DESIGN OF A DIRECT PI
CONTROLLER WITHOUT THE
FEEDFORWARD TERMS FOR A VSC-
BASED PMSG WIND TURBINE

By

Khethizwe Sihlangu Sukati

A thesis submitted in fulfillment of the requirements for the degree of
MASTER OF SCIENCE IN ELECTRICAL ENGINEERING

DEPARTMENT OF ELECTRICAL, ELECTRONIC AND COMPUTER
ENGINEERING
COLLEGE OF AGRICULTURE, ENGINEERING AND SCIENCE
UNIVERSITY OF KWAZULU-NATAL

September 2018

Supervisor: Prof. David Dorrell

Co-Supervisor: Prof. John Agee



DECLARATION 1-PLAGIARISM

I, Khethizwe Sihlangu Sukati, declare that

1.

The research reported in this dissertation, except where otherwise indicated, is my original research.
This dissertation has not been submitted for any degree or examination at any other university.

This dissertation does not contain other person's data, pictures, graphs or other information unless
specifically acknowledged as being sourced from other persons.

This dissertation does not contain other person's writing unless specifically acknowledged as being sourced

from other researchers. Where other written sources have been quoted, then:

a. Their words have been re-written but the general information attributed to them has been
referenced.
b. Where their exact words have been used, then their writing has been placed in italics and inside

guotation marks and referenced.

This dissertation does not contain text, graphics or tables copied and pasted from the internet, unless
specifically acknowledged, and the source being detailed in the thesis and in the Reference sections.

Mr. Khethizwe Sihlangu Sukati

As the candidate’s Supervisor, I agree/do not agree to the submission of this thesis. Signed:

Prof. David Dorrell Prof. John Agee

Date:

Date:



DEDICATION

Dedicated, in thankful appreciation for the support, encouragement, and understanding to my most valued
and beloved family, my fiancée, my child, church members, friends and relatives.



ACKNOWLEDGEMENTS

May | take this opportunity to sincerely thank the almighty God for his wisdom, guidance and being the source of my
strength and enabled me to successfully conduct this project.
My utmost gratitude extends to all the people who inspired, encouraged, and supported me during the course of this
research work:
e My main supervisor, Prof David Dorrell for critically reviewing my works and his invaluable professional
and career-building advice, guidance and his enormous patience throughout the development of my
research.

e My co-supervisor, Prof. John Agee for his guidance throughout the duration of my studies, for assisting me

in understanding the purpose of research works and identifying focus area

e My caring and loving family, relatives, friends and fellow colleagues who have helped and given me

encouragement throughout the duration of my studies.

e Eskom, for granting me financial support to pursue my studies under the Eskom Power Plant Engineering

Institute (EPPEI) Program. Thank you for believing in me and awarding me the financial grant.



ABSTRACT

Renewable energy (RE) sources — wind and solar, have received attention in South Africa and across the world from
investors. The development of the Voltage Source Converter (VSC) has enabled large amount of RE to be integrated to
the grid. Direct-drive permanent magnet synchronous generators (PMSGs) are now widely available. A PMSG wind
turbine employs a full back-to-back VSC arrangement which is controlled via a pulse width modulated system of
insulated gate bipolar transistors (IGBTs). Conventional P1 vector controllers have been widely used to control VSC
based PMSGs. This thesis proposes a new direct PI controller which excludes the decoupled terms in the configurations.
A 690 V, 2 MW direct-drive PMSG wind turbine is modelled in PowerSim (PSIM) to investigate the proposed vector

control configuration performance under varying wind speeds.

A detailed mathematical model of a wind turbine and a PMSG is developed. Then a VSC-HVDC detailed modelled is
presented. The proposed control configuration is introduced. An optimal torque control Maximum Power Point
Tracking (MPPT) algorithm and vector control method are applied to implement the system.

Finally, simulation studies are carried out to investigate the performance of the proposed controller configuration. A
deduction from the results obtained, this thesis successfully implemented the new proposed controller configuration. It
can be concluded, therefore, that VSC-based PMSG can be implemented in practice using a direct Pl controller to

reduce system complexity and improve controller performance.

Index Terms: Wind power, VSC, PMSG, HVDC, control
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Renewable energy generation has gained much attention from investors in South Africa and across the world: the South
African government has, through the Integrated Resource Plan (IRP 2010), made a commitment to derive 17 800 MW
(42%) of utility produced power from renewable sources: wind power production systems and solar plants (CSP and
PV). The renewable energy pricing has competitively edged that from non-renewable energy sources: for the third
tendering process in August 2013, the price for solar PV and onshore wind were R0.88/kWh and R0.66/kWh
respectively. Comparing these prices to that of coal-fired power stations such as the estimates for Medupi and Kusile
(R1.05 kWh), the wind and solar renewable sources have achieved pricing parity with the grid and with future
projections continuing to forecast a drop, renewable energy sources are more cost effective other than preventing the

carbon emissions.

Currently there are 12 wind farms in South Africa. Eskom owns a 100MW Sere Wind Farm worth R2.7 Billion with
another Solar PV 100MW along the pipeline. This underlines the vast interest into the renewable energy industry and
further project an upward trend. Land accessibility and existing grid infrastructures are limiting factors in the
construction of wind farms. Wind power potential is best along the coastline. This will push investors to consider
offshore investment. This project, therefore, proposes a modelling of several Direct Drive generators for offshore

integration to the Eskom grid.

Direct Drive generators have been employed since 1992. The generator can be a synchronous machine excited using a
rotor winding or a permanent magnet (PM). The high magnet prices around the year 2011 have increased the interest
in alternatives for PMs [1]. Variable speed operation is preferred as it yields 20-30% more energy than the fixed speed

operation, reduces power fluctuations and improves reactive power supply [2].

There are three commonly used variable speed wind turbines: 1.) Doubly-Fed Induction Generator (DFIG) which is
attached to the grid via a half-rated power converter, 2.) Direct-driven or geared Squirrel-Cage Induction Generator
(SCIG) connected to the utility grid through a fully —rated power converter, 3.) And the emerging one which is the focus
of this research; Permanent Magnet Synchronous Generator (PMSG) which is coupled to the grid using a fully-rated
power converter. [3]. The application of a half-rated or reduced rating of the power converter in the DFIG system is
considered as a generous advantage in terms of cost of the system. Reference [3] estimates the rating of the power

converter for the DFIG to be 30% of its power rating.

The generator speed in the DFIG system is limited to a range of 30% of its rated speed. In the PMSG and SCIG systems
a fully rated converter is used hence the generator operates at full speed range. Having the generator fully decoupled
from the grid presents great opportunities in terms of project costs reduction: the fully rated power converter shields the

generator from propagating faults if occurred in the grid-side-of the converter. This, therefore, reduces the protection
1



costs for systems such as PMSG, and SCIG. This cost reduction opportunity, however, is not available to DFIG system

since they employ partially rated power converters connected to the rotor windings.

The main challenge of the vector control technique is the decoupling of the frequency induced terms. In [4] and[5], the
conventional vector control structure has been implemented by adding the decoupled terms and putting limiters before
the pulse width modulation (PWM) block to avoid the PWM from entering saturation mode. In [6], an optimal control
of a PMSG wind turbine system under a direct-current dq vector configuration is proposed. The work done in [6]
challenges the conventional vector control configuration where the current signal is added to the decoupled terms before
it is sent to the PWM block. Reference [6] proposes that the current signal be converted to a voltage signal thereafter
be sent to the PWM block.

1.1.1 Purpose of the thesis and main contribution

The core objective of this project is to study, develop and design a direct robust PI control system for a Direct Drive
generator to improve onshore wind integration into the utility grid. The project is be simulated in Psim and Matlab

software. The robust Pl controller should be able to reject disturbances.

There are other different types of control system designs that have been applied in technical literature beside the
common conventional Pl controller: Multivariable Dynamic Model (MDM) and Backstepping Finite Time Fast Sliding
Mode (BFTSM). The MDM is a very much improved control system as compared to the other vastly employed
controllers in technical literature. It uses the instantaneous real and reactive power components as the dynamic variables.
This exploits the main feature of VVoltage Source Converter (VSC): its decoupled instantaneous real and reactive power
control capability [7-9]. This, therefore, differentiates it from the common control methods which use conventional dq
current components as dynamic variables, real and reactive power components produce their own waveforms
irrespective of the used reference frame; differing from other electrical parameters [10]. This makes it possible to
determine the real and reactive power components instantaneous values from the abc reference frame. The main
drawback of the real and reactive power based model approach is the inability to control overcurrent to the acceptable
limits [10]. On the other hand, BFTSM models the variations in the converter system due to disturbances in system
inputs and frequency of the system [11].

From the literature review, the widely used control configuration is the conventional controller configuration where the
decoupled terms are added. Therefore, the main contribution of this thesis, is to propose a new controller configuration:
direct-current vector control without decoupled terms (DVCWDT). This controller exploits the advantages of using a
feedback design to strategically set the integrator in the PI controller to negate the effects of the decoupled terms and
produces a controller configuration structure without the decoupled terms. The proposed control configuration is then

simulated in the Psim software to analyse the performance of the system.
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1.1.2 Thesis organisation

The thesis is made up of seven chapters: chapter 1 gives the introduction and the background of the literature including
the overview of the progress of renewable energy implementation in South Africa. Chapter 2 and 3 introduce the deep
understanding for the wind turbine and PMSG systems then the VSC-HVDC systems. Chapter 4 gives the component
sizing and rating of each item that is used in this project together with the justification and reasoning behind the choices
made. Engineering trade-offs are made with a goal of achieving better performances and efficiency. The full design of
the controllers is presented in chapter 5 where the modifications and optimisations are done to produce a good robust
controller. Chapter 6 discusses the results obtained from the simulations. Chapter 7 provides a conclusion from the
system project and the discussions made. It further makes suggestions on how the system can be developed and applied
in other projects.

1.2 Literature Review

1.2.1 Overview of Renewable Wind Energies in South Africa

In 2011, South Africa adopted a renewable energy plan — Renewable Energy Independent Power Producer Procurement
Programme (REIPPPP). This plan has already attracted approximately R200 billion private investments since its

inception.

The SA REIPPPP provides an open tender process platform where private investors competitively bid. Four bidding
rounds have been concluded from 2011 to 2015 where 390 submissions were made and only 92 were awarded the

tenders to procure 6 328 MW power valued at R193 billion investment [11].

The total installed wind power in SA has been progressively growing since 2011. The DoE created a “determination”
of how much new generation capacity is required at a particular window and is bound by the Electricity Regulation Act
of 2006 (Amended in 2007) read together with the Electricity Regulation on new generation capacity published in
November 2010 and May 2011. The first determination required a maximum and a great response from private
investors, the second determination was opened very close in 2012 where an additional 1 470 MW was made available
for REIPPPP wind power generation. Further to that in 2015, almost double of the two 2011 and 2012 determinations
was availed for REIPPPP bidding ,see table 1-1 [11].



Table 1-1: The determinations of the wind power for the REIPPPP allocated by Minister of Energy to date [11]

First Second Third
Determinati D inati D inati
Technology etermination | Determination etermination Total Percentage of
(Aug-2011) (Oct-2012) (Aug-2015) total
Onshore  wind | 1,850 1,470 3,040 6,360 48%
(MW)
Concentrated 200 400 600 1,200 9%
Solar Plant (CSP)
(MW)
Solar PV (MW) | 1,450 1,075 2,200 4,725 36%
Biomass (MW) 13 48 150 210 2%
Biogas (MW) 13 48 50 110 1%
Landfill gas | 25 0 0 25 0%
(MW)
Small hydro 75 60 60 195 1%
(£40MW)
Small Projects 100 100 200 400 3%
(1-5MW)
Total (MW) 3,725 3,200 6,300 13,225 100%

To date, a total of 2 094 MW wind power has been installed in South Africa, see figure 1.1 below [12]. As of end of
2016, 1 473 MW had been installed. In 2017, 621 MW wind power was installed.
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Figure 1.1: The SA cumulative wind capacity 2011-2017

South Africa leads the African and Middle East regions on wind power production, see figure 1.2 [12]. Egypt is the
second with a total of 810 MW. In 2017, there were no newly installed wind power from Egypt, Morocco, Ethiopia and

Tunisia. This slows down the growth rate projection for the Africa continent. Governments should continue to create
incentives in this continent.
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Figure 1.2: Installed wind power capacity in some African countries

South Africa is doing well as compared to other countries globally. In 2017, 52 573 MW wind capacity was installed
globally of which 621 MW came from South Africa. This represents 1.18% global share. China leads the world with
19 500 MW installed wind capacity followed by United State of America (USA) with 7 017 MW. Germany was third

with 6 581 MW, United Kingdom (UK) had 4 2750 MW and completing the world’s top 5 was India with 4 148 MW,
see figure 1.3 below.
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PR China* 19,500 37 PR China* 188,232 35
USA 7,017 13 USA 89,077 17
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Brazil* 2,022 4 United Kingdom 18,872 3
France 1,694 3 France 13,759 3
farkcy 766 1 Brazil* 12,763 2
Mexico 478 1 Canada 12,239 2
Belgium 467 1 Italy 9,479 2
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Figure 1.3: Top ten new installed capacity and top ten cumulative capacity globally [12]
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Figure 1.4: Total global annual installed wind capacity [12]

The total cumulative installed wind capacity in 2017 globally stands at 539 587 MW. SA stands at 2 094 MW. This
represents a share of 0.388% from SA. This is clear that SA holds a more promising market for renewable energy
developments. Again the top five countries cumulative capacity in the world by Dec 2017 is: China with 188 232 MW
(35%), USA had 89 077 MW (17%), Germany had 56 132 MW (10%), India had 32 848 (6%) and completing the top
5 is Spain with 23 170 MW (4%), see figure 1.5 [12] below.
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Figure 1.5: Global cumulative installed wind capacity [12]
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The table 1-2 below shows a list of the top five wind farms in operation in South Africa currently.

Table 1-2: The top five wind farms in South Africa based on production capacity.

Wind farms

Cookhouse
Jeffery’s Bay
Dorper

Sere

Nobelsfontein

Capacity
(MW)
138.6

136
100
100

73.8

Location

Eastern Cape
Eastern Cape
Eastern Cape
Western Cape

Northern Cape
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Figure 1.6: A typical wind turbine system [15].
Some short description of the wind turbine components in figure 1.6 [15]:

1. Blades
Turns or spins as it responds to kinetic energy capture and therefore, rotates the rotor of the generator.

2. Pitch system

Repositions the blade pitch to control the power produced.

3. Hub/Nacelle

Houses the components of the generator: gearbox, disc brake, generators, and main shaft and bearings

4. Yaw system

It rotates the nacelle through its horizontal axis and critically positions the rotor swept area to point at the correct
incoming wind speed direction hence improves energy harvest.

5. Power cable

Transports the generated ac voltage electricity to the frequency converter.
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6. Ladder

Is used by technicians to climb up/down the tower to/from the nacelle.

7. Tower

Provides the structural support of the nacelle and hub

8. Frequency converter/\VVSC

Converts the low frequency voltage to the grid required standard one (50 Hz in South Africa)

9. Transformer
Steps up the low voltage to a medium voltage level which is then transported to the substation.

The structure of the grid system is connected as n x m series —parallel wind turbine interconnections on wind farm. The
n-series connection of the farm is required to create a voltage high magnitude enough for an HVDC transmission
operation. On the other hand, the m-parallel branches enable the current to develop in order to produce the projected

active power to maintain the main bus bar level, see figure 1.7 [13] below.

