PERFORMANCE ANALYSIS OF GRID-CONNECTED WIND
ENERGY SYSTEMS

Ph.D. THESIS

by

KANASOTTU ANIL NAIK

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE - 247667 (INDIA)

JULY, 2018






PERFORMANCE ANALYSIS OF GRID-CONNECTED WIND
ENERGY SYSTEMS

A THESIS

Submitted in partial fulfilment of the
requirements for the award of the degree

of

DOCTOR OF PHILOSOPHY
in
ELECTRICAL ENGINEERING

by

KANASOTTU ANIL NAIK

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE - 247667 (INDIA)

JULY, 2018






OINDIAN INSTITUTE OF TECHNOLOGY ROORKEE, ROORKEE-2018
ALL RIGHTS RESERVED






INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE

CANDIDATE’S DECLARATION

| hereby certify that the work which is being presented in this thesis entitled
"PERFORMANCE ANALYSIS OF GRID CONNECTED WIND ENERGY
SYSTEMS" in partial fulfillment of the requirements for the award of the Degree of Doctor
of Philosophy and submitted in the Department of Electrical Engineering of the Indian
Institute of Technology Roorkee, Roorkee is an authentic record of my own work carried out
during a period from January, 2014 to July, 2018 under the supervision of Dr. Chandra
Prakash Gupta, Associate Professor and Dr. E. Fernandez, Associate Professor, Department of

Electrical Engineering, Indian Institute of Technology Roorkee, Roorkee.

The matter presented in this thesis has not been submitted by me for the award of any
other degree of this or any other Institute.

(KANASOTTU ANIL NAIK)

This is to certify that the above statement made by the candidate is correct to the best of our

knowledge.
(Chandra Prakash Gupta) (E. Fernandez)
Supervisor Supervisor

Dated:







ACKNOWLEDGEMENTS

With GOD’s grace I have got this opportunity to thank all those who have supported me
all through this course of work. First and foremost, |1 would like to express my deepest sense
of gratitude towards my supervisors Dr. Chandra Prakash Gupta, Associate Professor,
Department of Electrical Engineering and Dr. E. Fernandez, Associate Professor, Department
of Electrical Engineering of Indian Institute of Technology Roorkee, Roorkee, for their
patience, inspiring guidance, constant encouragement, moral support and keen interest in
minute details of the work. | am sincerely indebted to them for their pronounced individuality,
humanistic and warm personal approach, and excellent facility provided to me in the
laboratory to carry out this research.

| also express my sincere gratitude towards my research committee members Dr. N. P.
Padhy (Professor EED & Chairmen SRC), Dr. D.K. Khatod, (Associate Professor, EED), Dr.
R.P. Saini, (Professor, Department of AHEC) for their invaluable direction, encouragement
and support, and above all the noblest treatment extended by them during the course of my
studies at I1I'T Roorkee.

| heartily extend my gratitude to Head of the Department of Electrical Engineering, and all
faculty members of the department for their help, moral support and providing the excellent
infrastructure, laboratory and computing facility for the research work.

| acknowledge my sincere gratitude to the Ministry of Human Resources and
Development (MHRD), Government of India for providing financial support during my
doctoral research work.

| express my sincere thanks to all seniors especially to Dr. N.Venkata Ramana, Dr. D.
Suresh, Dr. Aurobinda Panda, Dr. T. Ramesh Naik, Mr. K. Janardana Rao, Y. Srinivasa Rao
and Mr. V. Jagan for supporting me during the whole period. | extend my sincere thanks to
my colleagues Mr. A. Narendra babu, Mr. Naveen Yalla, Mr. Sanjeev Kumar, Mr. Sidhard
and Miss. Rinalini lahon for sharing and supporting me during my research work. I will never
forget my friends Mr. Pankaj Negi, Mr. O.P.Yadav, Mr. K. Kumaraswami and Mr. K. Raju
for keeping me motivated by their caring words and whole hearted supports during the
research work.

I would also like to thank all the administrative & technical staff of the Department of
Electrical Engineering, Indian Institute of Technology Roorkee, Roorkee for their cooperation
and necessary facility provided to me to carry out this research work. My special thanks to

Mr. Amir Ahmed who made necessary arrangements during my research work.
[



| owe a debt of gratitude to my parents, Shri. Deepla and Smt. Krishanmma, my brother
Naveen, sister-in law Mangaveni, Sister Umarani and brother-in-law Ramu for their endless
support, encouragement, patience and care.

| sincerely acknowledge the ethical support from my father-in-law Shri. Bhagya Naik and
mother-in-law Smt. Umarani.

No words can adequately express my deepest gratitude and love to my wife Smt. Madhuri
for her unconditional support, encouragement, love and inspiration and always being there
during my good and bad times. | express my deepest love to my cute daughter Adhya whose
smiling faces always refresh me.

May all praise be to the Almighty, the most beneficent, and the most merciful.

(Kanasottu Anil Naik)



ABSTRACT

Wind energy has recently emerged as one of the most promising and significant sources of
renewable energy that is replenishable. Unlike conventional power plants, wind power plants
emit no air pollutants or greenhouse gases and therefore, wind energy provides clean and non-
polluting form of electricity. Today, more than 341,320 wind turbines are spinning all over
the world. However, the growing penetration of wind energy system (WES) into electric
network poses significant challenges on a wide range of issues, the major ones are as follows:

a) Variable Wind speed - Wind speed is intermittent and stochastic in nature and the
output of wind turbine (WT) is proportional to the cube of the wind speed. This causes the
wind generator output power to fluctuate largely for even small changes in wind velocity. The
power in the grid determines the frequency at which the grid will operate. When the
penetration of WES in the grid is large, the wide power variations may result in significant
fluctuations in grid frequency.

b) Transient faults- The induction generator is extremely sensitive to the grid faults as
its stator winding is directly connected to the grid. If short-circuit faults occur in the power
network, induction type WES tend to drain relevant amount of reactive power potentially
causes rotor instability due to voltage collapse. In recent years this has become a major
concern as the wind power penetration is increasing in the grid power mix.

(c) Grid code requirement- The grid codes are originally defined keeping in mind with
conventional generators. But increasing penetration level of wind generators into power
system has pushed wind farm operators to set new grid code requirements for reliable grid
operation. During the disturbances, wind generating stations connecting to the grid must
satisfy the grid code requirements in order to ensure power system stability and reliable
operation.

However, designing a robust controller for effective power smoothing, fault ride through
and smooth grid interaction operation subjected to above issues is a challenging task to the
control engineers as wind energy system become highly uncertain. In response to these
challenges, this thesis mainly proposes a novel control strategy with interval type-2 fuzzy sets,
for handling the uncertainties in the network operating conditions. The third dimension
membership functions (MFs) and foot-print-of-uncertainty (FOU) offer an additional degree-
of-freedom in the controller design to take uncertainties into account. The feasibility of the
controller is also investigated in some test cases by developing the real time simulations using
OPAL-RT digital simulator.



Therefore, the main focus of the thesis is to investigate the applicability of the interval
type-2 fuzzy logic controller (FLC) for fixed speed and variable speed wind energy systems to
improve the operational performance under varying wind speed and network faults. The core
objectives of the thesis are as follows:

e Transient stability enhancement and power smoothing of WES using type-2 fuzzy

logic based pitch-angle controller.

e Stability enhancement of fixed speed wind farm using STATCOM equipped with

type-2 fuzzy logic based damping controller.

e Performance analysis of a fixed speed wind farm using unified voltage and pitch-angle

control (UVPC) strategy.

e Design and analysis of adaptive type-2 FLC-PI for a variable speed (DFIG) wind

energy system.

In general, pitch-angle controller regulates the generator output power when the wind
speed exceeds the rated wind turbine speed. Besides, this it can also be employed to stabilize
the WES rotor speed during the transient disturbances. In this part of the thesis, therefore, a
logical pitch angle controller strategy (in power and speed control modes) has been developed
and an interval type-2 fuzzy logic technique is proposed to design the controller. To evaluate
the effectiveness of the type-2 fuzzy logic based pitch-angle controller, the simulations have
been carried out for severe network faults and fluctuating wind conditions and results are
compared with conventional Pl and fuzzy logic controller (called as type-1 fuzzy logic
controller) that has been reported in the literature. Moreover, some key factors that affect the
transient stability of wind generator have also been investigated. The electrical torque as well
as mechanical torque versus rotor speed results are obtained under different pitch-angle
conditions, and concept of stable and unstable electrical-mechanical equilibrium points are
established. This type of investigation is very important to expand the operating limitations of
the wind turbine driven induction generator under the severe faults.

The WES has an undesirable characteristic in which its power output varies with wind
speed, resulting in fluctuations in the grid frequency and voltage. This part of the work
initially employed exponential moving average (EMA) concept to generate reference power.
Later on, an interval type-2 fuzzy logic based pitch-angle controller is implemented and
designed for good reference tracking and therefore, it can smoothen out the WES output
power more effectively. Different types of wind speed patterns are employed to validate the
effectiveness of the proposed controller. Real time simulations are also developed to show the
applicability of the proposed controller using the OPAL-RT digital simulator. The results

show that the proposed type-2 fuzzy logic based pitch-angle controller offers better
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performance in tracking reference power and hence, it offers good smoothing of output power
fluctuations than conventional proportional-integral (P1) and traditional fuzzy logic (type-1)
controllers. The performance of the proposed controller is also estimated using power
smoothing and energy loss functions in terms of performance indices.

Fixed speed wind farms employing squirrel-cage induction generator still exist in the
world with a considerable number due to their advantages. In the event of grid faults, they are
extremely sensitive as their stator winding is directly connected to the grid. As for cases in
which if the penetration of wind farm is large in the generator mix and therefore, supplying
power to the grid have adverse impact on the power system to which they are connected.
Therefore, stability of wind farm becomes an important issue and has recently attracted
considerable attention. As a preliminary study, this part of the work, therefore, investigates
the impact of fault ride-through on the stability of fixed speed wind farm. The effect of fault
locations and fault time durations on the stability of fixed speed wind farm are studied for
different types of fault such as line-to-ground (LG), double-line-to-ground (LLG) and three-
line-to-ground (LLLG) faults. The simulations are then repeated incorporating a static
synchronous compensator (STATCOM) to study its contribution to support the wind farm
during different fault conditions. The outputs include the affected voltage profile, active and
reactive power magnitudes. Later on, an interval type-2 fuzzy logic based damping controller
for STATCOM is proposed to contribute an adequate damping characteristic which improves
the transient stability of wind integrated power system. In this regard, three different scenarios
(STATCOM-without damping controller, STATCOM-with type-1 FLC based damping
controller and STATCOM-with type-2 FLC based damping controller) are considered to
evaluate the effectiveness of the proposed method by comparative analysis. The simulation
results are obtained for different fault cases such as LLLG, LLG and LG. All the simulations
are carried out on a test system using MATLAB/Simulink® software.

The increasing penetration of wind energy system into power system has pushed grid
operators to set new grid code requirements in order to maintain acceptable and reliable
operation of the system. One of the most relevant grid code requirements is low voltage ride-
through (LVRT) capability of wind generators. In case, whenever large voltage dip occurs due
to severe network disturbances, the wind generators must remain connected, instead of
tripping, in order to avoid other sequence of disturbances triggering in the power system. This
part of the thesis proposes Unified Voltage and Pitch-angle Control (UVPC) strategy for fixed
speed wind farm. The focus is put on guaranteeing the grid code compliance (i.e. LVRT)
when the wind farm subjected to severe network fault. The UVPC consists of STATCOM

voltage control and pitch-angle control loops which are coordinated in order to enhance the
Vv



low-voltage ride-through capability of the wind generators thereby, fulfilling the prescribed
LVRT grid code requirement. To evaluate the effectiveness of UVPC strategy, different test
cases have been considered which are as follows:

(a) System without STATCOM and pitch-angle controller

(b) System with STATCOM only

(c) System with STATCOM as well as pitch-angle control (i.e. UVPC).
The simulation results show that the adoption of STATCOM and pitch-angle controller helps
in complying with LVRT requirement so as to ensure the continuous operation of wind
turbines.

Moreover, UVPC strategy is also employed and investigated for its applicability in
smoothing out the output power and voltage regulation of a fixed-speed wind generator in the
partial load region subjected to varying wind speed.

In both conditions (transient fault and varying wind speed) the pitch angle control loop of
UVPC has been designed using type-2 fuzzy logic controller, as it offers effective
performance than other control technique such as conventional PI and type-1 FLC.

Doubly fed induction generator (DFIG) is very sensitive to voltage variations in the grid,
which pose limitations for wind plants during the grid interaction. Handling the disturbances,
which cause voltage variations in the grid thereby, affecting DFIG is a major challenge to
make it complaint with the modern grid code requirement. This work proposes an advanced
interval type-2 fuzzy logic-proportional integral (PI) controller for torque and voltage control
loops of rotor-side converter (RSC) of DFIG. The gains of PI controller are determined and
tuned by interval type-2 fuzzy logic method according to system operating condition. Thus,
the adaptive nature of type-2 fuzzy logic and the robust nature of Pl controller combined
together, eventually exhibits good steady-state and dynamic responses. The performance of
the proposed controller has been evaluated for different operating conditions of DFIG such as
severe fault and voltage sag with reference to varying wind speed. A 1.5MW DFIG connected
to the grid is modeled using MATLAB/Simulink® and then it exported to OPAL-RT digital
simulator for real time simulation. The performance of the proposed controller scheme is
verified through a comparative analysis with its traditional fuzzy logic-PI counterpart. The
transient analysis of tuned Pl gains with interval type-2 fuzzy logic shows the improved
performance subjected to disturbances (i.e. three phase short circuit fault and voltage sag) as
desired by the grid codes.
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CHAPTER 1: INTRODUCTION

1.1 Renewable energy

Fossil fuels (e.g. coal, gas and oil) being a major energy producer are recognized
nonetheless as a major cause of environmental pollution posing severe challenges to mankind.
Moreover, these resources are limited in availability and their production will be at peak in
the next few decades. At the same time, nuclear energy development is receiving huge
political opposition from various countries. With these compulsions, to address the ever
increasing energy demands and draining out of fossil fuels, the research community is striving
for use of alternative energy resources. The necessity of bulk energy production combined
with the interest in clean technology has resulted in an increased development of power
generation using renewable energies [20]. Renewable are highly eco-friendly, resulting in
deep reductions in greenhouse gas emission with low cost of required energy.

The sun is the primary source of renewable energy, with some forms also attributed to the
earth and moon. The major resources which technically use conversion methods and natural

ways of conversion are listed in Table 1.1. Among them, wind energy emerging as one of the

Table 1.1: Sources of renewable energy [155]

Primary source | Medium Natural conversion Technical conversion
Sun Solar energy | Solar radiation Photovoltaic conversion,
Heliothermal conversion
Heating earth surface Thermal power units, heat
and atmosphere pumps
Ocean current Ocean power plant
Wind Wave movement Wave power plant
Atmospheric airflow Wind energy conversion
Water Precipitation, Melting, | Hydro power plants
Evaporation
Earth Isotopic Geothermal heat Co-generation plants
decay
Biomass Biomass production Co-generation plants
Moon Gravitation Tides Tidal power plants




most promising and significant renewable energy resource is suitable for bulk energy
production, which is replenish-able so no matter how much is used today there will still be the
same supply in the future and more.

1.2 Present status of wind energy

Several organizations such as American Wind Energy Association (AWEA), National
Renewable Energy Laboratory (NREL), and Global Wind Energy Council (GWEC) are
working in the world in the area of wind energy research. According to GWEC, by 2020 wind
energy can supply approximately about 12% of the world’s total electricity demand. Today,
more than 341,320 wind turbines are operating all over the world [47]. Figure 1.1 shows the
global annual installed wind capacity worldwide during the period (2001-2016). Figure 1.2
depicts the top five most countries which have installed wind power during the year 2016
itself. Finally, the global cumulative wind power capacity installed from the year 2001 to

2016 is shown in Figure 1.3.
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Figure 1.1: Global wind power capacity installed annually (2001-2016) [47]
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Globally, wind power installed capacity has risen exponentially from approximately
23.9GW in 2001 to 486.790GW by 2016 as shown in Figure 1.3. In every five years, the wind
power installation has doubled. On 25th April, 2016 in Delhi, GWEC unveiled its flagship
publication on “Global Wind Report: Annual Market Update at Wind energy”. In 2016, wind
power installed across the global market is around 54GW which now comprises more than
ninety nations, including twenty nine nations which have now reached the 1,000MW mark,
and nine nations with more than 10GW of wind power production. Cumulative capacity
increased by 12.6% to reach a total of 486.790GW. Figure 1.4 shows the global cumulative
wind capacity by different regions from 2008-2016. Figure 1.5 shows the top five countries
contributing percentage of wind power upto the year 2016.

® China
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Figure 1.5: Top five countries wind power contribution by the end of 2016

Table 1.2 shows the global wind power installed capacity with different regions (with
country wise contribution) by the end of year 2016. The top five most wind energy generating
countries are China (168.732GW), USA (82.184GW), Germany (50.018GW), India
(28.7GW), and Spain (23.074GW).Wind energy installations are increasing continuously day
by day, led by Germany pushed 16%, followed by Cyprus and Spain with well over 20%,
Uruguay, Portugal and Ireland around 20%, and Denmark at 40%. Moreover, the markets like
Canada, US and China are getting their power from wind by 6%, 5.5% and 4%, respectively.
According to five year forecasts seen by the GWEC, the new wind power installations in 2017
is around 60GW and the annual market will rise to about 75GW by 2021, which will bring the
global cumulative installed capacity to more than 800GW by the end of 2021.



Table 1.2 Global wind power installed capacity region with country wise by the end of 2016

[47]
GLOBAL INSTALLED WIND POWER CAPACITY (MW)-REGIONAL DISTRIBUTION
End 2015 New 2016 Total 2016

AFRICA & MIDDLE EAST Jordan 119 - 119
Tunisia 245 - 245
Ethiopia 324 - 324
Morocco 787 - 787
Egypt 810 - 810
South Africa 1,053 418 1,471
Other 150 - 150
Total 3,488 418 3,906

ASIA Philippines 216 - 216
Thailand 223 - 223
Pakistan 308 282 590
Taiwan 647 35 682
South Korea 835 201 1,031
Japan 3,038 196 3,234
India 25,088 3,612 28,700
PR China 145,362 23,370 168,732
Others 253 25 276
Total 175,970 27,721 203,685

EUROPE Belgium 2,218 177 2,386
Austria 2,404 228 2,632
Ireland 2,446 384 3,830
Romania 2,976 52 3,028
Netherlands 3,443 887 4,328
Denmark 5,064 220 5,228
Portugal 5,050 268 5,316
Poland 5,100 682 5,782
Turkey 4,694 1,387 6,081
Sweden 6,029 493 6,520
Italy 8,975 282 9,257
France 10,505 1,561 12,066
UK 13,809 736 14,543
Spain 23,025 49 23,074
Germany 44,941 5,443 50,018
Rest of Europe 7,220 1,077 8,241
Total Europe 147,899 13,926 161,330

LATIN AMERICA & CARIBBEAN Caribbean 164 - 164
Dominican Republic 86 50 135
Honduras 176 - 176
Peru 148 93 241
Panama 270 - 270
Costa Rica 278 20 298
Argentina 279 - 279
Uruguay 845 365 1,210
Chile 911 513 1,424
Brazil 8,726 2,014 10,740
Others 335 24 359
Total 12,218 3,079 15,296

NORTH AMERICA Mexico 3,073 454 3,527
Canada 11,219 702 11,900
USA 73,991 8,203 82,184
Total 88,283 9,359 97,611

PACIFIC REGION New Zealand 623 - 623
Australia 4,187 140 4,327
Pacific Islands 13 - 13
Total 4,823 140 4,963
World wide 432,680 54,642 486,790




1.3 Wind energy systems configurations

The wind energy conversion system (WECS) consists of two main electrical components,
namely, a generator and a power converter. Therefore, by combining these two components
and with their different designs, WECS configuration can be classified into three different
groups [16]: (1) fixed-speed WECS without power converter interface, (2) variable-speed
WECS with reduced-capacity converters and (3) variable-speed WECS with full-capacity

converter interface [18].
1.3.1 Fixed-speed WECS without power converter

A typical configuration of fixed-speed WECS without a power converter interface is
depicted in Figure 1.6, where a generator is directly connected to the 50Hz or 60Hz utility
grid. This type of WECS employs a squirrel-cage induction generator (SCIG), and its rotor
speed is computed by number of pair of poles in the generator and the grid frequency. The
operating range of generator speed varies within 1 to 2 percentages for different values of
wind speed. As the variation of generator speed is very small and the system is often called as

fixed-speed wind energy conversion system [177].

Bypass switch
i
Transformer
— | 1
=it @ ’g«' T
- —/ L
o K Grid
Gearbox SCIG Soft starter T
Capacitor bank

Figure 1.6: Fixed speed WECS configuration

Here, a gearbox is employed between the rotor of the wind turbine and the rotor of the
generator in order to match the speed difference between the generator and turbine. This type
of configuration incorporates soft starter in order to limit the high inrush current during
system start-up, later on, it is bypassed with a switch once the system is started [136]. At the
generator terminal a capacitor bank is connected to provide necessary amount of reactive
power consumed by the SCIG to maintain the power factor at reasonable value.

The main features of this type of WECS are: low maintenance cost, more reliable, robust
and very good for low energy yields [4, 12, 13, 30]. The disadvantages are: the generator
output power fluctuates with wind speed variations cause the grid frequency disturbances,

moreover, this type of WECS delivers the rated power to the grid at a given wind speed, but
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for other wind speeds it produce low energy conversion efficiency. In spite of its drawbacks,
this WECS is still widely accepted in industry with a power rating up to a couple of
megawatts [69].

1.3.2 Variable-speed WECS with reduced-capacity converters

After the use of power electronic converters in the WECS, the whole scenario of wind power
generation has significantly changed. Variable speed concept has numerous merits compared
to fixed-speed WECS [32, 56, 92, 111]. In case of variable speed WECS by changing the
speed of wind turbine one is able to store the variable incoming wind power as rotational
energy. Therefore, it provides more energy production with less stress on the mechanical
structure and leads to reduction in wear and tear on the bearings and gearbox; and also
increases the life cycle of them. The rotational speed of the generator is decoupled from the
grid frequency; hence, the rotor can be operating with variable speed adjusted to actual speed
situation. The application of power electronic converter in the WECS decouples the generator
from the grid, which enables the active and reactive power control [110].

Based on the converter capacity with respect to total system capacity the variable-speed
wind energy conversion system is further classified into two types; full-capacity power
converter and reduced-capacity power converter. The variable-speed WECS with reduced
capacity converter employs the doubly-fed induction generator (DFIG) and wound-rotor
induction generator (WRIG). Further, WRIG possess two designs configurations: one with a
four-quadrant power converter system, and the other with a converter-controlled variable
resistance [19].

A typical configuration of the WRIG-WECS with a variable resistance in the circuit is
shown in Figure 1.7. In this configuration, the external rotor resistance is controlled by means
of a power electronic converter which is mounted on therotor shaft itself. Hence, it is possible
to adjust the speed range typically at about 10% above the synchronous speed of the generator
[21]. This system captures more power from the wind due to variable operation, but it incurs
power losses due to rotor resistance. This system also requires a capacitor bank and a soft

starter for reactive power compensation and generator start-up, respectively.
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Figure 1.7: Variable-speed WECS configuration with variable rotor resistance

Therefore, the alternative configuration of DFIG based WECS system is shown as in Figure
1.8. In this type of configuration, the generator rotor is connected to the grid through a back-
to-back converter and stator is directly connected to the grid. The converter employed in this
system processes only the slip power which is approximately 30% of the rated power of the
generator. This results in reduced converter cost over wind energy system using full converter
capacity [14]. This concept is mainly motivated by two reasons:

e Less expensive configuration due to low rated power electronic converter as compared

to the full rated and

e Variable speed operation over awide speed range.
Here, the DFIG based WECS operating modes can be classified into two types with respect to
rotor speed: (1) super-synchronous mode - in which the generator operates with above
synchronous speed and the converter injects energy back to the grid; and (2) sub-synchronous
mode - in which the generator operates with below synchronous speed and the converter
draws energy from the grid.

The net power flow from the overall WECS to the grid is always positive. At the above

rated wind speed, the mechanical power is reduced by changing the pitch angle of the blades.
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Figure 1.8: Variable-speed configuration with reduced-capacity converters



1.3.3 Variable-speed WECS with full-capacity power converters

Figure 1.9 shows another configuration for the variable speed WECS where the generator is
connected to the grid through a full-capacity converter system [177]. This type of
configuration utilize generators such as wound-rotor synchronous generator (WRSG),
permanent magnet synchronous generator (PMSG) and squirrel-cage induction generator,
upto several megawatts. The converter power rating is same as that of the generator power
rating. The total turbine power goes through the converter that converts varying generator
frequency (due to the variable wind speed) into a constant grid frequency. Therefore, with the
help of converter, the generator is fully decoupled from the grid and can be operated in the
full speed range by making use of the converter. Moreover, the converter also provides

reactive power compensation and smooth grid interaction.

—>
~n/L =
=t o)
‘ Transformer -
Gearbox SCIG Full-capacity Grid
WRSG Power converters
PMSG

Figure 1.9: Variable-speed configurations with full-capacity converters

The main limitation of this configuration is more complexity and cost. The use of full
rated power converter between the generator and grid results in extra losses in the power
conversion. Besides, it will again add to the cost and technical issues such as power quality
problem. It is observed that this configuration can also operate without a gearbox if the
synchronous generator employed is designed for low-speeds with a large number of poles.
Avoiding of gearbox can improve the efficiency and reduce maintenance and initial costs.
But, a low-speed generator consists of large number of poles where it substantially requires
larger diameter to accommodate these poles on the perimeter and therefore, results in

increased generator fabrication and installation costs.

1.4 Grid integration issues of wind energy system (WES)

To successfully integrate a wind energy system into the grid, the major issues [8, 15] which

need to be addressed are as follows:

e Transient stability
e Power, frequency and voltage fluctuations (due to wind speed variation)
e Grid code requirements



1.4.1 Transient stability

To understand the transient stability issue of a WES, let us consider a grid-integrated wind
energy system. When a fault (temporary or transient fault) occurs in the connected power
grid, the rotor speed of the wind generator becomes very high (as electrical torque decreases
while mechanical torque remains constant due to wind flow) and as a result, active power
output depressed to very low value, and terminal voltage collapses or drops to a low value. If
this voltage drop condition continues, it may cause wind turbine rotor to accelerate and
make rotor speed unstable and finally the WES may get disconnected from the grid. But, with
increasing penetration of wind energy, the power system need that the WES must be able to
stay connected (ride-through) to the transient faults and thus, contribute to the important
system services such as momentary reserves and short circuit capacity during faults. In other
words, the wind generator should have good fault ride-through (FRT) capability. This clearly
indicates that wind generator stabilization is necessary during the network faults.

1.4.2 Power, frequency and voltage fluctuations (due to wind speed variation)

Wind speed is intermittent as well as stochastic in nature. So, as the wind speed varies, the
output power of wind generator fluctuates (as wind turbine output power is proportional to
the cube of the wind speed), resulting in fluctuations in frequency and terminal voltage. In
other words, power quality of the wind generator deteriorates [62, 64] and it is becoming
major concern as the wind power installations are increasing in number. Thus, grid voltage,
frequency, and transmission line power should be maintained constant. To this end, some

control means are necessary [6, 7, 63].

