference at steady state.

The scheme of MPPT with optimal generator speed control is used in this thesis as an example.
First, considering an ideal condition where components are identical, the MFT-based modular
converter is equivalent to a Buck converter. The generator-side converter is then simplified as shown
in Fig. 2-8. The real-time wind speed v,, is measured and the optimal generator speed reference wy ror
at this wind speed is generated from the measured wind speed. Then the engine speed wy is controlled
equal to wg o by the generator-side converter to achieve MPPT. At this time, the generator generates
current Iy gen, since g is controlled by grid-side converters, the ratio of lu gen to lu is the duty cycle
dcom of the generator-side converter. By applying dco» to the modular MFT-based converter, MPPT is

achieved.

However, components can not be guaranteed to be identical in practice, such as the turn ratios of
the transformers. Using d..» at all modules will then cause current and voltage imbalance problems,

which will be introduced in the next section.
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Fig. 2-8 MPPT with optimal generator speed control [15].

B. Voltage and current balance control

The components of the modular converter are designed to be the same, but in practice some
parameters cannot guaranteed to be identical. For example, the turn ratios of the MFTs in different
modules may be different due to the manufacturing technology. This mismatch will cause the voltage
and current imbalance that should be addressed. Otherwise, the reliability of the proposed converter

suffers.
1) voltage imbalance and control

Fig. 2-9 shows the structure of series-connected modules. Neglecting the transformer losses, the

power at both sides of the transformer in a single module should be equal, that is:

{VCIII =Vourdlae =dikVeil (2-2)

Verds =Vl ye = dyk Vier 1 .

It can be concluded that if modules are controlled with the same duty cycle deom, the module with
the larger turn ratio (for example k1>k») tends to absorb higher input current than other modules (i;>i).
This is a transient process since the input current of the constituent modules should be equal at steady

state. Therefore, the capacitor of a module with a larger turn ratio (ki) must be discharged more to
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compensate for the required current. Compared to a module with a smaller turn ratio, the voltage of

the capacitor in this module is lower (vei<ves).

The solution is compensating the voltage imbalance of the capacitors by using the PI controller to
adjust the duty cycle required by each module. First, find the average value of the input voltages of all
modules as a reference. Use this reference value to make the difference to each input voltage of each
module respectively, and then generate the voltage compensation duty cycle Ad,, through the PI
controller. Add Ad,, to the common duty cycle dcom, that is, d=dcom +Ad,y, then the voltage imbalance
is compensated. Modules with higher capacitor voltages have higher duty cycles. The physical
meaning of this method is that, for modules with high capacitor voltages, their capacitors release
more power to the load. Discharging will reduce the capacitor voltage, and regulation will continue

until the voltages of capacitors are balanced.

[1 d] kl Id(‘
ClJZ VCI Wl 3 E * Vout]
5

]

Co= Ve | E * Vo
T 3 3@

Fig. 2-9 Series-connected modules.

2) current imbalance and control

Fig. 2-10 shows the structure of parallel-connected modules. Since modules connected in parallel
share the same input capacitor, the input voltages of the modules are equal (ve; in Fig. 2-10).
Neglecting the transformer losses, the power at both sides of the transformer in a single module

should be equal, that is:

{VCIII =d\kVel, (2-3)

Ve, = deZVCIIdc
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Fig. 2-10 Parallel-connected modules.

The module with a larger turn ratio (for example k1>k>) will absorb more input current (i;>#2). This
is a transient process since the input current of the constituent modules should be equal at steady state.
Therefore, the module with a larger turn ratio (k1) must transfer less power to the load to reduce its

input current.

The solution is to adjust the duty cycle so that modules with a larger turn ratio transfer more power
to the load. First, find the average value of the input currents of all modules as a reference. Use this
reference value to make the difference to each input current of each module respectively, and then
generate the current compensation duty cycle Ad;, through the PI controller. Add Ad, to the common

duty cycle deom, that is, d=d.om +Ad;,, then the current imbalance is compensated.

By adding both compensation duty cycles to dcom, the final duty cycles are shown below:

d=d +Ad +Ad (2-4)

com n

Then both voltage and current imbalance are compensated by applying (2-4). The complete balance

control block diagram is shown in Fig. 2-7.

2.2.2 Grid-side control

The grid-side control includes active power and reactive power control, also known as dc-link
current control and power factor (PF) control. The control scheme is shown in Fig. 2-11, composed of

two independent control loops for active power and reactive power regulation, respectively.

The grid-connected CSCs can be controlled using various schemes [1]. The voltage-oriented

control (VOC) is used here. The control algorithm is implemented in the grid-voltage synchronous

25



reference frame, where all the variables are of DC components in steady state [27]. Grid voltage
phase-locked loop (PLL) is introduced to the control system to obtain synchronous angle 6, and the
angular frequency wg. Through dg transformation, the dg component of the grid voltage Vs and Vi

are also obtained.
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Fig. 2-11 Grid-side control diagram.

The DC-link current refence determination plays an essential role in the control. The CSC can be
controlled to be constant, or variable according to the change of input power. A constant DC-link
current provides a faster dynamic response, while a variable lower DC-link current greatly reduces
system losses [1]. However, in wind energy systems, a fast response is not necessary, while a high
efficiency is more preferred. In short, an appropriate "minimum" DC-link current reference is

preferred for the proposed CSC-based wind system.