(B CB Ch
Main bus
B - CB = CB
o R SISV/25RY I ESIWI:ransmils‘,iun |25.‘11'3 Kv
@ Line, 30 Km long
CB ™ CB ™= CB ™ | |
CB CB CB

STATCOM

Figure 1.7: Typical wind farm schematic diagram [13].

1.2.2 VSC-HVDC technology

HVDC technology was introduced a way back in time to tackle the submarine power transmission losses. It went on to
be further developed and applied in transmitting bulk power over long distances and connecting two different grids
having two different frequencies such as the Brazil-Argentina interconnection. The ancient HVDC system employed

mercury valves [14]. The valves have been improved since then to thyristor valves and now IGBTSs.

The Voltage Source Converter-High Voltage Direct Current (VSC-HVDC) system has been developed recently to
provide solutions to the constraints experienced under the classical HVDC. Model: 1) required more reactive power, 2)
could not reverse the power flow direction, and 3) was very vulnerable to commutation failures [15]. The VSC-HVDC
system’s ability to independently control both the reactive and active power flow gave it a superb edge over the classical

HVDC [15].



For long time, grids have been realised using AC systems. The extension of the VSC-HVDC system continue to drive
change around the ancient grid topologies: A multi-terminal High Voltage Direct Current (MTDC) network has been
developed as a DC grid which will be similar to the AC grid [15]. With the demand for electrical energy continuing to
rise, and with the power generation stations far away from the demand centres, bulk power transmission would be

required. This, therefore, presented the opportunity for the development of DC grids through the MTDC systems.

The VSC-HVDC can be modelled as a synchronous machine with no inertia deriving from the fact that the power
control is instantly with no delays. The diodes which are connected anti-parallel to the IGBTs switch valves enable a
bidirectional power flow within the VSC without having to change the polarity of the dc-link voltage.

Safety measures have been developed for the MTDC system when selecting the upper and lower voltage limit settings
[15]:

1. When a fault or a disturbance occurs on the AC sides, the DC voltage should not experience oscillations.
2. AC voltage support and frequency droop control should be enhanced through MTDC terminal independently

controlling the active and reactive power flow.

The dc-link can be implemented using either a cable conductor or an overhead line. For the first time in history, the dc-
link has been developed using an overhead line which spans for 970 km long distance in the Caprivi link project between
Namibia and Zambia : 951 km +/- 350 kV HVDC transmission line, 300MW monopole HVDC converter [16]. The

VSC system here further stabilise the weak networks.

DC transmission

line

i

g
d

AC power AC power

Generating (Rectifier)

station Converter 2

(Inverter)

Figure 1.8: Monopolar HVDC link schematic diagram [17]
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Figure 1.9: Bipolar HVDC link schematic diagram [17]

In this configuration, the monopole converter has one pole energized while the other one is grounded, see figure 1.8.
Another arrangement would be a bipolar connection where two identical asymmetric monopoles are connected in
parallel, see figure 1.9. One pole is positively energised while the other one is negatively charged [16]. The advantage
of this arrangement is that if one pole is lost, the other pole can still supply power to the system even though it would
be the half rated full VSC station power. Another type of VSC connection is the symmetrical monopole which employs

two conducting conductors and the dc voltages have opposite polarities sourced from splitting the dc capacitor into two
equal parts and have the midpoint grounded [17].

1.2.3 Components making up the PMSG based VSC system

1231 PMSG components

The turbine and PMSG system is made up of three components: rotor-blade and pitch, drive train and the PMSG as

shown in figure 1.10. For an improvement of the simulation speed for the various electrical components, the components
are modelled in dg-synchronous reference frame [18].
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Figure 1.10: A Typical PMSG wind turbine system [18]

The PMSG wind turbine is gaining considerable attention from industry. A direct-driven PMSG reduces the
maintenance costs associated with gearbox and reduces the weight of the nacelle. A solid and critical assumption is
made in power system analysis that the magnetic flux distribution in the synchronous machine rotor is approximately
sinusoidal [19]. Hence the internal voltage E induced in the stator winding due to the permanent magnet flux (yewm) is
expressed as:

|E|=awom =27 fWoy (1.0
where s and fs are the stator generator speed and frequency respectively.
The rotor speed, n, (r/min) controls the internal voltage [20].
120f, = pn, (1.2)
where p is the pole number of the machine and f. is the electrical frequency.

At no load the internal voltage E (in abc reference frame) and the stator voltage Us (in abc reference frame) are

equivalent. When a load is connected across the legs of the stator,

E=|E,|£5 (1.2)
U, =|U |20 (1.3)
U, =X, (1.4)

where I is the stator current and X is the machine reactance, ¢ is the load angle.

The magnetic field produced by the stator winding is superposed to that of the rotor field [21]. The PMSG characteristic

voltage equation expressed in the dgO-reference frame are:

Uy = Rsisd —(()sl//sq +l/./sd (15)
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U, =R, +owy +yg (1.6)

sq
With the stator flux components:
l//sd = Ldisd +l//PM (17)
Ve = Ly (1.8)

where usg and usq represents dg0-componenets of the stator voltages, iss and isq represents the dg-components of the
stator currents, Lq and L4 are the stator inductances and Rs is the stator resistance. At the steady state, the stator transients

are negligible, dysq/dt and dis/dt.

The generator electrical torque, if a round-rotor machine is assumed [22], is:

Te :15|m|:l;:E:| :1'5[l//sd isq _V/sqisd:'
T, =15 (Ly - Ly )it ~ Wouiss | (1.9)
Te :1'5[_V/PM isd ]

And the power generated by the PMSG is:

P:g@ww—ui) (L.10)

sq sq

ng(usq-sd _usdisq) (111)

If the stator voltage is controlled to the rated value and it is aligned completely with the d-component on the dgo-
reference frame such that Us = usg as shown in figure 1.11 below, then the stator voltage can be controlled instead of

the reactive power.

P == (Ui (1.12)

3, .
Q=§tﬂwm) (1.13)
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Figure 1.11: Phasor diagram for constant stator voltage in dg-reference frame [20]

1232 Wind turbine modelling

Pitch angle control is very important as it enables the blade control of wind turbine and controls the mechanical power
extracted from the wind [23]. Maximum power point tracking (MPPT) improves the power extracted from the wind.
The two MPPT that are considered are: tip-speed ratio (TSR) control and optimal torque control (OTC) [24-28].
Reference [29, 30] employed small signal model approach to boost the performance of the MPPT control and describe
challenges experienced by the generator speed due to the variation of wind speeds. Reference [31] has used the small
signal model to improve the output power smoothing capability in TSR and OTC methods.

No additional instrument is added by the OTC method as compared to the TSR one. Further to that, OTC prevents high
stress on dc-link capacitor, pitch angle controller, and mechanical system [31]. The OTC method uses the wind speed
to set the reference signal for the shaft speed [23, 29, 32, 33]. The mechanical power (Pn) produced by the turbine and
the torque (Tw), see figure 1.12 [17], developed is expressed by [34-36]:

1
P =§CppAVv3 (1.14)
1 3
P EcppAvW
T =—m-2 (1.15)
wm a)m

where C, is the turbine power coefficient, p is the air density, A is the swept area, R is the radius of the turbine blade,

V. is the velocity of the wind, wn is the mechanical angular speed.
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The turbine power coefficient depends on the initial blade tip speed ration (Ao), the tip speed ratio (1), and blade pitch

angle () [37-39]:

1 ) Kk,
Cp(ﬂ”ﬂ) = kl(kZE_k3ﬂ_k4ﬂ ° _kejexp|:7:|

And the tip speed ration (A) is defined as:

The mechanical angular speed of the turbine is:

i1
A 1 +0088 1+p°
4= Ron
VW
39% 7 1 gy

dt

(1.16)

(1.17)

(1.18)

(1.19)

where J represents the collective inertia of the wind turbine and the rotor, Te is the generator torque, B is the viscous

friction of the rotor.

( V'W )

Wind Speed C 2o )
Air Density
GO 1
Blade
Radius

§

Rotor Speed

(Tip Speed Ratio) Swept Area

L A

Pitch Angle

m

phi

) S

< |
~

b

Figure 1.12: The block diagram of the equivalent mechanical angular speed system of the wind turbine [17].
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1.2.3.21 MPPT algorithms
1.2.3.2.1.1 Tip speed ration (TSR) MPPT algorithm

Maximizing the power extraction from the wind in a TSR achieved by regulating the rotational speed of generator
through keeping up the TSR to an optimum value [24, 40, 41]. To extract as much power as possible using the TSR,
the wind speed and generator speed are measured continuously to determine the instantaneous optimum TSR (Aopt) Of
the turbine [42] which can be expressed as:

Ro™

gy = (1.20)

w

Some drawbacks of the TSR method is the requirement of highly accurate anemometer to supply the readings for the
wind speed. This adds costs to the system. Notwithstanding the above setbacks, the TSR method is regarded as highly
efficient and can lead to a quick/fast response [31], see figure 1.13 [17] . The optimum rotational speed reference signal
is obtained from the TSR algorithm. It is then compared with the measured generator signal to produce an error that is
corrected by the controller. The MPPT power is being tracked by the generator’s mechanical power.

Generator

To Load
l——v-_>

Power Converter
opt

i '

A
Vi . (;;” Controller

MPPT Controller
@m

Figure 1.13: The TSR block diagram [17].

123212 Optimal Torque Control (OTC) MPPT algorithm

The torque of the generator is controlled by the OTC algorithm to produce an optimum torque reference curve in

accordance with the maximum power of the wind available at a particular wind speed [24, 31, 43].

The optimum mechanical torque of the turbine as a function of A and wm and assuming that the rotor is functioning at

optimum, Aot and Cp max can be defined as:

16



And

T =05p7R°

Koy = 0.507R°

max

3
opt

max
P

3
opt

p 2 2
w, =K, o

opt~“m

(1.21)

(1.22)

The characteristics of the optimum curve are shown in figure 1.14 [17] below. The reference signal for the torque is set

by the OTC algorithm given in Eq. 1.21 It is then compared with the measured torque to produce a tracking error that

the controller rectifies, see figure 1.15 [17] below.

The MPPT efficiency is effectively higher with the OTC method. However, the OTC curve changes as the system ages
due to the fact that it is obtained through experimental tests [27, 44, 45]. This, therefore, will reduce the MPPT

efficiency.

Turbine mechanical torque

s _ Optimal torque curve
w B

T

D4

Turbine speed

mS D6

)
7 D8

Figure 1.14: The characteristics of the optimum torque curve [17].
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Figure 1.15: The OTC block diagram [17].

17



1.2.4 Power Converters

The advancements in the development of power electronics over the years enabled the improvement in the integration
of renewable energies around the world generally. Power electronics applications date back to the 1980s where
thryristor based soft-starters were applied to control a Squirrel Cage Induction Generators (SCIG) system that was
synchronised to the grid as shown in figure 1.16 [46]. The main purpose of it was to manage the current surge when
the SCIG was started.

i i Power-factor
l [ /S | orrector
N ;%‘::
w, ] Controller | —=------ | |74

Figure 1.16: The Soft — starter schematic diagram for the SCIG [46].

As time progressed, more development was achieved in the power electronics technology: by 1990, a rotor-resistance
was used to control the variable operating speed of the generator, for instance; Wound Rotor Induction Generators
(WRIG) [47], see figure 1.17[48].

+
1 ;
toto Pig
Resistance —pn
control

WRIG TGRID (HV

trans-

4 former.)

Ac Voltage
" .
PL F"ﬂ; . Grid Voltage

IS NOW i (Disconnected)
| JAD or blocked.
Turbine & —
gear box | f PROPOSED SCHEME

U (Stand alone/ local load only)

Figure 1.17: The Resistance control system [48].

Recent power electronic technology has played a crucial role in driving large renewable energy (RE) integration to the
grid. It forms the backbone of RE. One of the distinct roles of power electronics is the ability to quickly switch on and

off when instantly needed. Figures 1.18 to 1.20 show the different application of power converters in industry.
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Figure 1.18: DFIG wind turbine schematic diagram [18]

Wind Generator-side Grid-side 1
speed converter —_ converter
Yt _-I_m Filter
=> — {b!—
STHLT W
s P
P”l T T g
Rotor blade i VSC
& pitch control Via.s | \7/
%5 | controller | 998

Figure 1.19: A PMSG wind turbine system [49]
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Figure 1.20: A SCIG wind turbine system [50]

Voltage Source Converter is connected back-to-back using the high performing semiconductor devices: IGBTSs. It

provides full controllability of the instantaneous active and reactive power that is between the wind turbine generator
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and the grid if employed as a full-scale converter. The conventional two level back-to-back power converters is the

engine of wind energy integration. It is deployed at the bottom of the wind turbine structure in most of wind turbines.

1.2.4.1 VSC components

The core equipment of the VSC-based HVDC converter are the converter valves, the converter reactor and the DC
capacitors. The capacitors smooth the dc voltage to achieve a ripple free voltage and act as energy storage for the
system. Using pulse width modulation (PWM) technology, the DC voltage is converted to an AC voltage by the
converter valves and the converter reactor controls the apparent power flow [16, 51]. Wind farms located in the offshore
regions have been enabled into the grid by the VSC-HVDC connection due to the flexible active and reactive power

control [52]. The components making for a full VSC-HVDC system are shown figure 1.21 [17].

T =
(7 V.
— _ de.1 d&..Z_ ™| Phase
S ) reactor

de-transmission
link

Phase
reactor

AC filters
AC filters

Figure 1.21: A typical VSC-HVDC transmission system [17]

12411 Coupling Transformer

The voltage from the point of common coupling is then connected to the grid using the coupling transformer. It is
stepped up to meet the grid voltage. A three-phase transformer with a tap changer is to limit the injection of third-order
harmonics together with its multiples to the main ac system [17] . It is complicated/difficult to design a transformer for

an asymmetrical dc-transmission system as the transformer is usually exposed to a dc-offset in the VSC valve-side of

ac voltages (the valve that converts dc voltage to ac voltage) [53].

1.24.1.2 Phase Reactor

The critical role of the phase reactor is to control the active and reactive power flow within the VSC system. The
controlled amount of the active and reactive power depends on the magnitude and phase difference of the induced

voltage across the reactor [17].

The reactor together with the coupling transformer also function as filters to block higher harmonic components from

the converter’s output current and control the short-circuit currents through the IGBT valves [53]. Typical values of the

short-circuit impedance is 0.15 p.u — 0.25 p.u [54, 55].
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1.2.4.1.3 AC side filters

Switching on and off the converter values introduces some harmonics in the voltage and current. These harmonics are
not needed to the system hence need to be blocked them from reaching the grid. It is important to keep the modulation

index m at low values so as to reduce harmonic contents in the VSC voltage and current outputs [17, 53].
1.2.4.1.4 DC capacitor

The critical role played by the dc-capacitors in the VSC system is to keep the voltage ripples very low and keep the dc
voltage constant. This is important as the power exchange depends on the dc voltage stability. The capacitor also acts
as energy storage of the system: can provide reactive power or consume one. The size of the capacitor (Cqc) should be
enough to provide smooth voltage and store enough energy. Therefore, the size of the capacitor (Cqc) depends on the
apparent power (Sp) rating of the VSC, the dc voltage (Vac) across the cap and the capacitor time constant, T [17, 53, 56,
57]

_ Cdcvdzc

1.23
. (1.23)

T

1.2.5 Basic switching and modulation

A simple demonstration on how to convert an ac voltage system to a dc voltage is shown in the figure 1.22 a) below
[17]. A half-bridge converter is made up of two identical capacitors connected in series. The switches are operated in a

complimentary function [17]. Figure 1.22 b) shows the resultant output waveform for the switches [17].

v, 4
vdc _______ |
2 : :
S;:ON | |
_|_ 1
Lﬂ)dc ' S,:OFF ! |
- 2 : :
B !
L S|:OFF ! :
_|_ I
Ve $,:ON ! |
- 2 _ I !
T Ve |______ Lo

(a) (b)

Figure 1.22: Basic switching; a) Half-bridge converter and b) resultant output waveform [17]
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Applying the Fourier series on the output waveform gives:

V
v =?°+Valsm ot +¢) ZV sin(apt +9,) (1.24)

a

where V is the output voltage, Ve is the dc offset and Van together with ¢, are the Fourier coefficients and angles.