1.4.3 Grid code requirements

With the increasing penetration of wind generators in a power system, it is necessary to
operate wind farms as much as like synchronous generator plants to support the grid
frequency and voltage during the network disturbances as well as during steady-state
conditions. This requirement leads many countries to develop and establish a new grid codes
for wind farms’ operation in the power grid. Generally, grid code incorporates all technical
aspects relating to connection, operation and power transmission. It lays down the rules that
define the ways that the generating stations connecting to the system must operate so as to
maintain grid stability. The objective of grid codes is to ensure that the increased penetration
of wind power does not compromise the security, reliability and power quality of the electric

power system [159].
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Although, the grid code technical requirements change from system to system, the typical

requirements for the generators normally concern tolerance, power quality, protective devices,

and control of active and reactive power. The manufactures of wind turbine, therefore, must

include these grid code requirements and to meet these requirements, research has been

conducted to develop solutions and technologies. The typical grid code requirements for grid

connection and operation of wind turbines are summarized as follows:

1. Voltage range:

2. Frequency range:

3. Active power control:

4. Frequency control:

5. Voltage control:

The wind turbines are required to operate within the acceptable

grid voltage variations.

The wind turbines are required to operate within typical grid

frequency variations [127].

Active power control is another requirement of grid code to

ensure frequency stability of the system.

In this grid code requirement, the wind farm needs to provide
frequency regulation capability in order to maintain the desired

grid frequency.

Wind turbines are required to control their terminal voltage to a

constant value by using a voltage regulator.

6. Reactive power control: In this grid code requirement, the reactive power and power

factor must be maintained in the desired range for which wind

farms need dynamic reactive power control.

7. Low-voltage ride-through (LVRT): In this grid code condition, the wind turbine must

remain connected to the power grid for specific time duration
before being allowed to disconnect whenever, it subjected to
voltage drop or faults at its point-of-common-coupling (PCC). In
addition, some utilities require that wind turbine must help

support grid voltage during faults.

Grid code regulations and requirements, significantly, change from systems to system and

from country to country. In certain regions, the grid codes may cover only a part of these

requirements. The differences in grid code requirements are caused by different degrees of

power network robustness and by different wind power penetrations. Figure 1.10 shows

typical LVRT requirements for the different countries [83].
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Figure 1.10: Low voltage ride through (LVRT) requirement for various grid codes

In general, LVRT can be defined as “the maximum voltage drop (either in terms of
magnitude or in terms of time) for which a wind turbine is able to withstand without
suffering from rotor speed instability”. The fault ride-through characteristic specified by
the Germany grid operator for the wind turbine is as shown in Figure 1.11. According to this
grid code requirement, a FSIG is expected to ride-through zero voltage (at the PCC) for 0.15s
due to solid fault, but once the fault is cleared, the connection point voltage must recover to

90% of its nominal value within 1.5s from the occurrence of fault.

A
V IV (%) Start of fault

e I

Disconnected

QAN

t t+0.15 t+1.5 Time (sec)

v

Figure 1.11: Fault ride-through characteristic specified by the Germany grid operator
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1.5 Research background

There exist two types of wind turbine generator systems which are commercially available
— Fixed-speed and variable-speed WESs. In the early stage of wind energy market, the most
of wind power systems were employed with fixed speed induction generators (FSIGs) and,
still exist due to their low cost, low maintenance and robustness. At present, 20% of the
installed wind power is still being produced by Squirrel Cage Induction Generator (SCIG)
based fixed speed WES. Respectively, in Australia, Germany and Denmark about 87MW,
48MW and 47.1MW of installed wind turbines (rated 1.5MW) are SCIG based wind turbines
[163]. Among the many variable concepts, Doubly-Fed Induction Generator (DFIG) based
variable speed WES has become most popular nowadays as the converter rating can be kept
fairly low (approximately 25% of the total machine power). Currently, DFIG based WES
occupies close to 50% among the total wind power generation. Due to its clean technology,
the whole world shows interest towards the wind energy generation, consequently, in the very
near future huge amount of wind energy systems are going to be installed. Therefore, it is
necessary to investigate the performance of wind energy systems subjected to the disturbances
such as wind speed variations and network faults which cause grid integration issues.

The pitch-angle controller is generally used to limit the aerodynamic power to its rated
value [141] when the wind speed crosses the above rated wind speed. In some previous work
[42, 70, 76, 103, 104, 131, 138, 143, 171], different methods have been proposed to design the
pitch control system to regulate the generator output power at rated level and improved the
output power quality with frequent wind speed changes. Beside this, pitch-angle controller is
also employed to stabilize the WES during transient faults [28, 29]. Therefore, it is important
to carry out the transient stability analysis so as to investigate the impact of WES into utility
grid. In this regard, some of the researchers have designed rotor speed control based pitch-
angle controller to enhance the transient stability [10, 112, 151, 161, 176]. In the above works
-in [42, 70, 76, 103, 104, 131, 138, 171], they designed pitch angle controller for above rated
wind speed where it regulate the generator output power to its rated value, and in [10, 112,
151,161, 176], they investigated the pitch angle controller for transient stability enhancement.
However, none of them suggested use of the pitch-angle controller for both purposes (i.e.
maintaining the power output at its rated value for above rated wind speed and transient-
stability during network faults). Therefore, references [35, 36, 113, 114], have designed pitch-
angle control strategy to improve the power quality and transient stability using traditional
fuzzy logic controller (called as Type-1 FLC). Fuzzy logic based pitch-angle controller is best

suited as it provides improved performance in tracking reference, in comparison to other
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controllers. In general, based on expert knowledge and experience, membership functions
(MFs) are defined and fuzzy rules are framed, accordingly. Once the MFs have been defined
for designing the FLC, the uncertainties in actual degree of MFs cannot be modelled or
account for. As a result, the controller (FLC) may not be robust for all types of operating
conditions. Therefore, there is a need to look for the new methodology to model the
uncertainties in the MFs. Moreover, the effort was made in the past [46] on stability
enhancement of wind turbine driven induction generators assuming the mechanical torque
constant during and after the fault which may not be accurate as the mechanical torque
depends on the power coefficient and pitch angle of wind turbine system. Therefore, the
accurate mechanical torque versus rotor speed characteristic required to be achieved and how
these can be improved by pitch angle controller, needs to be investigated.

The next issue is power smoothing of wind energy system using a pitch angle controller.
Though wind energy is considered to be very prospective source of power generation,
randomly varying wind speed causes wind power to fluctuate which is still a serious issue for
power grids, especially for fixed speed WESs. Depending on the wind condition, the wind
power fluctuations usually occur on the timescale of a few seconds to several hours. But in
case of wind farm, these power fluctuations are smaller as compared to a single WES.
However, for isolated systems or future energy system with huge penetration of WESs, it is
important to draw attention towards wind power smoothing. Many researchers have focused
their attention and provided new methods for smoothing the power fluctuations of a wind
power system. In [44], smoothing the output power of wind farm has been employed using
fly-wheel energy storage system, but it involves a complicated control approach. In [60, 115],
power storage system is studied for smoothing the output power of the WES. Though, this
method is very effective when the power quality is targeted, but economically not feasible. In
[68, 86], a battery energy storage system (BESS) is employed to mitigate the wind power
fluctuations. However, BESS involve issues like chemical process, short life and slow
response. The superconducting magnetic energy storage (SMES), for their fast response and
efficiency, is best choice for wind energy system [149, 189]. However, with huge operating
cost involved, its application is still critical from a practical point-of-view. On the other hand,
the WT equipped with pitch-angle controller has become very popular method for smoothing
the output power fluctuations. Various techniques like H-co controller [140], adaptive control
[139], and predictive control [146] have been proposed for output power smoothing to ensure
that the generated output power follows a command value determined by the moving
average. The main limitations of these controllers are that H-oo controllers are monolithic and

their complexity/order tends to be very high as compared to other controllers, the adaptive
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controller requires a model formation in order to design the controller, and in the case of
predictive controller, there is no industrial development due to implementation issues.
Therefore, intelligent control techniques such as fuzzy-logic controller (FLC) and fuzzy-NN
are being implemented in WT pitch-angle controller [35, 114, 128, 147]. These modern
techniques have numerous advantages as they do not require the mathematical model of
the system and are capable of handling non-linearity. But, neural network algorithms are
complicated and require more intensive computation due to online training of the system
parameters. Therefore, in recent studies [26, 71], fuzzy logic controller (called as type-1 FLC)
based pitch-angle controller is best suited as it provides improved performance in tracking
reference in comparison to other controllers but, it has limitations such as uncertainties in the
rules and MFs cannot be accounted for. Therefore, an improved and appropriate control
technique needs to be adopted.

In case of fixed-speed wind farms, the reactive power compensation is a major problem
[142] in both, transient and steady-state operating conditions. Usually, a capacitor is
connected to the low voltage terminal of the wind turbine generator to provide the
required amount of reactive power during the normal operating condition. But, it fails (under
severe faults conditions) to supply adequate reactive power demanded by the WES leading to
stability issue. Therefore, various studies have been reported for stability improvement of
fixed speed wind farms. Usually, a pitch-angle controller is employed to limit the
aerodynamic power at rated level which in addition, can also improve the transient stability
of the wind generator [114, 164]. According to some reports, Breaking Resistors (BR) can be
employed for stabilization of induction generator [22, 41, 43]. References [2, 162] employed
SVC for voltage support and for transient stability improvement by providing sufficient
reactive power to the generator during its acceleration. However, STATCOM performs better
than the SVC for a given contingency if the same rating devices are assumed [108]. Recently,
Superconducting Magnetic Energy System (SMES) has also been employed for grid
connected wind generator stabilization [150]. Moreover, in the event of faults, the
Superconducting Fault Current Limiter (SFCL) can suppress short-circuit current thereby, it
can improve transient stability of induction generator [123]. Table 1.3 provides the
comparative analysis of wind generator stabilization methods discussed above. However, in
all aspects (principle functions), STATCOM suits well for fixed-speed wind farm, in
comparison to other methods. Therefore, in recent time STATCOM has been employed to
enhance the transient stability of induction generator [37, 134, 137,157, 174] by recovering

the voltage effectively.
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Table 1.3: Comparative analysis of all fixed speed wind farm stabilization techniques

Princiole Pitch angle Breaking
functigns control resistor SvC STATCOM SMES SFCL
(PAC) (BR)
Consume Active
Control_of Able to and Can only Only anq Control
both active . controls controls reactive .
and reactive control only | - dissipates reactive reactive power can active
active power | only active power
power ower power power be
P controlled
Can
Not able to o minimize | Not able to
Minimize
Voltage and Minimize minimize Minimize the minimize
. ; voltage .
active power | only active | the voltage only fluctuations fluctuation | the voltage
fluctuations power and active voltage better than sin and active
minimization | fluctuations power fluctuations voltage power
- SvC 4 i
fluctuations and active | fluctuations
power
Complexity of thtlle imol Morle Complex Most Morle
controller comprex Simplest complex than SVC complex comp’ex
than BR than PAC than BR
Enhancement Stabilize the
of transient overall - - Stabilize Most Effectively
. system, but Stabilize Stabilize effectively -
stability overall - stabilize
- slower than overall overall stabilize
during system and the overall
the BR, system system . the overall
successful q effective system
reclosing SVCan system
STATCOM
Enhancement Cgr_mot
. stabilize the - Most
of transient . - . Stabilize . Cannot
i conventiona | Stabilize Stabilize effectively .
stability overall - stabilize
. | generator, overall overall stabilize .
during - system and the wind
but stabilize system system . the overall
unsuccessful . effective generator
) the wind system
reclosing
generator
Cost of Economical Expensive | Expensive | Costlier than Most Costl
manufacturing than PAC than BR SvC Costly y

“The ability of a wind farm to stay connected during disturbance is important to avoid

the time of reconnection process, which need from 4 to 5 minutes and also to avoid cascading

disturbance due to lack of generation” [89]. Therefore, it is needed to investigate the

responses of FSIG-wind farm during the faults and possible impacts on the system stability, in

order to handle the faults without disconnecting the wind farm from power network. In this
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trend, literature [89] has done interesting work in which, different types of faults were
considered and their impact on the stability of FSIG-wind farm has been investigated. This
approach has a prominent importance so as to explore and extend the operating limitations of
wind farm, in order to, stay connected to the grid during the faults. However, the analysis
reported by authors [89] has not been completely explored (they have only considered limited
types of faults) for the stability analysis of wind farms and hence, a partial solution is
presented.

Moreover, FSIG-wind farm extremely sensitive to network faults as its stator winding is
directly connected to power grid leads to wind farm power fluctuations. These inherent
power fluctuations have adverse impacts on the power system to which wind-farm connected.
Much of the literature addressed the stability enhancement of wind farm using STATCOM
[37, 134, 137,157, 174]. However, STATCOM with damping controller exhibits better
transient response [193]. Therefore, in recent study STATCOM with damping controller
strategy is proposed to improve the transient stability of wind power system by damp the
power oscillations [124, 169, 193], where the damping controller is designed using different
control techniques such as fuzzy-logic, Neuro-fuzzy and PID-fuzzy. However, these control
techniques have limitations such as uncertainties in the rules and MFs as they incorporating
type-1 fuzzy logic. Therefore, need to look for the appropriate control technique for damping
controller of the STATCOM in order to improve the transient stability of wind power system.

The grid codes are originally defined keeping in mind conventional generators. But
increasing penetration level of wind energy into power system has forced wind farm operators
to set new grid code requirements, in order to ensure the security of power system. Different
countries have the different grid codes, and the performance behaviour of wind turbines are
monitored. For the wind turbines, the network grid codes have incorporated the requirements
such as power quality, voltage control, LVRT and protection related requirements. During
contingencies, a critical issue that arises in the power system is voltage collapse, due to weak
support of reactive power. Closely related to this issue is - low voltage ride through (LVRT)
of wind energy systems, which is the most important requirement, incorporated in the grid
codes. Therefore, for ride-through severe faults, these wind farms need dynamic reactive

power support.

In order to provide adequate amount of reactive power to the induction generators, the
power compensator devices such as FACTS are employed consequently, they can enhance the
rotor stability margin or increases the critical clearing time of fault. Therefore, in recent time

STATCOM has been employed for reactive power compensation of induction generators [34,
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122, 153, 158]. In addition, it can also improve the transient stability of the wind generator
by reducing the mechanical torque with suitable pitch-angle generation as discussed above
[10, 112, 151, 161, 176]. In the above literature, some of them [34, 122, 153, 158] proposed
STATCOM to improve wind generator stability and some [10, 112, 151, 161, 176] employed
pitch-angle controller as it can control the mechanical torque and thus, enhances the transient
stability of 1G. But the effectiveness of the simultaneous control of STATCOM and pitch-
angle controller was not explored. In [23], though the unified voltage source inverter (VSI)
and pitch-angle control has been proposed to reach effective voltage control and the generator
rotor speed stability, but the study did not evaluate the effect of transient fault condition
which is a severe concern to the fixed-speed induction generators. A STATCOM and pitch-
angle control [57, 192] is proposed to improve LVRT capability of wind farm subjected to
three-phase-to-ground fault. The idea of mixing electrical (e.g. STATCOM) and mechanical
(e.g. pitch control system) parts seems to be interesting. But, it does not provide the
coordination control of STATCOM in combination with pitch-angle controller for successful
LVRT.

Moreover, the reactive power absorption by the induction generator is coupled with its
active power generation, thus any variation of wind speed also causes fluctuations in the
reactive power requirement of the generator. These fluctuating active and reactive power
interactions with power network leads to fluctuations in the grid voltage and frequency [75].
The main purpose of STATCOM connected at the wind farms is to improve the transient
stability as well as fault ride-through capability but in addition, it is well suited for reducing
voltage fluctuations at the generator terminal due to wind speed variations and thus, providing
voltage flicker mitigation at the wind farm connection point. In this regard, a lot of research
work on STATCOM with wind energy systems has been reported [39, 109, 116, 132, 165,
175, 180]. Since the classical STATCOM are operated in lagging and leading mode, its role in
the wind power system is limited to reactive power support. As a result, since it does not have
an active power control capability, the wind generator output power fluctuations due to
wind speed variations cannot be smoothen out by using STATCOM only. On the other hand,
STATCOM with the pitch-angle controller is the best choice for controlling the active and
reactive power of the wind farm. Although studies made in the past employed the
simultaneous control of STATCOM and pitch-angle control to enhance the wind farm low
voltage ride-through capability when subjected to network faults [57, 192], they have not been
explored in respect of wind speed variations, due to which the output power and voltage of the

wind generator fluctuates.
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The variable speed wind energy systems (especially using DFIG) have become more
popular as DFIG has decoupled active and reactive power controls. However, the DFIG is
sensitive to voltage variations which were caused by the disturbances such as load changes,
network faults and wind speed variations. The voltage dip occurs at the generator connection
point due to grid faults resulting in the stator current to increase. As there is a magnetic
coupling between the rotor and stator circuits, the stator current reflects in the rotor circuit
which may damage the rotor side converter [51]. When the penetration levels of wind
farms are very high, the large voltage drops occurring during the network disturbances, such
as short circuit faults, may trigger a sequence of other events in the power network.
Moreover, after the fault is cleared, the oscillations (voltage and power/frequency) in the
power network are also matter of concerns. The wind farms in general located far from the
demand centres, where they operated with low short circuit levels known as weak grid.
Therefore, the uncertain wind speed causes generator output to fluctuate which poses another
challenge to maintain the steady-state voltage levels. In order to operate the grid reliably and
keeping it stable, the WES must stay connected and withstand the network disturbances which
are transient in nature and successfully eliminated. The recent grid code also demands LVRT
capability from the wind farms for power transfer to the grid.

In the existing literature, various control schemes are proposed for variable speed
induction generators (VSIGs) for grid operation [1, 166] after their integration in the grid. For
their reliable grid operation, the converters are controlled by direct power and direct torque
techniques with the objectives of supplying adequate active power together with the reactive
power, and electromagnetic torque together with rotor flux, respectively [11, 24, 144].
Meanwhile, the vector control schemes are employed to control the electromagnetic torque
and excitation current, independently [9, 59]. Compared to vector control, the direct control
(torque and power) may have advantages such as robust, easy-implementation and fast
response, but they cause fluctuations in the generator current, flux and electromagnetic torque,
as their switching frequency is not fixed, resulting in reduction in gearbox reliability [166,
191]. Therefore, the vector control is more widely employed in industrial applications. Most
of these control schemes are employing PI controllers to access the references from stator and
rotor variables. The performance of the above techniques greatly depends on tuning of PI
controller gains, since the plant is highly nonlinear with uncertainties in operating conditions.
For determined operating point, the fixed gain of PI controller provides an acceptable steady-
state performance, but poor transient performance is often obtained when the converter

operating point varies continuously due to changing of plant dynamics. Moreover, grid
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specifications such as grid frequency and voltage might change during the converter operation

[117]. Therefore, the performance of the linear controllers (Pls) with fixed gains is limited.

Moreover for severe disturbances, such as short circuit faults and wind speed variations,
with the fixed gains PI controller does not predict the system behaviour correctly. Therefore,
converter control schemes with adaptive nature must be used in these applications to
overcome the limitations of PI controllers. The most popular adaptive method employed in
the literature is fuzzy logic controller (FLC) which exhibits superior performance subjected to
the plant disturbances [129]. Recent studies show tuning of gains of PI controller using fuzzy
logic method is of paramount importance as it improves dynamic and steady-state
performance of the system [52, 90, 154, 170]. Fuzzy-PI controller is obtained by combining
the adaptive and detached natures of the FLC and fast response characteristics of PI
controller. In this method, FLC determine the gains of the PI controller according the system
operating conditions.

Since the operating condition of WES is variable with grid disturbances or wind speed
changes, the adaptive controller (Fuzzy-Pl) is most suited for converter control to improve
the performance of the wind energy system. In this regard, converter control schemes are
switching towards the fuzzy-Pl controller [50, 87, 145] so as to obtain better dynamic
response and good stability, resulting in fulfilling the grid code requirement. However,
traditional fuzzy logic technique does not fully handle the high level of uncertainties which
exists in the DFIG based WES, since fuzzy logic method itself incorporates uncertainties in
the rules. Therefore, there is a need to evolve new methodology which will improve

performance of the fuzzy-PI controller.

1.6 Objectives of the thesis and author’s contribution

In the renewable energy sector, electric power generation from the wind has emerged as
one of the most successful program. It has started making meaningful contributions to the
overall power requirements in India and worldwide. However, the growing penetration of
WES equipped with fixed-speed and variable-speed systems in electric network pose
significant challenges on a wide range of issues, namely, wind speed disturbances and
network fault disturbances. From the gaps in the literature review, the following objectives

have been suggested for the present work.
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Transient stability improvement of a WES using pitch-angle controller

In general, pitch-angle controller regulates the generator output power when the wind
speed exceeds the rated wind speed. Besides, this it can also be employed to stabilize
the WES rotor speed during the transient disturbances. Therefore, in this thesis, a
logical pitch-angle controller strategy (in power and speed control modes) has been
developed and an interval type-2 fuzzy logic method is proposed to design the
controller. In order to verify the effectiveness of the Type-2 fuzzy logic based pitch-
angle controller, the simulations have been carried out for different cases such as
severe network faults and fluctuating wind conditions and results are compared with
proportional-integral (P1) controller and traditional fuzzy logic controller (called as
type-1 fuzzy logic method).

Moreover, in this, some key factors that affect the transient stability have been
investigated by deriving steady-state equivalent model of the induction generator.
The electrical torque and mechanical torque versus rotor speed results are obtained
under different pitch-angle conditions and concept of stable and unstable electrical-
mechanical equilibrium points is established. This type of investigation is very
important to expand the operating limitations of the wind turbine driven induction

generator under the severe faults to guarantee the wind farm connection to the grid.

Output power smoothing of WES using pitch-angle controller

In the previous objective, pitch-angle controller is employed to stabilize the WES, but
in this case, pitch-angle controller is employed to smoothing out the wind generator
output power when it subjected to wind speed variations. An exponential moving
average (EMA) concept has been implemented and incorporated to the pitch-angle
controller to generate reference power. Later on, type-2 fuzzy logic equipped with
EMA incorporated pitch-angle controller is implemented and designed for good
reference tracking and therefore, it achieves good output power smoothing.
Controller performance is evaluated by developing real-time simulations using
OPAL-RT digital simulator. Different types of wind speed patterns are employed to
validate the effectiveness of the proposed controller. Moreover, the performance
indices of the proposed controller have also been estimated by using power

smoothing and energy loss functions.
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Fixed-speed wind farm  stabilization  using static synchronous compensator
(STATCOM)

In this objective, at first, a 36MW fixed-speed wind farm exporting power to 120kV
grid has been designed using MATLAB/SIMULINK®. Thereafter, a static
synchronous compensator (STATCOM) model has been developed, designed and
employed to support the studied wind farm. As a preliminary study, this part of the
work, therefore, investigates the impact of the fault ride-through on the stability of
fixed speed wind farm. The effect of fault locations and fault time durations on the
stability of fixed speed wind farm are studied, subjected to different types of faults
such as line to ground (LG), double line to ground (LLG) and three
line to ground (LLLG). The simulations are then repeated incorporating a static
synchronous compensator (STATCOM). The outputs include the affected voltage
profile, active and reactive power magnitudes. Later on, an interval type-2 fuzzy
logic based damping controller for STATCOM is proposed to achieve damping
improvement, and thus enhances the stability of wind integrated power system. To
evaluate the effectiveness of the proposed method by comparative analysis, three
different scenarios (STATCOM-without damping controller, STATCOM-with type-1
FLC based damping controller and STATCOM-with type-2 FLC based damping
controller) are considered subjected to different types of faults (LLLG, LLG, and
LG).

Low voltage ride-through capability of fixed-speed wind farm using STATCOM

and pitch-angle control

In this objective, Unified Voltage and Pitch-angle Control (UVPC) strategy is
developed for wind farm to guaranteeing the LVRT grid code requirement when it
subjected to severe network perturbations. The UVPC consist of STATCOM voltage
control loops with adequate pitch angle control loops which are coordinated to
enhance the low-voltage ride-through capability of the wind generators thereby,
complying the LVRT grid code requirement as desired by the Germany grid code.
Specially, an interval type-2 fuzzy logic technique is incorporated in the fault ride-
through (FRT) scheme of pitch-angle controller as it is very efficient in handling the

uncertainties in membership functions and rules than their traditional fuzzy logic
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counterpart. To evaluate the effectiveness of UVPC strategy, the following different

test cases have been considered:

(a) System without STATCOM and pitch-angle controller
(b) System with STATCOM only
and (c) System with STATCOM as well as pitch-angle control (i.e. UVPC)

Generator output power smoothing and terminal voltage regulation of a wind

generator using UVPC

In this objective, the UVPC (which is developed in the previous objective) is
employed to smoothing out the output power and voltage regulation of a fixed-
speed wind generator in the partial load (below rated wind speed) region. At first, a
typical pitch angle control strategy is developed by employing an exponential moving
average (EMA) concept from which the controller reference power (signal) can be set
for below-rated wind speed. Later on, the developed pitch-angle controller together
with STATCOM, namely, the unified voltage and pitch-angle controller (UVPC),
addresses the objective of smoothing out the output power and terminal voltage
regulation of a wind generator, subjected to below-rated wind speed variations. An
interval type-2 fuzzy logic technique has been incorporated in the pitch angle
controller design, as it offered better performance than its traditional fuzzy logic

counterparts as discussed above.

Transient stability improvement of variable speed (DFIG) wind energy system

In this objective, an adaptive control technique i.e. type-2 fuzzy logic-PI controller is
designed for torque and voltage control schemes of rotor-side converter (RSC). Type-
2 fuzzy-PI controller can be achieved by combining type-2 fuzzy logic controller,
which is adaptive and PI1 controller which has a robust response results in superior
dynamic and steady-state responses from the system. Here, proportional and integral
gains of PI controller are adjustable and they are computed by using type-2 FLC
approach according to as system operating condition changes. Thus, it achieves the
adaptive structure required for RSC converter for smooth interaction of DFIG to the
grid. The controller performance is evaluated by developing the real time simulations
using OPAL-RT digital simulator. Since many researchers have considered the OPAL-

RT technology as a real time platform for controller prototyping and hardware-in loop
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simulations. The studied DFIG-WES model developed in MATLAB/SIMULINK® is
exported to OPAL-RT digital simulator for real time simulation. Different operating
conditions such as severe fault and voltage sag with reference to the varying wind
speed are considered. The results of type-2 FLC-PI compared with type-1 FLC-PI in

order to investigate effectiveness of the proposed controller (i.e type-2 FLC-PI).

1.7 Organization of the thesis

The thesis has been organized in seven chapters and the work included in each

chapter has been presented in the following sequence:

Chapter-1 gives a brief introduction about renewable energies and present scenario of wind
energy generation worldwide. The different types of wind energy systems are discussed in
short and later on, various issues which arise in the grid integrated WES are elaborated. The
various aspects of the topic presented in the thesis and research background are discussed.
This chapter also highlights the author’s contributions towards the problem area, and finally,

outlines the organization of the thesis.

Chapter-2 discusses an interval type-2 fuzzy logic system, which is employed to design
the various controllers in the rest of thesis. At first, it provides a brief review on fuzzy logic
controller (type-1) and mathematical analysis of type-2 fuzzy logic systems. The comparative
features of type-1 and type-2 fuzzy sets are also elaborated. The structure of the type-2

fuzzy logic controller (FLC) is presented and discussed in details.