There are two minimum dc-link current references: one is the generator-side minimum current
reference and the other the grid-side minimum current reference. The generator-side minimum dc-link

reference current is to achieve MPPT while the grid side reference current to achieve required PF
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control. The final dc-link current reference of the system should be greater than or equal to the

maximum of the two minimum reference currents.
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Fig. 2-12 Simplified modular MFT-based converter for unit #n [7].

A. Generator-side minimum dc-link current reference

A simplified modular MFT-based generator-side converter for unit #n is shown in Fig. 2-12. PMSG
is simplified to a voltage source (e;) with a finite source inductance (L;), and the load on the DC-link
is regarded as a current source. The presence of input line inductance causes the current commutation
in the rectifier to be not instantaneous and will cause the DC output voltage Vi »to drop []. The
commutation angle and the resulting voltage drop depend on the generator inductance L, and the DC
link current /;.. If the commutation angle is less than 60°, the average DC output voltage Vi » is:

32 3

V = ES,LL - wsLs]dc (2-5)
T T

dc_n

where E; ;1 is the rms value of the line-to-line back-EMF es, w; is the optimum electrical speed of the
PMSG under MPPT. Assume the captured wind power Py ,is transferred to the DC side power Pe »

with no loss, which is,

Blcin = Vdcin]dc =P, (2-6)

ge_n
In order to achieve MPPT, the synchronous generator needs to meet the constraints:

E 252 uLp 2-7)

s,LL 3 s7sT ge_n
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Combining (2-5) and (2-6) gives the dc-link reference current:

3W2E,, —|18E, " ~1270,L P,

® s ge_n

d =
c_gen 6a)S LS

(2-8)

B. Grid-side minimum dc-link current reference

Shown in Fig. 2-11, the dc-link current can be calculated according to the grid-side active power
output P,, which equals to the generator output power P; in steady state (Py = P,). The following

formula is used to obtain the required d-axis current of the grid-side converter.

Py =Vl

8

. P 2-9)

The g-axis current reference iy, can then be obtained from:

.0 2-10)

A =
o —1.5v,

where Q" is the reference for the reactive power, which can be set to zero for unity power factor
operation, a negative value for leading power factor operation, or a positive value for lagging power

factor operation.

Derive the reference current of the CSI as following formula:

E o . oK
lwd = lsd +lcd = lsd _a)gcfl/cq
K K . K
Ly =l tiy =1, + a)ngVcd

Vg =R

g sd

V,=Ri,+o,L,i,

(2-11)

+Vy—o,L,i,

With the modulation index m, being set to its maximum value, that is 1, to lower conduction losses

[1], the minimum dc-link current /4 ¢ determined by the grid-side converters is shown below:

*

)2 2
. 2P 20 20 2P
2 g ; 2 : ;

Lo o= \/{(1 - nggC/')(m) - RC; (ﬁ)} + {(1 -o,LC, )(m) +o,CV,+oRC, (ﬁ)} (2-12)

C. Final dc-link current reference

28



After calculating the dc-link current reference both on the grid-side and the generator-side
separately, take the larger of the two:

*

% %
I de = max(] dc_ generator > Idgg?‘id )

(2-13)

By applying the minimum dc-link current reference shown in (2-13), the required control

objectives at both generator- and grid-sides are achieved.

2.3 Simulation results

The performance of the proposed topology and the effectiveness of the proposed voltage/current
balance control scheme are verified by MATLAB/Simulink. The simulation is divided into three parts.
The first part verifies the effectiveness of the balance control through the presence or absence of
balance control in different time intervals. The second part simulates the power converter under a step
change in the wind speed. The third part verifies the performance of the proposed converter under
reactive power control. Note that in the simulation, the turbine-generator is replaced with a variable
three-phase voltage source supply. And the performance of the power converter under a stepped wind
speeds is simulated by using a stepped change in the source supply. This simplification however is

effective to verify the performance of the proposed power converter and control.

Table 2-1 Parameters in Simulation

System Rating PMSG
Nominal Power | IMw | Rated Linesto-Line 4550y
Voltage (rms)
Grid Voltage | 4160V Synchronous 04
Inductance p-u.
Frequency 60Hz Stator Resistance }?11
Generator-side converter
Number of 10 Turn ratios of transformers
modules
1:1;1:1.1; 1:1.01;

I tC it 2.0p.u.
nput Capacitor P 1:1.02: 12112

Switching 1200Hz | 1:1.03; 1:1.13; 1:1.04; 1:1.14
Frequency

Grid-side converter
Switching 540 Hz | DC-link Inductance 0.6
Frequency p-u.
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All parameters used are listed in Table 2-1. Ten modules are employed in the modular MFT-based
converter. The turn ratios of the ten transformers are purposely set to 1:1 (Module 1), 1:1.1 (Module
2), 1:1.01 (Module 3), 1:1.11 (Module 4), 1:1.02 (Module 5), 1:12 (Module 6), 1:1.03 (Module 7),
1:1.13 (Module 8), 1:1.04 (Module 9), and 1:1.14 (Module 10) to simulate the performance of the

proposed converter under mismatches.

2.3.1 Performance with and without balance control

Figure 2-13 illustrates the simulated performance of the proposed power converter with/without
voltage and current balance control under unity power factor (UPF). Fig. 2-13 (a) shows input
voltages of the modules (V.i-V.s), noted that every two modules share one input voltage; Fig. 2-13 (b)
shows the input currents of the modules (/i-/10); and Fig. 2-13 (c) shows the dc-link current of the
converter (/;). Before ¢ = 0.5s, the system operates in steady state with voltage and current balance
control. The input voltage and input current of each module are balanced. At ¢ = 0.5 s, the balance
control is deactivated, and all modules operate at the same duty cycle dcon. The input voltages and
input currents of the respective modules are imbalanced. At ¢ = 0.5 s, the balance control is
reactivated, and input voltages and input currents start to rebalance. /4 remains constant throughout

the whole process.