Let the duty cycle be 0.5 and then apply again the Fourier series to the output waveform gives:
V, =V, sin(at+ ;) ZV sin(at +¢,) (1.25)

From Eqg. 1.25, the dc offset term, Vo2 has been eliminated.

The terms given by the summer (last term in Eqg. 1.25) are the harmonic components contained in the sinusoidal

waveform. So the amplitudes of the harmonic waves are:

A

V, =20 n=135.. (1.26)
zn
V, =0,n=0,2,4... (1.27)

This result demonstrates the magnitude of the fundamental harmonic component and further shows that keeping the
duly cycle fixed at 0.5 value requires more bulk filters to produce a clean voltage waveform. Investigation into finding
a better way of triggering the switches was made. Two prominent solutions used extensively in literature are pulse width

modulations (PWM), space-vector modulation, and/ or the selective-harmonic elimination [17].

The pulse width modulation method manipulates the index depending on the response needed at the moment. The duty
cycle is varied continuously. A sinusoidal pulse width modulation is most applied in the VSC switch triggering controls
[17]. It samples the desired reference signal and matches it with the carrier wave to produce the modulation index, see
figure 1.23 below [17].
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Figure 1.23: The modulation technique using a SPWM [17]

If the VSC output voltage is:

Ve = Asin(at + ) (1.28)
where A is the amplitude.
Then the modulation index m defined as:
m=2 (1.29)
A

where A; is the amplitude of the carrier wave.

From figure 1.23 above, S; is a compliment of S so if Sy is on, S; assumes the off state.

1.2.6 VSC Control

Vector controlling method has been used extensively in industry for the VSC control system: it represents a three-phase
ac system in a rotating dg-synchronous reference frame [49, 55]. Once in the dg-frame, the system can be controlled

thereafter changed back to its three phase form.

A general control structure of a VVSC control system is demonstrated in figure 1.24 [17] below. It is made up of six
control loops: two inner current controllers, AC voltage controller, dc-link voltage controller, reactive controller and

active power controller.
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Figure 1.24: The summary control system for a VSC [17]

The outer controller sets the current loop reference signals, i and if*, which are then compared with the measured
current values from the grid. The resultant signal is sent through a Pl-ontroller which adjusts it. Thereafter, the signals
are sent to a dg-abc signals that are modulated and are imported to the PWM block. The transformation block use the
phase locked loop (PLL) to perfectly synchronise the dg-reference frame to the abc coordinated frame.

1.2.6.1 Inner Current Control

The inner current controller forms the heart engine of the VSC control system. In Figure 1.25 [58], V is the stator voltage
from the PMSG system and U is the converter voltage at the foot of the VSC. las,lus,Ics are the currents from the source
flowing through the system. ¢ is the load angle. Ls and Rs represents the PMSG and transmission parameters. The dc-

link voltage is represented by Uq4.and ig and i, are the currents of the HVDC line. C is the dc capacitor.

_ "g - '—L+”d(
‘ li,
-1 2(‘1‘[(
i . ucfc
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L ¢ L R
& 0y u -,

. I 1L

Figure 1.25: Basic structure of VSC [58].
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1.2.6.1.1 Machine side Converter modelling

Applying a Kirchhoft’s law in the figure 1.25 [59] above and taking the three phases as a balanced in the network, the

following equations are derived from the system [60]:

Vas d Ias Ias Uas

Vi | =L m s |+ R | s || Ups (1.30)

VCS iCS iCS UCS
The Eqg. (1.30) in vector form is as follows:

abc, = Ls s + slabcS +Uabc (131)
Rearranging Eq. (1.31) gives

diabc -
Ls dt -= _Rslabcs + (VabcS _Uabcs ) (132)

Park transformation matrix P and its inverse P are given below. And ws is the stator frequency.

cos(at) cos(wst — 2—”) cos(a)st + 2—”)
3 3
p-2 sin(at) sin(a)st—z—”) sin a)st—z—ﬂj (1.33)
3 3 3

! e !

cos(at) —sin(ot) 1

P*= cos(a)st —2—”) —sin(wst —Z—EJ 1 (1.34)
3 3
cos(a)st +2—ﬂj —sin(a)st + 2—”) 1
(- 3 3 .
Applying a Park transformation to Eq. (1.32) gives Eqg. (1.35) in the vector form.
di R, . 1 dP

%:_rum +r(vdqos ~Uggo, ) - P= o, (1.35)

In a synchronous rotating reference frame, there is no zero sequence component in the 3 phase balanced system hence
Eqg. (1.35) becomes Eq. (1.36):
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ids _ 1 _Rs Cl)sl_s ids 1 Vds 1 Uds
[ I e v et .

where s is the Laplace operator, Vgs and Vs are the components of the stator voltages in the dg-axis frame. lgs and lgs
are the components of the line currents in the dg-axis frame, Ugs and Ugs are the components of the converter input
voltages.

If the stator voltage is assumed to be in complete synchronism with the d-axis, then Vs is equal to Vanes and Vs is equal
to 0. Eq. (1.36) therefore becomes Eq. (1.37).

S|:?ds:|=£|: _Rs wsLs:||:?ds:|+i|:Vds:|_i|:Uds:| (137)
i | Ll-ol, -R |liy| L| 0] L|oO

The vector form of Eq. (1.37) is given by Eqg. (1.38) and (1.39) below:

Vi = Ryl +5L14 —a L +U (1.38)
Vs = Rl +sLige + o Ly (1.39)
1.2.6.1.2 Grid side Converter modelling

The grid side converter (GSC) is modelled differently from the machine side one even though there are symmetrically;
the power flow is different in direction both sides. So that has to be taken into consideration when modelling the GSC
for the control system. Uancg iS the grid voltage from the VSC system and Vancg iS the grid voltage at the point of common
coupling (PCC). lag,Ing,Icg are the currents from the VSC source flowing through the grid system. ¢ is the phase angle.
Ly and Ry represent the transmission parameters. The dc-link voltage is represented by Uqc and C is the dc capacitor.
Figure 1.26 [59] shows a typical GSC system even though the labelling is different, but the same logic remains the same

throughout.
+
J
A
Vt."f.' T~
_ J

Figure 1.26: A typical Grid Side Converter system [59]
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Applying a Kirchhoff’s law in the figure 1.26 [59] above and taking the three phases as a balanced in the network, the

following equations are derived from the system [60]:

U, ; Iag g | | Vag
bg | = Ly o g |+ Ry | Tog [+ Vog (1.40)
cg Icg Icg \/cg

U, =L, '; +Rig, +Vige, (1.41)
Where
sin(@,t+0)
Use, =% sin(,t+ 6120 ) (1.42)

sin(w,t+5+120"

M and § are respectively the modulation index and the initial phase angle of modulation wave. The following Eq. (1.43)
is obtained by transforming Eq. (1.41)

di,
S R

abc
9 dt [¢] g

L (U, ~Vase, | (1.43)

abcg

Park transformation matrix P and P are given below. And o is the angular frequency of system.

27 27

cos(a)gt) cos(a)gt—?) cos(a)gt+?j
20 . . 27 . 2

Pzg sin(eo,t) sm(wgt—?) sm[a)gt—?j (1.44)

e ! !
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cos(a)gt) —sin(a)gt) 1

P =|cos a)t—z—” —sin a)t—z—ﬁ 1 (1.45)
g 3 g 3
cos(a)gtJr%rj —sin(a)gtJr%rj 1

Applying a Park transformation to Eq. (1.43) gives Eq. (1.46) in the vector form.

dige, R, 1 dp
Tdt = _L_Zldqog _L_(quog _quog )_ P? quog

9

(1.46)

In a synchronous rotating reference frame, there is no zero sequence component in the 3 phase balanced system hence
Eqg. (1.46) becomes equation (1.47):

s|:?dg:|=i|: R, %Lg}{fdg}ri[udg}i[\’dﬂ (1.47)
log Lg —W, Lg _Rg lag Lg Uqg Lg ng
where s is the Laplace operator, Vyq and Vgg are the components of the grid voltages and Ugg and Ugg are the

components of the converter input voltages in the dg-axis frame respectively. lgg and 1o are the components of the line

currents in the dg-axis frame.

If the grid voltage is assumed to be in complete synchronism with the d-axis, then Ugs is equal to Uanes and Ugs is equal
to 0. Eq. (1.47) therefore becomes Eq. (1.48).

o, ekt
o Lg —a)ng _Rg lgg Lg 0 Lg 0

The vector form of Eq. (1.48) is given by Eqg. (1.49) and (1.50) below:

Vi, =Ry, +SLyig — o, Ly, +U, (1.49)

g:

ng = Rgiqg + SLgiqg + o, Lgidg (1.50)

The decoupling approach given by [59] is that manipulating Eq. (1.51), Eqg. (1.52), Eq. (1.53) gives the decoupled
systems in Eq. (1.54) and Eq. (1.55). This according to [59] gets the cross coupling terms cancelled out and an

independent control in d and q axis is achieved. Moreover, the equations in d and g axis show the same form.
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Vg, ~Uy =Ryigy +5L,iy, — o, L (L51)

9909
Vig =Uqe = Rgiqg +SLgiqg + 0, Lgidg (1.52)
Ug, () = (ige ~icq, (3))H () (1.53)

Where, H(s) is the regulator term.

di

Vg =L, d‘f + Ry iy, (1.54)
di _

V=L, d—‘r’ + Ryl (1.55)

It is good to note that the explanation is not very clear on how the decoupling is achieved. This thesis proposes a

decoupling approach using feedback design which is discussed in detail in subsequent chapters.

1.2.6.2 Phase Locked Loop (PLL)

The function of a PLL is to calculate the angle of rotation for the measured quantities: voltage and current. This angle
is used in the transformation block diagram from the abc reference frame. Figure 1.27 shows the block diagram of the
PLL [17]. The measured voltage, Vg(abc) is first projected to the synchronous reference frame as shown in figure 1.28
then the g-component of the voltage is sent to the PI controller to be modified and then a corrected signal, 4w is added
to the frequency term of the ac system, wq to produce the resultant wg. The angle of rotation is obtained by integrating
the resultant frequency wg. The bandwidth of the closed loop is selected in the range, 3 — 5 Hz [61-63].

d @We,0
— ) ; Yy i
v, 7L, avc —& Y T Aw @, |1 .
g ) e L

Figure 1.27 The block diagram of the PLL [17].

29



y
q o,
d,
qi
(e3) A
v, @,
/”//”/ \\\ d
q e Y
Ug/ /’1’ \\ 7
_ vg
68 gg a

Figure 1.28: The measured voltage projected to the synchronous reference frame [17].

1.2.6.3 Direct-Voltage control

The function of the DC voltage controller is to keep the link dc voltage of the VSC constant all the time. A block
diagram is shown below in figure 1.29. The energy stored in the dc capacitor is [17]:

1. dw

E dc E = Fdcin — Pdc (156)

where Cqc is the capacitance, W is the energy stored in the cap, Pqcinand Pqc are the powers that flow in the dc side.

}; PL Pdc:, in Bjc
— — — —
Ly Ry ~ " —3
_._(YYY\_JV\N_J_ a f)dC:: Cdc
v, /=1

Figure 1.29: A single line block diagram for a VSC [17].

If the power passing through the dc-side is assumed to be lossless and the dc voltage is kept constant then the active

power from the ac side should be equal to the power passing through the dc-side:
Pg ~ Pc N I:)dc,in (1-57)

So this means that the capacitor receives the power from the grid to keep it charged and then passes it to the other side

of the converter. If the assumption that the capacitor remains fully charged across the period, then [15, 47, 64]

Idc = Icap (1.58)
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o Ve,

= 1.59
d (1.59)
Therefore, the transfer function of the dc dynamics is given by:
SCV,, =1, (1.60)
Voo _ 1 (1.61)

l,, sC

1.2.6.4 Active Power control

The power injected to the ac side from the VSC is controlled to the desired value by the active power controller as
shown in figure 1.30 [15, 47, 64].

P

P - i‘1'I13)(

g

Figure 1.30: A block diagram for active power controller [15, 47, 64].

The measured power Py from the point of common coupling is compared to the reference value. Then the difference
signal is then sent to the Pl-controller where it is corrected and sent out to the inner controller as a current reference

signal for the d-component.

1.2.6.5 Reactive Power controller

The VSC is capable of consuming or supplying the reactive power. What is most interesting about the VVSC is that the
reactive power from one side of the converter is not passed to the other side of the converter. The reactive power is
sourced from capacitor and helps in supporting the ac voltage when required such as during ac faults on the line. The
reactive power controller controls the reactive power injected to the grid by the VSC [3, 8]. The reference reactive
power is set to zero and the measured value from the PCC is compared to the reference value then the difference is sent
to the Pl-controller which then corrects it and set the corrected signal to the inner current controller g-component see
figure 1.31 below [17].
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Figure 1.31: The block diagram of the reactive power control system [17].
1.2.6.6 AC-voltage control

The VSC also plays a vital role in helping stabilise weak networks as they are characterised by very large grid
impedances. The AC voltage controller needs to keep the voltage stable to the required value. It takes the difference of
the measured value and compares it to the reference one [15, 47, 64]. The output difference is then sent to the PI-
controller which corrects it. Once corrected, it then serves as a reference signal for the inner current loop, see figure
1.32[17].

g

P] /]l/_—"' ffq*

v

| E
g

Figure 1.32: The block diagram of the AC voltage control system block diagram [17].
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CHAPTER 2: WIND TURBINE AND PMSG CONTROL MODELLING

This chapter introduces the detailed modeling of the wind turbine and PMSG systems.

2.1 Wind Aerodynamic Model

Wind flow is harnessed in the renewable energy industry to generate the mechanical power needed to turn the turbines.
Wind flow carries kinetic energy as it drifts in space as shown in figure 2.1 [65] below. Wind is made up of air particles
generally which are diverse in nature: mostly nitrogen and oxygen, the other gases make up to 1% of the remaining
space including water vapor and carbon dioxide.

A WIND TURBINE CONVERTS KINETIC ENERGY
IN THE WIND INTO MECHANICAL AND
ELECTRICAL ENERGY

- TURBINE BLADES
— - = REMOVE ENERGY
=t FROM WIND

HIGHER
D . VELOCITY

‘ =

Figure 2.1: Typical wind flow system representation [65]

Assuming that m (m/s) represents the total mass of the particles colliding with the blades and v, (m/s) represents the

speed at which the particles flow, the air’s kinetic energy, E , is expressed as:
E= % mv2 (2.1)

But the total mass, m depends on the quantity of particles at that moment flowing in the direction of the wind turbine

blades so the rate of change of mass, M (kg/s) drives the kinetic energy system. Hence:

T 2.2)
2
But,
m= pAv,, (2.3)
A = 12 (2.4)
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Where the variables computed are: p for the density of air (kg/m?), A for the area covered by the wind turbine blades

(m?), and r is the length of each wind turbine blade (m).