Chapter-3 reported two types of pitch-angle controllers (for transient stability and power
smoothing) where they are equipped with an interval type-2 fuzzy logic technique. First,
type-2 FLC based logical pitch-angle controller is presented. This controller maintains the
generator output power at rated value when speed is above the rated speed. Besides, it also
improves the transient stability during severe network faults. An analytical method has been
employed to obtain the electrical equivalent of the induction generator. The performance of
the proposed interval type-2 fuzzy logic method is compared with PI and type-1 fuzzy logic
technique. Another contribution of this chapter is the generator output power smoothing using
pitch-angle controller. EMA concept is incorporated to generate reference power for pitch
angle controller. An interval type2- FLC is proposed for pitch angle controller for better
smoothing to achieve. Different types of wind speed patterns are considered and real-time

simulations are developed which make the controller more practical.
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Chapter-4 provides the detailed modelling and control strategy of the static synchronous
compensator (STATCOM) which supports the employed wind farm. A 36MW of fixed-speed
wind farm exporting power to 120kV grid has been designed using MATLAB/SIMULINK®.
Different faults locations and fault durations have been considered with and without
STATCOM and fault ride-through capability of the fixed-speed wind farm has been
investigated. Later on, an interval type-2 fuzzy logic based damping controller is adopted in
STATCOM to achieve improved damping which enhances the stability of wind integrated

power system.

Chapter-5 introduces unified voltage and pitch-angle control (UVPC) strategy which consists
of STATCOM voltage control and pitch-angle control loops, coordinated in such a way to
improve the LVRT capability of WES thus compliance the grid code requirement. Moreover,
UVPC also investigated for voltage regulation and power smoothing under the partial load
region subjected to wind speed variations. This chapter employs the wind farm which is

developed in the chapter 4.

Chapter-6 details the mathematical modelling of the DFIG and the design of the RSC voltage
and torque controllers using type-2 fuzzy logic-Pl controller. The DFIG based WES which is
integrated to the grid has been developed using MATLAB/SIMULINK® and it is later on
exported into OPAL-RT simulator for real time environment is elaborated. The performance
of the real time simulations results are discussed and comparative analysis done using type-2
fuzzy logic-Pl and type-1 fuzzy logic-PI under disturbances such as three phase short-circuit

fault and voltage sag with reference to varying wind speed.

Chapter-7 compiles the salient conclusions of the present study regarding the controller
designs and control strategies for WESs and recommended directions for further

investigations.
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CHAPTER 2: AN INTERVAL TYPE-2 FUZZY LOGIC SYSTEM

2.1 Introduction

This chapter discusses an interval type-2 fuzzy logic system, which is employed to design
the different controllers in the rest of thesis. The concept of type-2 fuzzy set was introduced
by Zadeh [184] as an extension to the traditional type-1 fuzzy set. In type-1 fuzzy set, the
membership grade is a crisp number in [0, 1], whereas in type-2 fuzzy set the membership
grades themselves are type-1 fuzzy sets. This feature of type-2 fuzzy set is very useful in
conditions where, it is difficult to determine exact membership grade for fuzzy set and also
for incorporating uncertainties. This chapter provides an overview of type-2 fuzzy logic sets
and its characteristics. The objective of this chapter is to introduce type-1 fuzzy logic
controller and its uncertainties in the membership functions and rules. Later on, it provides a

background on several aspects related to type-2 fuzzy sets and mathematical analysis.
2.2 Type-1fuzzy logic system

In 1965, Professor Lofti Zadeh proposed the concept of fuzzy logic (FL) [182]. The aim of
the FL is to develop the output by allowing the set of membership rather than crisp value. It
has been found to be an excellent choice for many control applications [72, 77, 78, 93,
94,126, 183, 185, 186], as it mimics the human control logic. The fuzzy rules are framed on
the basis of the expert knowledge gained upon the performance of the system over a time. The

well-known block diagram of a conventional FLC (named as type-1 FLC) is as shown in

Figure 2.1.
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Figure 2.1: Schematic diagram of classical (type-1) Fuzzy Logic Controller

It consists of a fuzzifier, inference engine and a de-fuzzifier [183]. Here, the fuzzifier converts

the crisp value of the input parameter into fuzzy set and depending upon the fuzzy rules
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framed based on the membership functions for a given parameter of the system and then,
fuzzy outputs are obtained with the help of the Inference Engine. In the end, de-fuzzifier
converts these fuzzy outputs to a crisp output of the FLC to be used for the control purpose. It
is being assumed that the concept of the type 1 FLC is clear and therefore, this will not be

discussed further.
2.3 Uncertainties in type-1 fuzzy logic

Quite often, the expert knowledge that is used to construct the rules in atype-1 FLC is
uncertain as the knowledge possessed by different experts may not be the same. There are
three ways in which uncertainty involved with the fuzzy rules can occur:

1) the rules utilize the words in antecedent and consequent, which can mean different

things to different people [96],

2) the consequents obtained from the group of experts can be different for the same rule,

3) due to noisy training data, uncertainty in antecedent and consequent can transfer into

membership functions (MF).

In order to understand the uncertainties present in the type-1 fuzzy systems, Jerry M.
Mendel [96] has performed an experiment as follows: First he established sixteen words that
would designate the numerical interval from 0-10, and selected engineering undergraduate
students for this test. The following instructions were given to them:

1. Below are a number of labels (sixteen) that describe an interval or a range that

cover some-where between 0 to 10.
2. For each label, provide where this range would start and where it would stop.
For example, label “quite a bit” might start at 6 and end at 8.

3. Itis not necessary that all the ranges or intervals are of the same size.

After providing these instructions, a table was provided to the students where they only
had to fill-in two numbers (where to start and where to end) for each label. A survey results
from the 70 respondents are summarized in Figure 2.2. Each label identified with solid line
and mean start and end points marked with circles. The dashed lines to the right of the right
hand circle and left of the left hand circle are each terminates in a vertical bar, which
represents the standard deviation for the mean start and end points. It is observed that the
standard deviations are not the same for the start and end values for each labels.

It is also noticed from the Figure 2.2 that: (1) there is gap between the labels ‘None’ and
‘Very little’, it implies that they should be combined or other word should be inserted
between them. (2) it is commonly agreed that ‘None’ should starts at zero, but there is little

uncertainty about this, (3) similarly, for the word ‘A maximum amount’, it is seen that the
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right hand value is 9.7572 instead of 10, (4) there is a small degree of overlap between the
labels ‘Some’ and ‘A moderate amount’ which seems to be a linguistic gap between them. So,
the sixteen words do not quite cover the 0-10 interval and the dashed portions of each label
represent the word’s uncertainty. The uncertainty associated with words in case of type-1
fuzzy sets can be translated into a foot print of uncertainty (FOU) by employing type-2 fuzzy
sets [96]. By doing this, uncertainty in the words potentially reduced.

I A maximum amouht
0> 0,
| J
I An extreme amount ~
I v \Y
1 ~ A lot N
| v 4
| ~___Asubstantial amount |
I hd hd 1
| N Allarge amounit ~ |
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I hd X hd 1
| A Alconsiderable amount |
I v 1
| A good gmount ~ |
I U 1
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1
| N Some N
| %
1 N A bit A |
I U l
| ~_ Alittlg bit N |
I U M 1
| N A small amount N |
I v Y 1
0 Very little| A =
0_0....'.\!9.[!!.3. ........ ]
0 1 2 3 4 5 6 7 8 9 10

Figure 2.2: All sixteen labels and their uncertainty bands and intervals
2.4 Type-2 fuzzy logic system

Generally, type-1 fuzzy rules and membership functions (MFs) are defined based on
experts’ knowledge and experience. However, once the membership functions have been
defined for designing the controller, the uncertainties in actual degree of MFs cannot be
modelled [49]. Quite often the knowledge used to design the type-1 FLC ignore the
uncertainties in spread of MFs, rules and membership grade etc. and such system cannot
guarantee the optimal performance of the system when it subjected to the disturbances.

For example: 1) The fuzzy rules are defined by experts, which varies form case to case,
this causes statistical uncertainties about locations and spread of antecedents and consequent
fuzzy sets. Such uncertainties can be easily modelled and accounted for using type-2
membership functions [5]. 2) The noise in training data is ignored in most of the cases, which
leads to uncertainties in antecedents and consequents. If the level of uncertainty information is
known, it is easily accounted by designing the type-2 fuzzy sets [85].

In addition, for the same rule-question, the expert often gives different answers. This leads

to different consequences but have the same antecedents for the given rules. In such a case, it
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is also possible to represents the output of the fuzzy logic system built from these rules as a
fuzzy set rather than a crisp number. This can also be achieved within the type-2 framework
[48]. In order to increase the fuzziness of a relation, higher type (i.e type-2) fuzzy relation is
one way. According to [55], increased fuzziness means increased ability to handle inexact
information in logically correct manner. Detailed description of algebraic structure of type-2
sets are given in [100].

From the literature survey, it is found that type-2 fuzzy systems have been successfully
applied in many science and engineering applications [80, 81, 101, 133]. In data process
applications, the system with type-2 fuzzy system seems to be more promising method than
the type-1 counterpart in processing of noisy data with uncertainties [61]. Type-2 fuzzy
system has been applied in decision making [33], survey processing [79], solving fuzzy
relation equations [99] and function approximation [178] by comparing the performance with
its type-1 counterparts. In real world applications which exhibits measurement noise and
parameters uncertainties, type-2 fuzzy controllers are better option than type-1 FLC [58]. The
controllers with type-2 FLC have shown to have better tracking capability in real-time mobile
robots [95]. Recently, many power system applications have adopted type-2 FLC as an
alternative for handling uncertainties in operating conditions [40, 74, 167, 173]. The type-2
FLC also offers better performance in automation controller than type-1 FLC [17, 25, 102,
187]. The type-2 FLC is also applied in network domain, in order to control of video
transmission across the IP networks, where it provided superior video quality compared to
existing traditional type-1 FLC counterparts [66, 67, 84, 152]. Type-2 FLC applications are
also found in health-care and medicine domain due its robust performance than type-1 FLC
[53, 125]. It is believed that a type-2 fuzzy system performs better than type-1 fuzzy system in
various areas including communication networks, pattern recognition, mobile
communications and renewable energy operated systems, in which the frequently supplied
information to be processed is uncertain. Hence, wind energy systems, being highly uncertain
in output, can utilize the special features of type-2 FLSs to improve its operational efficiency
during the grid interaction.

2.5 Mathematical concept on type-2 fuzzy sets

In this section, the detailed information about the concept of type-2 fuzzy set is explained.
The MF of a standard type-1 fuzzy system is shown in Figure 2.3(a), with a crisp membership
grade varying in [0 1]. The type-2 MF can be imagined as blurred type-1 MF by shifting the
points on triangle MF not necessarily by the same amounts either to the right or to the left, as

shown in Figure 2.3(b). At a specific point of, Xsay X', the type-1 MF having a value of
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membership grade u’whereas in type-2 case, it has the values where the blur intersected by
the vertical line. These intersect points do not necessarily have the same weights, and hence,
we can assign an amplitude distribution to all of those points. Doing this for all xe X, a three

dimensional membership function or a type-2 MF can be formed.

Figure 2.3: (a) Type-1 membership function (b) Blurred type-1 membership function

A type-2 fuzzy set, denoted as * A* with a type-2 MF £, (X,U) can be described as

Az{((x,u),,uA(x,u)) VXeX,VUeng[O,l]} (2.1)
Where X€ X,ueJ, c[0,1] and 0< z,(x,u) <1. A can also be characterized as

A= | [ aa(x,u)/ (x,u) (2.2)

xeX ued, c[0,1]

=I{ ] ﬂA(X,U)/U}/X 2.3)
xeX | uel, c[01]

Where xe X and U €U are the primary and secondary variables, respectively. The secondary
variable has domain J, ateachxe X ; J iscalled the primary membership of X.

The graphical representation of type-2 fuzzy set with discrete universe is as shown in
Figure 2.4. The axis U represents the domain of primary membership function and ,

denotes the secondary MF. The secondary MF is also represented as vertical slice of the axis

Uy J, is the domain of the secondary MF also called as primary membership of X which
varies in the range [0 1]. The uncertainty in the primary memberships of a type-2 fizzy set *

A’ consists of a shaded region that is called as footprint-of-uncertainty (FOU) as shown in

Figure 2.4.
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FOU (A) = Uyyy 3, (2.4)

Figure 2.4: Three dimensional representation of type-2 fuzzy set

The footprint of uncertainty draws a special attention towards type-2 FSs, because it is
framed to represent the uncertainties inherent in a specific type-2 membership function,
whose shape is a direct consequence of the nature of these uncertainties. The type-2 FSs,
represented in three-dimensional, cause difficulties in depicting them graphically. To this
effect, the FOU provides two dimensional representation of type-2 FSs, which provides a
convenient verbal description of the domain of secondary membership grades. The shaded
FOUs imply that there is a distribution that sits on top of it (known as the third dimension of

type-2 fuzzy sets) and its depends on the specific choice of the secondary grade.

2.5.1 Structure of type-2 FLS

The structural diagram of type-2 FLC is as shown in Figure 2.5. It is very similar to the
structure of a type-1 fuzzy logic system (FLS) [97]. In case of type-1 FLS, the output fuzzy
sets are processed through the de-fuzzifier and obtain the crisp output. Here we discuss the

type 2 FLS in detail as follows:
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Figure 2.5: The structure of type-2 FLS
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A. Fuzzifier

The fuzzifier maps the crisp input into a type-2 fuzzy set. This operation can be done
by choosing the appropriate type-2 FSs in the range of the input variable. The challenge lies
here in the definition of membership grade fuzziness. Therefore, the secondary and
primary membership functions should be developed in such way that it reduces the problem

of complexity as much as possible.

B. Rules

The rules are generally framed based on “IF-THEN” logic, where the n'" rule has the form

R":IF x, is rrand x, is Fy...and x, is F) THEN Y is G"

p

where, x; are inputs: rrare antecedent sets (i=12....n); Y is the output; G" are consequent

sets.

The difference between type-2 and type-1 fuzzy methods is the nature of MFs
associated with them and it is not important while forming the rules. Hence, the type-2 rules
structure remains exactly same as that of the type-1 and the only difference is that - all of

the sets involved are of type-2 [88].

C. Inference Engine

In the type-2 FLCs, the union and intersection functions are defined by join and meet
operations to map the input and output sets with fired rules. Therefore, the inference engine
utilizes min-method and max-method for meet and join operations, respectively. Using the
extension principle, a detailed mathematical relation between the meet and join operations is
presented in [107]. To do this, one needs to find unions and intersections of type-2 sets,

as well as compositions of type-2 relations.

D. Type reduction

In a type-1 FLS, the output corresponding to each fired rule is a type-1 set in the output
space. The crisp output is obtained by combining all the fired rules through a de-fuzzifier
using some fuzzy relations. Most of the de-fuzzifiers use centroid method for obtaining the
crisp output. In contrast, in type-2 FLS, the output set corresponding to the each fired rules
is a type-2 set. On which the centroid method cannot be applied directly. In order to calculate
the crisp output, the type-2 sets are combined in some way to get the type-1 form known as

type reduction (TR) operation. The type reduction method, in the type-2 FLC system, convert
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type-2 output fuzzy sets to type-1 fuzzy sets. A detailed description on type reduction can be
found in [121].

For example, an embedded type-2 fuzzy set A, has ‘N’ elements, where A, contains
exactly one element from J,,J.,........, Jw namelyuu,,...,uy, each with its associated

secondary grade, namely f,,(u,), f,,(Uy),..... T (Uy) s 1.€

N
A= faw) i U ed,; cU=[0]] (2.5)
i=1

Height, center-of-sets, center-of-sums and modified-height are the most accepted TR
methods.

E. Defuzzification

The output of inference engine is converted to type-1 under type reduction operation and
then, the type reduced sets are converted back to crisp value using various de-fuzzification
techniques as done in the type-1 FLC. The simple way to get a crisp value is through finding
the centroid of all the type-1 sets embedded in type-2 FLS. The other way of doing this
operation is by choosing the highest membership point in the type-reduced set. For example,

if the type reduced set Y for an input X is discredited into ‘N’ points, then the centroid is

expressed as

M=z

Yictdy (Vi)
Cy()="A—" (2.6)

1
N
ay (Yy)
-1

=~

k

where z, (y, ) represents the membership grade.

2.5.2 Centroid type reduction methods

Type reduction (TR) method is suggested in the type-2 FLC system to convert type-2
output fuzzy sets to type-1 fuzzy sets first and thereafter, the normal de-fuzzification
techniques are applied. Height, center-of-sets, center-of-sums and modified-height are the
most accepted TR methods [73], in which centroids of the embedded type-2 sets are
calculated. If larger is the FOU width, the number of embedded fuzzy sets increases and this
leads to increase in the computational time of TR method. In the present work, ‘height’ TR
method has been used for the calculation of the centroid of Type-2 FLCs as it involves

simpler computations as compared to other methods [73].
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2.6 Interval type-2 fuzzy sets

As explained in [98], if all the distribution points which sit on the FOU is uniform, then
the resulting type-2 fuzzy sets are called interval type-2 fuzzy sets [97]. These fuzzy sets have
less computational complexity with secondary memberships, made either zero or one. Such

Such sets are the most widely used type-2 fuzzy sets to date [101].
An interval type-2 fuzzy set (denoted A ) can be characterized as:

A=] ] u(xu) 2.7)

xeX uel,c[0]]

=I[ ] UUVX (2.8)
xeX | ued,c[01]

A: X —{[a,b]:0<a<b<1}. Structurally, the membership functions of both type-2 FSs

and interval type-2 FSs (IT-2FSs) are three dimensional, with only difference of secondary
membership grades of IT-2FSs are either zero or one. Figure 2.6 shows the IT-2 Gaussian
membership function in which the secondary membership grade is highlighted. The union

of all the primary memberships is called the footprint-of-uncertainty (FOU) of A and

is shown as the shaded region of Figure 2.7. Uncertainty about A is conveyed by

union ofall primary memberships, called FOU, can be expressed as:
FOU (A):umx J,={(xu)ued, =[0I} (2.9)

As shown in Figure 2.7, the FOU of type-2 fuzzy set ( A ) has bounded by two type-1MFs
called as lower membership function (LMF) and the upper membership function (UMF).

The UMF and LMF are denoted as 7, (x) and 43 (x), respectively, and are defined as follow:

H; (x)=FOU (A) Y ex (2.10)

15 (x)= FOU(A) Vyex (2.11)

Note that J, is an interval set; i.e.
J, ={(xu):u e[ﬂ(x),;,g(x)}} (2.12)

An embedded fuzzy set (FS) A, for a continuous universe of discourse X and £ is

expressed as
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A=[ [/u]ix ued, (2.13)

The set A, is embedded in A in such a way that the secondary MF is always one at each

value of X . A large number of such embedded type-1 fuzzy set (FS) are combined to form
the type-2 FS. According to [133], the type-2 FS can be considered as a combination of many
different type-1 FSs where each type-1 FS is embedded to form the FOU. The detailed
analysis of embedded interval type-2 FSs are given in [82].
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Figure 2.7: Type-2 Fuzzy Sets with FOU and Embedded Fuzzy Set (FS)

2.7 Conclusion

This chapter gives an overview of the interval type-2 fuzzy logic system. Firstly,
traditional fuzzy concept has been discussed, later on type-2 fuzzy sets are introduced by
brief explanation on interval type-2 fuzzy logic system. The structure of the interval type-2
fuzzy logic controller is presented and the roles of individual blocks used in the structure are

discussed in detail.
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CHAPTER 3: TRANSIENT  STABILITY ENHANCEMENT AND
POWER SMOOTHING OF WES USING PITCH-ANGLE
CONTROLLER

3.1 Introduction

The increasing penetration of wind energy system into the utility grid has forced wind
farm operators to perform the transient stability analysis of the wind turbine generator
(WTG). Moreover, the wind energy system (WES) has an undesirable characteristic that its
output fluctuates with wind speed variation, resulting in fluctuations in the grid frequency
and voltage. Therefore, the objective of this chapter is to design the pitch-angle controller
with an appropriate control technique for achieving improved transient stability and effective
generator output power smoothing.

In this chapter, an interval Type-2 fuzzy logic controller (Type-2 FLC) based pitch-angle
control system (in power and speed control modes) has been proposed, which can enhance the
transient stability performance of the WTG (in speed control mode) subjected to severe
network disturbances and maintain the |G output power when the wind speed is higher than
rated speed (in power control mode). Moreover, some key factors that affect the transient
stability have been investigated by deriving steady-state equivalent model of the induction
generator.

This chapter also proposes an interval Type-2 fuzzy logic based pitch-angle controller
that can smoothen the WES output power more effectively. Different types of wind speed
patterns are employed to validate the effectiveness of the proposed controller. Real time
simulations are developed to show the applicability of the proposed controller using the
OPAL-RT digital simulator. The performance of the proposed controller has been estimated

using power smoothing and energy loss functions to validate its application for WES.

The major contributions of this chapter are as follows:

e A steady-state equivalent model of the induction generator has been developed using
analytical approach. The electrical torque and mechanical torque versus rotor speed
performance were obtained under different pitch-angle conditions and concept of
stable and unstable electrical-mechanical equilibrium points were presented.

e An interval Type-2 FLC based pitch-angle controller was designed and developed to

enhance the transient stability of the WES subjected to transient fault.

37



e An interval Type-2 FLC based fuzzy logic controller is also incorporated in order to
smoothing out the wind generator output power more effectively when it subjected to
varying wind speed.

e In order to validate the proposed control strategy for power smoothing, real-time

simulation is developed using OPAL-RT technology digital simulator.
3.2 Aerodynamic conversion

The mechanical power developed by a typical wind turbine is directly proportional to the
cube of wind speed as

Py =2 PAC, (1 AV, =C,(4 AP, (3)

where, P, is available wind power, p is the air-density [kg/m®], A is the turbine swept area
[m?] and can be written as A =7R’, V,, is the wind speed [m/s] and C, is the power
coefficient.

The typical wind turbine is characterized by the power coefficient (C,) which depends
upon the ratio of rotor-tip speed (4) and blade pitch-angle (). The power coefficient (C,)
employed in this study is as follows [3]:

C, (4, B) =¢h+e ™4 (~¢, ~cyf+c,/ 4 ), (3.2)
where

1 1 0.035

J 00088+4 1+4°

(3.3)

The coefficients ¢, —c, are: ¢;=0.0068,¢=21,¢c,=5,¢;=04, c,=116and ¢,=0.5176 and the

tip-speed ratio (1) can be defined as:

I tip speed of the blade ~ o,R

wind speed Vv

w

(3.4)

where, R is the radius of turbine rotor [m] and @, is rotor speed [rad/s]
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According to equations (3.1) - (3.4), for different values of pitch-angle (p), the power

coefficient versus tip-speed ratio (¢ 1) curve for the studied system has been obtained as

shown in Figure 3.1. For different values of wind speed (V,,), the turbine output power versus

turbine speed characteristics is as shown in Figure 3.2.
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Max. power at base wind speed (14 m/s) and beta = 0 deg 14 m/s
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§ 09 \ é 0 / 6.m/s
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Tip speed ratio Turbine speed (p.u)

Figure 3.1: Wind turbine C, -4 curve Figure 3.2: Turbine Power characteristics

The mechanical power ( P, ) shown in equation (1) can be expressed as:
1 s 1 o(RY
Py =5 PTRIC, (4 BN, == peR'C, (2, )| —

=C,(1L, HK®]

(3.5)

3
where, K= 1,o;sz R
2 A

Hence, the mechanical torque output of induction generator (IG) can be derived as [156]:

T :&:M (3.6)

m
o, o,

The relation between mechanical torque (T,,) and pitch angle ( 3 ) with respect to rotor speed
(®,) as shown in Figure 3.3, which is obtained using information from Figure 3.1 and
equation (3.6). As observed from equation (3.6), the mechanical power output (P, ) of wind

turbine depends upon power coefficient (C,) and the rotor speed (@,) of wind turbine.

However, the turbine speed varies very little as the fixed speed squirrel-cage generators have

a speed variation range as less than 1% [177]. Therefore, variation of mechanical power
solely depends on power coefficientC,(4, 5) which is not constant and varies with tip speed

ratio (1) and pitch angle g . However, in transient stability studies, tip-speed ratio variation is
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very small [168]. As a result, the mechanical torque mostly depends on the pitch angle ( 2).

Figure 3.3 shows the relation between T, and £ as a function of @, . It can be noticed from

Figure 3.3, in particular point onwards of rotor speed, the mechanical torque decreases, when

the pitch angle is increased.

*
“‘
.

----- Beta=0 deg
Beta=5 deg

| =——Beta=10 deg ",
===Beta=20 deg 5. 3
g L7 4
/4 S

Mechanical torque (Tm)

Rotor speed (@, )

Figure 3.3: Mechanical torque versus rotor speed
3.3 Induction generator modelling

In order to obtain the induction generator (IG) model, the network from IG to PCC of
the test system (see Figure 3.14) is considered and the corresponding equivalent circuit from
IG to PCC is as shown in Figure 3.4. In this figure, 1G is being represented by its steady-state
equivalent circuit as shown in Figure 3.4 inside dotted box, and all the variables and

parameters are referred to stator side.

RT JXT €----1 RS JXS JXR
AN/ At HAARS RARS
Transformer+Line [ e >
«— : |s IMl |
. | . * R
\ - Xe== : V, Xu<IE R
i S
I
! P
B! "
‘. - - J'

Induction Generator
Figure 3.4: Electrical equivalent of the test system

According to the IG equivalent circuit, the mathematical expression for stator terminal voltage

(Vs) of fixed speed induction generator (FSIG) is:
Vs = I5(Rs + JX5) +E (3.7)

where, E is air-gap magnetic field induction electro-magnetic-field (EMF) given by
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E:jIMXM (3.8)

where X,, magnetizing reactance and |, is the exciting current of the FSIG. Now the rotor

current |, can be determined from stator current | after deducting I, as follows:

IRZIS_IM (3.9)

And, then the corresponding mechanical power input to the IG will be given by

2 Rg
P =3I2 (?j (3.10)

Where, Ry and Ry are the rotor and stator resistance, respectively and ‘S’ is the slip which

is less than zero for the IG.
3.4 Concept of critical rotor speed

There would be a critical value for the rotor speed of FSIG, after the occurrence of a fault,
above which the rotor may become unstable and cause the disconnection of the IG from the
grid. To understand the rotor stability concept of the studied wind energy system, it is
required to calculate the electrical torque of the generator from the equivalent circuit of the
system shown in Figure 3.4. From Figure 3.4, Thevenin equivalent circuit representing the
left hand side portion of the equivalent circuit across point A and B, the modified circuit can
be shown as given in Figure 3.5. Where, Thevenin equivalent voltage is:

— VPCC (‘jxc)
i RT + ij - jxc

(3.11)

and the series parameters are:

RlTH = RT and X1TH = XT - Xc

Ry X R, iXs X,

Figure 3.5: Reduced Equivalent circuit of the system
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From Figure 3.5, by applying Thevenin concept again at the point P and Q, the further
reduced equivalent circuit is obtained as shown in Figure 3.6. The Thevenin equivalent
voltage obtained as:

— VlTH(jXM)
RlTH + RS + jxlTH + JXS + JXM

(3.12)

TH

and the equivalent Thevenin resistance and reactance can be obtained as: Ry, =Ry, + Ry and

XTH :X1TH +Xs +XM'

RTH jXTH JX R
NN Rael
—
I
VTH &

Figure 3.6: Complete Reduced Equivalent circuit of the system

Finally, from the Figure 3.6, the rotor current can be computed as [46]:

| = Viy (3.13)
R 2 2
J(Roy + R /8 (X + X )

From which, the generator electrical toque can be determined as:

2
7 =R _Re Vi (3.14)

s S (Ryy +Re /8)" +( Xy + Xg)*

Generally, the slip is defined as:

§=— T (3.15)

When the induction machine is operated as generator, the sign convention for the
electrical (T,) and mechanical (T,) torques are considered as negative. Therefore, the

mechanical-electrical equilibrium of the 1G can be expressed as

dw 1
AN RAT 3.16
dt 2H( e m) ( )
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Where, H is the inertia constant of WTG. By using equations (3.6) and (3.14) the
mechanical and electrical torques versus rotor speed can be plotted as shown in Figure 3.7.