2.3.2 Performance under stepped input voltage

Figure 2-14 illustrates the simulated performance of the proposed converter under stepped wind
speeds. As mentioned in 2.2.2, PMSG can be simplified as a voltage source with a finite source
inductance, so the stepped wind speed can be simulated by the stepped input voltage of the voltage
source. Before ¢ = 0.5s, the equivalent input voltage is 3000V. At ¢ = 0.5s, the equivalent input
voltage changes to 4000V, At ¢ = 1s, the equivalent input voltage changes back to 3000V again.
Balance control is activated throughout the whole process. Fig. 2-14 respectively shows the input
voltages, input currents, and dc-link current of the proposed converter in three stages of changes. It
turns out that the proposed power converter and the control scheme can operate successfully under the

stepped input.
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2.3.3 Performance with reactive power control

Fig. 2-15 shows the simulated performance under reactive power control. By controlling the
reactive power Qs, the PF is set to -0.95, 1, and 0.95, respectively. Fig. 2-15 shows the phase
relationship between the phase A injection current iss and the phase A grid voltage V4 under the three
power factors shown above. When PF = -0.95, is, is leading V4; When PF = 1, iss and V4 are in phase;

when PF = +0.95, is, is lagging V.
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Fig.2-13 Simulated performance with and without balance control.
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Fig.2-14 Simulated performance under stepped input voltage.
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Fig.2-15 Simulated performance under reactive power control.
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2.4 Summary

In this chapter, a medium frequency transformer (MFT)-based power converter topology is
proposed for the series-connected offshore wind farm configuration. Compared with the previous
work, the proposed topology can: 1) reduce the cost by using low current switches, 2) facilitate the
construction of HVDC using less turbine units by increasing the generator-side voltage gain, and 3)

reduce the burden on MFT manufacturing by reducing the power rating of MFT.

Due to component tolerances of the MFT-based modular converter, the current and voltage among
the constituent modules are imbalanced. In order to solve this problem, a voltage and current balance
control scheme is proposed. Simulations are performed to verify the performance of the proposed

configuration and the effectiveness of the proposed scheme.
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Chapter 3

Optimal Modulation Scheme Investigation for
Series-Connected PWM Current Source Converters

In the topology proposed in Chapter 2, the grid-side converter is composed of multiple CSCs
connected in series. In the series-connected CSCs, the required DC-link inductor is very bulky and
costly, and its size is related to the employed modulation scheme. In addition, the DC current
utilization, output current harmonics and filter sizing of the CSCs are all affected by the used
modulation scheme. Therefore, in this chapter, existing commonly used modulation schemes are

investigated, and the optimal one is selected for the series-connected CSCs.

This chapter first introduces the principles of modulation schemes commonly used for CSCs, and
then investigates their performance in terms of harmonic performance, dynamic performance, filter
sizing and DC-link inductance, respectively. Finally, the performance of investigated modulations in
all related aspects of the series-connected CSCs is compared to summarize the optimal modulation

scheme.

3.1 Modulation schemes for current source converters

Series-connected CSCs are composed of multiple identical CSCs. The modulation schemes for
series-connected CSCs are identical to those used in a single CSC. They include space vector
modulation (SVM), selective harmonics elimination (SHE), and trapezoidal pulse width modulation

(TPWM). Their principles will be introduced in the following subsections.

3.1.1 Current source converters

Fig. 3-1 illustrates the series-connected CSC system. The inputs of multiple identical single CSC
modules are connected in series to form the DC-link voltage of the system. The outputs of all
modules are connected to the grid through a multi-winding transformer. Each CSC requires a three-
phase capacitor Cy to assist the commutation of the switching device [28]. In addition, Cr and the

leakage inductance L; of the multi-winding transformer together form an LC filter to improve the
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harmonic performance of the load current. The switching frequency f;. of each CSC is about 500 Hz

to reduce switching losses and satisfy the stringent thermal requirements of the device [28].

A single CSC consists of six switches (S51-Ss), and the switches are gate-commutated thyristors
(GCTs) with reverse blocking capability. The PWM switching mode of CSC must satisfy a constraint
that only two switches are turned on at any time (excluding commutation intervals) in the inverter,

one in the upper half of the CSC bridge and the other in the lower half of the CSC bridge [28].

In CSC configurations, the dc-link current /;. can be variable or constant, corresponding to two
different ways to achieve power control: 1) Adjusting the modulation index m, of the converter when
Iy 1s fixed; 2) Adjusting /4. when my, is fixed. The second way is usually used since it can reduce the
conduction losses of the converter [27]. In this chapter, a fixed m, is set to all modulation schemes so

that different modulation schemes can be compared under the same conditions.

All CSCs are identical and share same gate signals. The modulation schemes used in series-
connected CSCs are identical as those used in a CSC, mainly including space vector modulation
(SVM), selective harmonic elimination (SHE), and trapezoidal pulse width modulation (TPWM). In
the following, CSC#1 is taken as an example to illustrate the operation principles of different

modulation schemes.