Therefore, the rate of change of the kinetic energy is:
E= %pﬂ'l’zv\?\, (2.5)

which gives the power stored in the wind flow. Varying the length of the blades in increments of two, for instance can
greatly increase the power captured from the wind by a quadruple factor. A solid observation can be derived from the
relationship of power and speed: an increase in wind speed can harvest more energy from the wind. This maybe the

genesis drive for variable wind turbines development.

The complete instantaneous wind power, B is:

P =%[(2mvw\7w)+(p7rr2va)] (2.6)
Where,

m= j PAv, dt 2.7)

Taking an integral of the mass flow rate gives the instantaneous mass, m. The first term bracketed in Eq. 2.6 carries
important information for research drive. It gives that keeping the wind velocity oscillating increases the harvested

power output as compared to when the wind velocity is constant.

The kinetic energy stored in the air particles is not fully captured by the turbine blades — some of it is retained by the
air particles after colliding with the blades as shown in figure 2.1 and figure 2.2 [47]. Betz law which is explained in
detail by [66], summarily states that no machine can harvest exactly 100% of the power stored in the wind system — the
maximum that can be extracted from the wind system is 59.3%.

is:

Hence the power, P, extracted from the wind in relation to the power stored in the wind system, p

urbine wind

I:’turbine = Cp I:’Wind (28)

Where the ratio of turbine power, R, to wind power, P

ina JiVes the power coefficient ¢ (dimensionless)

urbine

The power coefficient is a function of a blade angle, a rotor tip speed ratio, mechanical speed and the ratio of the rotor
blade length to the wind velocity as shown in Eq. 2.9 [38, 39, 67]
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C, (. f) = kl(kzi—ksﬁ— kB —ke)e " a 29)

where,
1_ 1 0035 (2.10)
A A+0.088 1+p°
and,
. r
A= 2.11
v (2.11)

The type of wind machine controls the selection of the coefficient values for (ki-k7). For instance, a variable speed wind
turbine has approximated values for the coefficients as k, =0.73, k, =151, k, =0.58, k, =0.002,

ks =2.14, ks =13.2, k, =18.4[67-69]. o, refers to the mechanical angular speed.

Figure 2.2: The schematic diagram for the blade angle for the wind turbine [47].

The schematic diagram above shows how the wind velocity collides with the turbine blades. The blade angle refers to
the axis rotation of orientation for the blade and the wind velocity. Using advanced turbine control technology, the blade
angle is varied to control the power harnessed from the wind. For a wind speed below the rated speed, the blade angle
is usually modified to angle closer to the horizontal line having 3% as shown above yielding more power capture.
Equation 2.12 below shows the inverse proportional relationship between Pumine andC (4, B) . As the blade angle
decreases due to lower speed for instance, it increases the power captured from the wind hence improves efficiency of
the system. For high wind speeds, the turbine control technology slights the blade angle to high in degrees so as to

reduce the power captured from the wind if it exceeds the rated one. This helps protect the equipment and the turbine

structure from any damage that can translate to high costs to fix.
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As it can be derived from Equation 2.8, the maximum power extracted depends on successfully maintaining the

operational points of the coefficient factor to its maximum value, CJ™ (4, 8) and varying accordingly the rotor speed.

The turbine output power depends on the corresponding turbine speed, see figure 2.3 below [36, 70, 71]. The maximum
power extracted from the wind is usually 13m/s for a 2MW rated wind turbine system corresponding to its rated
mechanical speed.

The power’s empirical formula is given by:

1 23
Rurbine = Epﬂ'r VWCp (/1| ,ﬂ) (2.12)
And the turbines’ mechanical torque is:
Tiurbine = @ Rurbine (213)
1 p7r*,C, (4. 8)
Tturbine = E (2.14)
a)m
P - T T T T T ,['w7 ’: ’
e Optimal power curve F Vil Va2 <<Vyg
P.s '
qg’ P . Maximum power at base wind speed (V,,¢)
a L P B e e e R e B e o e e s
2
S Byt =
<}
g
5 Pt .
=
! i
P

@ D3 Dy Dyy5 D6 D7 D8

Turbine speed

ml D2

Figure 2.3: The characteristic behaviour of the power curve [36, 70, 71].

36



2.2 Wind Mechanical model

A PMSG wind turbine with multipole is a preferred generator for a direct driven system. The high pole pairs in the
generator has distinct advantages: 1.) the generator inertia increases [20], 2.) The generator’s effective shaft stiffness
decreases[72, 73], 3.) For a certain electrical angle, the corresponding mechanical angle is much smaller as is with
another generator having small pole pairs[21]. The electrical system connected to a generator with multipole usually
have a strong effect when a torsional twist occurs in the shaft therefore a detailed shaft model is required [72], see figure
2.4 [20].

J rot
J gen
Tn;u.r
e
| \ ) J
<
ﬂm:

Figure 2.4: The shaft system model [20].

The two-mass modelling of the shaft is crucial in that it gives the information about oscillation that can be triggered by

wind gusts. The model is made up of a spring, k and a damper, ¢ and the two masses represent the turbine inertia J

rot

and the PMSG inertia 3 [20, 21]. The oscillations’ frequency is sometimes referred to as free-free frequency:

1 |k
fe ="' |— (2.15)
27 \| Jgq
where the total equivalent mass of inertia is represented by Jeq, €xpressed as:
J o
Jog =20 (2.16)
‘]rot +J gen
and the shaft’s resultant stiffness:
K, =K % (2.17)
S, p

completes the shaft model. The term K refers to the resultant stiffness, k is the shaft stiffness, S is the rated apparent
power for the PMSG and p is the number of pole pairs. K_has an inverse proportional relationship with the p term so

when the number of pole pairs increase the resultant stiffness decreases.
37



2.3 Pitch Angle model

The main function of the pitch angle is to control the speed of the generator to its reference. This control helps to
regulate the generator speed as the wind speed may vary to a high value. The power being harnessed is controlled via
blade pitching technology. As shown in figure 2.5 [74], the speed controller is implemented using a Pl —controller. It

takes a reference value », . and checks it up with the measured speed ¢,

meas

. If the measured speed is higher than the

reference value, a signal is sent via a value of the angle ¢_ to the control equipment to adjust the angle value up. And

similarly, if the measured speed is low, a signal is sent to the equipment which reduces the pitch angle. When the
measured value equals the reference the value of the angle is not changed. The pitch system has a servomechanism
model that implements the time constantT,

servo !

the rate of change limit (+10deg/ s ) and the pitch angle limit (0 to 30

deg) [74]. The power is controlled indirectly as it’s tied to the speed hence it is also controlled and limited to its rated

value.

w
gen,rated - b 1 > Rate > Angle

A STsery Limit Limit
wgen,meas —

A 4

v

Figure 2.5: Pl-controller for the speed control loop [74].

The pitch angle is modeled as:
=, (2.18)

Joqp =T =T, — Byg (2.19)

where g, represents the equivalent damping coefficient [N.m/s], T_ represents the electromagnetic torque [N.m],

and T represents the aerodynamic torque [N.m],

A general representation of the wind model in a Linear Time Invariant (LTI) system expression is:

X(t) = AX(t) + Bu(t) (2.20)
y(t) = Cx(t) + Du(t) (2.21)

where,
u:[ul,...up]T represents the input vectors while y:[yl,...yq]T represents the output vectors. A valid

assumption is that the matrices A, B, C, and D are compatible matrices.
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A shorthand notation in the Laplace domain:

Let

Therefore, in the state space modelling the system can be represented as in a matrix form as:

where,

and,

Hence,

AB
6®= {CD}

And the Matlab command line; G(s) =ss(A,B,C,D) and T =tf (G(s)) returns a transfer function of the system.

X =06,
96,
20t
y=Xx
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(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)



B=| 1 (2.30)

C=[1 0] (2.31)

D=[0] (2.32)

2.4 Developing a state-space Permanent Magnet Synchronous Generator Model

Permanent Magnet Synchronous Generators (PMSG) have gradually penetrated the wind energy market at a high rate
recently. PMSG’s high power density provides an edge over other machines available in the wind industry. Developing
an accurate model that closely mimic the practical behavior of the machine is of paramount importance in control system
design. A single phase diagram shown in figure 2.6 [21] is sufficient to give an accurate electrical representation of the

synchronous machine.

Figure 2.6: Single phase equivalent model and phasor diagram for a PMSG [21].

The validity of the PMSG electrical model is based on some crucial assumptions that are closely related to its real

practical characteristics[21, 47]:

e The rotor and magnets have insignificant damping effects

o  Omit all hysteresis losses and eddy currents in the system
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e There is no importance derived from the magnetic saturation effects

e Assinusoidal approximation is imagined for the evenly distributed magnetic flux.

Under the above assumptions, the rate of change of the permanent magnet flux y,, induces the internal voltage E in

the stator windings:
E =y (2.33)

Which in vector form is;

—

E= ja)gen &PM (2.34)

where the rotor mechanical angular speed «,, (rad / s) controls the amount of electrical voltage E produced by the

generator.

The total reactance of the generator is:

Xy =Ry + joge, L (2.35)
where the load angled (deg/ °)is a result of a voltage drop across the generators’ reactance X, (€2) due to a load

applied across the stator legs. The stator’s winding resistance is R, (€2) and L (H)is the stator inductance.

According to the Kirchhoff's Voltage Law which states that the algebraic sum of all the voltage drops and the voltage
sources around a closed loop sum to zero. Hence applying this principle in respect of the current flow in figure 2.6

above gives:

Iy, Xp+Eppe —U, =0 (2.36)
Substituting Eg. 2.34 and Eq. 2.35 into Eq. 2.36 gives
o, = Rsls, + J®en L, + 104 b (2.37)
Which can be rewritten as,
Usabc = RSISabc + L dld%+dlz% (2.38)
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Converting Eq. 2.38 to the rotor-oriented dg-reference frame (RRF) using the Park’s transformation matrix:

cos(6) cos(@—z—”j cos(0+2—”j
3 3
U, |=| -sin(e) —sm(9-%§] —ﬂn(04~%§) ., | (2.39)
V2 V2 V2
2 2 2 |
Gives
. di  dy
. di ]

Ugg = Rslsq + Lq d_tq + a)genLdlsd + Oyen¥Wpm (241)

which can be represented in the equivalent dg-axes diagram in figure 2.7 below,

R. L oLy

WL,
iq RJ Ld :(’ q
.—_
Uq
© ®)

Figure 2.7: Equivalent dg-axis for a PMSG [21].

For state space modelling, let the state variable be:

% %] =iy iy (2.50)

Writing (1) and (2) in matrix form:
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R Ol 1, 1
L L L L
o e A (2.51)
Xy a)genLd i Xy 0 1 i
L, L, L, L
i
y=[1 1] ol “lu (2.52)
X, 0 1 1
L L
where
.
u=[Vy Vy You ] (2.53)
If the rotating reference frame is in complete synchronism with the g-axis, then V4 = 0 hence
R omly L, L
L L L L
ol ] “ lu (2.54)
X4 a)genLd i X4 0 1 i
Lq Lq Lq Lq
1 1
| |[— 0 —
y=[1 O]{x :|+ Ly Ly (u (2.55)
N 000
where
R O
L L
A= ¢ ‘ (2.56)
_ P -R
L Lq Lq
i
B—| ¢ . 1d (2.57)
0
L Lq Lq
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2.5 PMSG’s Torque and Power modelling

The electrical power produced by the generator is [75, 76]:

P

al

be =Yane | ape COS@

abc " abc

Qabc :Uabc Iabc sin @

(2.58)

(2.59)

(2.60)
(2.61)

Where Py is the active power in abc reference frame, Uan: and lane are the voltage and currrent respectively. cos @ is

the power factor.

In the dg-reference frame, the active and reactive powers are

3 . .
qu = E[usd Igg + usqlsq :I

qu = g[usqisd — Uy isq :|

The the electrical torque that is produced by the PMSG is:

Te :g p[iquPM +(Ld - Lq)isdisq:|

where Teis the electrical torque developed from the generator and p is the pole pairs.

If L, = L,asisinmany cases, then

Te :g p':isql//PM :I
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CHAPTER 3: VOLTAGE SOURCE CONVERTER - HIGH VOLTAGE DIRECT CURRENT (VSC-HVDC)
MODELLING

Voltage Source Converter commonly referred to as a VSC forms the backbone infrastructure of a wind turbine
generation system. It is made up of two converters connected back-to-back: generator-side or machine-side converter

and grid side converter as shown in figure 3.1 [21] below. This chapter presents the full detail modelling of the VSC.

3.1 A Direct Driven PMSG Wind Turbine Based on VSC-HVDC Converter

A direct driven PMSG wind turbine based on a VSC-HVDC converter has three parts: a turbine system, a synchronous
machine, and a VSC-HVDC converter [18], see figure 3.1 [21]. The turbine system captures the wind energy which is
used to rotate the rotor of the generator; hence mechanical energy processed. The generator then converts this processed
energy into electricity. A rare-earth permanent magnet synchronous machine has a constant magnet field that induces a
variable voltage both in terms of magnitude and frequency in stator windings as the turbine rotates which needs to be

stabilized into a source with constant magnitude and frequency through a converter [18].

The core equipment of the VSC-based HVDC converter are the converter switches, the converter reactor and the DC
capacitors. The capacitor smoothens the dc voltage to achieve a ripple free voltage and act as an energy storage for the
system. Using pulse width modulation (PWM) technology, the weak AC voltage from the PMSG is first converted to a
DC voltage by the generator side converter, then the DC voltage is converted to an AC voltage by the grid side converter
valves and the converter reactor controls the apparent power flow [16, 51]. Wind farms located in the offshore regions
have been enabled into the grid by the VSC-HVDC connection due to the flexible active and reactive power control
[52].

Multipole

PMSG Generator-side Grid-side
converter converter
AC DC
=
DC AC
DC - link
U | Controller 1 Controller 2 Fe | wmpp
— ontroller — !
(cascade) (cascade) trackmg
UM] I Us P Lpia @,
AC voitage oriented reference frame
d axis - active current /q axis - reactive current

Figure 3.1: A typical VSC application system [21].
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3.2 Machine-side converter modelling

The objective of the machine side controller (MSC) is to regulate the DC-link voltage across the capacitor and maintain
the correct stator voltage from the PMSG [18]. The orthodox approach for the MSC controller is to carry out the MPPT
control and stabilize the stator voltage of the PMSG [21]. The former approach improves the fault ride-through
capability of the PMSG when compared to the latter [21]. The MSC has two loops: a faster inner current loop and a
slower outer loop [18]. The slower outer loop provides dq axis references for the inner current loop: the DC-link voltage

control provides a d-axis reference signal and the stator voltage control provides a g-axis reference signal.