For better visualization, the mechanical and electrical torques were multiplied by -1.
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Figure 3.7: Characteristics of T,and T, versus rotor speed

As observed from Figure 3.7, let the IG is being at an operating point K, now the occurrence

of fault at time 1;, the electrical torque (T, ) suddenly reduces to zero and operating point of
the generator shifted from K to M where the rotor speed is @,. Due to which, the existing

mechanical torque (T,,) (with no pitch-angle control (i.e. #=0) shown in Figure 3.7) causes
the IG rotor to accelerate as governed by the Equation (3.16) and start increasing (during the

fault). At the instantty , the fault is cleared and operating point of the generator shifted to

point N where, the T, is greater than T, causing the net torque (T,-T,) to be negative

which causes the rotor speed to decrease and therefore, it eventually leads the generator to
return back to its initial operating point K. This clearly shows that the IG will be stable as

long as the fault is cleared before a critical speed @,;; without making use of the pitch-angle
control (i.e. s =0).

3.4.1 Effect of pitch angle control

In the absence of pitch-angle control, in case the fault is not cleared before time T

(corresponding to critical rotor speed @, ), the rotor speed @, will increase further. If the fault

43



is cleared at t, the operating point of generator T, is shifted to point P where the T, greater

than T, thus, the net torque (Te —Tm) is positive, which results in increase of rotor speed and

thus, generator will become unstable. In this condition, it observed from the Figure 3.7 that by

increasing of pitch angle by #=20°, the mechanical torque gets reduced below the electrical
torque and system retains its stability, thus, the intersection of T, and T at point O provides
the new critical speed ( @,;;N€W). It clearly shows that by increasing the pitch angle with the
help of wind turbine pitch-angle controller, the critical speed limit can be raised from @,; to
W,;;NEW . Thus, the stable operation of the system can also be maintained at the higher rotor
speeds (upto @,; NEW).

The critical fault clearance time can be determined, by solving the equations (3.14) and

(3.16) at the equilibrium points as follows.
(RTZH +(Xp +XR)2)32 +(2ReRy, ~RVZ 1T, )s+RE=0 (3.17)

which is a second order equation. Now, solving the equation (3.17) and using equation (3.15),

the steady-state @, and critical rotor speed @, can be calculated as:

_b+\/Z

0 =1-2" (3.18)
b-+A

it =1 Ja (3.19)
2a

where A=b®—4ac, a=R2, +(Xy, +Xz)", b=2R:Rr; =RV, /T, and ¢ =Ry

Substitute the equations (3.18) and (3.19) in equation (3.16) and integrate both side, the

critical clearing time is determined as follows:

: _(—ZH 1 J
crit — 2
To RZ, +(Xp +Xg) (3.20)

RZ
x( /T—g (—4(xTH +Xp ) T2 —4RVAT, +Vi )J
M

For improving the dynamic stability of the WES, equations (3.19) and (3.20) show that

@, and t.; can be improved by temporary reduction of mechanical torque (T,,) which can
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be achieved by increasing the pitch-angle ( ) of the wind turbine. From the Figure 3.7, it is

observed that by increasing of the pitch angle by B = 20°, the mechanical torque reduced and
@, changes from its initial value to @,;;NEW. Thus, one can understand that stable operating

point of the system can be improved from @, to @,;N€W by make use of pitch-angle

controller. In other word, the pitch-angle control of the WES can be utilized to extend the
stable operation over higher wind speeds. So, a pitch-angle controller is designed for the
WES as follows:

3.5 Pitch angle controller design

The block diagram of a typical pitch-angle control system is as shown in Figure 3.8.
When the wind speed crosses above rated wind speed (V.5 ), the pitch angle controller limit
the aerodynamic toque to maintain the generator output power at its rated value. The
difference between the measured power (Pg) and reference power (PgREF) goes through the
controller C(s), which regulates the output power in accordance with error (¢), by generating

suitable pitch angle.

The pitch-angle control strategy mathematically can be expressed as follows

P

_ Aﬂ( g_PgREF)_'_ﬂi (3.21)

Pe=sp

where, AP and Ap are small-signal state variables of mechanical power and pitch angle,

respectively, and f; is initial pitch-angle.

B, 1 Jij % WIND p
C(s) ™ T s+1 > TURBINE [

B

\ 4

A

Rate Pitch angle

Pitch Servo -
limiter  satyration

Figure 3.8: The typical pitch-angle control system

The optimum pitch angle (,) from the controller C(s) is used as reference to the pitch

actuator/servo system. The purpose of the pitch servo is for proper positioning of the blades.
The first order transfer function of the electric or hydraulic pitch servo is as follows:

1
B Tys+l

B

By (3.22)
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The pitch angle ( B ) follows the reference pitch or optimum pitch ( 3,) by a first order lag

with time constant T,, which is depends on the pitch actuator. In order to get the realistic

response from the pitch control system, the pitch rate and the regulations range of pitch angle

are set to +2°/sec and 0°—45°, respectively.

As discussed in the research background of chapter 1, the pitch angle controller is
mainly employed for above rated wind speed where it regulates the generator output power.
Besides, it can also improve the transient stability of the WES. The following section

discusses how the pitch angle controller can serve these tasks well.
3.6 Pitch angle controller in power and speed control modes

The controller shown in Figure 3.9 can be operated in two control modes (power and
speed) in order to achieve above tasks effectively. The operating mode of the controller can
be determined using selection switch. The controller works in power control mode with
switch set to input 1, when the wind speed exceeds its rated speed to maintain the output
power of the generator at rated value. However, for below rated wind speed controller not in

operation where S =0°to extract the possible maximum wind power as governed by the
Figure 3.1. On the other hand, if the rotor speeds of induction generator increases to a
threshold rotor speed (a)rTH ) due network disturbances the controller input set to 2, as a result,

it works in speed control mode where the transient stability enhancement is achieved with
suitable pitch angle generation.

1 B 1 B
o C c 5
PgREF A (S) TﬁS 1 % —b%—b

=+ Pitch Servo Rate Pitch angle
limiter :

“ TH saturation

2,

A 4

T TH Control mode selection
@, switch

Figure 3.9: A typical pitch angle controller in power and speed control modes

In order to achieve the effective performance of the wind energy system, the controller

C(s) of pitch control system need to be designed with an effective control method.
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3.6.1 Proportional Integral (PI) controller

A PI controller based pitch angle control system is as shown in Figure 3.10. The PI
controller has designed using linearized model of the WES where Ziegler-Nichols method is
employed to determine the controller gains in an appropriate way. During the above rated
wind speed the Pl controller is used to regulate the output power at its rated value by
generating suitable pitch angle. Though, this method has a simple structure, better steady-state
response and easy to implement, but exhibit poor transient response due to fixed controller
gains. Therefore, the alternative method for controller design is fuzzy logic. It has numerous
advantages as they do not require the mathematical model of the system and are capable of

handling nonlinearity. In addition, they achieve excellent dynamic responses.

R, + ¢
e gl 1 |p
prEF PI o |
$ Q 45+ —>
2
Rate B
Pitch Servo limits Pltcha_ngle
T - imiter  saturation
TH
20,
TCUTH Control mode selection

r switch

Figure 3.10: Proportional-Integral (PI) based pitch angle controller
3.6.2 Design of fuzzy logic controller (Type-1FLC)

In 1965, Professor Lofti Zadeh has proposed the concept of fuzzy logic. It consists of
fuzzifier, inference engine and de-fuzzifier. Here, the fuzzifier converts the crisp value of the
input parameter into fuzzy set and depending upon the fuzzy rules framed based on the
membership functions for a given parameter of the system and then, fuzzy outputs are
obtained with the help of the inference engine. In the end, de-fuzzifier converts these fuzzy
inputs to a crisp output of the FLC to be used for the control purpose.

The employed fuzzy logic based pitch angle controller is shown in Figure 3.11.

1 B
Type-1 ii7r' >
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Figure 3.11: Fuzzy logic (Type-1) based pitch angle controller
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3.6.3 Type-2 FLC based pitch angle controller

The Figure 3.12 shows the proposed Type 2 FLC based pitch angle controller. According

to selection switch as discussed above the error ( &) signal of power or speed control modes

passes through the Type-2 FLC algorithm from where it generate the suitable pitch angle.

g »
Type-2
13 FLC
),
r + g > o™
r
T TH Control mode selection
@, switch

\ 4

s Tﬁsl+1 g %_’%_’

Rat_e Pitch angle
limiter  saturation

Pitch Servo

Figure 3.12: Proposed Type-2 FLC based pitch angle controller

The MFs and rules framed for the Type-1 and Type-2 FLCs as given in Figure 3.13 and Table

3.1, respectively.
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Figure 3.13: The designed input and output MFs (a) Type-1 FLC (b) Type-2 FLC
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Table 3.1: Fuzzy rules table for pitch angle generation

Error (¢)

Change in

Error (C¢) N ZE XSP SP MP LP XLP
NB ZE ZE ZE XS S M L
NS ZE ZE XS S M L XL
ZE ZE ZE XS S M L XL
PS ZE ZE XS S M L XL
PB ZE ZE S M L XL XL

The triangular membership functions (MFs) employed for design the input and output
variables of Type-1 and Type-2 FLCs are depicted in Figure 3.13. The fuzzy sets for error (
&) have been defined as: XLP(Extra Large Positive), LP(Large Positive), MP(Medium
Positive), SP(Small Positive), XSP(Extra Small Positive), ZE (Zero) and N(Negative). For
the change-in-error (C¢) the fuzzy sets chosen as ZE (Zero), NB (Negative Big), PB
(Positive Big), NS (Negative Small), and PS (Positive Small). While for the output pitch-
angle control, six membership functions have been defined and notation as XL (Extra Large),
L (Large), M (Medium), S (Small), XS (Extra Small) and ZE (Zero). The MFs are selected

based on prior knowledge and observations from the various simulation results.

The major function in the inference engine is the rules’ implementation, aggregation and
type reduction. With help of the experts’ knowledge on the pitch-angle control of the wind
energy system, a control strategy is framed as set of IF-THEN rules and are:

If (&€ is X,)and (CE is Y, ) then (B, is W)

Similarly, 35 rules have been defined for all input-output MFs as shown in Table 3.1.

The common defuzzification methods used for the Type-2 FLC are the first (or last) of
maxima, centroid-of-area and mean-of-max methods. In this study, centroid-of-area method
has been utilized which is the most reasonable and popular method among the others. The
centroid of the Type-2 fuzzy set is the collection of centroids of all of its embedded sets.
The defuzzification method converts the output fuzzy to crisp value. Therefore, the output (for
example power control mode) of pitch angle controller can be obtained as:
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* 1 '
B = Tyl Pe (3:23)

Where 4’ - 20 (p,rfeF) + 4

The starred value is the final output of the pitch controller, whereas the prime term is the

outputs of the Type-2 fuzzy controller.
3.6.4 Configuration of the System

A typical wind energy system consisting of a wind turbine driven induction generator (IG)
is as shown in Figure 3.14. The stator winding of the IG is connected to the point-of-
common-coupling (PCC) through a step-up transformer (0.69/25kV) which exports power to
the 120kV grid through step-up transformer (25/120kV) and a transmission line (R, +jx,,)

operating at 120kV. The rotor of the IG is driven by a variable pitch wind turbine. The power
factor correction capacitor(C) is connected to the low voltage terminal of the wind turbine
generator. It provides required amount of reactive power to the IG for reasonable terminal
voltage. The design parameters of the generator and the wind turbine are presented in

Appendix.

1.5MW Wind Energy System

PCC Grid
> 0.69/25kVI 25/120kV
— » E— | T—
VW > 1 I 1km
Pitch o 1y C
i itcl €=-1:V
Controfler _—’|—; Infinite bus
A A —
a);I'H : :PREF

Figure 3.14: Single-line diagram of the studied grid-connected WES
3.6.5 Steady-state operating characteristics of the studied WES
In this sub-section, the WES has been analyzed under steady-state operating conditions at

different wind speeds. The Figure 3.15(a)-(c) illustrate the steady-state operating conditions of

the studied system where the wind speed is varied from cut-in wind speed (V, of 4 m/s) to

the cut-out wind speed (V,c, of 24 m/s). Whereas the rated wind speed (V,z) is 14 m/s. The

various quantities of the wind energy system such as real, reactive power, voltage, current,
rotor speed and the variation in pitch-angle of the wind turbine are shown in Figure 3.15(a)-

(©)-
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Figure 3.15: Studied system operating conditions under various values of wind speed (a)
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It

is seen from the Figure 3.15 that as the wind speed (V,, ) is varied from V5 toV,,, all

quantities of wind energy system are maintained at steady values except the pitch angle.

(i)

(ii)

It can be observed from Figure 3.15(a) that the wind generator (WG) output voltage

(V) is maintained around 1.0 p.u. for all values of wind speed (V).

When the wind speed varies from V., to V,;, both wind energy system real power
output (P) shown in Figure 3.15(a) and the current (1) shown in Figure 3.15(b)

increase almost linearly with the increase of V,. Thereafter, both P and I are

maintained at rated values when V,, exceeds V5, but the wind turbine pitch-angle ( 3)

shown in Figure 3.15(c) increases almost linearly so as to control the active power as

well as generator current within their rated values.

(iii) The WG reactive power output (Q ) increases slowly in negative direction, as shown

in Figure 3.15(a), for the wind speed V,, below V,; and then maintained at a constant

value by the capacitor bank when V, exceedsV,,. With this, the power factor of the

wind energy system can be maintained at a reasonable value.

(iv) It can be observed from Figure 3.15(b) that as V,, varies from V¢, to V, the rotor

3.6.6

speed (, ) of the generator increases slowly from 1.0001 p.u. to 1.0045 p.u whereas,

as the wind speed V,, exceeds V5, rotor speed remains almost constant at 1.0045 p.u.
It has accomplished with the help of pitch-angle control of the wind turbine as shown

in Figure 3.15 (c). It is observed that as the wind speed V,, exceeds the rated valueV,,,
the pitch-angle continuously increases from 0° (at rated wind speedV,;,) to around 35°

(at cut-out wind speedV, ).

Results and Discussions

In order to observe the applicability of the proposed Type-2 FLC based pitch-angle

controller, a test system as shown in Figure 3.14 has been employed. Two cases (case 1:

windy condition and case 2: a transient fault in the grid) have been considered to analyse the

performance of the proposed controller. To show the efficacy of the proposed controller, the

simulation results obtained are compared with conventional PI, and Type-1 FLC.
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3.6.6.1 Case 1: Windy condition

In this case, the effectiveness of the proposed controller has been investigated for a given
wind speed pattern as shown in Figure 3.16 which consists of variation of wind speed in the
ranges - above, below and rated wind speeds. It can be observed from wind speed pattern that
the wind speed varies at randomly — some time goes below rated value, sometime attains rated
value of 14 m/s and sometime even blows with speeds above rated value. With this wind
speed variation, a solid three-phase-to-ground fault is initiated to occur on the PCC at 30s for
the duration 150s where the wind speed is below. The results of the WES with all the
controllers have been presented in Figure 3.17 to Figure 3.20.

When the fault occurred at 30s, at which the wind speed is below rated. It is seen that
the generator rotor speed did not cross the threshold rotor speed and therefore, the pitch
angle controller did not operate in speed control mode. Moreover, in below rated
wind speed region, all the controllers are able to extract maximum energy and hence, no
generations of pitch-angle till 50s (see Figure 3.20). Therefore, it can be observed from Figure
3.16 and 3.17, response of WES in terms of its real power output follows the same trend as
the wind speed pattern in the absence of pitch-angle control (no role of pitch control system)
whenever the wind speed is below rated value.

On the other hand, whenever the wind speed exceeds its rated level, the pitch-angle
controller operates in power control mode to maintain the power output to its rated value. It is
observed from the generator output power as shown in Figure 3.17 that during the above rated
wind speed, though PI controller maintains the power at rated value but it has significant
oscillations which vary from around 1.38MW to 1.68MW. If this fluctuating power is
exported to grid, it results in frequency variation. Therefore, the fuzzy logic controller (Type-
1FLC) employed here suppressed power oscillations up to some extent but, when we
introduced Type-2 FLC the power fluctuations drastically damped out as compared to Type-1
FLC. Therefore, the pitch-angle controller equipped with Type-2 FLC in power control mode
offered lower overshoot compared to Pl and Type-1 FLC and hence produced quality of
power output. Almost similar trends are observed in the reactive power and rotor speed as
depicted in Figure 3.18 and Figure 3.19, respectively. The pitch-angle profile of the wind
energy system is as shown in Figure 3.20. However as observed from Figure 3.20 that the
pitch-angle variations with Type-2 FLC are of smaller amplitudes than P1 and Type-1 FLC
and therefore, pitch-actuator system using Type-2 controller utilizes less energy to change the
blades orientation.
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Figure 3.20: Pitch angle generation by different controllers

3.6.6.2 Case 2: Transient fault

In this case, the transient performances of the WES with all the controllers are
investigated. Here wind speed is assumed as constant and maintained at rated level, the fault
has been initiated from 10s to 10.15s. After the fault occurs, the generator rotor speed start
increasing rapidly and when the rotor speed surpasses the threshold rotor speed (1.01p.u), the
pitch-angle controller enters into the speed control mode to bring WES into stable state as
shown in Figure 3.21 to Figure 3.23. It is noted from Figure 3.24 that the increase of the pitch
angle causes the mechanical torque to decrease (as shown in Figure 3.23) resulting in decrease
in rotor speed (as shown in Figure 3.21). All the controllers (PI, Type-1 and Type-2 FLCs) are
working well in speed control mode of pitch-angle controller during transient fault condition.
However, due to effective pitch-angle generation by the type-2 FLC, the mechanical torque
reduces to around 0.87p.u (see Figure 3.23, whereas with Pl and Type-1 FLC it is around

0.96p.u and 0.945p.u, respectively. As a result, the maximum rotor speed variation with Type-
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2 FLC limited to about 1.0175p.u only, whereas with Pl and Type-1 FLC it is approximately
1.019p.u and 1.024p.u, respectively. Therefore, the proposed Type-2 FLC offered better
transient performance than conventional Pl and Type-1 FLC. As the pitch-angle controllers
limit/control the mechanical torque, it control rotor speed and consequently the generator
power. Therefore, the active power of generator obtained with all types of controller is as
shown Figure 3.22. It noticed that active power also damped more effectively with proposed
Type-2 FLC controller.
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The control surface of the type-2 FLC uses the Karnik Mendel type reduction algorithm
which results in very smooth surface by aggregating the outputs of large number of embedded
type-1 fuzzy sets [194]. This smooth surface will consequently make it less sensitive to
uncertainties in parameters and disturbances, offering a very good control performance. As
illustrated in Figure 3.25, the designed control surface of the type-2 fuzzy controller is much
smoother than that of type-1 fuzzy logic controller counterpart, which further supports the

claim that the performance of the proposed controller is superior than the P1 and type-1 FLC.
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3.7 Output power smoothing using pitch angle control

As discussed, wind generator output power varies with wind speed, resulting in
fluctuations in the grid frequency and voltage. It is, therefore, becoming a major concern as
the wind power installations are increasing in number. Hence, in this work, a pitch-angle
controller has employed to smoothing the generator output power. However, one major
challenge in wind power smoothing is setting of reference power, specially, when the wind
speed is below its rated value. Constant reference power is not always a good choice as there
may be some cases where the wind speed is below the rated wind speed and appropriate
output power cannot be obtained. As a result, exponential moving average (EMA) is the best
suited to generate a reference power. Thus, in this thesis, EMA concept has been implemented
and incorporated to the pitch-angle controller to generate reference power. Later on, Type-2
FLC technique is proposed for pitch angle controller in order to smoothing out the wind

generator output power more effectively when it subjected to varying wind speed.

3.7.1 Computing of reference power command ( Pcyo )

In order to obtain the output power smoothing, an essential task is to calculate the

reference power (PQT:EJD) for the pitch-angle controller. Different approaches [114] have been

presented to determine the reference power command. However, exponential moving average
(EMA) method offers better performance. The superiority of the EMA method over other
approaches is that it follows wind speed quickly [114].
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The numerical expression for EMA is given as
EMA=[ (C-P)xK |+P (3.24)

Where C is the current value, the previous period’s of EMA is P, and K is weighting factor.
For period based EMA, weighting factor (K) is equal to 2/ (1+N), where N is the number
of periods. A detailed explanation has presented in [114]. For example, for 50 periods EMA
weighting factor K is calculated as: 2/(1+50)=0.0196. Figure 3.26(a) demonstrates the average
EMA values calculated for a given wind speed. It can be observed that the EMA starts from
50secs (each of 1 period) onwards. However, in this work, the average EMA values are

calculated for generated wind power (not for wind speed).

The reference power command (PgFéE,VTD) for the pitch-angle controller is calculated as follows:

Step 1: The wind turbine capture power (Ry; ) can be obtained from equation (3.1).

Step 2: The average EMA value of captured wind turbine power (EWT) is calculated from

equation (3.24). In this work, 50 periods of average value is used in simulation.
Therefore, for every 50sec the EMA of the wind power computation has done. The
EMA calculation are as follows: if the generated wind power is equal to 0.82MW at
50™ period and 0.81MW at 51 period, respectively, the value of EMA at the time
51sec becomes [(0.81-0.82)*0.0196]+0.82=0.819MW. If wind power generated
becomes 0.8MW at 52 sec, then the value of EMA at this instant calculated as [(0.8-
0.819)*0.0196] + 0.8=0.799MW and so on.

Step 3: The standard deviation can be calculated as:

t 2
(j)(PWT Py ) dt
Ruts = : (3.25)

Step 4: Finally, the reference command power of the controller can be obtained as

REF _(p
Pocwp = (Pwr ~Rurs ) (3.26)

Figure 3.26(b) explains the whole calculation process of reference power command of this

work.
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Computation of controller reference power command

3.7.2 Pitch-angle control design phase

In general, the wind turbine pitch-angle is not controlled until the rated power is
generated. When the wind speed is above the rated speed, the pitch controller is activated
to keep the output power at the rated level. In this section, a new pitch controller is
presented where the turbine blade pitch angle is controlled even when the wind speed is
below the rated speed. A typical pitch controller employed in this section is as shown in
Figure 3.27. The controller gains K, and K, are used as a scaling gains for input and K, for
the output signals. These scaling gains can be variables or constants. During the FLC design

these can play an important role to achieve suitable steady-state and transient responses. In

this work, these gains considered to be constant and chosen as K, =1 K, =100 and K, =10.
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3.7.3 Type-2 FLC design for the studied wind energy system

The MFs and rules are framed for the Type-1 and Type-2 FLCs as given in Figure 3.28

and Figure 3.29 and Table 3.2, respectively. The triangular MFs with overlap are used for the

input and output fuzzy sets. For all the inputs and outputs, the universe of discourse is chosen

as [-1, +1].
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The input and output variables used for the controller design are expressed with the
help of fuzzy sets using seven triangular linguistic variables MFs. Notation for the fuzzy sets
as: LP (Large Positive), MP (Medium Positive), SP (Small Positive), Z (Zero), SN (Small
Negative), MN (Medium Negative), LN (Large Negative). The MFs are selected based on
prior knowledge and observations from the various simulation results. The width of the FOU
is decided by observing its effect on the WES output power oscillations. The similar MFs and
rules have been designed for Type-1 and Type-2 FLCs to distinguish their performance

subjected to wind speed variations.
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With the help of the experts’ knowledge on the pitch-angle control of the wind energy
system, control strategies are framed as a set of IF-THEN rules, e.g.

If (€ is X,)and (CEis ) then (5, is W,)

Similarly, 49 rules have been defined for all input-output MFs as shown in Table 3.2.

Table 3.2: Fuzzy rules for pitch angle generation

Change in Error ()
Error

(C¢) LN MN SN Z SP MP  LP
LN LN LN LN LN MN SN Z
MN LN LN LN LN SN Z sp
SN LN LN MN MN Z SP MP
z LN MN SN Z SP MP  LP
SP MN SN Z MP MP LP LP
MP SN Z SP MP LP LP LP
LP Z SP MP LP LP LP LP

3.7.4 Real time simulation

The real time simulation of the studied system is carried-out on OPAL-RT digital
simulator. The RT-lab, which is fully integrated with MATLAB/Simulink®, provides the
flexibility and scalability to achieve the most complex real-time simulation applications in
the power systems, power electronics, automotive, aerospace and industries [105, 135, 172].
The simulator uses advanced fixed-time step solvers (ARTEMIS) for strict constraints of real-

time simulation of stiff systems. The sampling time used to realize the system is 50us. To

run the models in real-time simulation, the RT-lab allows user to readily converted Simulink
models through real-time workshop (RTW). The steps involved in implementation of
MATLAB/Simulink model to real-time have been provided in detail in [106]. The RT-lab can
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Figure 3.30: Distributed model of the WES for real time simulation
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Figure 3.31: Real time digital simulator laboratory setup

separate a complex system into simple sub-systems and performs parallel operation in
multiple cores. Hence, one needs to separate the model into suitable sub-systems for real time
simulation [65, 190]. The studied WES as shown in Figure 3.14 can be divided into two sub-
systems as shown in Figure 3.30. The console subsystem denoted as SC_Console which
contains parameters accessing and displaying blocks. This sub-system runs on the host PC,
which can receive simulation results and display through the scope. Another sub-system is a
computing sub-system named as SM_Master which contains all the calculation blocks (of

studied WES). This sub-system runs on the target machine with real-time condition.

The real-time digital simulation laboratory setup is as shown in Figure 3.31; it consists of
host personal computer (Host-PC), target (real-time digital simulator) and oscilloscope. The
simulator employed here is OP5600 with one processor and four 3.33-GHz dedicated cores to
perform parallel computations. The work station computer (Host-PC) executes the WES
model and interacts with the real-time digital simulator (RTDS) to produce the results of real-
time simulation. The digital oscilloscope is also employed to observe the real-time results of
pitch angle generation.

The results of Type-2 FLC are compared with Type-1 FLC and PI controller used, one
at a time, for the pitch controller designed for the test WES. To present the effectiveness of

the proposed controller, the following cases have been considered.
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3.7.4.1 Case-1: Below rated wind speed

The wind speed pattern considered for below rated wind speed is as shown in Figure 3.32.
Under this wind speed characteristics, the performance of the PI, Type-1 FLC and the
proposed Type-2 FLC was investigated and the real-time simulation results were obtained
through opcomm block for generator active power, generator rotor speed, power coefficient
and pitch angle as shown in Figure 3.33 to Figure 3.36, respectively. When the wind speed is
below rated value, there is no pitch angle generated with PI controller which ensures no
point of limiting the rotor speed and the wind turbine operates with its maximum possible
power extraction. As a result, the generator active and rotor speed followed the wind speed
disturbances and exhibits huge fluctuations (see Figure 3.33 and Figure 3.34). If these
fluctuating power exported to grid causes grid frequency to fluctuate.