La’c
4+ 4 CSC#1
Sy
Lac } Ly
LYY YL
Vdcl Y
W_(D
= Cf

i
o
-

Fig. 3-1 Series-connected CSCs.
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3.1.2 Space vector modulation
SVM is an online modulation scheme with superior dynamic performance, the dc current

utilization (the ratio of maximum rms fundamental-frequency current /,y1, max to DC-link current /4.) of

which is 0.707 [28]. Fig. 3-2 illustrates the space vector diagram for a CSC, where fmf represents the

current reference vector and rotates at a fixed angular velocity in space, 6 is the angle Z.ef turns.

Under the switching constraint, the three-phase inverter has a total of 9 switching states listed in
Table 3-1, including three zero states and six active states. For example, when S; and S4 in CSC are

turned on at the same time, the other four switches are all in the off state and the corresponding space

vector is /.

SECTOR III

SECTORIV

SECTOR V

Fig. 3-2 Space vector diagram for CSCs.

For a given length and position, /.r can be synthesized from three nearby fixed vectors, and based
on these vectors, the switching state of the inverter can be selected. When /.., crosses different sectors,
different switches will be turned on or off. The length of /., determines the magnitude of the output
current, and the speed of /..; corresponds to the output frequency of CSC. The dwell time (71, T, To)

of the selected vectors in Sector I is calculated as shown in (3-1) [29-30].
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I,1=IT+LT, + 1T,

. T
]—; =m, Sln(? - 0)Tr (3_1)

T, =m, sin(O)T,
T,=T,-T,-T,

where m, is the modulation index, € is the angle of /. T is the sampling period. /i and I> are the

active space vectors in Sector I, active space vectors will change in other sectors.

Switching sequence design needs to follow two requirements for the minimization of switching
frequencies: 1) Only two switches are involved (one being turned on and one being turned off) when
switching between two switching states; and 2) Requiring the minimum number of switching when

I traverses different sectors.

Table 3-1 Switching States and Space Vectors

Type | Space Vector On-state Switches
Si1&S4
Zero -
1, S2&Ss
states
S:&Ss
1 Se&Si
7 S1&S»
2
Active 7 S,&S;
3
States = S;&S.
4
7 S4&Ss
5
f6 Ss&Se

These sequences consist of different arrangements of space vectors. In each T (or 2 T), dwell times
T1, T», To are arranged in a specific order. In this way, the switch state of the converter can be
obtained at any time. Based on the above principles, there are six mostly discussed switching

sequences in the literature [29-36].

1) SQl
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Fig. 3-3 (a) shows the arrangement of SQ1 in each sampling period 7. The sampling frequency fs,

is 1080Hz, and there are 3 vectors in each T, which occupy dwell time 71, 7> and To, respectively.

The device switching frequency f;. is 540 Hz, corresponding to nine pulses of i,, in Fig. 3-3(b).

sQ1

11

I \.]: I

|LLY 7,

0

(b)

Sequence

Sector

Dwell Time
Implementation

53

On-State

Sy

Switch

Output
PWM
Current 0

3 SVM switching sequence SQ1.

Fig. 3

2) SQ2

Fig. 3-4 (a) shows the arrangement of SQ2 in each sampling period 7. The sampling frequency fs,
is 1080Hz. Compared to SQ1, the zero state is divided into two segments in each T, each occupying

half of the dwell time 7). The device switching frequency fi. is 540 Hz, corresponding to nine pulses

of i, in Fig. 3-4 (b).
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4 SVM switching sequence SQ2.

Fig. 3

3) SQ3

Fig. 3-5 (a) shows the arrangement of SQ3 in each sampling period 7. The sampling frequency fs,

is 1080Hz. Compared to SQI, the arrangement order of the vectors is changed. Due to the change of

arrangement order, the last switching state of each sector is equal to the first switching state of the

next sector, which saves one-ninth of the number of switching. The device switching frequency fs. is

then reduced to 480 Hz, corresponding to eight pulses of i,, in Fig. 3-5 (b).
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5 SVM switching sequence SQ3.

Fig. 3

4) SQ4

Fig. 3-6 (a) shows the arrangement of SQ4. The sampling frequency f;, is 1080Hz. SQ4 presents

the same pattern every two sampling periods. In addition, there are two different zero states in one

sampling period, each occupying half of the dwell time 79. The device switching frequency f. is 540

Hz, corresponding to nine pulses of i,, in Fig. 3-6 (b).
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Fig. 3-6 SVM switching sequence SQ4.
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5) SQ5
Fig. 3-7 (a) shows the arrangement of SQ4. The sampling frequency f;, is 1440Hz. SQ5 presents

the same pattern every two sampling periods. In addition, similar to SQ3, the last switching state of
of switching. The device switching frequency f;., is reduced to 480 Hz, corresponding to eight pulses

each sector is equal to the first switching state of the next sector, which saves one-ninth of the number
of i\, in Fig. 3-7 (b).
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Fig. 3

1) SQ6

Fig. 3-8 (a) shows the arrangement of SQ6. The sampling frequency f;, is 1440Hz. SQ6 presents

the same pattern every two sampling periods. The device switching frequency fi. is 540 Hz,

corresponding to nine pulses of i, in Fig. 3-8 (b).
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3.1.3 Selective harmonic el

SHE is an offline modulation scheme that can eliminate a couple of unwanted low-order harmonics

in the inverter PWM current i,, [37-39]. It’s implemented by pre-calculating the switching angles and

then importing them into the digital controller. Fig. 3-9 shows a 9-pulse SHE waveform (f;,, = 540 Hz)

that satisfies the switching constraint for the CSI. In the first half cycle (0- 7), there are nine pulses

(N, = 540/60

9) with 9 switching angles (different number of switching angles under different f,)

in the first 7/2 period. However, only 4 out of 9 angles (6 - 64) are independent. Given these 4 angles,

all other switching angles can be calculated. These 4 switching angles provide 4 degrees of freedom

Different sets of harmonics can be

and can be used to eliminate 4 different harmonics in i,.

eliminated by the combination of different switching angles, and the values of these angles can be
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obtained by solving different equations. By using the Newton—Raphson Iteration Algorithm, the
specific values of the switching angles are calculated. When using different combinations of

switching angles, the dc current utilization of SHE will float within 0.73-0.78.