The switching frequency for the VSC-HVDC system is taken to be 2 kHz. This is because IGBTSs do not have an over-
capability hence high switching frequency may damage them. The 2 kHz switching frequency is more applicable for a
MW system. The inner current controller frequency bandwidth is taken to be one-fourth of the switching frequency [77]
so that

1 1
feanowioTH = Z fswitching = Z x 2 kHz 3.1)
=500 Hz (3141 rad/s)
The delay introduced by the converter PWM is equal to half the converter switching frequency. Hence
T :Tswitch — 1 — 1
: 2 2f e 2x2 KkHz (3.2)
=250 ps
3.2.1 Inner current control loops
The PMSG model as developed in detailed in chapter 2 is given by:
1T ChalT o
[Xl}z ‘ ‘ |:X1i|+ ‘ u (3.3)
%5 _@ —RIX 0 1 0
Lq Lq L Lq
X i ,
y=[1 0] +0 0 ——u (3.4)
X | Ly
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where

u=[v, v, 2]

If the rotating reference frame is in complete synchronism with the g-axis, then V4 = 0 hence

R o .
- L, L — 00
{Xl}z @ {Xl} L, u (3.5)
] i@ RIS g

Lq Lq

X ,
y=|1 O{ }+ 0 0 —1u (3.6)
1 o { LJ

Clearly converting from the abc reference frame to the dg0 synchronous frame has introduced frequency induced terms
hence created a coupling effect between the dg equations. The rotor flux linkage appears on the q axis only. So

decoupling the system, a controller feedback design is proposed as explained below.

3.2.1.1 Controller feedback design benefits

For the proposed vector control strategy, the direct-current vector control without the decoupled terms uses the benefits
of a feedback design to eliminate the effects of the decoupled-terms, see Figure 3.2. There are three main reasons for a
controller feedback design [78]: stabilising an open loop unstable process, reducing the effect of disturbances on the

system output, and reducing the effect of plant variations on performance.

F(s)
1dy - ref4 G(s) Hi(s) P(s) %9

;'d q

Figure 3.2: Inner loop block diagram.

The stator voltage system in Eq. 3.3 and Eq. 3.4 from the conventional vector modelling and taking Laplace gives

l4(s) . 1
V() +a,L1,(s) (R+sLy) 3.7)
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For simplification of the mathematics and clear presentation, let:

F(s)=a,Li, (3.8)
1

P(s) :(R-F—SLd) (3.9
1

I*@)=(ﬂ;+1) (3.10)

where T, is the converter delay and also G(s) in Fig. 3.2 is the PI controller. Therefore, for the block diagram shown
Figure 3.2;

|, =SHP 1 (3.11)
1+GHP * " 1+GHP

The last term indicates how the feedback loop can reduce the effect of the coupling term

F=o,L, (3.12)

It can be shown from Eq. 3.11 that as G increases, the effect of the coupling term on the output becomes smaller. To
eliminate the effect then the gain G should approach infinite; i.e.:

lim(1,)=lim GHP I& |+ lim L (3.13)
G G2 1+ GHP 62| 1+ GHP

Evaluating Eq.3.13,
I, =17 (3.14)

The controller is implemented as shown in Figure 3.3. The current signal references are provided by the DC-link and

stator voltage controllers.

Id-ref Id

Figure 3.3: Proposed control configuration.
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3.2.2  Outer current control loops
The outer control loops are made up of either a direct voltage control, alternating voltage control, apparent power

control. The outer control should be faster that the inner control so as to effectively damp out oscillations: the triggering

frequency is 1/4" of the inner loop frequency [59].

3.2.2.1 Direct voltage control

The importance of the DC voltage control in the VSC-HVDC is to regulate the DC-link voltage to its reference value

[58]. There are two conditions that can be measured so as to derive the DC voltage model:

loe =10+ 1o (3.15)

leap iS the current through the DC capacitor so that

Icap = Idc + IL (316)
C d;/t“ =l +1, (3.17)

Considering I, as a disturbance into the system model and applying the same design reasoning approach as in the inner

current control loop. Therefore

SCV,, =1, (3.18)
Ve 1 (3.19)
l,e SC

3.2.2.2 AC voltage control

The role of the ac voltage is to keep the stator voltage constant to the reference value. To achieve this goal, the voltage
drop caused by the stator impedance and the transmission parameters are use employed to determine the measured
value. And it is the measured value that is compared to the reference one. If a difference in signal is obtained, it is sent
to a Pl-controller which adjusts the control signal so as to bring the voltage to the desired value. The ac voltage model
is derived using Eq. (4.42) [79, 80]
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RP,, + X
—genu Que (3.20)

S

AU=U,-U_ =

Where, Us is the sending voltage from the stator winding, Ucon is the voltage at the foot of the converter, R is the stator
winding resistance together with the transmission one and X is the synchronous reactance combined with the

transmission reactance.

A general assumption is that the resultant reactance is far greater than the resultant resistance such that X >> R, then the

voltage drop across the resultant reactance depends only on the reactive power flow.

X _
AU =U, ~U,, =D Xy ;. (3.21)
U 2u,

S

Ay __3X, 3L (3.22)
Al 2 2

sq

3.3 Grid-Side Converter

The grid-side converter converts the dc voltage to ac voltage using the pulse width modulation technology, see figure
3.4 [59]. The ac voltage should modulate a fixed frequency of 50 Hz. The objective of the GSC controller is to regulate
the reactive power and conduct the MPPT control [21, 81]. Again the traditional approach has been for the GSC to
regulate the dc-link voltage and control the reactive power. The former approach improves the fault ride-through
capability of the PMSG as compared to the later [82] . The GSC has two loops: a faster inner current loop and a slower
outer loop [18]. The slower outer loop provides dq axis references for the inner current loop: the speed controller

provides a d-axis reference signal and the reactive power controller provides a g-axis reference signal.

20—

Figure 3.4: A typical Grid-Side Converter schematic diagram [59].
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Applying a Kirchhoff’s law in the figure 3.4 [59] above and taking the three phases system as balanced in the network,

the following equations are derived from the system [60]:

ua d Ia ia Va
U :Lga iy [+ Ry [0y [+ VY (3.23)
uC iC iC VC

where Uanc is the sending ac voltage after being converted from the dc voltage, iasc is the current in the grid and Vapc
is the point of common coupling voltage. Ly and Ry are the grid transmission parameters: inductance and resistance

respectively.

Eqg. 3.23 in vector form is:

: di
Uabc = Rglabc + Lg da:C + Vabc (3.24)

Then converting Eqg. 3.24 to the rotor-oriented dg-reference frame (RRF) using the Park’s transformation matrix:

cos(6) cos(@—z—ﬁj cos(0+2—7[j
3 3
B in(o inl o 27 inl o 2 3.95
[usdqo]— —sin(@) —sin — ) sin| 0+ [usam] (3.25)
V2 V2 V2
| 2 2 2 |
Gives
. digd .
Vgg =Ugg — Rglgd - Lgd —t+a)g qulgq (3.26)
. dig, )
Vg = Ugg ~ Rylgg = Lgg E_a)g Lgalga (3.27)

where vy and vgq are the dg-axis pcc grid voltages, ugs and ugq are the modulated grid voltages from the foot of the

converter, ig and igq are the dg-axis grid currents, wyq is the grid frequency term.
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If the rotating reference frame is in complete synchronism with the g-axis, then ug = 0 hence

di, _

Vg =Ugg —Ryigy — Lyg d—i+ @y Lygigq (3.28)
: dig, :

Vgq = —Ryigq — Ly o @y Lyglgg (3.29)

The sending ac voltage ug is controlled by the dc voltage and the modulation index m. If the dc voltage increases the
modulation index decreases in such a way that that it keeps the ac voltage constant. The relationship between the ac
voltage, dc voltage and the modulation index summed up in the mathematical equation below; Eq. 3.30

3
Uy =U, -Mm——= 3.30
gd dc 2\/5 ( )
So substituting Eq. 3.30 into Eq. 3.28 gives
. diq J3 .
Vgg =—Ryiy — Ly d_gt+ud° -m-—2\/E + @y Lygigg (3.31)
. dig, .
Vi = ~Ryiog ~ Log 2 =y Ligig (3.32)
For state space modelling, let the state variables be:
T . T
[% %] :[lgd |gq] (3.33)
Writing Eq. 3.31 and Eqg. 3.32 in matrix form:
R o L V3
L, L L, " o2
{XS} - {Xf’} o @y (3.34)
X _% i X 0 1 0
99 qu qu
y=[1 0 0]u (3.35)

where
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u=[Vy Vg ug] (3.36)

Applying the proposed decoupling method as described in chapter 2, the decoupled model of the inner current loop is

given by:
-R
X Lg 0 ! 00
{’_‘S}z o [Xt‘}r L, u (3.37)
X, —R, || %
0o — 0 0O
qu
y=[1 0 0]u (3.38)
Therefore,
[-R
L : 0
A=| ¥ (3.39)
-R
0 _ 9
L qu
1 50
B=| Ly (3.40)
000
C=[L 0] (3.41)
D=[0] (3.42)
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3.3.1 Outer current controller

The outer controller is made up of two Pl-controllers: active power controller which receives its reference signal from
the optimal curve model and the reactive power controller which sets the g-axis reference signal for the inner control

loop, see figure 3.5 [59] below.

Maximum Mechanical
Power Curve J.
!

Active Power Control
I Loop L K

Figure 3.5: A block diagram for active power control loop [59].

3.3.1.1 Active power controller

The reference signal to the active power controller is set using a maximum power point tracking (MPPT) method. It
employs an optimal relationship-based (ORB) control to provide the reference signal in which the measured rotor speed
of the PMSG is compared to the wind speed variation. This then generates the optimal power value Pr from the wind

turbine’s maximum power curve [80, 83, 84].

1 o, T ’
I:)ref = _IOACP = (343)
2 opt ﬂ»«opt
Pref = Kopta)fth (344)
where, Kqpt is the optimal power constant given by
1 3
r
K =ZpAC, | — 3.45
o =5 pPALe ( )“Opt ] ( )

The power exchange between the VSC and the network system can be represented in equation below. The active

instantaneous powers, Pgrig in the dq0 reference frame as described in [59].
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3 ] .
Pra ZE(VQ"IQ“ +V i ) (3.46)

99799
In the dgO axis, the Vg is assumed to be in perfect synchronism with the d-axis hence Vgq = 0.
3 .
Pyria =7 Vga! (3.47)

2 gd "gd

Therefore, the power transfer function is given by:

v (3.48)

3.3.1.2 Reactive Power controller

The reference signal, Qv of the reactive power control loop is usually set to zero as the converter does not generate
reactive power to the grid. The ref signal is then compared to the measured grid reactive power, the difference is then
set to the Pl-controller for adjustment, see figure 3.6 [59]. Thereafter, the controller sends a g-ref signal for the inner
current loop.

Reactive Power Control
Loop

Tdr § Var

ldref

Figure 3.6: A block diagram for reactive power control loop [59].

The reactive power exchange between the VSC and the network system can be represented in equation below. The

reactive instantaneous power, Qgrig in the dqO reference frame as described in [59].

3 . ]
Qgria = E(nglgq ~Vgqlga ) (3.49)

In the dqgO axis, the vgq is assumed to be in perfect synchronism with the d-axis hence vg=0.

3 .
Qgrid = Evgd ng (350)
Therefore, the power transfer function is given by:
Q ri 3
ig d =~ Voo (3.51)
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CHAPTER 4: PMSG AND VSC-HVDC RATING AND SIZING
This chapter gives the component sizing and rating of each item that is used in this project together with the justification

and reasoning behind the choices made. Engineering trade-offs are made with a goal of achieving better performances

and efficiency

4.1 PMSG rating and components sizing

The direct driven wind turbine based PMSG is rated from literature as follows:

Table 4-1: Specifications for a wind turbine system [3]

Parameters Values
Rated Mechanical Power (MW) 2
Cut-in wind speed (m/s) 4
Rated wind speed (m/s) 13
Cut-out wind speed (m/s) 25
Number of rotor blades 3
Length of blades (m) 37.5
Rotor diameter (m) 76.42
Rotor area (m?) 4587
Speed range (rpm) 13-21.9
Rated speed (rpm) 19
Rotor mass (kg) 40
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Table 4-2: Specifications for a PMSG [85]

Parameters Value
Generator Type Direct driven PMSG
Rated Mechanical Power (MW) 2.0
Rated Apparent Power (MVA) 2.2419
Rated line-to line voltage (V, peak) 975.80
Rated Phase Voltage (V, peak) 563.42
Rated Stator Current (A, peak) 2641.41
Rated Stator Frequency (Hz) 9.75
Rated Power factor 0.8921
Rated Rotor speed (rpm) 22.5
Number of Pole Pairs 26
Rated Mechanical Torque (kNm) 848.826
Rated Rotor Flux Linkage (Wb, peak) 8.24
Stator Winding Resistance (m£2) 8.21
d-axis Synchronous Inductance (mH) 1.5731
g-axis Synchronous Inductance (mH) 1.5731

From the information derived in the tables above, the inertia of the wind turbine is [85]:

‘]turbine = m[ﬂ] (41)

nblade
Where the mass of the rotor m [kg] is directly proportional to the wind inertia. L and n are the rotor blades length and

the number of rotor blades making up the wind turbine.

Therefore, the wind inertia of the system used in this study is taken to be:

37.5m

2
‘]turbine =40 kg X( j =6250 kg/m2 (42)

Then the energy potential in the wind turbine is [85] :
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1

Eturbine = E ‘]turbine (a)r )2 (43)
2
Evvone = %x 6250(%} —7.363x10° (4.4)

The inertia constant which is usually used in small signal power system stability is given by [85]:

_ Eturbine (45)

turbine — S
turbine

3
_7:863x10° _ 4 500945 (4.6)

turbine 25 X106

The power coefficient C, as discussed in chapter 2 is rated as follows:

c =2 (4.7)
" pAY,

With the rated power as 2 MW, the air density as 1.225 kg/m?, the rated speed as 13 m/s and the given area swept by
the rotor as 4587 m?, the C, then is:

2(2><106)
P 1.225% 4587 x13°

=0.324 (4.8)

4.1.1 Implementation of the Wind turbine in Psim software

A wind turbine is implemented as shown figure 4.1 below. The wind speed is realised using a piecewise linear voltage
source. It changes/varies according to the time and speed entered in its data. The pitch value is controlled by the pitch
controller. The turbine produces the torque that is used to the rotor. The drive-train system has one gear to gear ratio
to depict as a gearless system. The parameters entered in the wind data box are obtained from calculations and the
table 4-1 above.
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[ Wind Turbine s wr S} 0 Wind Turbine System - ..

Parameters | other Info | color |

Wind Turbine Wind
Display

Mame ’\"1’1'47 IR | W

Mominal Output Power ’2000117 = Lo
Base Wind Speed ’137 =l .
Base Rotational Speed ’5‘507 Cl=l

Initial Rotational Speed ’37 il | F

Moment of Inertia ’62507 = |k

Torque Flag ’17 =

Master/Slave Flag ’17 =] - @_

Figure 4.1: Wind turbine system implementation in Psim software

4.1.2 Implementation of the PMSG in Psim software

A permanent magnet synchronous machine or generator is connected to the wind turbine via a mechanical coupling
block which couples together the two mechanical systems. Then a torque sensor is used to measure the torque
transferred from the wind turbine to the generator and a speed sensor is used to measure the mechanical angular
speed. This information is sent to the control unit to monitor the maximum mechanical power extracted in the system.
The parameters entered in the wind data box are obtained from calculations and table 4.2 above. Figure 4.2 shows the

implementation of the system.