Thus, it is needed to smoothen out these power fluctuations. For smoothing the output

power fluctuations, at first it is required to determine the reference power command ( PgRCEJD)

as discussed in the previous sub-section 3.7.1 and thereafter, fuzzy logic approaches (Type-1
and Type-2 FLC) are implemented. These FLCs are good at tracking reference power
(command power) irrespective of system operating conditions by generating a suitable pitch-
angle. On comparing, it is observed from Figure 3.33 that the active power output of the wind
energy system follows the command output power with small variations with Type-1 and
Type-2 controllers but real power fluctuations are being smoothened more effectively by the
Type-2 FLC pitch-angle controller. The similar results are also seen with generator rotor
speed too, it has been more efficiently smoothen out by the proposed controller as shown in
Figure 3.34. The power-coefficient of wind turbine with conventional PI, Type-1 and Type-2
FLCs controllers are as shown in Figure 3.35. The power-coefficient with PI controller is
always maintained at its maximum value of 0.48, since there is no pitch angle generation.
However, with Type-1 and Type-2 FLCs, the power-coefficient varies according to the pitch-
angle variations in order to smoothing the output power. The pitch-angle profiles of the WES
with all employed controllers are as shown in Figure 3.36. The pitch controller action with
conventional PI, Type-1 and Type-2 FLCs are also observed in the digital oscilloscope and
depicted in Figure 3.37(a)-(c). As there is no pitch angle generation with Pl controller thus
straight line (zero) has been observed in oscilloscope (see Figure 3.37(a)). But with Type-1
and Type-2 FLCs pitch-angle activity has been achieved and recorded in the digital
oscilloscope as shown in Figure 3.37(b) and (c), respectively.
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3.7.4.2 Performance indices

To estimate the performance of the proposed technique (Type-2 FLC) with Pl and Type-1
FLC, the output power smoothing P, and maximum energy (W, ) functions are

calculated as [26]:

T |dP, (t)
Pooon = | |0t (3.27)
o ! "
.
Wi = j P, (t)dt (3.28)
0

Where, Pg is the generated output power and T is the total simulation time. In equation

(3.27), P,oonr i the integral of the absolute value for the differentiation of the generated output
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power Pg. Thus, if P, is small in magnitude, it indicates that the generated power

fluctuations of the wind energy system are smoothen-out more effectively. The Figure 3.38
shows that the power smoothing function with Type-2 FLC method has smaller magnitude as

compared to Pl and Type-1 FLC throughout the wind speed pattern considered.
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Figure 3.38: Generator output power smoothing index

Using equation (3.28), the maximum energy output of WES over the disturbance period
was also determined considering all the three controllers but one at a time. The trend is as
shown in Figure 3.39. The maximum energy has been obtained with conventional PI
controller, as there is no pitch angle generation it remains fixed at zero degree. But with Type-
1 and Type-2 FLCs there is a drop in the output power due to pitch angle generation. The
purpose of this work is to smoothing the output power and thus drop cannot be avoided. From
the Figure 3.39, the percentage of drop during the 600sec for Type-1 and Type-2 FLCs are
calculated with respect to PI controller. The energy losses of Type-1 and Type-2 FLC (with

respect to the conventional PI controller) are respectively, 30.02% and 30.31% approximately.
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Figure 3.39: Generator total energy generation index
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3.7.4.3 Case-2: Moderate wind speed

In this case, the moderate wind speed pattern has been considered i.e wind speed
consists both below and above rated trends as shown in Figure 3.40. Similar trends have been
observed from the active power and rotor speed of the WES system as shown in Figure 3.41
and Figure 3.42. From the simulation results, it is clear that compared to Pl, Type-1 FLC and
the proposed Type-2 FLC give much better smoothing for the generator output power. The
power-coefficient and pitch-angle responses of the WES are also presented in Figure 3.43
and Figure 3.44, respectively. The pitch-angle generations with all the controllers are also
recorded in the digital oscilloscope as shown in Figure 3.45(a)-(c).
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Figure 3.40: Moderate wind speed profile

2 T T T T T
g —— Conventional Pl =—— Type-1 FLC —— Type-2 FLC
=
— 15
o
=
(@)
o
2 1
5}
<

0.5

100 200 300 400 500 60C
Time(sec)

Figure 3.41: Generator active power
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The smoothness function (performance indices) for this case with all the controllers is
presented in Figure 3.46. It is seen that lower value denotes better smoothness and hence, the
proposed Type-2 FLC based pitch angle controller offered smoother results than Pl and Type-
1 FLC. The total energy generation of I1G with PI, Type-1 and Type-2 FLCs are obtained from
equation (3.28) are as shown in Figure 3.47. The percentage of energy loss for Type-1 and
Type-2 FLCs are calculated as approximately 4.32% and 4.51%, respectively with respect to
Pl controller response.

The obtained control surfaces of the type-1 and type-2 controllers are shown in Figure
3.48(a) and (b), respectively. It is observed from Figure 3.48 that as its control surface is
formed with large number of embedded Type-1 FSs, the proposed Type-2 controller surface is
very smooth as compared to Type-1 FLC. This smooth surface is less sensitive to disturbances
and therefore, its effect is clearly visible on the responses of the wind generator output power

as shown in Figure 3.33 and Figure 3.41.
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3.8 Conclusions

In this chapter, a Type-2 fuzzy logic based pitch-angle controller is proposed for wind
energy system to achieve major objectives such as enhancement of transient stability and
generator output power smoothing.

In the first objective, pitch-angle controller implemented in power and speed control
modes equipped with Type-2 FLC is investigated. Two cases (windy and transient fault) have
been considered to operate pitch-angle controller in both, power and speed control modes.
Simulation results of the pitch-angle controller equipped with Type-2 FLC compared with
Type-1 FLC and PI controller. The proposed Type-2 FLC based pitch-angle controller out-
perform in power quality and transient stability improvement, which are the main drawbacks
of this type of 1Gs. Moreover, an analytical approach has been introduced from which some
key factors that may affect the transient stability of the 1G were investigated. This type of
investigation is very important to expand the operating limitations of the wind turbine
driven 1G under the severe faults to guarantee the wind farm connection to the grid.

Concerning the generator output power smoothing, a Type-2 FLC based pitch-angle
controller is proposed for WES when it subjected to varying wind speed. At first, reference
power command based on EMA concept is obtained and then, fuzzy controllers (Type-1 and
Type-2) are implemented to follow the reference power command. To validate the present
work, the studied system has designed in MATLAB/Simulink and then exported to RT-lab via
RTW for real time simulation. Two different types of wind speed patterns are employed to
study the effectiveness of the proposed controller. The simulation results show the pitch-
angle controller with Type-2 FLC offers better performance in smoothing the output power of
WES than Pl and Type-1 FLC. To estimate the smoothing level of proposed controller, power
smoothing function (index) has been incorporated. Due to good output power smoothing
achieved with proposed controller, the system frequency which is affected with power

fluctuations can be controlled within the acceptable limit.
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CHAPTER 4: STABILITY ENHANCEMENT OF FIXED SPEED WIND
FARM USING STATCOM

4.1 Introduction

Modern wind energy systems (WES) nowadays utilize variable-speed Doubly-Fed
Induction Generators (DFIGs) but fixed-speed wind farms still exist in the world in a
considerable number due to their advantages. These wind farms generally employ Squirrel-
cage Induction Generators (SCIGs) which are directly linked to the grid to export power.
However, the main drawback of these wind farms is that they need large amount of reactive
power during the disturbances such as network faults. Under such conditions, the terminal
voltage and active power drastically decreases resulting in the increase of rotor speed,
assuming the mechanical torque of SCIG to be constant. Though, the fault is cleared, but a
large amount of reactive power is drawn by the induction generator during its speedup. If the
needed amount of reactive power is not available, the machine will cause rotor to accelerate
and make rotor speed unstable and gets disconnected from the grid. For cases in which fixed-
speed wind farms supplying a large amount of active power to the network, they must stay
connected to the grid. Therefore, the stability of wind farm becomes an important issue and
therefore, has attracted considerable attention recently and hence, it is necessary to examine
the responses of them during the faults and their possible impact on the system stability.

Moreover, these wind farms themselves are very sensitive to the grid faults and wind
energy is a kind of stochastic energy implying that the output of wind farm can vary in a
certain range. The inherent power fluctuations of these wind farms have adverse impacts on
the power system to which they are connected. Therefore, we need to look for a novel
controller design for wind integrated power system to improve its stability.

The contribution of this chapter: As a preliminary study, this chapter investigates the
impact of fault ride-through on the stability of the fixed speed wind farm connected to power
grid. The effect of fault locations and fault time durations on stability of fixed-speed wind
farm, subjected to different types of faults were studied. Thereafter, a static synchronous
compensator (STATCOM) has been employed to support the studied wind farm and its
contribution to the different fault locations and durations are investigated.

Later on, an interval type-2 fuzzy logic based damping controller for STATCOM is
proposed to achieve damping improvement which enhances the stability of wind integrated
power system. To evaluate the effectiveness of the proposed method by comparative analysis,
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three different scenarios (STATCOM-without damping controller, STATCOM-with type-1
FLC based damping controller and STATCOM-with type-2 FLC based damping controller)
are considered. The performance of the proposed control scheme is analyzed by considering
different network faults such as LLLG, LLG and LG. All the simulations are carried out on a
test system using MATLAB/SIMULINK® software. The behaviour of the SCIG and the

designing aspects of the STATCOM are discussed in the following sections:

4.2 SCIG terminal voltage and rotor speed relationship

From previous chapter 3, during the stable operation of wind power system, variation in slip

of SCIG is very small and hence voltage equation can be expressed as [188]:

|
V, r —R—K (4.1)

where K, =+/X?+Y? with

X = —(sX4Rq +5X,, Rg + X, Ry + X(R)

4.2)
Y =RiR; —sX,, X =X, Xz —SXz X
The relation between mechanical to electrical power with efficiency 77 is:
Po=nFR, (4.3)
From the equations (3.5) and (3.10) the corresponding rotor current is:
I, = 17Ce (1, B)K s (4.49)
3R,
where, the slip (s) is defined as:
W, —@
S — S r (4.5)
1)

where, @ is the synchronous speed of SCIG.

From the equations (4.1), (4.4) and (4.5), the stator terminal voltageV, of the SCIG can be

written as;

V, =K, [ (4.6)

78



Where K. = KS \/a)sCP (/Lﬁ)UK
’ R =
J3R: Xy,

From equation (4.6), the behaviour of generator terminal voltage (V) of SCIG is as shown in

Figure 4.1, by taking the rotor speed as variable.
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Figure 4.1: IG terminal voltage versus rotor speed characteristics
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From Figure 4.1, it is observed that as the SCIG speeds up, its terminal voltage decreases very
fast and reduces to a extremely low value.

4.3 STATCOM working principle

As described above, as the terminal voltage of the SCIG reduces because of its speeding
up after the clearing of the network faults which may result in the possible dis-connection of
SCIG. Therefore, to arrest this fall in the terminal voltage of SCIG and to provide necessary
fault ride-through capability, an STATCOM is proposed to be installed at the PCC of the
SCIG.

The topology of STATCOM can be classified in to two groups: voltage source converter
(VSC) and current source converter (CSC). The VSC based STATCOM has efficiency
relatively higher than CSC based STATCOM,; therefore, in large scale wind farm it preferable
[179]. In this work, we adopt VSC based STATCOM as a dynamic reactive power

compensator.

The simplified basic equivalent circuit of STATACOM is as shown in Figure 4.2, where,

V., denotes the AC source, V, is controllable STATCOM output voltage, R and X are the
interfacing resistance and reactance, respectively. V, represents the voltage drop across the
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resistance and reactance and | is current flowing through Rand X . This current can be
leading or lagging to the source voltage (V. ), and the vector diagrams are as shown in Figure

4.3 and Figure 4.4.

Figure 4.2: Basic equivalent circuit of STATCOM

v il
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QH*

\Y%

|
\ c

Figure 4.3: Capacitive reactive power vector diagram of STATCOM
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5 Vi
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Vy Vs

3

Figure 4.4: Inductive reactive power vector diagram of STATCOM

Assuming the positive direction of power transfer from power network to the STATCOM

and X >> R, the active and reactive power expressions can be deduced from Figure 4.3 and

Figure 4.4 as follows:

P:\ﬁsinﬁ 4.7)
X

o V,(V,cos6-V,)
- X

(4.8)

Here, the assumptions has been made that voltage generated by VSC (V. ) is in phase with

power network voltage (V,). Therefore, 6 =0 causes active power P=0and only reactive
power (Q) is flowing. If the V, i.e bus voltage is higher thanV, , then STATCOM absorb the
reactive power. On the other hand, if V, is lower than the V,, STATCOM injects reactive
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into the grid to maintain the voltage profile of V. The amount of reactive power exchanged

by the STATCOM with the grid can be expressed as:

V. (Vs —Vc)

Q=" (4.9)

The voltage regulation mode V-I characteristics of STATCOM is as shown in Figure 4.5
[54]. This shows that the STATCOM can be operated over its full output current rating

even at very low (zero) system voltage level. As long as the reactive current stays within

the maximum capacitive and inductive output current (lcpa, ! mx) imposed by the

converter rating, the voltage will be regulated at the reference voltage (V. ). The slope (

X)) or droop is normally employed between 1% and 4%.

Slope X /)J—___
Vee=1.0

05 c---7777

| 0 |
Cabpacitive Inductive

A

>
»

Figure 4.5: V-1 characteristics of STATCOM in voltage regulation mode

4.4 Employed STATCOM

The detailed block diagram representation of STATCOM is shown in Figure 4.6. The
output of inverter is connected to the point of common coupling through an AC filtering
inductor. It employs PWM technique to synthesize a sinusoidal waveform from a DC
voltage source with a typical switching frequency of few kilohertz. The angular position (

6) of the supply voltage vector is established by a phase-locked-loop (PLL). Thereafter, its

output (6 = wt) is used to compute the d-axis and g-axis components (V,4,V,, and 1, 1,)

of the AC three-phase voltage and currents (V,,V,, ,V,, and i,,i, i;).
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Figure 4.6: Block diagram representation of STATCOM

The current regulator is assisted by feed-forward type regulator which determines theV, and
V, from the | and I, currents (produced by AC voltage controller and DC voltage
controller, respectively). Therefore, it controls the magnitude and phase of the generated
voltage (V anqu ). The modulation index (M) and phase angle of the modulating waveform

(¢ or ) can be expressed as shown in Figure 4.6 [181]:

4.5 The STATCOM Control Scheme

A schematic diagram of a typical STATCOM is as shown Figure 4.7 which includes a
voltage source converter (VSC), AC filtering inductor and the associated control system. The
well-known control scheme [153] is used as a control strategy for the VSC based STATCOM.

PCC
L, VSC 114
«— STATCOM Cd]'c
PWM
Current Control
A Vdc
AVDC Y+

.
o Ploc | Vi
I, AV +
o,

Vv

Figure 4.7: Control Scheme of STATCOM
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For maintaining the voltage at PCC constant, the AC line voltage (V) is compared with the

reference voltage (v, ) and the error/deviation (AV') is processed through the controller

Pl,. . The AC voltage error (AV ) at the N™ instant is

-V, V. (4.10)

AV, —Vo

(n)
where, V ny 1S the magnitude of the three phase voltages sensed at the PCC at N" instant, V.o
is the amplitude of the reference voltage.

The voltage regulation controller (Pl ,.), reacts to a sudden voltage variation and inject
the appropriate amount of reactive power and therefore, it is well adapted for system
disturbances. For an AC voltage control loop, the controller Pl,. output ( I;) determines the

amount of reactive power to be generated by STATCOM. The AC voltage controller (Pl )

output ( I;(n)) at n" sampling to regulate the PCC voltage can be expressed as

ooy = lans + KpacdAViy = AV 3+ KAV (4.11)

a(n)
where, K,,.and K, are the proportional and integral gain constants of the AC voltage
controller, AV, and AV, ,, are the error voltages at the n"and (n—1)" instants and I;(n_l) is

the quadrature component of the reference current at the (n—1)" instant.

At the same time, in order to support the DC bus of STATCOM, DC bus voltage (V,.) is

also compared with the reference DC voltage (v,__. ) and the error voltage (AVp.) is passed

through another controller Pl .. The output (IJ) of this controller determine the source
current active power component so that no real power injection is made by STATCOM at the

PCC. Similarly, the DC bus voltage error (AVp.) at n" sampling is

AV iy =Vaeret —Veen) (4.12)

where, V., is the DC link voltage of the STATCOM sensed at the N"instant and Vieres 1S

the reference DC voltage. The output of the Pl controller is to support the STATCOM DC
voltage at the n" sampling and expressed as

I;(n) = It:(n—l) + KPdc{AVDC(n) _AVDC(n—l)}+ KiseAVoe(n) (4.13)
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Where Iy, and 1, are the active power components of the source current at the N and
(n—1)"instants. Ki,and K, are the proportional and integral gain constants of the DC

voltage controller. The gains (K, K ., Kpeand Kyy.) of two PI controllers of the STATCOM

are obtained at a specific operating point.

4.6 Design of STATCOM

4.6.1 Selection of DC link voltage of STATCOM

For satisfactory control of pulse-width modulation (PWM), the DC bus voltage (V) is

expressed by following relationship [118].
V. >(2x/2/3\/ac)m (4.14)

Where, V, is root-mean-square (RMS) value of the line-voltage on the AC side of the

converter, M is modulation index which in the range of 0>m>1. The maximum converter

terminal voltage rating is 2.5kV, so that the DC bus voltage can be computed as:

Vy, >(24/2/3x2500)x0.96
>3919.18V

(4.15)

The final value of DC voltage chosen as 4000V.
4.6.2 Selection of rating of STATCOM converter

Neglecting the switching and transformer losses, the DC voltage source should be
constant and STATCOM does not provide active power to the system i.e P, =0 and the

maximum amount of reactive power delivered by the STATCOM Q. =15Mvar the

converter rating (VA ) is calculated as [31]:

VA =[P2 +Q2 =0 +15* =15MVA (4.16)
and thus, the maximum converter current is given by
. =VA. V3V, :15MVA/(\/§ X 2500v) = 3464.10A (4.17)
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4.6.3 Selection of filtering inductor

The AC filtering inductor is placed in series on PCC side of the STATCOM for ripple free

current. The inductance (L, ) is given as [118].
L, =(v312)mV,. (6%l sc) (4.18)

where, f, is the switching frequency which is equal to 4 KHz, @ is the steady state current

margin, and Ir(p_p)SC is the peak-to-peak ripple current which can be taken as 5% of peak

current of I :
L opysc = 0.05%21 (4.19)

Therefore, the inductance (L, ) can be calculated as:
L, =(\/3/2)x0.96x4000/(6x 4000x1.2x (0.05x\/2x3464.10) = 0.47TMH  (4.20)

For designing purpose, the inductance selected as0.5mH. Whereas, the resistance ( R ) of

the series filtering inductor is chosen as 0.25Q2 so as to account for its losses.
4.6.4 Selection of DC link STATCOM capacitance

The design of DC capacitor of STATCOM is paramount importance as it allows the
STATCOM to provide sufficient reactive power during transient and other power network
disturbances. The DC capacitance of the STATCOM can be determined with following
analytical equation [54].

It 3%(2500//3)x3464.10x 375¢ *
C = ac =
NV, -[0.05xV, I 40007 38007

= 3509.76,F (4.21)

Where, the response time t=375us and DC link voltage dip is 5% of rated DC link voltage.

Therefore, DC link voltage may vary in between 4000V to 3800V. In order to avoid any DC
side resonance, it is wise to choose a proper capacitance value [38]. In this work, therefore,

the capacitance value is chosen as 3600pF .
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4.7 System configuration

In this work, a fixed-speed wind farm is considered as shown in Figure 4.8 which consists
of twenty four 1.5MW rated fixed-speed SCIGs and thus 36MW wind farm has been
connected to 120kV grid. The stator winding of each generator is connected at the point-of-
common-coupling (PCC) through a step-up transformer (0.69/25kV) which thereafter, another
step-up transformer (25/250kV) is connected at the PCC which helps in exporting power to
the 120kV grid through a transmission line. The power factor correction capacitors are
connected to the low voltage terminal of the each wind generators. Under normal operating
condition, these capacitors provide required amount of reactive power to the FSIGs. But,
these devices fail to support reactive power demanded by the FSIGs under severe faults
conditions as discussed earlier. Therefore, to supply the adequate reactive power and voltage
support at the PCC under fault conditions, the STATCOM has been employed and connected
at the 25kV bus. The design parameters of the generator and wind turbine are presented in

Appendix.
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v 3 1
v 1km
—
IG
Lomw c Grid
—> 690V/25kV| 25/120KV
v 3 HO—0OH ~
— 1km R + Xn
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° 1sMw Fault at X2
C
° _l; Faultat X1 Infinite bus
: Vpa'vpb’vpc
. r-ToTIST T il
— 690V/25kV/ b kol v
> |
Yo = T L VsC
i6 P STATCOM ]'Vdc
15MwW Po)

36MW Wind Farm
Figure 4.8: Configuration of the studied system
4.8 Results and Discussions

In order to investigate the fault ride through impact on the stability of fixed-speed wind
farm using STATCOM, two cases (case 1: Fault location and Case 2: Fault duration) have

been considered with different types of faults on the connected transmission line.
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4.8.1 Fault location

Two fault locations (X1 and X2) have been defined on the studied system as shown in
Figure 4.8 in which X1 is close to PCC of the wind farm whereas, another i.e. X2 is at the far
end of the line. To analyze the effect of fault locations on the stability of wind farm, different
types of faults have been considered, with and without considering STATCOM at the PCC.

4.8.1.1 Single line-to-ground (LG) fault

When a single line-to-ground fault occurs at the locations X1 and X2 without STATCOM,
the variation of PCC voltage, active and reactive power transfer of wind farm to the grid are
as shown in Figure 4.9(a), (b) and (c), respectively. During the fault, PCC voltage drops to
0.7621p.u when the fault occurs at X1 and drops to 0.7925p.u, when the fault occurs at X2.
Also, the wind farm total active power exported to the grid decreases to 32.5MW when the
fault occurs at X1 and to 33.0LMW, when the fault occurs at X2. After the fault has cleared,
the maximum amount of reactive power absorbed by the wind farm is 6.812Mvar for the fault
at X1, whereas it is 6.612Mvar for fault at X2.
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Figure 4.9: Single line-to-ground fault at different fault locations X1 and X2-without
STATCOM: a) PCC voltage; b) Active power; c) Reactive power
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Similarly, Figure 4.10(a)-(c) show the responses of the system when it is subjected to LG
fault on the locations X1 and X2 with STATCOM. Figure 4.10(a) shows the PCC voltage,
during the fault period, it drops to 0.8201p.u in when the fault occurs at X1, and to 0.8523p.u
when the fault occurs at X2. Also, the wind farm total active power exported to the grid
shown in Figure 4.10(b) decreases to 33.65MW when the fault occurs at X1, and to 33.86MW
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when the same fault occurs at the location X2. After the fault cleared, the maximum amount
of reactive power absorbed by the wind farm for different locations X1 and X2, respectively,
are 4.351Mvar and 4.081Mvar as depicted in Figure 4.10(c).
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Figure 4.10: Single line-to-ground fault at different fault locations X1 and X2-with
STATCOM: a) PCC voltage; b) Active power; c) Reactive power
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It may, therefore, concluded that the STATCOM placed at the PCC arrests the fall in the
PCC voltage and helps in faster restoration, thereby it results in increased amount of real
power transfer to the grid and decreased amount of reactive power drawn from the grid by

supplying local reactive support at the PCC itself.

4.8.1.2 Double-line-to-ground (LLG) fault

In this case instead of LG fault, an LLG fault is considered at the same locations X1 and
X2 and the PCC voltage, active and reactive power (without STATCOM) measured are as
shown in the Figure 4.11(a)-(c). As observed from Figure 4.11(a), the PCC voltage drops to
0.4801p.u during the fault when the fault location is X1, whereas it drops to 0.5521p.u when
fault occurs at X2. The active power supply to the grid is reduced to 16.20MW when the fault
location is at X1, and to 19.MW when the fault occurs at X2. Similarly, the maximum
reactive power consumption of wind farm increases to 9.52Mvar and 9.451Mvar respectively,
for the fault locations X1 and X2.

In the same way, Figure 4.12(a)-(c) show the variations of system parameters with
STATCOM subjected to LLG fault at X1 and X2. During the fault, the PCC voltage now
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decreases to 0.5410p.u and 0.5981p.u; when the fault occurs at X1 and X2, respectively as
opposed to 0.4801p.u. and 0.5521p.u (see Figure 4.11(a)) respectively when STATCOM was
not present. Similarly, the active power transferred to the power network is reduced to
16.532MW only when the fault initiated at X1, and reduced to 22.13MW when the fault

occurs at X2. The amount of reactive power absorption by the wind farm is 5.98Mvar and

5.723Mvar; respectively, when the fault occurs at X1 and X2.
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Figure 4.11: Double Line-to-ground fault at different fault locations X1 and X2-without
STATCOM: a) PCC voltage; b) Active power; c) Reactive power

[N
T

o
©
T

PCC Voltage (p.u)
o
(2]

o
IS
T

o
N
«

I
15

.
155

L .
16 16.5

Time (sec)

(@)

Reactive power (Mvar)

40
g 35r
<
— Fault at X1 @ 30+
--Faultat X2 H ——Faultat X1
(=8 ——
g 25t Fault at X2
E
20-
. r 5 c . . . . .
17 17.5 18 ]14.5 15 155 16 16.5 17 17.5
Time (sec)
— Fault at X1
===-Fault at X2
c c c .
16 16.5 17 175 18
Time (sec)
(c)

18

Figure 4.12: Double Line-to-ground fault at different fault locations X1 and X2-with
STATCOM: a) PCC voltage; b) Active power; c) Reactive power
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Again in case of LLG faults too, the STATCOM placed at the PCC arrests the fall in the
PCC voltage and helps in faster restoration, resulting in the increased amount of real power

transferred to the grid and ample reduction in the reactive power drawn from the grid.

4.8.1.3 Three line-to-ground (LLLG) fault

Since a three-phase fault is the most severe fault among all, a LLLG fault as considered
again at locations X1 and X2 and results shown in Figure 4.13(a)-(c) reveal the variations in
voltage, active and reactive power of the studied system (without STATCOM). Now, during
the fault period, the PCC voltage and active power are reduced zero when fault occurs at X1;
while voltage reduces to 0.2050p.u and active power is zero again when the fault occurs at
X2. The maximum amount of reactive power consumption by the wind farm is 12.85Mvar
when the fault initiated at X1, and 9.85Mvar when the fault occurs at X2. It is clear that when
the LLLG fault occurs at X1, the system parameters failed to return to their post-fault
condition; whereas, if the fault occurs at X2, all the responses are return back to their post-

fault condition.
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Figure 4.13: Three Line-to-ground fault at different fault locations X1 and X2-without
STATCOM: a) PCC voltage; b) Active power; c) Reactive power

Figure 4.14(a), (b) and (c) show the effect of different fault locations on the system with
STATCOM connected when the system is subjected to LLLG fault at X1 and X2. It is clear

from Figure 4.14(a) that during the LLLG fault, the voltage becomes zero when the fault
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initiates at X1 whereas, it is 0.2355p.u when the fault occurs at X2. Also, the active power
injected into the grid becomes zero when the fault occurs at X1, and decreases to 4.5MW if
the same fault occurs at X2 (during fault). After the fault cleared, the maximum amount of
reactive power absorbed is 8.32Mvar and 7.232Mvar respectively; when the fault occurs at
X1 and X2. With the STATCOM connection, all the responses returned back to their post-
fault conditions and hence, wind farm stays connected to the grid. It is also observed that
during the low voltage period a small amount of the active power can be exported to the

grid when the fault occurs at X2.
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Figure 4.14: Three Line-to-ground fault at different fault locations X1 and X2-with
STATCOM: a) PCC voltage; b) Active power; c) Reactive power

Table 4.1 shows the results comparison of impact of different fault locations on the wind farm
stability (with and without STATCOM) subjected to various types of faults. It is observed
from the Table 4.1, as the fault location distance increases it effect on the wind farm being
reduces. The three lines to ground fault is more severe than other faults, since in which
electrical torque reduces to zero as result active power become zero, consequently, the voltage
at the wind farm decreases to zero. If this condition present for a long time then wind farm
would be disconnected from the grid. However, the STATCOM can improve the low-voltage-
ride through capability of the wind farm as shown in Figure 4.14(a).
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Table 4.1: For different fault locations: variations of system parameters with different types of
fault with and without STATCOM

Fault location at X1 Fault location at X2
Type of PCC Active Reactive PCC Active Reactive
fault Voltage power power Voltage power power
(p.u) (MW) (Mvar) (p.u) (MW) (Mvar)
LG Fault
without
STATCOM 0.7621 325 6.812 0.7925 33.01 6.612
LG Fault
with
STATCOM 0.8201 33.65 4.351 0.8523 33.86 4.081
LLG Fault
without
STATCOM 0.4801 16.20 9.52 0.5521 19.8 9.451
LLG Fault
with
STATCOM 0.5410 16.532 5.98 0.5981 22.13 5.723
LLLG
Fault 0 0 12.85 0.2050 3211 9.85
without
STATCOM
LLLG
Fault with
STATCOM 0 0 8.32 0.2355 45 7.232

4.8.2 Fault duration

In this section, in order to analyse the impact of fault-ride-through capability (FRT) of the
wind farm on its stability, different fault types of faults are considered at the same location X1
on the transmission line but with different time durations, with and without STATCOM
connected at the PCC.