/62 |

0 | | | N
TN ™ Va

6,65 65 /3 T ot

Fig. 3-9 9-pulse selective harmonic elimination (SHE) scheme.

3.1.4 Trapezoidal pulse width modulation

Fig. 3-10 shows the principle of TPWM when the switching frequency fi» = 540 Hz. The signals
for switches are generated by comparing the modulating wave with the carrier wave [40]. In each
cycle: 1) the modulating wave is a trapezoidal wave, which is at low level in half a cycle, and at high
level in the middle one-third of the other half cycle; 2) the carrier wave equals to zero when the
modulating wave reaches high level or low level; and 3) the carrier wave is a triangle wave the rest of
time, and the frequency of which is related to f;,. The signals of other switches can be obtained by
shifting the signal for S;. It is worth mentioning that there is no zero state in TPWM, which means the
bypass operation cannot be performed. And because of this, its dc current utilization is higher than

SVM, which is 0.74. The active states are the same as the SVM in Table 3-1.
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Fig.3-10 Trapezoidal pulse width modulation.

3.1.5 Criteria of optimal modulation scheme investigation

Different modulation schemes (TPWM, SHE, and all SVM switching sequences) have different
performance. The performance of modulation schemes for a CSC has been well studied in the
literature [28-40]. As shown in Table 3-2, a thorough comparison between different modulation
schemes is made in terms of DC current utilization, dynamic performance, digital implementation,

harmonic performance, and DC current bypass operation [28].

However, the performance of modulation schemes for the grid-side series-connected CSCs of the
proposed wind energy conversion system has not been conducted. The DC-link inductor used in the
series-connected CSCs is n (the number of CSC used) times as high as that of a CSC. Therefore, apart
from those items shown in Table 3-2, the DC-link inductor sizing should be considered when

investigating the optimal modulation scheme for the series-connected CSCs.
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To sum up, the items to be investigated in this chapter include: 1) sizing of the DC-link inductor, 2)

harmonic performance, 3) DC current utilization, 4) dynamic performance, 5) digital implementation,

and 6) DC current bypass operation. On this basis, the optimal modulation will be selected.

Table 3-2 Conventional Performances of Different Modulation Schemes [28]

SVM TPWM SHE
DC current utilization 0.707 0.74 0.73-0.78
Dynamic performance High Medium Low
Digital implementation Real time Real time or look up Look-up
table table
Harmonic performance Adequate Good Best
DC current bypass operation Yes No Optional

3.2 DC-link inductor investigation

In CSC-based systems, the DC-link inductor (L) is used to make dc-link current /; smooth and
continuous. This inductor is bulky and costly, according to previous investigations, that it is
approximately 0.6 pu at a switching frequency of around 500 Hz [28]. In series-connected CSCs, the

demand for this inductance is multiplied since multiple CSCs share the same dc-link.

This section first analyzes all the factors that affect the dc-link inductance followed by the study of
the relationship between the dc-link inductance and the modulation schemes. Then the required dc-
link inductance under all the modulation schemes (including the six switching sequences of SVM) is

calculated and compared. The modulation scheme with the least L. is obtained.

3.2.1 DC-link inductance calculation

Fig. 3-11 illustrates the simplified circuit of the series-connected CSCs, where Vi, and vq4 are the
voltages before and after Lq. In a series-connected CSC system, vq. is equal to the sum of the input
voltages of each individual CSC (Vac1-Vden), as shown in (3-2). Va1 = vaen is due to identical gating

signals applied to each CSC.

=Y (3-2)
n

vdcl = vdc2 == Vdcn
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Fig. 3-11 Simplified circuit of series-connected CSCs.

The equation for the DC-link inductor calculation is expressed as shown in (3-3). Vj, comes from
generator-side and can be seen as a constant voltage, vq. is the sum of the input voltages of all series-
connected converters, Aly is the peak to peak DC current ripple, 12% of I, for example, and Af is

the dwell time.

Vin - Vdc At |Vin - nvdcl At
L, = Al =T A (3-3)
dc de

As illustrated in Fig. 3-11, since the system is grid-connected, the input voltage of each CSC (vqc1
to vamn) under all switching states is clamped by the grid voltage. The relationship between different
switching states and the grid voltage is listed in Table 3-3. For example, when S1 and S6 are on
(switching state [61]), the input voltage (v4c1) of the CSC #1 is equal to the terminal voltage (v4) of
the CSC and clamped by the grid voltage. The terminal voltages of the CSC are given in (3-4), where
V, is the rms grid phase voltage, and 4 is the angle of current reference which is related to the grid,

LC filter, and power factor. Fig. 3-13 shows the waveform of the input voltage of the CSC #1 over 2.