Permanent Magnet Sync. Machine : PMSM34 =
Parameters | Other Info] Color I
Permanent-magnet sync. machine
Display
Name ’W =
Rs (stator resistance) ’8211?7 r =l
R RN . FMSM. . . : Ld {d-axisind.) [1573tm [ = |
R |_| . /‘< La (g=xsind) [Ls3m T
FE P TN Mo, of Poles P E L e
R e I R R _ ) Moment of Inertia R
S [;'_ A Shaft Time Constant 163 T =
L ::: = Torque Fiag L E
. A . : - . ©o . Master/Slave Flag ’17 =

@ e

_ . Torque_mech

Figure 4.2: PMSG generator system implementation in Psim software
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4.2 VSC-HVDC rating and component sizing

The VSC-HVDC system acts as a synchronous machine whereby the ac voltage is controlled almost instantly, Eq. 4.9
describes the relationship between the dc voltage, modulation index and the fundamental frequency, we. [17]

ac

u :%uch sin(a,t+5)+h(n) (4.9)

where the ac voltage phase shift is represented by 6 and the harmonics produced by the modulating the system voltage

is represented by h(n) and depends on the harmonic order.

The harmonics affect the output voltage wave profile and create ripples in the system. In today’s very sensitive systems,

the harmonics can damage the system. So filters are designed to remove them.

The desired output voltage is achieved by varying the modulation index and the phase shift separately. If the output

voltage is too high to that of which is wanted, the modulation index is reduced.

The power flow is controlled instantaneously: the reactive power produced by the PMSG is consumed by the converter
hence does not reach the grid-side level. Only the active power passes through the converter to the grid. The relationship
of active and reactive power flow is described by Eq.4.10 and Eq.4.11 below:

B IV||u|sins

=

 M(-leoso)
X

(4.10)

(4.11)

4.2.1 Converter rating

The size of the converter rating is designed on the fact that modern power systems need to meet the voltage limit
requirement at all times respective of the conditions of operation. So the active power being transmitted across the

converter controls the converter rating design as well.

Since the rated mechanical power from the PMSG specifications is 2 MW and the rated apparent power is 2.2419 MVA,
the VSC-HVDC rating is selected to be 6 MVA taking into consideration the ac filters and that the converter has to
consume the reactive power from the generator. It is also expected to support the grid voltage with its reactive power
whenever it is required.
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4.2.2 IGBT rating

Technology advancement has tremendously improved the performances of IGBTs and its applications in industry. For
the wind turbine system, the IGBT is connected in anti-parallel with a diode to enable the bi-directional flow of power
in the converter system. Each IGBT electronic device is rated a nominal current of 500-1500 A, 2.5 kV rated voltage
and rated frequency of 2 kHz [86].

The low frequency (2 kHz) is chosen so as to handle the mega power that is produced by the wind turbine generator. A
high switching frequency could cause communication failure in the converter valves. Figure 4.3 [86] shows a typical
IGBT hardware available in the market.

Figure 4.3: A typical IGBT hardware for a VSC system [86].

4.2.3 Implementation of the IGBTs in Psim software

The machine side converter is realised by connecting the IGBTS in parallel with diodes. The signals are generated by

the control system unit. It switches on and off depending on the received signal see figure 4.4 below.
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~ Machine-Side-Converter

bcgt -

Figure 4.4: The implementation of the MSC

4.2.4 Grid Transformer
The transformer connects the point of common coupling (PCC) voltage to the grid. It plays an important role during
faults as it helps regulate the fault current through its reactance. The transformer steps up the PCC voltage to meet that
of the grid. Voltage regulation can be improved by using transformers with tap changers [87].

4.25 Implementation of the coupling transformer in Psim software

The transformer is realised in Psim as shown in figure 4.5 below. It connects the wind turbine power system to the

utility grid with the required voltage.

Figure 4.5: Grid coupling transformer
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4.2.6 Transmission line parameters

The VSC-HVDC system has a phase reactor which models the transmission line behaviour. The phase reactor is crucial
in supporting the VSC-HVDC to control the active and reactive powers independently. The reactor’s other function is
to filter out the higher order harmonics contained by the grid’s output current [88]. It is crucial to appropriately select a
correct coupling inductance as this affects the resultant filtering and harmonic

tracking capability directly [89].

— 5vvdc

L (4.12)

ra,l,
where oy is a factor value with typical range of 0.1-0.3, r represents the expected harmonic order and I is the rated
grid current.

Taking the factor value d,as 0.23, then r as 3 and the rated current I; as 5 kA, the coupling inductance is:

 0.23x1800
3x 27 x50x5x%x10°

=0.08751 mH (4.13)

4.2.7 Implementation of the coupling inductance in Psim software

The coupling reactance is implemented as shown in figure 4.6 below.

.
Inductor : L1 Ié]
Parameters ]Other Infﬂ] Color ]
Display
Mame L1 =l
Model Level Level 1 <
Inductance 0.08751m =l
Initial Current 0 |
Current Flag 1] |

.. Phase Reactor .

Figure 4.6: Phase reactor model
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4.2.8 DC-Capacitor rating

The capacitor functions as energy storage of the system. It also works perfectly to decrease some voltage ripples in the
dc-voltage. This stable dc voltage is then used to generate an ac-voltage on the grid-side of the converter. The capacitor
consumes the unwanted high-frequency current components built by the converter switching operation [17]. The
capacitor rating is determined by the magnitude of power that is being transported across the converter so the general

capacitor time constant is defined as [57, 90].

: (4.14)

Where the dc capacitance Cq varies proportional to the time constant. Vg is the dc voltage and S, is the rated apparent

power of the converter.

The time constant is equivalent to the time it takes to charge the capacitor from zero to Vg using the active power
produced by the PMSG [57]. In [17], a time constant selection is based on 4ms whereas ABB in [88] based the time

constant in 2 ms. So selecting an average time constant of 3.2 ms, the capacitor size is:

c,, = 2 (4.15)
Vdc
2x3.2x107° x6x10°
= - (4.16)
(1800)
C, =11.83mF (4.17)

4.2.9 Implementation of the dc capacitor in Psim software

The dc-capacitor is implemented as shown in figure 4.7. The values are from the calculations above.
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Figure 4.7: The dc-link voltage in psim software

4.2.10 DC voltage rating

The dc voltage rating is determined in such a way that the converter does not saturate when it is switching on/off using
the SPWM technology [21, 79, 91]. So the minimum dc voltage is:

Vg = 2\/%vLL -m (4.18)

Where v is the line-line peak voltage value and m is the modulation index.

Therefore, the rated dc voltage is given by Eq.4.19 with the rated voltage v, =1.25 kV and m = 0.9

Vg = 2\/% x1250% 0.9 (4.19)

v, =1.836 KV (4.20)
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4.2.11 AC- grid filters

Producing a good output voltage and current waveforms is very crucial in meeting the grid integration of the renewable
energy. The switching operation of the converter valves introduces harmonics in the system voltage and current. So
these harmonics must be prevented from entering the grid as it can cause system failure and damage to today’s very
delicate equipment. Passive filters are employed to filter out the harmonic contents in the voltage waveforms, see figure
4.8. There are connected in between the phase reactor and the transformer [88, 92]. The ac-filters are designed following
a close example of matlab’s example: power_wind_type_4_det. The ac-filters are rated at 30% of the converter rating
[93].

Qeap- sier = 0-15 MVAr

(k]
Z=—d> (4.21)
Qcap—filter
Z= L =6.67 Q
0.15
Ccap—filter =0.5mF 4.22)

And also,
Qre_iiter =1.6 MVA

[T
l=—"7"— (4.23)
QRC—fiIter
1
|Z| =—=06.67Q
1.6
Rec_fier =0.5 Q
RC— filt (4.24)
Crefiter =30 MF

EE
30

Figure 4.8: A typical ac-side filter system configuration



4.2.11 Implementation of the ac filters in Psim software

The ac-filters are implemented as shown the figure 4.9 below.

RC3:RCE =
Capacitor : C20 &
Parameters |Oﬁ'1er Info I Color I I I I
Parameters | Other Info | Calor
3-phase resistor-capacitor branch
Capactor
Display
Mame |Rcs || Display
Resistance [o5 | Mame ICZU L=
Capacitance et Model Leve feves ]
Current Flag_A ID | Capaditance ID.Sm ||
Current Flag_B |o =] Initial Capacitor Voltage |0 =l
Current Flag_C I a =] L Current Flag I [u] ;I

Figure 4.9: AC filters implementation in psim.
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CHAPTER 5: CONTROLLER DESIGN

The detailed modelling of the system has been carried out in chapter 2 and chapter 3. This chapter presents the controller
design of building from the detailed mathematical models already derived. The controllers for the MSC: inner loop and
outer loop are first presented. Thereafter, the controllers for the GSC: inner loop and outer loops are presented. The PI-

controllers are designed in Matlab using the PID built in tool.

5.1 MSC controller design

The MSC controllers have two loops: inner loop which is made up of a current loop and the outer loop which is made

up of the Vg controller and the ac controller.

5.1.1 Inner current loop

The final mathematical model as derived in chapter 3 is:

NI (5.1)
0o
(.
1 00
B=| L (5.2)
0 0O
C=[t q] (5:3)
D=[0] (54)

Matlab software is used to obtain the system’s transfer function given in Eq. 5.5 below. The detailed coding is available

on the Appendix A.

Tinner open = 6357 (55)
- s+0.5219
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Then, the closed loop is:

T ;335.7s+331.8 (5.6)
- S +636.7s+332

Therefore, this closed loop is then imported to the pidtoool design space using the matlab command: pid(Tinner closed)-
Table 5.1 shows the un-tuned parameters and figure 5.1 shows the step response of the system. The control design
approach here is to set the outer loop to be slower than the inner loop so that the reference signal can be readily available

for the outer controller when it starts working.

Table 5-1: The open loop response of the inner current loop parameters

Gain, Kp 0.00085572
Integrator gain, K; 0.024097

Rise time 0.0863 s
Settling time 0.315s

Overshoot 13.8 %

Peak 1.14

Phase Margin 60 deg @16.7 rad/s
Closed-loop stable

Step Plot: MSC Inner Current - Reference tracking
T

U T T T
1+
0.8 —
o
o
2
3506 —
£
<
0.4 |
0.2 -
0 | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (seconds)
Figure 5.1: The open loop response of the MSC inner current loop
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From the information in table 5.1 and figure 5.1, the inner current loop is tuned such that the rise time is slower than

that of the outer controllers. The achieved results are presented in table 5.2 and figure 5.2 below.

Table 5-2: The Inner current loop parameters due to PID tunning

Gain, Kp 3.1981
Integrator gain, K; 2046.3904
Rise time 500.72 ms
Settling time 900.22 ms
Overshoot 1.54 %
Peak 1.02
Phase Margin 89 deg @ 30.66x10° rad/sec
Closed-loop stable

Step Plot: MSC Inner Loop - Reference tracking

1.2
— Tuned response

Amplitude
o o
> ®

e
=

0.2

1.5
Time (seconds) %107

Figure 5.2: Step response of the MSC inner current loop due to PID control
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5.2 Outer Current Controller

These controllers must have almost the same time response so that they would simultaneously provide the reference

signals to the inner loop at the time it is required as set out.
The closed loop of the inner current loop with the tuned response included is:

- 2033s® +1.302x10%s? +6.789x10°s

, - 5.7
tuned _inner _closed " o4 4 203453 +1.302x10°s% + 6.789x10°%s ®.7)

5.2.1 DC-Link voltage control

Designing a DC-link controller for a full converter is very challenging. The control objective is not only to track the

reference but also to reject the disturbances during power production changes and keep the dc-voltage stable.

The initial un-tuned response parameters are shown in table 5.3 and figure 5.3 below. The control approach here is to
coordinate the time response of the controller so as to provide the signal to the inner loop at the same time. This is very

important.
The DC voltage transfer function closed loop developed using the actual voltage values to design the controller is:

_ 24.05s° +6.432x10"s’ +6.265x10"s° + 2.009x10°s® + 2.091x10%s* +5.453x10°s° (5.8)
’ 1.399x10*s' +0.5693s° + 967.5s° +8.058 x10°s’
+3.003x10°s® +2.033x10'"s® + 2.098x10"s* +5.453x10°s*

T,

Table 5-3: The open loop response of the DC-link voltage control

Gain, Kp 1.0308
Integrator gain, K; 263.7206
Rise time 9.27 ms
Settling time 35.0ms
Overshoot 13.6 %
Peak 1.14
Phase Margin 60 deg @ 151 rad/s
Closed-loop stable
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Step Plot: Vdc-Controller - Reference tracking
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Figure 5.3: The open loop step response of the Vqc- control loop

From the information given by table 5.4 and figure 5.4 below, the time response for the inner loop is 500.72 ms and
that of the Vgc-controller is 24.2 ms. This is adequate for the required reference to be provided on time for the inner
loop. The settling times are 900.22 ms and 79.0 ms for the inner current loop and the Vgc-controller respectively. The

tuned response is satisfactory to the control objective for this system.

Table 5-4: DC-link voltage control parameters due to PID control

Gain, Kp 4.6
Integrator gain, K; 364
Rise time 24.2 ms
Settling time 79.0 ms
Overshoot 10.6%
Peak 1.11
Phase Margin 58 deg @ 54.9 rad/s
Closed-loop stable
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Step Plot: Vdc-Controller - Reference tracking
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Figure 5.4: Step response of the Vqc- due to the PID control

5.2.2  Stator Voltage control

This controller should match the time response of the Vgc-controller so that at the end, there are able to provide the
reference signals for the inner controller on time simultaneously. Table 5.5 and figure 5.5 show the initial un-tuned

parameters for the ac voltage controller.
The ac voltage closed loop transfer function is:

T 36.08s° +9.648x10%s” +9.397 x10”s® +3.013x10s® +3.137x10s* +8.18x10°s® (5.9)
% 1.861x107°s™ +7.571x1072s° +128.7s% +1.071x10°s’
+3.993x107s® +2.704x10°s° + 2.79x10°s* + 7.251x10°%s®

This closed loop is then imported to the matlab pidtool workspace. It is then tuned according to meet the objectives.

Table 5-5: Open loop stator voltage control parameters

Gain, K; 0.091378
Integrator gain, K; 23.3789
Rise time 9.27 ms
Settling time 35.0ms
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Overshoot 13.6 %
Peak 1.14
Phase Margin 60 deg @ 151 rad/s
Closed-loop stable

Step Plot: Stator Voltage Controller - Reference tracking
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Figure 5.5: The open loop step response of the ac voltage control loop

From the information given in table 5.6 and figure 5.6 below, the time response for the inner loop is 500.72 ms and that
of the Vac-controller is 21.8 ms. This is adequate for the required reference to be provided on time for the inner loop.
The settling times are 900.22 ms and 59.0 ms for the inner current loop and the Vac-controller respectively.

Table 5-6: Stator voltage control parameters due to the PID control

Gain, Kp 0.10415
Integrator gain, K; 8.8497
Rise time 21.8 ms
Settling time 59.1 ms
Overshoot 0%
Peak 1
Phase Margin 90 deg @ 99.9 rad/s
Closed-loop stable
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Step Plot: Stator Voltage Controller - Reference tracking
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Figure 5.6: The PID controlled step response of the ac voltage control loop
53 GSC controller design

The GSC controllers have two loops: inner loop which is made up of a current loop and the outer loop which is made

up of the MPPT power controller and the reactive power controller.
5.3.1 Inner current loop

The final mathematical model as derived in chapter 3 is:

R, .
L
A=| ¥ (5.10)
R,
0o —9
Lgq
1 90
B=| Ly (5.11)
0 0O
c=[1 0] (5.12)
D =[0] (5.13)
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Matlab software is used to obtain the system’s transfer function given in Eq. 5.14 below. The detailed coding is available

on the Appendix B.