4.8.2.1 Single line-to-ground (LG) fault

The behaviour of PCC voltage, active and reactive power of employed system is shown in
Figure 4.15(a)-(c) subjected to LG fault without STATCOM. During the fault, the voltage
reduced to 0.7621p.u for the fault durations 100ms and to 0.7316p.u when the fault remains
for longer duration i.e. 150ms. Furthermore, the active power supplied by the wind farm to the
grid is decreased to 32.5MW when the fault exists for 100ms whereas it comes down to

31.5MW when the fault occurs for 150ms. After the fault cleared, the amount of reactive
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power absorbed by the FSIG-wind farm is 6.812Mvar for the fault duration 100ms, and
7.251Mvar when the fault occurs for duration 150ms.
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Figure 4.15: Single line-to-ground fault at different fault durations 100ms and 150ms-without
STATCOM: a) PCC voltage; b) Active power; c) Reactive power
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Figure 4.16: Single line-to-ground fault at different fault durations 100ms and 150ms-with
STATCOM: a) PCC voltage; b) Active power; c) Reactive power

Figure 4.16(a), (b) and (c) show the variation of PCC voltage, active and reactive power
of the studied system subjected to LG fault with STATCOM. During the fault, the voltage at
the PCC becomes 0.8201p.u and 0.8102 respectively, for fault durations of 100ms and 150ms.
Also, the active power exported to the grid is reduced to 33.65MW and 32.2MW when the
fault exists for 100ms and 150ms, respectively. The reactive power consumption increases to

4.351Mvar and 4.489Mvar respectively, when the faults initiated for 100ms and 150ms. It
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clears that in all conditions the wind farm stay connected to the grid when the line-to-
ground fault occurs. However, different fault time duration with STATCOM has produced
improved voltage, active power and reactive power consumption by IG as compared to
without STATCOM (see Figure 4.15 and Figure 4.16).

4.8.2.2 Double line-to-ground (LLG) fault

Figure 4.17(a)-(c) show the effect of fault durations on the voltage, active and reactive
power of studied system subjected to LLG fault without STATCOM. During the fault time,
the PCC voltage depressed to 0.4801p.u and 0.4793p.u respectively, when the fault durations
of 100ms and 125ms are applied. Also, the wind farm active power transferred to grid has
dropped to 16.20MW when the fault duration of 100ms applied, and it dropped to 12.5MW
when the fault time period increased to 125ms. The reactive power absorbed by the wind farm
after the fault cleared are 9.52Mvar and 14Mvar respectively; for the fault durations 100ms
and 125ms. For a given LLG fault, the wind farm stay connected to the grid for the fault
duration of 100ms, but it disconnected when the fault duration exists for 125ms. It is clear that
even for LLG fault if the fault duration increases the wind farm fails to recover its post-fault

state results in may be disconnected from grid.
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Figure 4.17: Double line-to-ground fault at different fault durations 100ms and 125ms-
without STATCOM: a) PCC voltage; b) Active power; c) Reactive power
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Figure 4.18: Double line-to-ground fault at different fault durations 100ms and 125ms-with
STATCOM: a) PCC voltage; b) Active power; c) Reactive power

Similarly, Figure 4.18(a)-(c) show the responses of wind farm with STATCOM for
different fault time durations when it subjected to LLG fault. During the fault, the PCC
voltage shown in Figure 4.18(a) reduced to 0.5410p.u and 0.5123p.u for the fault durations
100ms and 125ms, respectively. Also the case, where the wind farm generated active power
exported to grid decreases to 16.532MW and 12.85MW when the fault durations exist for
100ms and 125ms, respectively. The maximum amount of reactive power absorbed by the
wind farm after the fault cleared is 5.98Mvar when the fault duration occurs for 100ms,
whereas it 7.58Mvar when the fault exist for 125ms. In this condition when the STATCOM

included, the wind farm stability is improved and, therefore, it stay connected to the grid.
4.8.2.3 Three line-to-ground (LLLG) fault

The variations in PCC voltage, active and reactive power profiles of the studied system
are as shown in Figure 4.19(a)-(c) without STATCOM, if the fault durations have been
considered for 80ms and 100ms, subjected to LLLG fault. During the fault, voltage and active
power becomes zero for both cases (80ms and 100ms). After the fault cleared, the maximum
reactive power absorption by the wind farm is 9.75Mvar and 12.85Mvar respectively, for the
fault durations 80ms and 100ms. In condition where the fault duration occurs for 80ms the
wind farm remains stay connected to the grid even STATCOM not been incorporated. But,
when the fault time duration of 100ms is tested for which the wind farm fails to recover its

steady-state behaviour and may disconnected from the grid.
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Figure 4.19: Three line-to-ground fault at different fault durations 80ms and 100ms-without
STATCOM: a) PCC voltage; b) Active power; c) Reactive power
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Figure 4.20: Three line-to-ground fault at different fault durations 80ms and 100ms-with
STATCOM: a) PCC voltage; b) Active power; c) Reactive power

Similar analysis also can be done from the Figure 4.20(a)-(c), where it obtained the results
such as PCC voltage, active and reactive power variations with STATCOM connected.
During the fault, the active power and voltage at the PCC becomes zero for both fault
durations. After the fault cleared, the amount of reactive consumed by the wind farm
respectively, 6.852Mvar and 8.32Mvar for the fault durations 80ms and 100ms. In both cases
(80ms and 100ms) wind farm maintaining good stability with STATCOM connected.
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Table 4.2 shows the effect of fault durations on the system stability with and without
STATCOM under different fault conditions. In case of LG fault with 100ms of fault duration,
the active power and PCC voltage are become 32.5MW and 0.7621p.u respectively, without
STATCOM, whereas with STATCOM connected the active power and PCC voltage are
improved to 33.65MW and 0.8201p.u, respectively. After the fault cleared, the amount of
reactive consumed by the wind farm is 6.812Mvar without STATCOM and it has improved to
4.351Mvar with STATCOM connected. Similar analysis has done for all types of fault with
different fault time durations and with and without STATCOM connected, and the results are
presented in Table 4.2. It is also noticed from the Table 4.2, as fault time duration increases it
effect the stability of wind farm more severe as a results, it may disconnect from the power
grid if compensating devices such as STATCOM not present in case of fixed speed wind
farm.

Table 4.2: For different fault durations: variations of system parameters with different types
of fault with and without STATCOM

Fault duration of 100ms Fault duration of 150ms
Type of PCC Active Reactive PCC Active Reactive
fault Voltage power power Voltage power power
(p.u) (MW) (Mvar) (p.u) (MW) (Mvar)
LG Fault
without
STATCOM 0.7621 325 6.812 0.7313 315 7.251
LG Fault
with
STATCOM 0.8201 33.65 4.351 0.8102 32.2 4.489
Fault duration of 100ms Fault duration of 125ms
LLG Fault
without
STATCOM 0.4801 16.20 9.52 0.4793 125 14
LLG Fault
with
STATCOM 0.5410 16.532 5.98 0.5123 12.85 7.58
Fault duration of 80ms Fault duration of 100ms
LLLG
Fault 0 0 9.75 0 0 12.85
without
STATCOM
LLLG
Fault with
STATCOM 0 0 6.852 0 0 8.32
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4.9 Type-2 fuzzy logic based damping controller for STATCOM

Induction generator (1G) type wind farms are extremely sensitive to the grid faults as their
stator windings are directly connected to the grid, results in wind power fluctuations. When
delivering large amount of power to the grid inherent wind power fluctuations have adverse
impact on the power quality of the power system to which they are connected. Several
research works have proposed STATCOM with damping controller to reduce the negative
impact of wind farms on the power system, where the damping controller is designed using
different control techniques, however, recently employed methods are such as fuzzy neural
[124], fuzzy [169] and hybrid PID plus fuzzy [193] as they exhibit superior performance.
Though, these intelligent techniques showing better results, but due to inherent characteristics
of uncertainties in MFs and rules fuzzy technique (type-1 FLC) is very limiting.

This section of thesis, therefore, proposed an interval type-2 FLC based damping
controller for STATCOM to achieve best damping characteristics and thus improve the
performance of the wind power system very effectively by overcoming uncertainties in rules
and MFs.

4.9.1 Configuration of the system

To evaluate the proposed control technique for the STATCOM equipped with damping
controller, a typical wind integrated power system is considered as shown in Figure 4.21. A
36MW fixed speed wind farm (consisting of twenty four 1.5MW rated wind turbines) is
exporting power to the grid. A synchronous generator (SG) of 100 MVA is assumed to be
connected to the PCC through a transformer (11/25kV). The design parameters and
modelling of the synchronous generators is provided in Appendix. A STATCOM which is
developed in the previous section has employed and connected to the point-of-common
coupling to provide the necessary amount reactive power to the system. However, this
STATCOM now possess a damping controller in order to improve the damping characteristics

of the wind integrated power system subjected to network disturbances.
4.9.2 STATCOM with damping controller

The control block diagram of damping controller with STATCOM control scheme is
shown in Figure 4.22. Here, STATCOM damping controller utilizes synchronous generator
rotor speed deviation (difference between measured SG speed and reference SG speed) as

feedback signal to damping controller since it is easier to obtain in practice by measurement
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and analysis. The structure of the proposed interval type-2 FLC based damping controller is

shown in

PCC

: 11kV/25kV

Grid

24X1.5MW Wind Farm 25/120kV

Infinite bus

VsC
STATCOM T Vi

Figure 4.21: Studied wind farm integrated power system
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«— STATCOM Cdg'
PWM
Current Control
A Vdc

Ve + AV I I AVDC S
‘ DC I deref

Aw, Proposed
E— damping
controller

Figure 4.22: Control block diagram of STATCOM with damping controller

Figure 4.23. The deviation in SG rotor speed signal is given as input to the Type-2 fuzzy
damping controller, where initially it passes through the washout filter in order to washout

(reject) steady-state components while passing transient components of Aw,. Later on, it is
divided in to two paths: X, -proportional path and X, -integral path. Moreover, two input
gains K, and K, are incorporated to make ¢=XK,and C&¢=XK, usually within a proper

range of [-1, 1] for fuzzifier design. Another gain K, is also employed at the output side of
the type-2 fuzzy controller where the type-2 fuzzy logic controller computes the proper output

signal V through the defuzzification technique. This output signal applied to the STATCOM
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for damping oscillation control. K,, K, and K, are the gains of the controller which are

chosen based on the expert knowledge and experience so as to get satisfactory performance of

the type-2 fuzzy controller.
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Figure 4.23: Proposed Type-2 fuzzy logic based damping controller
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For the fuzzy based damping controller, the two inputs error (£ ) and change in error (C¢)
are fuzzified using seven Gaussian membership functions as it shows better compensation
capabilities. The Gaussian membership function is also used to defuzzify the output fuzzy
sets. The fuzzy sets for inputs and output are defined as: Big Negative (BN), Medium
Negative (MN), Small Negative (SN), Zero (0), Small Positive (SP), Medium Positive
(MP), and Big Positive (BP) and used for the type-1 and type-2 FLCs are shown in Figure
4.24 and Figure 4.25, respectively. The maximum and minimum values of the universe of
discourse for all inputs and outputs are -1 to +1. The fuzzy mapping of input variable to
output is formed with help of the IF-THEN rules framed as:

IF: & is Ajand C¢ is B; THEN V,=C,

Where & and C¢ are inputs and A; and B; are the fuzzy sets, C; is the output within the fuzzy

range, VY is designed parameter for the output of fuzzy. Similarly, 49 rules are formed as

shown in Table 4.3.
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Figure 4.25: MFs for Type-2 FLC (a) Inputl (b) Input 2 (c) Output

101



Table 4.3: Rule base table for V¢

Change in Error (&€)

Error

(ce) BN MN | SN 0 SP MP BP
BP 0 SP MP BP BP BP BP
MP SN 0 SP MP BP BP BP
SP MN |SN |0 SP MP BP BP
0 BN MN SN 0 SP MP BP
SN BN BN MN SN 0 SP MP
MN BN BN BN MN SN 0 SP
BN BN BN BN BN MN SN 0

4.9.3 Simulation Results

To investigate the contribution of the proposed damping controller, this section uses the
nonlinear simulation test system which is shown in Figure 4.21. Three cases have been
considered to study the effectiveness of the type-1 and type-2 FLC based damping controllers

as follows:

Case 1: Three-line-to-ground fault (LLG)
Case 2: Two-line-to-ground fault (LLG)
Case 3: Single-line-to=ground fault (LG)

In all the cases the faults have been occurs at t=10sec and cleared at t=10.05sec. The
operating wind speed is assumed to be constant at 14m/sec. The simulation results of studied

system are obtained for three different scenarios such as STATCOM-without damping
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controller, STATCOM with type-1 FLC based damping controller and STATCOM with type-
2 FLC based damping controller.

Figure 4.26(a)-(f) shows the wind integrated power system behavior under the three phase
short circuit fault (case 1). This figure plots the comparative transient responses of the system
with STATCOM-without damping controller (gray lines), STATCOM-with designed type-1
FLC damping controller (red lines) and STATCOM-with proposed type-2 FLC damping
controller (black lines). The real power oscillation in wind farm is shown in Figure 4.26(c),
the STATCOM with proposed type-2 FLC based damping controller offers better damping
effect and quickly return to steady state around 0.5sec. The dynamic response of the SG and
IG rotor speed are shown in Figure 4.26(b) and (d), respectively. It can found that the
proposed controller has faster convergence rate than other scenarios and recover more quickly
to steady state value. Figure 4.26(a) shows the rotor angle of the SG where proposed
controller exhibits better damping results than STATCOM-without damping controller and
with type-1 FLC based damping controller. This type of fault also leads to fluctuations in
voltage as shown in Figure 4.26(e), thus voltage stability is also required. Figure 4.26(e)
shows that STATCOM with type-2 FLC based damping controller improve the transient
stability and effective voltage recovery is achieved. The reactive power generation of the
STATCOM without damping controller and with damping controller (designed with type-1
and type-2 FLCs) are shown in Figure 4.26(f). The absolute maximum deviations indices for
all the quantities such as SG rotor-angle, SG rotor-speed, WF active-power and WF rotor-
speed of the studied system are listed in Table 4.4. It is observed from the table that the type-2
FLC based damping controller showed reduced deviations due to LLLG fault as compared to
the other two scenarios (without damping controller and type-1 FLC controller).

Figure 4.27(a)-(f) shows the transient behaviour of the studied system with double line to
ground fault (case 2). Though, this type of fault is less severe compared to three phase short
circuit faults, it has negative impact on the system. From the simulation results it is observed
that STATCOM with external damping controller designed using type-2 FLC offers better
damping effect and fast convergence rate than other two scenarios. Table 4.5 provided the
maximum parameters deviation indices for all types of scenarios. It showed that proposed
damping controller exhibits lesser parameters deviations compared to without and with type-1
FLC damping controllers.

The system transient behaviour with single to ground fault (case 3) with different
scenarios is shown in Figure 4.28(a)-(f). Though, this type of fault is lesser severe compared
to double line to ground and three line to ground faults, but it is most frequently occurs and

therefore, need to investigate its impact on the system. From the simulation results it is
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examined that the fluctuations occur due to LG fault are effectively damped out by the
proposed controller. The maximum deviation of the system parameters with three different
scenarios are incorporated in the Table 4.6. In this case as well proposed controller offers
lesser deviations in the parameters.

Figure 4.29(a) and (b) shows the control surfaces formed by the Type-1 and Type-2 FLCs,
respectively. It is observed from Figure 4.29(b) that as its control surface is formed with large
number of embedded Type-1 FSs, the proposed Type-2 controller surface is very smooth as
compared to Type-1 FLC shown in Figure 4.29(a). This smooth surface is less sensitive to
disturbances and therefore, its effect is clearly visible on the responses of the studied system

as shown in Figure 4.26, Figure 4.27 and Figure 4.28.
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4.9.3.1 Case 1: Three-line-to-ground fault (LLG)

60 1.015—
— —without controller . 101 —Without controller
& 50 ——with Type-1 FLC 3 —— with Type-1 FLC
c ——with Type-2 FLC 2 005 ——with Type-2 FLC
o ol
= A An o @
g 40 AASH -
g 5
c S 0.995
o 301 o®
@ @ 0.99
10 12 14 16 18 20 0-985-1% 12 12 16 18 20
Time (sec) Time (sec)
(a) (b)
i 1.025
—~ 60r —_— i
s _xig?;;: Trs:_lgr ~ 1.02r — without controller
< 50 — ith Tve-2 FLG = —— with Type-1 FLC
] » ; 1.015r — with Type-2 FLC
5 oL ~ g
a bl o L
o 30r @ 1.01
= S
8 20t © 1.005
L S
= 107 1f
: . : . 0.995 . : : . .
0 10 12 14 16 18 20 10 12 14 16 18 20
Time (sec) Time (sec)
(c) (d)
1 : ] 0
>
2
E) ) z
S o9k ~— without controller 2 15p without controller
o —Type-1FLC =3 with Type-1 FLC
IS —Type-2 FLC g with Type-2 FLC
k=) 5 10
3 ]
O 08 e
g s sl
(@]
O
= PP
0.7 L L L c = 0 : ¢ T T
9 10 11 12 13 14 15 %] 9 10 11 12 13 14 15
Time (sec) Time (sec)
(e) ()

Figure 4.26: Responses of the studied system under three-line-to-ground fault (a) SG rotor
angle (b) SG rotor speed (c) Wind farm active power (d) Wind farm generator rotor speed (e)
Voltage at the PCC (f) Reactive power supplied by the STATCOM

Table 4.4: Maximum deviation in the quantities of the studied system under the 3LG fault

disturbance

Studied system Studied system with Studied system with
Quantities without Damping | Type-1 FLC Damping Type-2 FLC
controller controller Damping controller
SG rotor angle 3.9514 3.9016 3.8801
SG rotor speed 0.0021 0.0013 0.0011
WEF Active power 4.1618 4.1204 4.1003
WF rotor speed 0.0028 0.0017 0.0014
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4.9.3.2 Case 2: Two-line-to-ground fault (LLG)
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Figure 4.27: Responses of the studied system under two-line-to-ground fault (a) SG rotor
angle (b) SG rotor speed (c) Wind farm active power (d) Wind farm generator rotor speed (e)
Voltage at the PCC (f) Reactive power supplied by the STATCOM

Table 4.5: Maximum deviation in the quantities of the studied system under the 2LG fault

disturbance

Studied system

Studied system with

Studied system with

Quantities without Damping Type-1 FLC Type-2 FLC
controller Damping controller | Damping controller
SG rotor angle 3.5853 3.5058 3.3811
SG rotor speed 0.0019 0.0013 0.0009
WF Active power 3.7957 3.7274 3.5810
WEF rotor speed 0.0026 0.0014 0.0012
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4.9.3.3 Case 3: Single-line-to=ground fault (LG)
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Figure 4.28: Responses of the studied system under single-line-to-ground fault (a) SG rotor
angle (b) SG rotor speed (c) Wind farm active power (d) Wind farm generator rotor speed (e)

Voltage at the PCC (f) Reactive power supplied by the STATCOM

Table 4.6: Maximum deviation in the quantities of the studied system under the LG fault

disturbance

Studied system Studied system with Studied system with
Quantities without Damping | Type-1 FLC Damping Type-2 FLC
controller controller Damping controller
SG rotor angle 2.2851 2.2053 2.0811
SG rotor speed 0.0007 0.00055 0.00043
WF Active power 3.5847 3.5629 3.5412
WEF rotor speed 0.0014 0.0008 0.0003
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4.10 Conclusions

Concern to global warming effect with non-renewable energy sources and with ever
increasing demand of electricity, it has become an absolute necessity to integrate the wind
energy systems in the grid, for which a complete and detailed study of wind farm is required,
in which simulation studies under various operating conditions expected (such as different
type of faults, fault locations and durations) are highly needed to prevent any harmful impact
of the wind farm to the grid where it is connected. In this chapter, a system which consists of
36MW wind farm exporting power to 120kV grid has been employed to study the impact of
fault locations and durations on it, when it subjected to different types of faults. The system
parameters such as PCC voltage, active and reactive powers are monitored during and after
faults. Two different fault locations X1 and X2 are considered to study the impact of fault
locations on the system. It observed, for both locations (X1 and X2) due to occurrence of
faults (LG and LLG) the wind farm has an ability to stay connected to the system with and
without STATCOM. Similarly, in case of LLLG fault the wind farm has remains connected
to the system when the fault location is at X2 (with or without STATCOM). But, the wind
farm become unstable if LLLG fault occurs at X1 without STATCOM, whereas it return
back to stable-state and stay connected to the grid, if the STATCOM is connected at the PCC.

On investigating the effect of fault time durations, the wind farm remains stay connected
to the grid when the LG fault occurs for durations of 100ms and 150ms, with and without
STATCOM. In case of LLG fault, wind farm has stay connected to the system for fault
duration of 100ms with and without STATCOM. But, for the same fault (LLG), if fault

duration of 125ms then wind farm returns back to its stable-state, if STATCOM is connected.
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Similar analysis was also done for LLLG fault, with duration of 80ms, the wind farm remains
in stable-state with and without STATCOM. Whereas it occurs for duration of 100ms the
wind farm becomes unstable without STATCOM, and when the STATCOM is employed then
wind farm return back its stable state and stay connected to the grid.

Furthermore, this chapter also investigated STATCOM with type-2 fuzzy logic based
damping controller for stability improvement of wind integrated power system. The
STATCOM equipped with the proposed damping controller suppressed the inherent
fluctuations of the studied system and thus enhance the stability of the system under different
disturbances such as LLLG, LLG and LG faults. To examine the effectiveness of the
proposed damping controller, simulation results are obtained for three different scenarios.
From the simulation results, it can be concluded that STATCOM with type-2 FLC based
damping controller offered best damping characteristics to improve the performance of the

studied system under different fault conditions.
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CHAPTER 5: PERFORMANCE IMPROVEMENT OF A FIXED SPEED
WIND FARM USING UVPC STRATEGY

5.1 Introduction

In order to keep the acceptable and reliable operation of power system, the grid engineers
are setting new grid code requirements for the wind plants. One of the relevant grid code
requirements is low-voltage-ride -through (LVRT) capability of wind generators. Figure 1.11
represents the Germany grid code, the admissible operating point of a wind farm during the
grid fault and subsequent voltage recovery as function of the time. The STATCOM is a
common solution for LVRT problem in the fixed-speed wind farm. However, STATCOM
alone may not guarantee grid code compliance [134], which provides the scope for further
investigation of STATCOM with adequate control strategy in order to fulfil the LVRT grid
code requirement.

Moreover, fixed speed WES output power and generator terminal voltage fluctuates with
wind speed variation resulting in problem of frequency stability and voltage flickering (power
quality issue). However, the main purpose of STATCOM connected to the wind farm is to
improve the voltage stability and thus enhances the fault-ride through capability. In addition,
it is well suited for reduction of voltage fluctuations at the generator terminal due to wind
speed variations results in voltage flicker mitigation. As the STATCOM operates in lagging
and leading modes, its role in the wind power system is limited to reactive power support.
Therefore, the wind generator output power fluctuations due to wind speed variations cannot
be smoothened out using STATCOM alone. Thus, it is also needed to investigate and develop
an appropriate control strategy to smoothen out the generator output power as well as terminal
voltage regulation subjected to below rated wind speed variation.

The contribution of this chapter: This chapter proposes a Unified Voltage and Pitch angle
Control (UVPC) strategy for fixed speed wind farm. The focus put on guaranteeing the LVRT
grid code requirement when the wind farm subjected to severe faults. The UVPC consist of
STATCOM voltage control loops with adequate pitch angle control loops which are
coordinated to enhance the low-voltage ride-through capability of the wind generators
thereby, complying the LVRT grid code requirement as desired by the Germany grid code.
Different scenarios such as system without STATCOM and pitch-angle controller, with
STATCOM only, and system with STATCOM and pitch-angle control (i.e. UVPC) are
simulated. The simulation results show that the adoption of STATCOM and pitch angle
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controller fulfilling the LVRT grid code requirement to ensure the continuous operation of
wind turbines. Furthermore, a concept of critical clearing time (CCT) is discussed and its
utility has been emphasized. Calculations, simulations and measurements provide how the
increased STATCOM rating can offer an enhanced stability margin.

Moreover, UVPC strategy is also employed and investigated for output power smoothing
and terminal voltage regulation of a fixed speed wind generator, subjected to below-rated
wind speed variations. Different scenarios as mentioned above are considered to evaluate the
effectiveness of the proposed strategy. Simulation results clearly show that the proposed
UVPC effectively smoothens out the generator output power and also regulates the terminal
voltage at constant magnitude.

The pitch angle control loop of UVPC has been designed using type-2 fuzzy logic
controller as it is very efficient in handling uncertainties in membership functions and rules

than their traditional fuzzy logic counterparts and thus, offers robust performance.
5.2 Enhancement of LVRT capability of a fixed speed wind farm

In this section, first of all, the STATCOM control and pitch angle control schemes are
discussed and thereafter proposed UVPC scheme which combines both control schemes is
elaborated.

5.2.1 The STATCOM control scheme

The STATCOM which is employed here is already discussed in the chapter 4 in detail.
Figure 5.1 depicts the STATCOM operating logic/flow chart. During a fault, there is a sudden
dip in the voltage at the PCC and if it is below the threshold voltage (below 90 percentage of
nominal voltage), the STATCOM injects the sufficient amount of reactive power to recover
the PCC voltage. Besides this, under normal operation, it can compensate or inject quadratic
current at the PCC according to the system operating condition to maintain the voltage within

prescribed limits.
5.2.2 Pitch angle control scheme

The main purpose of the pitch angle controller is to maintain the output power of the wind
generator at rated value when the wind speed exceeds the rated speed. In addition, it can also
improve the transient stability of the wind turbine generator. Specially, for improving the
fault-ride-through (FRT) capability of wind generators, the pitch-angle is modified with the
help of pitch angle controller as shown in Figure 5.2(a) based on generator rotor speed, and

explained in section 0 of chapter 3 in detailed. The inputs to the pitch angle controller are
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generator rotor speed ( @, ) and the reference rotor speed (a),rR EF ). The resulting error (&)

passes through the controller C(s) and thus, can improve the transient stability.
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Figure 5.1: STATCOM control strategy Flow chart
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Figure 5.2: Pitch angle controller strategy: (a) Pitch angle control, (b) Flow chart.