Table 3-3 Switching States and the Grid Voltage v

Switching states | [14] | [25] | [36] | [61] | [12] | [23] | [34] | [45] | [56]

Vdcl 0 Vab Vac Vbe Vba Vea Veb
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Vo = «/ng cos(0 + %)
V= '\/ng cos(d - %)
Voo = «/ng cos(8 - E)
: (3-4)
Viu = \/ng cos(6 — ?ﬁ)

v, = \/ng cos(0 + S?ﬂ)

v, = \/ng cos(0 + %)

Shown in (3-3), under the condition of a constant dc current ripple, the variables that affect Ly are
vae and At. They are related to the chosen modulation schemes. When using different modulation

schemes, v4 and Af are different and the value of L required is different.

Shown in Fig. 3-12, v41 and At repeat every sector (one-sixth of the fundamental period), while
during each sector, different v with different magnitudes and dwell times exist and different
minimum dc inductances will be generated. Among all these values, the maximum one should be
selected to ensure the current ripple is equal or below the required. In the following, Sector I is taken

as an example to illustrate the DC-link inductor calculation.

p
i Vicl |
0

l’g Vba Vr,{ V&b ng l’g

-1 - :

0 /3 27/3 - 4n/3 5a/3 2

Fig. 3-12. Input voltage vq. of a single CSC (taking SQ1 as an example).
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3.2.2 DC-link inductance under different modulation schemes

Substituting (3-2) and (3-4) into (3-3) gives the required dc inductance as shown in (3-5), where m
represents the m-th switching state that occurs in Sector 1. Noted that the number m is not fixed and
is determined by the adopted modulation scheme. For example, in the case of SQI, there are three
sampling periods in each sector, each sampling period has three switch states, and then m = 3*3 = 9.

Similarly, m=12 for SQ2 since each sampling period has four switching states.

. Vv, - Altmvl.ttwm {\/ng cosd, }d@m At

‘dem — 12%1dc
L, =max {del Lierse s Lo }

(3-5)

Fig. 3-13 shows the waveforms of v, and V;, when using SQ2. In the figure, L4 can be regarded as
the area sandwiched between the vq and Vi, waveforms, divided into 12 parts, the largest part of
which is the minimum L4 required. The detailed calculation formula of the dc-link inductance for

SQ2 is derived as shown in (3-6).

B 0.57, . 0. STO 05T,

iy~ Zc il sl
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Fig. 3-13 Waveforms of V4 and Vi, in SQ2.
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V-0l
Ly =57
12%1,
1 pr+nr2 T
V., _fJ‘To/z {\/ng cos(¢9+6)}dt9‘T1
L =
a2 12%1,
1 ¢B+0+7,/2 7T (3'6)
v, —ijo/z {ﬁVg cos(9—6)}d¢9 T,
L N =
a 12%1(,(,
, —0|
dc12 12%Idc
L, = maX{del’deZ""’LdCIZ}

The above method applies to all modulation schemes and sequences, thus not repeated here. At a
switching frequency of around 500Hz, the minimum L. of all modulation schemes is calculated and
shown in Table 3-4, where n represents the number of CSCs connected in series. It is concluded that

in the performance of dc-link inductance, SHE is the optimal modulation scheme.

Table 3-4 L, under Different Modulation Schemes

Modulation Scheme Lac (pu)
SVM(SQI) 0.6n”
SVM(SQ2) 0.56n”
SVM(SQ3) 0.95n?
SVM(SQ4) 0.74n?
SVM(SQ5) 1.03n2
SVM(SQ6) 0.77n?

SHE 0.54n?
TPWM 0.77n?
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3.2.3 Simulated verification

In the simulation, two CSCs are connected in series to verify the analysis and calculation above. To
investigate the performance of different modulation schemes in the sizing of the DC inductor, a same
Ly 1s set purposely for all investigated modulations, and the corresponding DC current ripples (Alu)

are measured and compared. The simulation parameters are shown in Table 3-5.

Fig. 3-14 shows the waveforms of /. under all modulation schemes and sequences, respectively.
As shown in Fig. 3-14, under a same DC inductor, SHE is with the smallest DC current ripple. In turn,
given a DC current ripple, the use of the SHE modulation requires the smallest DC inductor, which
verifies the previous analysis. SHE is the optimal modulation scheme in terms of the DC inductor

sizing.

Table 3-5 Simulation Parameters

Nominal Power 2*¥* 1MW
Grid Voltage 2*4160V
Fundamental Frequency 60Hz
Switching Frequency 540Hz (480Hz in SQ3 and SQY)
Modulation Index 1
DC-Link Voltage 2*5000V
DC-Link Current 200A
DC-Link Inductance 2*27.3mH
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Fig. 3-14 Waveforms of /4(pu) in different modulation schemes and sequences.

3.3 Harmonic performance investigation

The harmonic performance of the adopted modulation scheme is a very important aspect.
The PWM current i, generated by CSC becomes sinusoidal current i; through the LC filter
and is finally connected to the grid. Because grid codes have strict requirements on the
harmonic content of i;, the harmonic content of i, determines the size of the LC filter. In
other words, a modulation scheme with good harmonic performance requires a small LC
filter, which will reduce the cost. Since i, is a half-wave symmetrical three-phase current,

there is no even order harmonics and 3%, 9%, 15™ 215 .. harmonics.
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It is worth noting that the low-order harmonics (5th and 7th) are more critical because they
have a greater impact on the size of the LC filter. The design of the LC filter will be
introduced in the next section. This section analyzes the harmonic performance of all
modulation schemes (including all SVM switching sequences) with the help of the

MATLAB/Simulink simulation.