T 11430
inner _open S+9383 (514)

Then, the closed loop is:

. _ 11430s + 1.072-10°
inner _ closed S2 +1145104S +1073105

(5.15)
Therefore, this closed loop is then imported to the pidtoool design space using the matlab command: pid(Tinner closed)-
Table 5.7 shows the un-tuned parameters and figure 5.7 shows the step response of the system. The control design
approach here is to set the outer loop to be quicker than the inner loop so that the reference signal for the inner loop can

be readily available for the inner controller when it starts working.

Table 5-7: Open loop parameters for the inner current loop control

Gain, Kp 0.00085572
Integrator gain, K; 0.024097
Rise time 86.3 ms
Settling time 315.0 ms
Overshoot 13.8 %
Peak 1.14
Phase Margin 60 deg @ 16.7 rad/s
Closed-loop stable

76



Step Plot: GSC Inner current - Reference tracking

1.2
| : —Untuned response

0.8 !

Amplitude
o
o

S
s

0.2}

i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (seconds)

Figure 5.7: The open loop step response of the GSC Inner current control loop

From the information in table 5.7 and figure 5.7, the inner current loop is tuned such that the rise time is slower than

that of the outer controllers. The achieved results are presented in table 5.8 and figure 5.8 below

Table 5-8: Inner current loop control parameters due to PID control

Gain, Kp 3.5067
Integrator gain, K; 2460.3024
Rise time 522 ms
Settling time 841.0 ms
Overshoot 1.54 %
Peak 1.02
Phase Margin 89 deg @ 401x10°%rad/s
Closed-loop stable
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Step Plot: GSC Inner Current - Reference tracking
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Figure 5.8: The PID controlled step response of the GSC Inner current control loop

5.4 Outer current control loop

These controllers must have almost the same time response so that they would simultaneously provide the reference

signals to the inner loop at the time it is required as set out.

The closed loop of the inner current loop with the tuned response included is:

2.55x10%s® + 2.393x10"s* +1.109x10°s
Ttuned_inner_closed = 4 9 3 10 .2 3 (516)
S +2.55x10°s° +2.393x10" s +1.109x10°s

5.4.1 Active Power controller
The control objective for the active power controller is to track the reference. The initial un-tuned response parameters
are shown in table 5.9 and figure 5.9 below. The control approach here is to coordinate the time response of the

controller so as to provide the reference signal to the inner loop at the same time. This is very important.

The active power transfer function closed loop used to design the controller is:
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(2.027 x102s” +5.168x10%'s® +9.703x10%s° j

+4. X S +4. X ST+ 9. X S
T . 4.559x10%°s* + 4.219x10%s% +9.773x 10" s? (5.17)
active_power ™| o8 | 9 032 x102s’ +5.174x10%s® +9.715x10%s° '

+4.564x10%s* + 4.225x10%*s® +9.786 x10'¢ 52

Table 5-9: Open loop control parameters for the active power control parameters

Gain, Kp 1.1903
Integrator gain, Ki 114688482.3314

Rise time 0.023 ps
Settling time 0.0859 ps

Overshoot 14.3 %

Peak 1.14

Phase Margin 60 deg @ 622x10° rad/s
Closed-loop stable

= Step Plot: GSC Active Power - Reference tracking

—— Untuned response
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Figure 5.9: The open loop step response of the GSC active power control loop

From the information given by table 5.10 and figure 5.10 below, the time response for the inner loop is 522.00 ms and

that of the active power controller is 21.30 ms. This is adequate for the required reference signal to be provided on time
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for the inner loop. The settling times are 841.02 ms and 37.90 ms for the inner current loop and the active power

controller respectively. The tuned response is satisfactory to the control objective for this system.

Table 5-10: The Active power control parameters due to PID control

Gain, Kp 2.2306 x105
Integrator gain, K; 1033.8281
Rise time 21.3ms
Settling time 37.9 ms
Overshoot 0%
Peak 1.0
Phase Margin 90 deg @ 1.03x103 rad/s
Closed-loop stable
1 _ Step Plot: GSC Acgive Power - Reference tra_ckin _
]
0.8
22_0.6
g
0.4
0.2
0 | | |
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Time (seconds) <1073

Figure 5.10: The PID controlled step response of the GSC active power control loop

5.4.2 Reactive power Control

This controller should match the time response of the MPPT power controller so that at the end, there are able to provide

the reference signals for the inner controller on time simultaneously. Table 5.11 and figure 5.11 show the initial un-

tuned parameters for the reactive controller.
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The reactive power control closed loop transfer function is:

2.027x10"s” +5.168x10%s® +9.703x10%s®
T _ [+4.559><1023$4+4.219><1021S3+9.773><1018$2J
reactiePower (68 1 2.032x10%s” +5.174x10%s° +9.715x10%s°

(+4.564x1023s4 +4.225x10%s° +9.786 x 10" s ]

(5.18)

This closed loop is then imported to the matlab pidtool workspace. It is then tuned accordingly to meet the control

objectives.
Table 5-11: Open loop control parameters for the reactive power
Gain, Kp 1.1903
Integrator gain, Ki 114688482.3314
Rise time 0.023 ps
Settling time 0.0859 ps
Overshoot 14.3 %
Peak 1.14
Phase Margin 60 deg @ 622x10° rad/s
Closed-loop stable
- Step Plot: GSC Reactive Power - Reference tracking
. | | | | | | —Untune‘d response
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Figure 5.11: The open loop step response of the GSC reactive power control loop
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From the information given by table 5.12 and figure 5.12 below, the time response for the inner loop is 522.00 ms and
that of the reactive power controller is 21.30 ms. This is adequate for the required reference signal to be provided on
time for the inner loop. The settling times are 841.02 ms and 37.90 ms for the inner current loop and the active power

controller respectively. The tuned response is satisfactory to the control objective for this system.

Table 5-12: Reactive power control parameters due to PID control

Gain, Kp 2.2306 x105
Integrator gain, K; 1033.8281

Rise time 21.3 ms
Settling time 37.9 ms

Overshoot 0%

Peak 1.0

Phase Margin 90 deg @ 1.03x103 rad/s
Closed-loop stable

Step Plot: GSC Rective Power - Reference tracking
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Figure 5.12: The PID controlled step response of the GSC reactive power control loop
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5.4.3 Pitch angle control

The control objective for the pitch controller is to track the reference and maintain an optimal pitch angle. The initial

un-tuned response parameters are shown in table 5.13 and figure 5.13 below.

The pitch angle transfer function closed loop used to design the controller is:
816180

T 5.17
P 62552 + 64505 + 2000 5.17)
Table 5-13: Open loop control parameters for the pitch angle
Gain, Kp 0.0028098
Integrator gain, K; 0.0026984
Rise time 2.53s
Settling time 9.25s
Overshoot 13.8%
Peak 1.14
Phase Margin 60 deg @ 0.57 rad/s
Closed-loop stable
Step Plot: Pitch Control Reference tracking
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Figure 5.13: The open loop step response of the pitch angle control loop
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From the information given by table 5.14 and figure 5.14 below, the time response for the pitch angle system is 2.3 ms.

This achieves the control objective.

Table 5-14: Pitch angle control parameters due to PID control

Gain, Kp 4.3509
Integrator gain, K; 1156.2996

Rise time 2.3 ms
Settling time 13 ms

Overshoot 16.1%

Peak 1.21

Phase Margin 65 deg @ 570 rad/s
Closed-loop stable

Step Plot: Pitch Control Reference tracking
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Figure 5.14: The PID controlled step response of the pitch angle
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CHAPTER 6: PRESENTATION AND DISCUSSIONS

This chapter presents the results obtained from simulating the wind system. Detailed discussions and analysis are
carried out on the results to understand them. Where the result contains some important observations or points, it is

re-simulated at the reference point and further solid deductions are made where possible.

6.1 Wind Turbine Results

The wind is simulated by varying the input values to the turbine system model in Psim software. This then serves to
represent the wind speed in real life. It does not purely reflect the full practical behaviour of the wind hence the results
vary to the practical one or with other software packages that take into consideration the wind distribution: extreme

wind, wind shear, wake turbulence, flow inclination, wind distribution and turbulence intensity see figure 6.1 for details.

Extreme wind Wind shear Wake turbulence
_—
Us0 < Uref 0<a<0.2 —
@ __ h Ou e
a=2 5% —
u 0z lz=h ==
—_—
_)

Flow inclination Wind distribution Turbulence intensity
I(u) Ivﬁ'(“) S Irvp(u)

T TEC

site

u

Figure 6.1: Distribution of wind flow as a function of height

6.1.1 Wind data in South Africa

Eastern Cape Province in South Africa has been selected as the focus area for this research. This is because currently

there are 13 wind turbine farms installed in the country and fully in operation. Then six (46%) of these wind farms are

in Eastern Cape hence selected.

The average wind speed in the Eastern Cape from the wind data is approximately 6 m/s and it is taken as the reference
wind speed to give a good predication of the expected power to be harvested from the wind in the province. For the

upper wind behaviour, a wind speed of 11 m/s has been selected based from the wind data provided.
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The wind speed is varied from 6 m/s at the start to 11 m/s at 1s. Since practically the wind does not change

instantaneously, the acceralation of the wind is set to:

Vi =V
a= 6.1
L (6.1)

The change between the final speed V; and the initial speed Vi is divided by the change between the final time t; and the

initial time t; .

Hence,

a= 1111 _160 =50 m/s> (6.2)

Figure 6.2 shows the wind speed profile for the system in this project.

Wind Speed
12 . .
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Wind speed [m/s]
s3]
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Time [s]

Figure 6.2: Wind speed for the wind energy conversion system being simulated in Psim software
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6.1.2 Mechanical angular speed

The rotor responds to the wind speed at the beginning of the simulations as shown in figure 6.3 below. It ramps to 0.885
rad/s then gradually settles down around 0.755 rad/s for the 6 m/s wind speed. At 1s, it responds to the change in wind
speed by increasing at a rate complimenting that of the wind speed. It then settles to its new value at 0.891 rad/s as

expected.

Mechanical Angular Speed
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Figure 6.3: The simulated angular speed when the wind speed is varied

It cannot be distinctly deduced that the angular speed settles down as shown in figure 6.4 for the 6 m/s wind speed. To
verify the observation, a second simulation is carried out with the reference speed of the research, 6 m/s, see figure 6.4.
It can now be solidly deduced that the angular speed repositions itself to settle at the 0.755 rad/s speed when the wind
speed is at 6 m/s and it has not been changed throughout the simulation period.
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Figure 6.4: The simulated angular speed at constant wind speed of 6 m/s
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6.2 PMSG Results

The angular speed serves as a control variable to the generator. Therefore, the generator upon receiving the command
from the angular speed, it starts to generate the power as demonstrated in the figure 6.5 below.

6.2.1 PMSG Power system curve

The initial power produced at the speed of 6 m/s has ripples in the first 0.25s due to machine dynamics but the controller
quickly settles it thereafter. Practically, generators are run for a period of time before they are synchronised to the grid.
This enables them to reach synchronism levels at steady states hence avoid the grid system from receiving distorted
generators’ outputs such as voltage, frequency, current etc. These distorted generators’ outputs may propagate through
the grid system which may cause it to collapse. The reactive power ramps up at the beginning to support for the voltage
being produced. It then gradually reduces to approximately zero when the machine has fully settled and the voltage is
stable. Since it is not very clear that the reactive power does settle down in figure 6.6, Second simulations at the 6 m/s
reference points are carried out and figure 6.6 shows the results. It is clear that the reactive power does settle down after

establishing a constant voltage.

The wind speed is varied from 6 m/s to 11 m/s at t = 1s. The active power increases gradually as it responds to the
change in wind speed. At t = 1s, the reactive power increases again to keep the voltage from increasing up as the power
generated increases. Eq.6.3 shows the linear relationship between the active power P, reactive power Q, apparent power
S, voltage V, and current I. So the voltage is linearly proportional to P, therefore an increase to P forces the voltage and
current to increase. Since the voltage needs to be kept constant, the reactive power compensates for this by increasing

so as to keep the voltage constant. At the end, it’s the current which increases symmetrically to the active power.

S=VI (6.3)
P =VI cosé
Q=Vising (6.4)
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Figure 6.5: PMSG simulated power curve with the wind speed varied
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Figure 6.6: PMSG simulated power curve with the wind speed constant at 6 m/s

For the wind speed of 6 m/s, the measured active power and reactive power at t = 0.974s is P =1.326 MW and Q =
14.38 kVAr respectively. Therefore, the power factor (p.f) is:
Q=Ptang

_Q
tand = 5 (6.5)

0 — tan [ 14:38 KVAr
1.326 MW

.c0s6 =0.9999
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According to the datasheet, the rated power factor, p.f = 0.8921. It can be solidly deduced that the VSC is able to

improve consistently the power factor of the stator transmission side to approximately 0.9999.

Similarly, for the wind speed of 11 m/s, the measured active power and reactive power at t = 1.975s is P =1.410 MW
and Q = 0.2523 MV Ar respectively. Therefore, the power factor (p.f) is:
Q=Ptang
tan g = % (6.6)

. tanl[ 0.2523 MVAr]

1.410 MW

-.€0s6=0.9841
This shows a power factor of 0.9841 which is much better than the rated one of 0.8921. This underlines the importance
of the VSC function in helping the system cope with voltage support.

6.2.2 PMSG Electrical Torque

The electromagnetic torque produced by the generator at steady state is equal and opposite in direction to the mechanical
one. The electromagnetic torque as developed in detail from chapter 2 is:

Te :g p|:isqlr//PM ] (67)

It can be deduced from Eq.6.7 that the electromagnetic torque varies directly proportional to the g-component of the
stator current. This relationship is observed from the graphs below: figure 6.7 and figure 6.8.
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Figure 6.7: PMSG simulated electromagnetic torque curve

6.2.3  Stator dg-component Currents

The controller tracking performance is investigated using the stator dg currents in figure 6.8. The controller starts with
a small overshoot then keeps full tracking throughout the period leading to 1s. The under-current before t = 1s in the
graph is due to the lower power production at wind speed 6 m/s; hence, lower current. At t =1s, the power production
increases so the controller firstly losses track of the reference, but it quickly responds and finds the reference. Thereafter
it perfectly tracks the reference current as the power production has increased and so is the current hence there are
matching.

MSC dqg-Stator Currents

800

600 Hi——— : a

v ." —d
400 r | [ — Id-ref

200

dq Stator currents [A]
o
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400 F \l .

600 s s s
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Time [s]

Figure 6.8: The simulated stator current d-component

The same explanation extends to the I current. The reference (lq-rer) remains constant throughout even at t = 1s because
the stator voltage is constant. The under-current before t = 1s in the graph is due to the lower power production at wind
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speed 6 m/s; hence, lower current. At t =1s, the power production increases so the controller firstly losses track of the
reference, but it quickly responds and finds the reference. The responds time is equivalent to the time it takes the reactive
power to settle down. Thereafter it perfectly tracks the reference current as the power production has increased and so

is the current hence there are matching. The spike is due to the changes in the reactive power; see fig. 6.9.
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Figure 6.9: The simulated stator current g-component

6.2.4 Stator abc currents

The abc stator current waveform is shown in the figure 6.10 below. It is not perfectly sinusoidal because there are some
harmonics left in the system. Since the focus of the research is on control design, these results are accepted for continual

analysis of the system.
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Figure 6.10: The simulated abc stator currents
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6.2.5 Stator abc Voltage

The abc stator voltage graph is shown in figure 6.11 below. It has a good waveform which is within the accepted
performance.
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Figure 6.11: Zoomed in simulated abc stator currents
6.3 MSC results

This section presents the results obtained from the machine side of the converter.