The operating modes (for normal and fault-ride-through operations) of the controller can be

determined using selection switch as shown in Figure 5.2(b). If the system voltage goes below
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threshold (i.e below 90 percentage of nominal voltage) due to severe network faults, the
switch connects to position ‘2’ and fault ride through (FRT) scheme of pitch angle controller
(dotted box in Figure 5.2(b)) is activated which generates the pitch angle accordingly to
reduce the mechanical torque for preventing generator rotor from over speeding and transient
voltage instability. Under normal operating condition, the switch move from ‘2’ to ‘1’

position for activating normal pitch-angle control scheme.

5.2.3 The proposed UVPC scheme

Figure 5.3 depicts a proposed unified control scheme (big dotted box) comprising of pitch
angle and voltage control loops. During the disturbances, the STATCOM voltage control
loops especially, AC voltage controller provides reactive power compensation whereas, the
FRT pitch-angle control loop prevents the rotor acceleration by reducing the mechanical
torque. Therefore, using UVPC coordination control strategy reactive current injected has
been controlled through pitch angle and STATCOM, which enhances the low-voltage-ride-
through capability of the fixed speed wind farm.
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Figure 5.3: Block diagram of proposed UVPC

The major features of the UVPC can be summarized as:

1) As voltage restoration is essential for the fault-ride-through of a wind generator during
faults, it is achieved by injecting quadratic current determined by AC voltage control
loop, into the system.

2) For the severe faults, the fault-ride-through (FRT) scheme of pitch-angle-control loop
limits the rotor from over speeding by reducing the wind turbine mechanical power
through a suitable pitch angle generation. As a result, the AC voltage control loop can

more effectively restore the PCC voltage to satisfy the grid code compliances.
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3) After the fault has been cleared (i.e. during normal operating condition), AC voltage
control loop can effectively regulate the bus voltage fluctuations. Thus, the active
power imbalance of the IG is minimized and the mechanical power and the rotor speed
can be more effectively controlled by pitch-angle control with the help of normal

pitch-angle-controller.

5.2.4 Coordination of STATCOM and pitch angle flow chart

The flowchart for simultaneous control of pitch angle and STATCOM (i.e. UVPC) is as
shown in Figure 5.4. The steps of UVPC coordination control algorithm are as follows:

Step 1: From the simulation of faulted system, the value of PCC voltage (Vpcc) is
determined and checked whether, there exists a severe voltage depression i.e less than

nominal operating voltage (V).

Step 2: If the condition (Vie <0.9V) is satisfied (especially in case of transient faults), both
AC voltage control loop of STATCOM as well as FRT scheme of pitch-angle control
loop are activated. The output (Ig) of voltage controller (Pl,.) determines the

amount of reactive power injected into the system, at the same time, the error (£ ) in

generator rotor speed passes through the controller C(s)which generates an

appropriate pitch-angle ( Bexr ) to reduce the mechanical torque.
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Figure 5.4: Coordination cycle of UVPC

Step 3: If the condition (Vpee <0.9V,) is not satisfied i.e. during normal operating condition, if
the system voltage and active power fluctuates due to normal disturbances (not

severe). In that case, normal pitch-angle control loop determines the pitch angle ( £y )
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to control the mechanical power thereby, reducing the oscillations in the active power.

Meanwhile, AC voltage control loop also regulate the voltage at the PCC by

injecting/absorbing the necessary reactive power by an appropriate output (|; )

through controller (Pl ).

In order to achieve the successful LVRT capability and transient stability enhancement of
the wind farm, the pitch angle and voltage control loops of UVPC need to be designed with an
effective control method. The STATCOM voltage control and normal pitch-angle loops are
designed using conventional PI controller technique, offering satisfactory performance. But,

Pl controller is not a good choice in fault-ride-through (FRT) scheme of pitch-angle control
loop, as the controller is required to generate a desired pitch-angle command ( Bez7 ) so that

the mechanical power can be reduced in a very efficient manner to limit rotor speed.
Therefore, fuzzy logic controller (Type-1) is the best choice for FRT scheme of pitch-angle
controller [36]. However, once the membership functions are defined for designing the
controller, the uncertainties in membership functions (MFs) cannot be incorporated,
thereafter. This may degrade the controller performance especially, when the wind farm is
subjected to severe disturbances. In such conditions, an advanced Type-2 fuzzy logic
controller is a better choice in comparison of their traditional fuzzy logic counterpart (Type-
1). The following subsections, therefore, discuss the designing of the interval Type-2 FLC for
the FRT scheme of pitch-angle controller.

5.2.5 Pitch angle controller design using type-2 FLC

To achieve fast and accurate mechanical torque control during the network disturbances,
the FRT scheme of the pitch angle controller which shown in Figure 5.3 is designed using

type-2 fuzzy logic controller and the proposed structure is as shown in Figure 5.5.
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Figure 5.5: Proposed structure of type-2 FLC for FRT scheme of UVPC

Here, the controller gainsK, and K, are used as a scaling gains for input signals whereas,

K., is used for scaling the output signal. These scaling gains can be variables or constants.
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During the FLC design, these can play an important role to achieve suitable steady-state and

transient-state responses. In this work these gains are considered to be constant.

In general as fuzzy type controllers did not handle the crisp input signals, but they needs to be
defined in fuzzy terms. Therefore, the crisp input signals must be described in terms of fuzzy
membership sets. The triangular membership functions (MFs) employed for design the input
as well as output variables of Type-2 FLCs are depicted in Figure 5.6. Seven fuzzy sets for
rotor speed error (&) are defined and as: XLP(Extra Large Positive), LP(Large Positive),
MP(Medium Positive), SP(Small Positive), XSP(Extra Small Positive), ZE (Zero) and
N(Negative). Similarly, with expert knowledge for the change-in-rotor speed error (C¢&) five
fuzzy sets are chosen as: ZE (Zero), NB (Negative Big), PB (Positive Big), NS (Negative
Small), and PS (Positive Small). Finally, to generate appropriate output pitch-angle, six
membership functions are defined and notation as XL (Extra Large), L (Large), M (Medium),
S (Small), XS (Extra Small) and ZE (Zero). Total, 35 inference rules were defined for all

input-output MFs as shown in Table 5.1.
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Table 5.1: Fuzzy rules table for pitch angle generation

Error (&)
Change in
Error (C¢) N ZE XSP SP MP LP XLP
NB ZE ZE ZE XS S M
NS ZE ZE XS S M XL
ZE ZE ZE XS S M XL
PS ZE ZE XS S M XL
PB ZE ZE S M XL XL

5.2.6 Employed system configuration

To evaluate the proposed UVPC control strategy, a typical power system is considered as
shown in Figure 5.7. In this, 36MW of wind farm is considered (which consists of twenty four
1.5MW induction generators equipped with fixed speed wind turbines) connected to the
120kV grid. Each induction generator works at the rated operating point and supply 1.5MW
of active power. The stator winding of the each induction generator is connected to the point-
of-common-coupling (PCC) through a step-up transformer (0.69/25kV) which exports power
to the 120kV grid through another step-up transformer T (25/120kV) and a transmission line.
The employed STATCOM is connected to the 25kV bus (i.e PCC).

PCC
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Figure 5.7: Block diagram of typical FSIG based studied wind farm
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The addition of STATCOM with appropriate control strategy is expected to increase the
stability margin as well as LVRT capability of the wind turbine. Therefore, in this work
UVPC strategy has been proposed to control both mechanical torque (resulting in rotor speed
control) and reactive power (resulting in voltage control) of wind energy system using pitch

angle controller and STATCOM, respectively.
5.2.7 Results and Discussions

In order to observe the LVRT capability improved by the proposed UVPC, a solid three-
phase-fault (with duration of 150ms) is applied at the PCC of the wind farm in the test system
(as shown in Figure 5.7) at t=10s. To evaluate the effectiveness of UVPC strategy, three cases
are considered: (1) System without STATCOM and pitch-angle controller (2) System with
STATCOM only and (3) System with STATCOM as well as pitch-angle control (i.e. UVPC).

The results are as follows:
5.2.7.1 Case 1: Without STATCOM and pitch-angle controller

In this case, the wind power system is considered (without STATCOM and pitch angle
control) which is subjected to a three-phase fault at the PCC, for duration of 150ms at time
t=10s. Figure 5.8(a)-(e) shows the various responses of the system.

It is observed that when the fault occurs, the electrical torque of the generator reduces
drastically whereas the mechanical-input torque remains constant as shown in Figure 5.8(a),
due to this difference between the electrical and mechanical torque, the generator rotor speed
starts increasing (as governed by the equation (3.16)) as shown in Figure 5.8(b). Since the
electrical torque decreases due to fault, the real power output of the generator also reduces
accordingly as shown in Figure 5.8(c). Thereafter, it reduces to zero at 13s and becomes
negative, resulting in the motoring action of the FSIG which can damage the turbine blades, if
the protection system does not used. As observed from Figure 5.8(d), before the fault (under
normal operating condition) FSIG draws around 5Mvar from the grid. After the fault is
cleared, the induction generator absorbs a large amount of reactive power, impeding the
voltage restoration at PCC. But, due to lack of quick reactive power supply, the PCC voltage
cannot be fully retrieved (not able to recover upto 90%) as shown in Figure 5.8(e).
Consequently, it increases rotor speed further as shown in Figure 5.8(b), and wind farm even
consumes large amount of reactive power (around 22Mvar) as shown in Figure 5.8(d). This
process may lead to power system instability, and therefore, FSIG may be tripped off from the

grid by the over-speed protection. Under this condition, the FSIG does not possess sufficient
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ride-through capability on its own and therefore, installation of STATCOM may be justified
at the PCC to improve its ride-through capability.
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Figure 5.8: Simulation results without STATCOM and pitch angle controller: (a) Electrical
and mechanical torques of the generator; (b) Generator rotor speed; (c) Generator active
power; (d) Reactive power at the PCC; (e) Voltage at the PCC

5.2.7.2 Case 2: System with STATCOM

As discussed above, in order to improve system stability, a reactive power compensator
(i.e. STATCOM) is installed at the PCC and considering the same solid three phase fault as
before. The system responses obtained are as shown in Figure 5.9(a)-(f).

It is observed from Figure 5.9(a) that as the fault occurs at 10s, the electrical torque
reduced to zero and the mechanical torque remains (assumed as constant) exist, and therefore,
the rotor speed of FSIG increases as shown in Figure 5.9(b). After the fault is cleared, the
STATCOM prevents the electrical torque loss, by injecting sufficient amount of reactive

power to the system. Consequently, the FSIG rotor speed start decreases and returns back to
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its initial value as shown in Figure 5.9(b). On comparing Figure 5.9(a) and (c), the real power
supplied by FSIG varies exactly similar to its electrical torque.

Regarding the reactive power consumption of the FSIG during normal operating
condition, it is drawing 4Mvar from the grid whereas the rest i.e. 1Mvar is being supplied by
the STATCOM. Just after the fault clearance, FSIG withdraws almost 20Mvar from the grid
but due to the corrective action taken by the STATCOM which suddenly pumps about
15Mvar into PCC, the amount of reactive power drawn from the grid starts reducing.
However due to the fault clearance, the grid itself is able to recover the PCC voltage and
therefore, the reactive power supplied by STATCOM goes on reducing as observed from
Figure 5.9(d) and (f). The simultaneous reactive support from the grid and the STATCOM
restores the PCC voltage to its nominal value after 13s as shown in Figure 5.9(e).

2
. 1.025
=3
) 15 Electrical Torque £ 102 \
S == \
e N g 1015
E Nechanical Torgue S 101
0.5 o
o |
o 1.005—|
10 11 12 138 14 15 16 17 18 19 20 10 11 12 13 14 15 16 17 18 19 20
Time (sec) Time (sec)
Z 2 $ ]
Py T 5
15 A g
2 % 10
o Q-
g1 2 s
] g " /
5 ]
o
g 05 £ 20
o] Q
2 o |
2 0 a -25
o 10 11 12 13 14 15 16 17 18 19 20 10 11 12 13 14_ 15 16 17 18 19 20
Time (sec) Time (sec)
1= Bl
— | >
2 S 5T
~ = |
509 / 5| | —
g r* g
2 e
%) 0.8 5
1) g
a ¢ s
0.7 2
10 11 12 13 14 15 16 17 18 19 20 o \
Time (sec) ,L_’
pa
n

10 11 12 13 14 15 16 17 18 19 20

(e) Time (sec)
(f)
Figure 5.9: Simulation results with STATCOM: (a) Electrical and mechanical torques of the
generator; (b) Generator rotor speed; (c) Generator active power; (d) Reactive power at the
PCC; (e) Voltage at the PCC; (f) STATCOM reactive power injection

However, the voltage at PCC recovers to about 0.85p.u just after the fault clearance. But,
it takes time duration of 1.9s to recover the voltage upto 0.9p.u from the fault occurrence
time, which does not meet the grid code requirement (see Figure 1.11). Therefore,
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STATCOM employment is able to improve the low voltage ride-through capability of the
FSIG to some extent but, alone is not sufficient to meet the grid code requirement which
provides the scope for further improvement of LVRT capability with the help of pitch-angle
control of wind turbine as discussed earlier. Moreover as observed from Figure 5.9(b) and (c),
rotor speed and active power are not free from the oscillations, resulting in grid frequency
variation (especially in case, large wind farms are connected to power system networks).

These oscillations also can be damped with the help of pitch-angle controller.
5.2.7.3 Case 3: System with STATCOM and pitch-angle control (i.e UVPC)

As explained earlier, in order to further improve the LVRT capability of the wind farm,
UVPC control strategy is used through which, a simultaneous control of STATCOM and
pitch-angle control is achieved. During the network disturbances, the proposed strategy injects
the justified amount of reactive power as required during rotor acceleration. Besides, it can
vary the mechanical torque by changing the pitch (rotor blade) angle of the wind turbine. The
simulation results obtained by employing the proposed UVPC strategy to the system are as
shown in Figure 5.10(a)-(h).

It is observed from Figure 5.10(a) that during the fault, the pitch-angle control (as shown
in Figure 5.10(g)) helps in reducing the mechanical torque, which allows the rotor speed to
reach only about 1.025p.u as shown in Figure 5.10(f) but earlier, it was able to go beyond
1.025p.u (see Figure 5.9(b)). As a result, the 0.9p.u of PCC voltage recovery has been
achieved with time duration of 1.4s as shown in Figure 5.10(e) and satisfying the grid code
compliance (see Figure 1.11), as compared to the previous case where voltage recovery of
0.9p.u is achieved with time duration of 1.9s. Therefore, the addition of STATCOM with
pitch angle control (UVPC) is able to satisfy the grid code requirements as desired by
Germany LVRT grid code.

After the voltage recover (0.9p.u), the pitch-angle control increases the mechanical torque
which causes rotor speed to reduce and regain its initial value within 12s whereas it was
taking about 14s earlier (see Figure 5.9(b)). In addition, the pitch-angle control is able to
reduce the oscillations in the rotor speed. Similarly, if compare Figure 5.9(a) and(c) with
Figure 5.10(b) and (c) respectively, there is no major difference but the pitch-angle control is
effective in decreasing the oscillations in lesser time.

On comparing Figure 5.10(d) with Figure 5.9(d), it is observed that the pitch-angle control
also contributes in reducing the reactive power drawn by the FSIG from the grid (after the
fault clearance) from 20Mvar to 16Mvar. Even the reactive power contribution from the

STATCOM (as shown in Figure 5.9(f) and Figure 5.10(h)) reduce from about 15Mvar to
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13Mvar and its duration also get reduced from 12s to 11.5s, which indicates that pitch-angle

control helps in reducing the size of STATCOM to be installed too.
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Figure 5.10: Simulation results with UVPC strategy: (a) Mechanical torque of the generator;
(b) Electrical torque of the generator; (c) Generator active power; (d) Reactive power at the
PCC; (e) Voltage at the PCC; (f) Generator rotor speed (g) Pitch-angle of the wind turbine (h)
STATCOM reactive power injection

The performance of the UVPC is also compared with respect to critical clearing time
(CCT). For a given system, it is essential to find the maximum value of CCT (maximum fault
duration) for which system remains in stable state. In this work, CCT value is determined
from the simulation in which, it is obtained by increasing the fault time interval for the same
fault, until the system loses its stability. For example, simulation results in Figure 5.11 shows

the rotor speed of the FSIG subjected to different faults durations with UVPC. The solid line
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represents rotor speed variation for 0.15s fault and dotted line shows rotor speed variation for
the maximum fault duration of 0.452s. Since the CCT is increased, UVPC is able to increase
the stability of the wind farm system.

In order to further investigate the applicability of the proposed UVPC controller, different
STATCOM capacities are considered. Table 5.2 shows the controllers’ performance
comparison in terms of CCT with different STATCOM capacities. The CCT of the system
with a 15Mvar STATCOM is 0.452s with UVPC strategy, compared with 0.445s with
STATCOM alone. Similar results are also obtained with 20 and 25Mvar STATCOM. This
shows that the proposed UVPC can provide increased CCT, which consequently enhances the
LVRT capability. The graphical representation of STATCOM capacity verses CCT with
different control approaches are as shown in Figure 5.12. It is observed from this figure that
for suppose maintaining the stability against 0.5s fault duration (CCT), the required
STATCOM capacity with UVPC controller is 18.9Mvar comparison to 19.7Mvar without

UVPC controller which is an economical benefit.
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Figure 5.11: Rotor speed of generator with UVPC under different faults interval

Table 5.2: Performance comparison

STATCOM capacity | CCT(s) for the system | CCT(s) for the system
(Mvar) with STATCOM with UVPC
15 0.445 0.452
20 0.503 0.513
25 0.521 0.543
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5.3 Output power smoothing and voltage regulation of a fixed speed wind

farm

In the above section 5.2, a simultaneous control of STATCOM and pitch angle control is
used in order to enhance the wind farm low voltage ride through capability when it subjected
to network faults. The idea of mixing electrical and mechanical parts seems to be interesting
but, it has not been explored in respect of wind speed variations, due to which the output
power and voltage of the wind generator fluctuate. It is becoming more concern as the wind
generator installations are increasing in number. However, the installation of STATCOM can
regulate the generator terminal voltage with varying wind speed irrespective of the wind
speed regions (above or below rated). The pitch angle controller limits the aerodynamic
power at its rated level only when the wind speed surpasses above rated. But in below-rated
wind speed (partial load region), there is no role of the pitch angle control system to control
the active power (in this region the maximum power extraction is allowed). As a result, any
variation in the wind speed causes fluctuations in output power. Therefore, a typical pitch
angle control strategy is developed by introducing exponential moving average (EMA)
concept from which, the controller reference power (signal) can be set for below-rated wind
speed. As a result, the employed pitch angle controller together with STATCOM named as
unified voltage and pitch angle controller (UVPC), involved with an objective of power
smoothing and terminal voltage regulation of a wind generator, subjected to below-rated wind

speed variations is achieved.

5.3.1 The employed STATCOM Control Scheme

The STATCOM control scheme employed here is already discussed in the section 4.5 of
chapter 4.
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5.3.2 Pitch angle control scheme

The typical pitch angle controller scheme employed here is already discussed in detailed

in the section 3.7 of chapter 3.
5.3.3 UVPC control scheme

The reactive power compensator like STATCOM is installed at the wind farm connection
point can supply the amount of reactive power to the wind generator resulting in voltage
regulation subjected to above/below rated wind speed disturbances. In the same trend, the
pitch angle controller which is discussed in section 3.7 of chapter 3 can control the
mechanical torque of the generator and thus, can smooth the generator output power under
below-rated wind speed variations.

In this study, therefore, simultaneous control of STATCOM and pitch angle controller are
employed to smoothing the voltage and output power fluctuations of the wind generator
subjected to below-rated wind speed disturbances. Figure 5.13 shows a proposed UVPC
control scheme (dotted box) comprising pitch angle and voltage control loops. During the

wind speed disturbances, the UVPC voltage control loops especially AC voltage controller
generate a proper quadratic current command ( IS) which decide the amount of reactive power

to be compensated by STATCOM. Besides, the pitch angle control loop of UVPC can smooth
the active power of generator by controlling the mechanical torque through suitable pitch

angle generation.

V,
P Subplant-1 Subplant-2 pec

(WECS) (VSC)

s 1 W te

PWM current
Control

REF
PQCMD

Pitch angle control

Figure 5.13: Block diagram of proposed UVPC

In order to achieve the successful reduction in power fluctuations and voltage regulation, the
pitch angle and voltage controllers of UVPC need to be designed with an effective control

technique. However, the STATCOM voltage control loops designed by using conventional Pl
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controller offered satisfactory performance, but in pitch angle control loop the PI controller
design is not a good choice as the controller required to work under below-rated wind speed
variations. In this trend, an advanced type-2 fuzzy logic controller is the best choice than their
traditional fuzzy logic counterpart, as it can handle higher uncertainty levels. The following
subsections discuss the designing part of the interval type-2 FLC for the pitch angle

controller.

5.3.4 Pitch angle controller design using type-2 FLC

p —+ error :
9 » »
—_) > 1 K >
€ Type-2 B
- + FLC » K, —
pREF 71 K, F%»{  RuleBase

Figure 5.14: Structure of type-2 FLC based pitch angle controller

The controller gains K, and K, are used as a scaling gains for input and K, for the output

signals. In this work these gains considered to be constant and chosen as K, =1 K, =100 and

K, =10,

The difference between Pg and PgiE,\,TD goes through the Type-2 FLC as an error (&) and

change in error (C¢) signals which are fuzzified by employing seven triangular linguistic
variables MFs. Notation for the fuzzy sets as: NL (Negative Large), NM (Negative
Medium), NS (Negative Small), ZR (Zero), PS (Positive Small), PM (Positive Medium), PL
and (Positive Large). The designed MFs of type-2 FLCs are shown in Figure 5.15. For all the
inputs and outputs, the universe of discourse is chosen as [-1, +1]. After the successful design
of degree of membership type-2-fuzzy sets, the rules that are dealing with the control problem
need to be defined. These rules define what actions are to be taken for all conceivable
combinations of membership. The Total, 49 rules have been defined for all input-output MFs

as shown in Table 5.3.
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Figure 5.15: Type-2 FLC designed membership function
Table 5.3: Controller rules
Error (¢)
Change in
Error (C¢) | NL NM | NS Z PS PM PL
NL NL NL NL NL NM NS Z
NM NL NL NL NL NS Z PS
NS NL NL NM NM Z PS PM
Z NL NM | NS Z PS PM PL
PS NM NS Z PM PM PL PL
PM NS Z PS PM PL PL PL
PL z PS PM PL PL PL PL
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5.3.5 Employed system configuration
The employed and simulated system for this work is as shown in Figure 5.7.
5.3.6 Results and discussions

In order to observe the power smoothing and voltage regulation capability contributed by
the proposed UVPC strategy, three different cases have been considered as case 1: System
without compensation (i.e without STATCOM and pitch angle controller), case 2: System
with STATCOM, and case 3: System with STATCOM and pitch angle control i.e UVPC. The

Figure 5.16 shows the employed below-rated wind speed data for the simulation study.

14

13.5
g 13
E
= 125
>
12
— Wind speed
115 100 200 300 400 500 600

Time (sec)

Figure 5.16: Wind speed profile
5.3.6.1 Case 1: System without compensation

In this case, the wind power system without compensation (i.e without STATCOM and
pitch angle control) has been considered and subjected to below-rated wind speed variations
as shown in Figure 5.16. The responses of the generator voltage, active power, and rotor
speed are as shown in Figure 5.17(a-(c).

Figure 5.17(a) represents the magnitude of the generator terminal voltage obtained
without STATCOM. It is clear that the generator voltage fluctuates significantly as there is no
dynamic reactive power compensation. Thus, it leads to voltage fluctuations at the PCC in a
reasonable range resulting in flicker problems. Therefore, it (voltage flicker) is a major
limiting factor with the connection of the wind turbines into weak grids, where the wind
penetration level is very high.

Since there is no pitch angle generation (without pitch angle controller) which ensures no
point of limiting the rotor speed as shown in Figure 5.17(c) and the wind turbine operates with
its maximum possible efficiency. As a result, the generator active power followed the wind

speed disturbances and exhibits huge fluctuations as shown Figure 5.17(b). If a large number
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of wind farms were realized and connected to power system networks, it leads to grid

frequency problems.

11 T T T T T
< 15F 3
s z
2 IWMM/\‘W/V\; :
E) 3 1 4
S
> 09 g
g g
E 5 0.5
2 o8t g
[} 2
[
0.7 : : : : ; o 0 : ; : : .
100 200 i 300 400 500 600 100 200 300 400 500 600
Time (sec) Time (sec)

1.006

(a) (b)

1.005f

Rotor speed (p.u)
L el
o o o
S o o
N w B

1.001F

100 200 300 400 500 600
Time (sec)

(©)
Figure 5.17: Dynamic response of the system without compensation subjected to below-rated

wind speed: (a) Generator terminal voltage; (b) Generator output power; (c) Generator rotor
speed

5.3.6.2 Case 2: System with STATCOM

In this case, the STATCOM has employed and connected to the PCC point from where
studied wind power system is integrated (see Figure 5.7). The dynamic responses of the
system, subjected to below-rated wind speed variations are as shown in Figure 5.18(a)-(c).
Since the STATCOM provides dynamic reactive power compensation, the voltage
fluctuations caused by the wind speed variations were regulated as shown in Figure 5.18(a).
Thus, it mitigates the voltage flicker occurred in the wind farm for a smooth grid interaction.

Although, the STATCOM improves the voltage fluctuations due to wind speed variations
by controlling the reactive power, but it does not have a capability to control the active power.
As a result, the generator output power follows the wind speed variations as no pitch angle
controller was employed and exhibits fluctuations as shown in Figure 5.18(b). And thus, the
consequence of power fluctuations leads to network frequency stability problems. Figure
5.18(c) shows the amount of reactive power compensation provided by the STATCOM to

regulate the generator terminal voltage.
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Figure 5.18: Dynamic response of the system with STATCOM subjected to below-rated wind
speed: (a) Generator terminal voltage; (b) Generator output power; (c) STATCOM reactive
power compensation

5.3.6.3 Case 3: System with STATCOM and pitch angle control (i.e with UVPC)

In this case, a control strategy (UVPC) has employed through which a simultaneous
control of STATCOM reactive current and pitch angle were achieved. In addition, to
compensate reactive power required during wind speed disturbances, the proposed strategy
can control the mechanical torque by changing the rotor blade angle of the wind turbine
resulting active power control. The simulation results obtained with proposed UVPC are as
shown in Figure 5.19(a)-(d).