The simulation parameters are the same as those listed in Table 3-5 in 3.2.3. Using the
Fourier transform in Simulink, the harmonics of i, with different modulation schemes are

obtained, respectively, as shown in Fig. 3-15:
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Fig. 3-15 Harmonic performances of all modulation schemes and sequences.
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Table 3-6 shows harmonics below the 40th order under all modulation schemes and sequences. It
turns out that different modulation schemes have different harmonic performance, and the SQ1, SQ2

and SHE perform better in low-order harmonics performance.

Table 3-6 Harmonics below the 40th Order

Harmonics of I, | TPWM | SHE | SQI SQ2 | SQ3 | SQ4 | SQs 3Q6
5 (%) 4.57 128 | 0.9 0.6 428 | 1927 | 56 433
7 (%) 185 | 079 | 064 | 017 | 459 | 1928 | 11.76 | 2.52
11 (%) 052 | 081 1.14 1.7 447 | 2763 | 2738 | 21.93
13 (%) 0.77 0 1.9 062 | 512 | 2776 | 20.15 | 36.86
17 (%) 295 | 1136 | 13.68 | 1279 | 18.08 | 1491 | 132 | 2.903
19% (%) 921 | 2004 | 2574 | 2652 | 189 | 351 | 17.85 | 6.28
231 (%) 2443 | 24.83 | 2446 | 2529 | 228 852 | 1092 | 2.77
25% (%) 2239 | 154 | 1135 | 1037 | 11.67 | 351 94 | 39.79
29 (%) 925 | 045 | 294 | 2.63 1.2 833 | 1478 | 14.05
31 (%) 2.32 0.9 2.4 057 | 3.22 3.7 288 | 6.53
35% (%) 055 | 332 | 575 135 | 1114 | 4.13 138 | 18.77
37 (%) 0.45 874 | 1271 | 1035 | 649 | 12.87 | 822 1.5

THD (%) 47.72 | 4936 | 51.53 | 51.86 | 46.86 | 59.93 | 5429 | 74.8

3.4 Filter sizing investigation

The LC filter is used to filter out the harmonics of the PWM current #,, to make the injected current
is meet the grid codes. The size of the LC filter is determined by the harmonic performance of i,.. The
previous section mentioned that different modulation schemes have different harmonic performance.
Therefore, the size of the LC filter under different modulation schemes is different. This section
discusses the performance of different modulation schemes in the filter sizing and the best modulation

will be selected.

3.4.1 Filter design

Fig. 3-16 shows a simplified circuit of the grid-connected CSC for LC filter design, in which the

transformer is omitted. R is the line resistance, Ly is the grid-side inductance, and Cr is the filter
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capacitor. Ly usually comes from the leakage inductance of the transformer so the design of the LC

filter mainly lies in the design of the filter capacitor Cr. The filter performance can be changed by

changing the size of Cr.

iy Ly i
---——— CSC >
C_}% LC filter

_L_

Fig. 3-16 Simplified circuit of the grid-connected CSC for LC filter design.

The transfer function of the LC filter is shown in (3-7):

L (Jo) _ 1

Ry

Grid

i,(j©)  (joy'L,C,+(jo)R,C, +1

(3-7)

where w is the angular frequency (for example, the angular frequency of the 5™ harmonic is about

1885 rad/s).

The grid codes have requirements on both total harmonic distortion (THD) and individual

harmonics of the grid-connected current i;. Therefore, the LC filter should be sizing in a way that all

harmonics should meet the grid codes [41]. For example, substitute the angular frequency of the 5™

harmonic, the line resistance Ry, grid-side inductance Ly, the harmonic content i,(jw), and the standard

value i(jw) into the above formula, the minimum filter capacitance C; required for this harmonic is

obtained. The minimum filter capacitors can be obtained for the 7, 11", etc., in the same manner.

The maximum of these minimums is selected as the final filter capacitance of the CSC.
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Table 3-7 lists the minimum filter capacitors under individual harmonics. It is found that the Cr

under SQ1 is the smallest, which is 0.79pu. The bode plot of this LC filter is shown in Fig. 3-17,

Fig. 3-17 Bode plot for the LC filter in SQ1.

where the cut-off frequency of the LC filter is about 3.5 pu.

Table 3-7 Filter Capacitance Calculation

Hag;ggf‘c sl 7 1t 13171923252 |31 35|37
Sta‘zf;f)rd’s 4 | 4| 2|2 ]15[15]06|06]|06|06]03]|03
SQ1
iv(%) 059064 |1.14| 1.9 | 13.7]257 245|114 294 | 2.4 | 575|127
C/(pu) 0l 0| 0| 0 |035]05 0.32 | 0.07 | 0.05 | 0.16 | 0.32
SQ2
iw (%) 06 [0.17] 1.7 | 0.62 ] 12.8 26.5%10.4 2.63 057 | 1.35] 10.4
C; (pu) ol o | o | 0 |033]052 029 ]006| 0 |0.13]034
SQ3
iv(%) | 428459447512 (18.1 189 [22.8 | 11.7] 1.2 [3.22 | 11.1 | 6.49
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Crpu) [N 0.44 ] 027 | 0.21] 045 | 0.38 | 0.74 ] 0.33 | 0.04 | 0.07 | 0.31 ] 0.17
SQ4