6.3.1 SPWM carrier wave

Figure 6.12 below shows the carrier wave which is then compared to the input voltage from the controller corrected or

modified signal using a comparator. This voltage is obtained after converting the dq controller voltage signals to the
abc controller voltage signals.
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Figure 6.12: Zoomed in SPWM carrier signal waveform

6.3.2 SPWM triggering signals

The outputs of the comparator are the signals that are used to trigger the IGBTs on and off. Figure 6.13 below shows
the PWM triggering signals results of the produced by the comparator.
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Figure 6.13: Triggering signals for the IGBTSs

94



6.3.3 DC-link Voltage

DC-link voltage control is more challenging for a PMSG wind turbine than a DFIG wind turbine [82]. The controller

performs to the desired DC voltage value with 5.477 % overshoot. It also effectively negates the changes at t =1 s due

to wind, see Fig.6.14.
DC-Link Voltage
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Figure 6.14: The simulated DC-link Voltage

It can be observed from figure 6.15 that the dc-voltage keeps constant throughout if the wind speed is kept constant

This effectively shows that the dc-voltage controller performs to the optimal level in which it is designed.
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Figure 6.15: DC-Link Voltage simulated at constant wind speed of 6 m/s
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6.4 GSC results

This section presents the results obtained from the grid side of the converter.

6.4.1 Grid Power system curves

The initial power produced at the speed of 6 m/s has double overshoot in the first 0.25s due to machine dynamics but
the controller quickly settles it thereafter. The graphs in figure 6.17 show interesting information: the power produced
by the PMSG system is perfectly passed through the converter to the grid as it is. This important observation validates
the relationship between the converter power and the grid power:

Py =P,

2e = lacVae (6.8)
The reactive power has some spikes at the beginning due to machine responds when it is started then it remains slightly
below zero throughout. This shows that the transmission grid is not made up of purely resistive parameters as it has an
inductance. It gives an important derivation that the power factor of a transmission grid can never be equal to 1.

For the wind speed of 6 m/s, the measured active power and reactive power at t = 0.988s is P =1.407 MW and Q =

49.53 kVAr respectively. Therefore, the power factor (p.f) is:

Q=Ptanéd
tang = % (6.9)

o tant[ 4953 kVArj
1.407 MW

..c0s6 =0.9993

Following the same calculation as above for the wind speed at 11 m/s, the power factor is found to be 0.9996 which is

similar to the one at 6 m/s as expected.

The active power graph in figure 6.16 is negative. This may suggest that the VSC is drawing power from the utility
grid. To fully understand how the power exchange occurs between the VSC and utility grid, a point of reference is
assumed that the utility grid is modelled as an infinite bus hence Vac < 0° ( the voltage is assumed to be very constant).
And the voltage produced by the VSC through modulation is modelled as Vconv < 8 with & being the phase shift angle.

Then the apparent power transferred between the two systems is:

Sac :Vac Iac (6.10)

The current flowing through the transmission line depends on the phase reactor hence:
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VL0V, 280

ac JG)Lg (6.11)
5, =V, [vacgo'—vcon45 } (6.12)
jolL,
Expanding the brackets and simplifying gives:
) 2
S,. = Msin(é) S+ V& —Mcos(& (6.13)
ol ol ol
It can be deduced from Eq. 6.13 that the active and reactive powers are:
V.V .
P,e =—=-sin(d) (6.14)
ol
2
Qac - J & _VaCVconv COS(é‘) (615)
ol oL,
Let Xq be the transmission inductance, then
V.V .
P =—5-%sin(0) (6.16)
XQ
2
Q=1 E—\Mcos(é) (6.17)
Xg Xg

So the active power is negative because it flows into the utility grid as demonstrated by Eq. 6.16. The reactive power is
below the zero regions as shown by Eq. 6.17. Since Vac is approximately equal to Vcony the factor 6 maintains the

relationship.

05 %108 Grid Power curve

— P
-0.5 —Q

P [W]
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-25fF

-3.5 : : :
0 0.5 1 1.5 2
Time [s]
Figure 6.16: Grid simulated power curve showing the relationship of P and Q
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The wind speed is varied from 6 m/s to 11 m/s at t = 1s. The active power increases gradually as it responds to the
change in wind speed. At t = 1s, the reactive power remains constant because the voltage source is from the VSC grid
side converter which controls the output voltage through adjusting the modulation index. Eq.6.18 shows the relationship
between the grid voltage and the dc voltage. So, when the active power increases, the VSC quickly adjusts the index m,

to keep the voltage constant.

3
22

U, =Uy -M-

. (6.18)

6.4.2 Grid dqg currents

The controller tracking performance is investigated using the grid dq currents in figure 6.18. The controller starts with
a small double overshoot then keeps full tracking throughout the simulation period. At t =1s, the power production
increases so the controller follows perfectly track of the reference. The Id current follows the lead of active power since

they are related through this equation in Eq.6.17.

ac

P =g(udid ugi,) (6.19)

Since Uq = 0 from the assumption made in chapter 3 and is proven in figure 6.17 below, then

P, = —gudid (6.20)

Grid Vd and Vq Voltage
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l
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—Vd

400 E—
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Figure 6.17: Grid Voltage dg-components
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So, it can be deduced that the grid current d-component is directly controlled by the active power of the grid.

Grid dg-currents
1000 T
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— Id-ref

-1000 1

-2000 l 1

dq grid currents [A]
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-5000 : ' :
0 05 1 1.5 2

Time [s]

Figure 6.18: The simulated grid current d-component

Similarly, the grid current g-component is also used to investigate the controller tracking performance of the reactive
power controller and the g-component of the inner current loop as shown in figure 6.19. The controller starts with a
small double overshoot then keeps full tracking throughout the simulation period. At t =1s, the reactive power
production remains unchanged, so the controller keeps perfectly track of the reference. The Iq current follows the lead

of the reactive power since they are related through this equation in Eqg.6.21.

3/ . .
Qu =3 (Ualy ~ Uiy ) (6.21)
Since Uq = 0 from the assumption made in chapter 3 and is proven in figure 6.18 above, then
i 6.22
Qac zzudlq ( " )

So it can be deduced that the grid current g-component is directly controlled by the reactive power of the grid.
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Figure 6.19: The simulated grid current g-component

6.4.3 Grid abc currents at PCC

The abc grid current graph is shown in figure 6.20 below. It has a good waveform which is within the accepted
performance
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Figure 6.20: The full simulated abc grid current
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The zoomed abc current at the PCC is shown in the figure 6.21 below. The waveform is clearly displaced 120°.
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Figure 6.21: Zoomed in simulated abc grid current

6.4.4 Grid abc Voltage at the PCC

The abc grid voltage graph is shown in figure 6.22 below. It has a good waveform which is within the accepted
performance.
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Figure 6.22: The full simulated abc grid voltage waveform
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The zoomed abc voltage at the PCC is shown in the figure 6.23 below. The waveform is clearly displaced 120°.
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Figure 6.23: Zoomed in abc grid voltage waveform
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CHAPTER 7: CONCLUSION AND FUTURE WORKS

This chapter provides a conclusion from the system project and the discussions made. It further makes future

suggestions on how the system can be developed and applied in other projects.

7.1 Conclusion

The research work carried out in this project presented successful results. The direct Pl controller without the
feedforward terms was designed to attain optimum performance. The key to achieve optimum performance of a
controller is the development of a super accurate mathematical modelling of the system. Chapter 2 set out the detailed

mathematical modelling of a wind turbine and a PMSG.

The system was further modelled in the state-space model to enable researchers who are working on small signal
analysis of the VSC-based PMSG to use the state-space models for their analysis of the system. Chapter 3 added further
detailed mathematical model of the VSC-HVDC. The proposed decoupling method was introduced, and a thorough
decoupling process was employed to produce the decoupled transfer functions of the inner current control loops. The
optimal torque control MPPT algorithm and vector control method were applied to implement the system.

In chapter 4, the components used for the PMSG and VSC-HVDC systems were rated and sized in accordance with set
standards and safety measures. The implementation of the components in Psim was also investigated. Chapter 5

presented the design procedures that were carried out to produce all the controllers for the VSC-based PMSG system.

Finally, chapter 6 investigated the performance of the thoroughly designed PI controllers for the system. The direct Pl
controller configuration without the decoupled terms was implemented. Based on the results obtained, this thesis
successfully implemented the new proposed controller configuration. It can be deduced, therefore, that VSC-based
PMSG can be implemented using a direct Pl controller to reduce system complexity and improve controller

performance.

7.2 Future works

This thesis has successfully demonstrated a new direct Pl controller without the decoupled terms. It successfully further
tested and implemented it in a VSC-based PMSG and obtained satisfactory good results. The direct P1 controller without
the decoupled terms research work can be extended to other wind turbines that are VSC-based such as DFIG, SCIG.

Fluctuations in the grid can be considered to assess the robustness of the system.

In addition to that, since the VSC has been proven in this thesis to separately control the active and reactive powers, it
can be proposed that a three-terminal VSC-based HVDC system be developed for a DFIG wind turbine. Since the stator
winding is usually connected directly to the grid, it is proposed that it be connected to the third terminal of the VSC
with the machine side converter connected to the rotor winding and the grid side converter connected to the utility grid.

This proposal stems from the fact that the VSC can consume or supply a reactive power to produce the magnetic current
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in the DFIG turbine, the VSC can supply the reactive power as it is able to provide full independent control of the active
and reactive power. Following the successful handling of the controllers in this thesis, the controllers are more capable

to achieve that objective of supplying the DFIG stator winding with a reactive power from the VSC.
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APPENDIX A : MSC INNER CURRENT CONTROLLER MATLAB CODE

%Pl Controller design for the inner current g-component
clc

R =0.821e-3; %stator resistance

L= 1.5731e-3; %stator inductance

A=[-R/L 0;0 -R/L];
B=[1/L 0;0 0];
C=[10];

D=[0];

T=ss(A,B,C,D);
T=tf(T)

%Since this returns two transfer outputs for the two inputs, reset the transfer as given on

%to form 1 output

S=tf('s))
Td= 635.7/(s+0.5219)

Tdc = Td/(Td+1)

%step(Tdc)

pidtool(Tdc)
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APPENDIX B: MSC DIRECT VOLTAGE CONTROLLER MATLAB CODE

%P1 Controller design for the VVdc-component
R =0.821e-3;

L=1.5731e-3;

Cap =11.83e-3;

Kp =3.1981

Ki =2046.3904

A=[-R/L 0;0 -R/L];
B=[1/L 0;0 0];
C=[10];

D=[0];

T=ss(A,B,C,D);

T=tf(T)

%Since this returns two transfer outputs for the two inputs, reset the transfer as given on

%to form 1 output

Td=635.7/(s+0.5219);

Tdc = Td/(Td+1) %Inner current transfer function

C_inner_GSC = Kp + Ki/s % Inner designed controller parameters

Tinner = Td*C_inner_GSC/(Td*C_inner_GSC+1) %%%Tunned Inner Transfer function or the controlled inner

transfer function

%%%%%% Outer controller design %%%%%%%%%%

s=tf('s");

Tdc_vol=1/(s*Cap) %%V dc-voltage Transfer function
Tdc_control=Tinner*Tdc_vol/(Tinner*Tdc_vol+1) %%% Closed loop transfer function

%step(Tinner)

pidtool(Tdc_control)
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APPENDIX C: MSC STATOR VOLTAGE CONTROLLER MATLAB CODE

%P1 Controller design for the Stator VVoltage
R =0.821e-3;

L=1.5731e-3;

A=[-R/L 0;0 -R/L];

B=[1/L 0;0 0];

C=[10];

D=[0];

T=ss(A,B,C,D);

T=tf(T)

%Since this returns two transfer outputs for the two inputs, reset the transfer as given on

%to form 1 output

Td=635.7/(s+0.5219);

Tdc = Td/(Td+1) %Inner current transfer function

C_inner_GSC = Kp + Ki/s % Inner designed controller parameters

Tinner = Td*C_inner_GSC/(Td*C_inner_GSC+1) %%%Tunned Inner closed loop Transfer function or the controlled

inner transfer function

%%%%%% Outer controller design %%%%%%%%%%

s=tf('s");

Tsta_vol=1.5/(s*L) %%V dc-voltage Transfer function
Tac_control=Tinner*Tsta_vol/(Tinner*Tdc_vol+1) %%% Closed loop transfer function

%step(Tinner)

pidtool(Tac_control)

113



APPENDIX D: GSC INNER CURRENT CONTROLLER MATLAB CODE

%P1 Controller design for the GSC Inner current-component
cle

R =0.821e-3;

L= 0.0875e-3;

A=[-R/L 0;0 -R/L];
B=[1/L 0;0 0];
C=[10];

D=[0];

T=ss(A,B,C,D);
T=tf(T)

%Since this returns two transfer outputs for the two inputs, reset the transfer as given on

%to form 1 output

Td= 1.143e4/(s+9.383)

Tdc =Td/(Td+1)

%step(Tdc)
pidtool(Tdc)
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APPENDIX E: GSC ACTIVE POWER CONTROLLER MATLAB CODE

%P1 Controller design for the P-component
R =0.821e-3;

L= 0.0875e-3;

Vd=530

Kp = 2.2306e5;

Ki =1033.8281,;

A= [-R/L 0;0 -R/L];
B=[1/L 0;0 O];
C=[10];

D=[0];

T=ss(A,B,C,D);
T=tf(T)

%Since this returns two transfer outputs for the two inputs, reset the transfer as given on

%to form 1 output

Td= 1.143e4/(s+9.383)

Tdc = Td/(Td+1) %Ilnner current transfer function

C_inner_GSC = Kp + Ki/s % Inner designed controller parameters

Tinner = Td*C_inner_GSC/(Td*C_inner_GSC+1) %%%Tunned Inner Transfer function or the controlled inner

transfer function

%%%%%% Outer controller design %%%%%%%%%%

Tpower=Tinner*1.5*Vd/(Tinner*1.5*Vd+1)

%step(Tinner)
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pidtool(Tpower)

APPENDIX F: GSC REACTIVE POWER CONTROLLER MATLAB CODE

%P1 Controller design for the Q-component
R =0.821e-3;

L= 0.0875e-3;

Vd=530

Kp = 2.2306e5;

Ki =1033.8281;

A=[-R/L 0;0 -R/L];

B=[1/L 0;0 0];

C=[10];

D=[0];

T=ss(A,B,C,D);

T=tf(T)

%Since this returns two transfer outputs for the two inputs, reset the transfer as given on
%to form 1 output

Td=1.143e4/(s+9.383)

Tdc = Td/(Td+1) %Inner current transfer function

C_inner_GSC = Kp + Ki/s % Inner designed controller parameters

Tinner = Td*C_inner_GSC/(Td*C_inner_GSC+1) %%%Tunned Inner Transfer function or the controlled inner
transfer function

%%%%%% Outer controller design %%%%%%%%%%
Tpower=Tinner*1.5*Vd/(Tinner*1.5*Vd+1)

%step(Tinner)
pidtool(Tpower)
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APPENDIX G: PITCH ANGLE CONTROLLER MATLAB CODE
%P1 Controller design for the PITCH ANGLE CONTROLLER
clear
clc
B=2000;
J=6250;
Th=0.1;
Tm=848.83€3;
Te=32.65€e3;
s=tf('s")
Tf=(1/(Tb*s+1)*((Tm-Te)/(J*s+B)))

pidtool(Tf)
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