i) [ 193]193]27.6]27.8] 149 [3.51]852]3.51 833 3.7 |4.13] 129

Gy (pu) 119122 ] 0.88 | 038 0.09 | 029 | 0.1 |0.18[0.07 | 0.12] 032
SQ5

i (%) | 56 [ 11.8]27.4]202]132]17.9]109] 9.4 | 148 2.88 ] 138822

Gy (pu) 0.8 | 121 ]0.66 | 034036036027 03 | 0.06]0.05] 021
SQ6

i (%) | 4.33]252[21.9]369] 29 |6.28]277[39.8 | 14.1 |6.53 | 188 15

Gy (pu) 0 |027]025] 0.1 [ 0.1 |048]0.66]039]0.22]0.11]0.15
TPWM

i (%) [ 457]1.85]052]0.77295] 921244224 [9.25]232]0.55] 045

Gy (pu) 0o | o[ o o1]o2]079]061]02]005]002]0.02
SHE

i (%) | 128079081 ] o [11.4] 20 [248]154]045] 09 [3.32]8.74

Gow | 0l o] o] o ]o3]o4 04 | 0 [003]0.11]022

3.4.2 Simulation results

Substituting the minimum filter capacitance Crrequired by all the modulation schemes obtained in
3.4.1 into the simulation, the current i, is obtained. i is a sinusoidal current that meets the grid code
requirements and can be injected to the grid. Fig. 3-18 and Fig. 3-19 show the waveform and
harmonic contents of i; in SQ2 as an example. Since the fix-step size in simulation is limited, there
are few harmonics around the third order in i,. The LC filter will amplify these harmonics (as shown
in Fig. 3-17, the resonance frequency is about 3.5 pu), the low-order harmonics of i; (around 3rd order)

are about 0.7% of fundamental, shown in Fig. 3-19.

iy (pu)

0.4 0.45 0.5

Fig. 3-18 Waveform of i; in SQ2.
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Fig. 3-19 Harmonics contents of i in SQ2.

3.5 Summary

The modulation schemes play an important role in the performance of the grid-side series-
connected CSCs of the wind system. In addition to conventional performance in terms of DC current
utilization, dynamic performance, digital implementation, harmonic performance, DC current bypass

operation, and DC-link inductance, modulation schemes also affect the size of DC-link inductors.

This chapter is divided into the following parts: 1) Introducing the operation principle of all
modulation schemes. 2) Analyzing and calculating the size of the required DC-link inductors in all
the modulation schemes. 3) Analyzing the harmonic performance of all modulation schemes. 4) LC

filter design for all modulation schemes.

The optimal modulation scheme should be SHE. As shown in Table 3-8 (n represents the number
of CSCs connected in series), SHE has good harmonic performance, and the required DC-link
inductance is relatively small. And most importantly, the required DC-link inductance of SHE is the
smallest. This is the most critical because in grid-side series-connected CSCs of the wind system, the

size of the DC-link inductor is multiplied, which is very bulky and costly.
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Table 3-8 Investigated Performance of Different Modulation Schemes

Modulation Scheme La(pu) | Cr(pu)
SVM(SQ1) 0.6n> | 0.79*3n
SVM(SQ2) 0.56n* | 0.82*3n
SVM(SQ3) 0.95n* | 0.83*3n
SVM(SQ4) 0.74n | 2.33*3n
SVM(SQ5) 1.03n> | 0.96*3n
SVM(SQ6) 0.77n* | 1.01*3n

SHE 0.54n> | 0.8*3n
TPWM 0.77n* | 0.86*3n
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Chapter 4

Conclusions

This thesis presents a new PWM CSC-based offshore wind energy conversion system. The work
mainly includes the new configuration, new control schemes, and the optimal modulation scheme

investigation. This chapter summarizes contributions and conclusions, as well as future work.

4.1 Contributions and conclusions

The contributions and conclusions of this work are summarized as follows:
(1) A new PWM CSC-based offshore wind energy conversion system is proposed.

A new generator-side MFT-based power converter is proposed for the PWM CSC-based offshore
wind system. Compared with the previous work, the proposed configuration can: 1) reduce the cost of
power converters by using low-voltage and low-current switches, 2) facilitate the construction of
HVDC using fewer turbine units by increasing the generator-side voltage gain, and 3) reduce the

burden on MFT manufacturing by reducing its power rating.
(2) A new voltage/current balance control scheme is proposed for the proposed power converter.

The generator-side power converter of the proposed system has a hybrid connection structure
including both series-connected and parallel-connected modules. In practice, due to component
tolerances, the currents as well as voltages of the constituent modules are imbalanced. A

voltage/current balance control scheme is proposed to solve this problem.

(3) Investigation on the optimal modulation scheme for the grid-side series-connected CSCs of the

proposed system is conducted.

The optimal modulation scheme is investigated for the series-connected CSCs. The performance of
different modulation schemes in terms of DC current utilization, dynamic performance, digital
implementation, harmonic performance, DC current bypass operation, and DC-link inductance, is
investigated. Finally, the optimal modulation scheme is recommended for the series-connected CSCs

of the proposed wind system.
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4.2 Future work

In the future, the following research work is suggested for the PWM CSC-based offshore wind

energy conversion systems.
Optimal generator-side power converters

Power converters at the generator-side of the offshore wind energy conversion system are expected
to feature 1) small size and weight, 2) low cost, 3) high reliability, and 4) good harmonics
performance. However, existing power converters cannot ensure the above simultaneously. For
example, the proposed one is with features of 1), 2), and 3), while it suffers a highly distorted
generator current which is bad for the service lifespan of the generator. Therefore, innovative power

converters ensuring all the above features are worth investigation.
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