As it discussed earlier, to smooth the output power fluctuations under below-rated wind

speed, first it is required to determine the output command power (ng:EMFD) and thereafter,

fuzzy logic approach (type-2 FLC) has been implemented to smoothen out power fluctuations.
From Figure 5.19(b), it is observed that the active power output of the wind energy system
follows the reference command power and real power fluctuations are being smoothened out
more effectively compared to the previous case (see Figure 5.18(b)). The pitch angle profile
generated by the pitch angle controller for output power smoothing is as shown in Figure
5.19(d). The Figure 5.19(a) shows the generator voltage regulation achieved with STATCOM

reactive power control. The reactive power compensation provided by the STACOM is shown
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in Figure 5.19(c). By observing the results, it is clear that by employing UVPC strategy,
simultaneous control of STATCOM and pitch angle is achieved which leads to reduction in
fluctuations in generator voltage and active power. Moreover, by employing this control
strategy the maximum amount of reactive power required for compensation using STATCOM
is around 7.5Mvar, whereas only with STATCOM (case 2) the amount of reactive power
required is around10Mvar (see Figure 5.18(c)). Thus, for a given operating condition, the

proposed strategy can reduce the amount of reactive power supplied by the STATCOM.
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Figure 5.19: Dynamic response of the system with STATCOM and pitch angle control i.e
UVPC subjected to below-rated wind speed: (a) Generator terminal voltage; (b) Generator
output power; (c) STATCOM reactive power compensation; (d) Pitch angle

5.3.6.4 Performance indices

Figure 5.20(a) shows the output power comparison of without UVPC (i.e case 1) and with
UVPC (i.e case 3). It is clearly noticed from the figure that the better real output power
smoothing has been achieved with proposed UVPC strategy. The Figure 5.20(b) shows that
the power smoothing function (performance index) obtained using equation (3.27) with and
without UVPC. The proposed method has smaller magnitude for performance index as
compared to without UVPC throughout the wind speed pattern considered.

Using equation (3.28), the maximum energy output of WES obtained over the wind speed
disturbance was also determined considering case 1 (without UVPC) and case 3(with UVPC)
but one at a time. The plot is as shown in Figure 5.20(c). The maximum energy has been

obtained without UVPC as there is no pitch angle generation (it remains fixed at zero
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degrees). But with UVPC, there is a drop in the output power due to pitch angle generation.

However, the purpose of this work is to IG terminal voltage regulation and smoothing the

output power and thus drop cannot be avoided.
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Figure 5.20: Performance comparison of system without UVPC and with UVPC: (a)
Generator active power; (b) Generator output power smoothing function; (c) Maximum
energy function

Similarly, the voltage regulation function (performance index) for the wind generator can
also express as equation (5.1). And the corresponding regulation function outcome, with and
without UVPC is as shown in Figure 5.21. It indicates that the voltage regulation function
with UVPC possesses smaller magnitude compared to without UVPC throughout the

simulation and hence, provides good constant voltage magnitude.
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Figure 5.21: Generator terminal voltage regulation function
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5.4 Conclusions

In this work, UVPC control strategy is proposed to guarantee satisfying the LVRT grid
code requirement as well as effective output power smoothing and generator terminal voltage
regulation for fixed speed wind farm subjected to transient fault and wind speed variations,
respectively. The UVPC strategy consists of STATCOM control loops in combination with
adequate pitch angle control. The pitch angle control loop employed in UVPC strategy is
designed using interval type-2 fuzzy logic technique as it exhibits robust performance than
any other controllers.

In this regard, static synchronous compensator (STATCOM) provides dynamic reactive
power support to assist the fixed-speed induction generator for voltage restoration. Besides,
the pitch-angle controller of constant speed wind turbines can effectively reduce the wind
turbine mechanical power, preventing the wind generator from over-speeding. Therefore,
using STATCOM in combination with pitch angle control, named as unified voltage and
pitch-angle (UVPC) control strategy, enhances the LVRT capability of the fixed speed wind
farm as well fulfilling the grid code requirement when it subjected to severe faults. In
addition, the proposed UVPC helps in reducing the size of the STATCOM to be installed for
improving the LVRT of such wind farms.

Furthermore, UVPC strategy is also implemented and investigated for output power
smoothing and terminal voltage regulation of generator subjected to below-rated wind speed
variations. It is seen from the simulation results that the voltage fluctuations are drastically
reduced thereby improve the power quality of the system. As the effective output power
smoothing achieved with proposed UVPC scheme, the system frequency affected by power
fluctuations can also controlled within the acceptable limit. It is also noticed from the
simulation results that by employing pitch angle controller and STATCOM (case 3), the
maximum amount of reactive power required to regulate the generator voltage is around
7.5Mvar, whereas only with STATCOM (case 2) the amount of reactive power required is
around 10Mvar. It reveals that with pitch angle controller, the capacity of the STATCOM can
be minimized. Moreover, if the power storage systems are employed to minimize the power
fluctuations by including this type of pitch angle controller, then size of power storage system

capacity can also be minimized.
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CHAPTER 6: STABILITY ENHANCEMENT OF VARIABLE SPEED
WIND ENERGY SYSTEM

6.1 Introduction

Until the year 2000s, the fixed speed wind energy systems dominated the market, and still
exist with a significant amount in the global wind turbine population. However, recently
variable speed WESs draws an attention of power system engineers due to their advantages.
The variable speed wind energy system incorporates the power electronics converter [120]
thereby it can achieve independent control of active and reactive power. Among the many
variable concepts Doubly-fed Induction Generator (DFIG) based variable speed WES have
become most popular, since converter rating can be kept fairly low (approximately 25%-30%
of the total machine power). Currently, DFIG based WES occupies close to 50% among the
total wind power generation. However, DFIG is very sensitive to the voltage variations in the
grid, which poses limitations for wind energy system during the grid interaction. When the
penetration levels of these WES are very high, the large voltage drop occurs during the
network disturbances such as short circuit faults, which may trigger a sequence of other
events in the power network. Handling the disturbances which deteriorates the stability of
DFIG is a major challenge to make it complaint with the modern grid code requirement.
Therefore, there is need to look for a robust control strategy for DFIG based WES, which
provides better stability performance thus offers effective grid interaction operation.

The contribution of this chapter: In this chapter, an advanced interval type-2 fuzzy logic-
proportional integral (PI) controller has been proposed for torque and voltage control loops of
rotor side converter of DFIG. The gains of PI controller are determined and tuned by interval
type-2 fuzzy logic method according to system operating condition. Thus, the adaptive nature
of type-2 fuzzy logic and robust nature of PI controller are combined eventually, which
exhibits good steady state and dynamic responses. The performance of the proposed controller
has been evaluated for different operating conditions of DFIG such as severe fault and voltage
sag with reference to varying wind speed. Real time simulations are developed for DFIG
based WES to validate the proposed controller using the OPAL-RT digital simulator. The
performance of the proposed controller is examined through a comparative analysis with its
traditional fuzzy logic-PIl counterpart. The transient analysis of DFIG with interval type-2
fuzzy-PI shows the improved results subjected to three-phase fault and voltage sag as desired
by the grid codes.
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6.2 Maximum-Power-Point-Tracking (MPPT)

The extracted mechanical power from the rotor of a wind turbine of variable speed wind

energy system can be written as:
1 3
P, = E/JACP(%,/)’)VW (6.1)

where, V,, is wind speed [m/s], A =7zR%is the rotor swept area [m?, R is the radius of the
blade [m], g is air density [kg/m®], and C, is the power coefficient which depends upon the

ratio of blade pitch-angle ( ) and rotor-tip speed (A ). For the commercial wind turbines,

manufactures were not ready to provide the information regarding power coefficient. As a
result, different mathematical approximations were derived and several appropriate equations
that have been developed to describe the power coefficient. The mathematical equation of

power coefficient (C,) used in this study is as follows [3]:
C, (4 ) =¢,(cy 1 4 —c38—c,)e ™™ +csh (6.2)
where

11 _0.3035 6.3)
4 A+00088 p°+1

The maximum power extraction at each wind speed of a typical wind turbine
characteristic is shown in Figure 6.1(a). The speed control of DFIG can be achieved by
driving the generator rotor speed along with optimum power-speed characteristic where
the power coefficient kept at maximum at each wind speed. The complete generator toque-
speed characteristic is as shown in Figure 6.1(b). The generator operates at almost constant
rotational speed for very low wind speed (see points A to B). The maximum energy can be
extracted from the turbine during low to medium wind speeds (see points B to C). The
rotational speed is also often limited by aerodynamic noise constraints, at which point the
controller allows the torque to increase, at essentially constant speed (C to D) until rated
torque. If wind speed increases further the torque follows the point D to E, where the
electromagnetic toque is constant. When the turbine characteristic reaches to point E, pitch
angle controller takes over from the torque control to limit the aerodynamic power. Therefore,
for high wind speeds the pitch angle controller regulates the generator output power, until its

shutdown limit is reached.

136



Vw=14.4 m/s

=
N}
7

Maximum power curve

=
T

’g__ Vw=13.2 m/s ;
T 0.8} )
[ 3
H g
8 06 Yvw=12 mis 2
9] 8
= o
= 041 1 5
2 Vw=10.8 m/s c
) [}
O 0.2 O
Vw=9.6 m/s
0
Vw=8.4 m/s
0 A
ook . . . . . . ~—VW=7.2 m/s \ L — :
0 0.2 04 06 0.8 1 1.2 1.4 Vw=6m/s 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
Generator speed (p.u) Generator speed (p.u)
(a) (b)

Figure 6.1: Wind turbine maximum power extraction characteristic: (a) Generator power
versus rotor speed curve; (c) Generator toque versus rotor speed curve

6.3 DFIG modelling

The DFIG is being represented by its steady-state equivalent circuit with injected rotor
voltage as shown in Figure 6.2. In this figure, V; and V are rotor and stator voltages
respectively, Iz and | are rotor and stator currents, |,, is exciting current of the DFIG,
Ry and R are the rotor and stator resistance, respectively and S is the slip. X, X; and

X, are respectively, stator, rotor and magnetizing reactance. Figure 6.2 further simplified by

transferring the magnetizing branch to the terminal side as shown in Figure 6.3 [160].

R, iXs Xy

Figure 6.2: Electrical equivalent of DFIG with injected rotor voltage
R iXs iXq

Figure 6.3: Simplified equivalent of DFIG
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From the Figure 6.3, the rotor current can be determined as:

20

(RS +R;R]+J(XS +Xg)

(6.4)

I; =

The rotor active power (supplied or absorbed by controllable source injecting voltage into

rotor circuit) calculated as:
%
P.=-—%1,cos6 (6.5)
S

By neglecting the stator and rotor loss stator active power P can be expressed as
P.=P -P, (6.6)
Finally the total power delivered to the grid can be obtained as
P, =P +F (6.7)
6.3.1 Operating modes of DFIG

DFIG based WES can be operated in two modes of operation with respect to the rotor
speed: (1) If the generator rotor rotates with above synchronous speed called as super-
synchronous mode of operation and,

2) If the generator operated with below synchronous speed called as sub-synchronous mode
of operation.

Figure 6.4 depicts the power flow diagram of a DFIG based wind energy system.
Depending of the slip convention (negative or positive), the rotor circuit can deliver or receive

power to or from the grid. In the super-synchronous mode of operation, the mechanical power

|P,| is transferred to the grid through rotor and stator circuits. The stator power |P;| is directly

deliver to the grid, whereas the rotor power |PR| is transferred to the grid through a power

electronic converter incorporated in the rotor circuit. By neglecting converter and generator

losses, the power transferred to the grid |Pg| is equal to mechanical power |Pm| of the generator,

as shown in Figure 6.4(a).
Figure 6.4(b) illustrates the power flow process of the DFIG when it operated in sub-

synchronous mode. Here, the rotor receives the power from the grid. Both mechanical and
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rotor power are transferred to the grid via stator. Although, the stator power |PS| is sum of

mechanical and rotor power|P,|+|P.|, it will not exceed its power rating since in this mode of

operation, the mechanical power is lower than that of super-synchronous mode of operation.
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Figure 6.4: DFIG power flow diagram: (a) Super-synchronous mode (b) Sub- synchronous

mode
6.3.2 The d-q reference frame of induction generator

The a-b-c reference frame of induction generator is transformed into the d-q axis reference

frame and described as [3].

Stator equations

. de,
vy, =—Rii, —w,0, + ——2
ds S'ds s¢qs dt
do (6.8)
- i as
Vqs _Rslqs T OPy +— dt
Rotor equations
Var = RRidr - Sa)s¢qr +i d¢dr
@, dt
1 do (6.9)
Vo = Rglgr + 80,05 +——
@, dt

The flux linkages can be calculated as:
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Pos = X Iy X
Mg ss (6.10)
@dr >(M ds +| X
Pyr = XMIqs+I XRR
The electromagnetic torque is expressed as:
Te = XM (idriqs_iqrids) (611)
The mathematical equation for one mass model is given by
do, 1
f ~on —(T,-T.) (6.12)

where, H is the equivalent inertia constant of both induction generator rotor and wind

turbine.
6.4 DFIG control strategies

The objective of this work is to improving the dynamic performance of DFIG using torque
and voltage control loop of RSC converter. Therefore, only the control of RSC is discussed in
detailed. The most popular control scheme employed for DFIG is PVdq [9], in which the rotor
current is decomposed into two orthogonal components along d and g axis. The d-axis
component of current employed to regulate the power factor or terminal voltage of DFIG,

whereas g-axis component of current used to regulate the torque.
6.4.1 Torque control scheme

The purpose of torque control scheme is to regulate the electromagnetic torque of the

generator with wind speed variations and drive the system towards its operating reference

point. For a given rotor speed ( @, ) measurement, the optimal torque (T,,) is obtained by use
of wind turbine characteristics as shown in Figure 6.1(b). By making use of determined T, a

reference rotor current (iqr,,ef) is computed. Finally, the required rotor voltage (v, ) for

operating DFIG at the optimal torque is obtained through a summation of the compensation

term and the term (v('qr) computed by Pl; controller.
By neglecting the stator transients and rotor resistances from equation (6.8) and use of

@qs and @, from equation (6.10) into (6.8), the d and g axis stator voltages are:
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Ve ==, (Xyig = Xsigs ) (6.13)
Vqs :a)s(XMidr_XSSids) (614)
By using equations (6.13) and (6.14), the d and q axis stator currents can be obtained as:

X,. 1

I+ Vv
qs qr ds
X SS C()S x SS

(6.15)

. X . 1
lgs = . lor — Vqs (616)
Xss @, X

This study employs stator flux oriented reference frame, therefore stator voltage V4 =0 then

the resultant expression from equation (6.15) as:

. Xy -
Iqs =M Iqr (617)
XSS

By substituting equations (6.16) and (6.17) in equation (6.11), the electromagnetic torque can

Xy . Xy . 1
T, = Xy | iar| =M i || =i, — v, (6.18)
M[d[xss qj q[Xss ’ @, X5 qﬂ

The reference g-axis rotor current that can be obtained with help of optimal torque/reference

be derived as:

set point torque is as:

D, X

| =
qgr,ref op
X MVqs

(6.19)

After neglecting the transient term from equation (6.9), using @, from equation (6.10) and

Iy, from equation (6.16), the final equation of g-axis rotor voltage can be obtained as:

] X2 ). X
Vv =R.i_ +sw. | X ——M i, ——M y 6.20
qr R qr S ( RR Xss j dr a)sxss as ( )

From the above equation, the second and third terms on right hand side denotes compensation
term.

The complete torque control scheme of RSC is shown in Figure 6.5. The rotor current iqr

and reference rotor current i, forms the error signal € which is processed through Pl;

qr,ref
controller to generate rotor voltage (v('"). Finally, g-axis rotor voltage is obtained by adding

compensation term to the Pl; controller output. This minimize the cross coupling between

torque and voltage control loops.
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Figure 6.5: Torque control strategy of DFIG
6.4.2 Voltage control scheme

The power factor control or terminal voltage of DFIG can be achieved through the
RSC. Although, GSC can be employed to inject reactive power injection, for DFIG voltage
control RSC is likely to be preferred. The terminal voltage will decrease or increase with
change in reactive power to the grid. In this condition, the voltage controller should fulfil

the following requirements: (i) If the voltage is too high or too low compared with reference

value, the d-axis rotor current (i, ;) should be adjusted accordingly which can be achieved by
adjusting the control gain K, and (ii) the reactive power consumption by the DFIG should be

compensated. The rotor d-axis voltage (V, ) is obtained through PI, controller output minus

compensation term. The complete block diagram of DFIG voltage control scheme is as shown

in Figure 6.6.

Figure 6.6: VVoltage control scheme of DFIG

The controllers Pl; and Pl, of torque and voltage control schemes, respectively, are chosen as

symmetric [50, 160]. Therefore, the gains can be considered as:

{KPl = KP2 = KP (6.21)
K|1 = K|2 = KI
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6.5 Proposed type-2 fuzzy-PI controller for RSC control scheme

As the wind speed and grid conditions are variable, the adaptive controlled converter (for
RSC) is important for DFIG to fulfil the grid code requirements. In this work a Type-2 FLC-
Pl controller is proposed for torque and voltage control schemes of RSC. Type-2 fuzzy-PlI
controller can be achieved by combining Type-2 FLC which is adaptive and Pl controller
results in superior dynamic and steady state response from the system. Here, proportional and
integral gains of PI controller are adjustable and they are computed by Type-2 FLC approach
according to the system operating condition changes. Thus, it achieves the adaptive structure
required for RSC converter for smooth interaction of DFIG with the grid. Figure 6.7(a) and

(b) depicts the torque and voltage control strategies of RSC respectively, designed with Type-
2 fuzzy-P1 controllers. Moreover, the control gain K. (shown in Figure 6.7(b)) is also tuned
using Type-2 fuzzy logic method because by adjusting the d-axis rotor current (i, . ), voltage

regulation can be achieved.

o, [Te ]
—

12

Fig. 2 (b)

(b)
Figure 6.7: Proposed Type-2 FLC-PI controlled RSC schemes: (a) Torque control (b) Voltage

control
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6.6 Design of adaptive type-2 fuzzy-PI controller

This approach employs the type-2 fuzzy logic rules to determine the control gains (K;,

K, andK,.) of RSC schemes. The range of each parameter was computed by observations
from various simulation results. The range of parameters obtained for this study are

[Komins Komax ] = Kp €[0.31],[K, ins Kiax | =[5:12], and [Kyemins Kyemax | =[2,9]- Therefore,

they can be calibrated into the range between zero and one as follows:

ak, = e Kemn _Ko=01 4 _ggnc 101 (6.22)
KPmax _KPmin 1_01
VLRl S T T U (6.23)
Klmax _Klmin 12-5
Ak, = Ke "Kvemn _ Ke =2 Kye =7AK, +2 (6.24)
KVCmax - KVCmin 9-2

For the fuzzy methods, input, output and fuzzy membership functions are defined based
on experts’ knowledge and experience. Similar rules and membership functions have been
considered for both Type-1 and Type-2 FLCs and therefore linguistic variables of input and
output are as shown in Figure 6.8 and Figure 6.9, respectively. The schematic diagrams of
proposed Type-2 FLC are shown in Figure 6.7(a) and (b). In this work, error ( £ ) and change
in error (C€) are defined as input variable to the Type-2 FLCs. The input error signals are
fuzzified using five triangular memberships functions and defined as: LN-Large Negative, N-
Negative, Z-Zero, P-Positive, LP-Large Positive. Most of researchers choose the MFs with
equal span and equal width of FOU which do not offer best performance. In this work,
by varying the FOU in an appropriate way the optimal performance of the system is achieved
from various simulation results. The universe of discourse for error and change in error are
obtained in between the +1 to -1. Similarly, the output of fuzzy type’s controller are defined
with five triangular membership functions and donated as: XLP-Extra Large Positive, LP-

Large Positive, MP-Medium Positive, SP-Small Positive, and XSP-Extra Small Positive.
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Figure 6.8: MFs of Type-1 FLC: (a) Inputs Figure 6.9: MFs of Type-2 FLC: (a) Inputs
(b) Outputs (b) Outputs

The major function in the inference engine is the rules’ implementation, aggregation and
Type reduction. In this work, with help of an expert’ knowledge and experience, a control
strategy is framed as a set of IF-THEN rules and are containing two antecedences and one

consequence, expressed as:

IF (€ is X;)and (C& is Y,) THEN (s, is W)

Similarly, 25 rules have been defined for output variables Akp,Aki and AK,

respectively, in Table 6.1, Table 6.2 and Table 6.3. In the Type-2 FLCs, the union and
intersection functions are defined by join and meet operations to map the input and output sets
with fired rules. Therefore, the inference engine utilizes respectively, min-method and max-
method for meet and join operations. However, due to computational limitations the output of
inference engine cannot be converted directly to crisp value as discussed in Chapter 2. Thus,
type reduction (TR) method has been suggested in the type-2 FLC system to obtain type-1
fuzzy sets from type-2 output fuzzy sets, and later the normal defuzzification techniques can
be applied. Height, center-of-sets, center-of-sums and modified-height are the most accepted
TR methods, in which centroids of the embedded type-2 sets are calculated. In the present
work ‘height’ TR method has been used for the calculation of the centroid of type-2 FLCs as

it involves much lesser computations as compared to other methods [73].

145



Table 6.1: Tuning rules for Ak

Change in Error (&)
Error
(Cé) LN N Z P LP
LN XSP XSP XSP SP MP
N XSP SP SP SP MP
Z XSP SP MP LP XLP
P MP LP LP LP XLP
LP MP LP XLP XLP XLP
Table 6.2: Tuning rules for Ak,
Change in Error (&)
Error
(CE) LN N Z P LP
LN XLP XLP XLP SP XSP
N XLP LP LP MP XSP
Z LP LP MP SP XSP
P MP LP SP SP XSP
LP MP SP XSP XSP XSP
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Table 6.3: Tuning rules for AK,

Change in Error (&)
Error
(CE) LN N Z P LP
LN XSP XSP XSP sp MP
N XSP sp sp sp MP
Z XSP SP MP LP XLP
P MP LP LP LP XLP
LP MP LP XLP XLP XLP

The common defuzzification methods used for the Type-2 FLC are the first (or last) of
maxima, centroid-of-area and mean-of-max methods. In this study, centroid-of-area method
has been utilized which is the most reasonable and popular method among the others. The
centroid of the Type-2 fuzzy set is the collection of centroids of all of its embedded sets. The

defuzzification method converts the output fuzzy to crisp value.
6.7 Employed system configuration

Figure 6.10 shows the schematic diagram of vector controlled DFIG connected to an
infinite bus through transformers. Simulation data used for this system is provided in the
Appendix. The DFIG rotor circuit is connected to the grid through back to back connected
power electronic converters, while the stator circuit is directly connected to the power grid.
Due to their connection positions, they are named as grid side converter (GSC) and rotor-side
converter (RSC). The RSC controls the electromagnetic toque by controlling the injected rotor
current, which must follow the reference speed provided by the control system. Addition, it
can offer reactive power control and power factor or voltage control of the system. This
ensures the variable speed operation of DFIG with maximum power point tracking

characteristics. Regarding GSC, this is connected to the power grid through a filter and used
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to control dc-link voltage and reactive power exchange with the grid. During the transient
operating condition of DFIG, GSC may offer additional voltage support capabilities as RSC
provide reactive power control.

Point of

Common Grid

DFIG Coupling
T2

Line

L

Infinite bus

DC

Ir

& [

Rotor Grid

Side Side
Converter Converter
(RSC) (GSC)

Figure 6.10: One line diagram of DFIG integrated with power network

The major advantage of DFIG is that it has decoupled active and reactive power control

by making use of different control strategies for rotor side and grid side converters. With this

feature, DFIG has the various controls namely P, (maintain the maximum power tracking),

Vs (stator terminal voltage), V. (dc voltage level), and Q.. (GSC reactive power

level).

6.8 Real time( RT) simulation

In this work, to study the performance of the WES system shown in Figure 6.10:, a real
time digital simulation using RT-Lab software package is used. RT-Lab is fully integrated
with MATLAB™/Simulink and therefore, it uses MATLAB™/Simulink as a front-end
interface for editing graphic models in block diagram format, which are later used by RT-
Simulator. Real time is achieved by running on separate processors (targets) and in parallel,
each part of the system (the sub-systems).

The WES as shown in Figure 6.10 is divided into two subsystems as shown in Figure
6.11. For the real time simulation, the model is built in Simulink with Sim-power system and
Artemis blocks. The console subsystem denoted as SC_Console which contains parameters
accessing and displaying blocks, runs on the host PC, which can receive simulation results
and display through the scope. Another subsystem is a computing subsystem named as
SM_Master which contains all the calculation blocks (studied WES). This subsystem runs on

the target machine with real time condition. The simulation time step fixed as 50 s for both
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real time simulation and simulation in simulink. A detailed explanation about OPAL-RT has

been provided Appendix.
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Figure 6.11: Distributed model of the DFIG based WES for real time simulation
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The real time digital simulation laboratory setup is as shown in Figure 6.12; The simulator
employed here is OP5600 with one processor and four 3.33-GHz dedicated cores to perform
parallel computations. The work station computer (Host-PC) executes the WES model and
interacts with the real time digital simulator (RTDS) to produce the results of real time
simulation. Real time simulation results were observed through the Opcomm block. The

digital oscilloscope is also employed to observe the real time results of controller error inputs.

Host-PC

Figure 6.12: Real time digital simulator laboratory setup

6.9 Results and Discussions

As the penetration of wind energy systems in power network increasing in number, the
performance of wind turbines subjected to severe faults, voltage sag and other disturbances
are becomes important, especially the wind energy systems equipped with power electronic
converters. The severe disturbances (transient faults and voltage sag) results in DFIG rotor
current to increase, which may damage the RSC. Due to large rotor current and oscillations
occurring in torque due to faults are harmful to the DFIG equipped wind turbines. In these
conditions, either the DFIG may be disconnected from the grid or by using crowbar resistors,
RSC must be deactivated. A sudden loss of wind power will results in considerable amount of

rate of change of frequency in the electrical system. In addition, when the RSC deactivated
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using crowbar resistor, DFIG will behaves like squirrel cage induction generator and absorbs
huge amount of reactive power which causes the voltage instability issues. Thus, it is required
that wind turbine must be stay connected and actively involved in maintaining system stability
during and after the disturbances. The low voltage ride through ability is the ability of the
wind turbines systems must be stay connected to the grid throughout the faults and voltage
dips [45, 119]. Most of the countries nowadays enforce their grid codes for LVRT capability
to the wind generation systems in order to ensure the power system security.

In order to observe the transient performance contributed by the proposed type-2 FLC-PI
controller, a test system employed has been shown in Figure 6.10. The RSC control strategies
of DFIG have been designed with type-1 FLC-PI and type-2 FLC-PI for comparative analysis.
The transient behavior of the DFIG is investigated with both controllers for the subsequent
rotor speeds taking into account and the following three cases are considered.

(a) Case A: Rotor speed =0.8p.u
(b) Case B: Rotor speed=1.1p.u
(c) Case C: Rotor speed =1.29p.u

6.9.1 Three phase fault

The transient behavior of the DFIG has been analyzed by applying three phase short
circuit fault at the PCC point. The fault is initiated at 25s for duration of 150ms and later

normal operation is restored. The steady state behavior of the DFIG terminal voltage,
electrical torque (T ), rotor currents (ig,, i, ) and stator currents (i, i, ) have been obtained.

Therefore, the comparative analysis of transient performance of the system with type-1 FLC-
Pl and type-2 FLC-PI controllers for different rotor speed variations are as shown in from
Figure 6.13 to Figure 6.15.

Figure 6.13(a)-(f) shows the various parameters of the DFIG with rotor speed of 0.8p.u
and subjected to three phase short circuit fault. Figure 6.13(a) represents the terminal voltage
where sudden loss of voltage occurs from 25s to 25.15s due to fault. The electrical torque of
the DFIG is as shown in Figure 6.13 (b). Figure 6.13(c) and (d) represent the d-axis and g-axis
rotor current of DFIG, respectively, initially rotor currents are at their settled value but when
fault is occurs, these parameters are oscillate and return back to steady-state value after some
time. However, in comparison of type-1 FLC-PI and type-2 FLC-PI controllers, the d-axis and
g-axis rotor current of DFIG shows better results with proposed controller design. Similar
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analysis also obtained for d-axis and g-axis stator currents of DFIG respectively, as shown in
Figure 6.13(e) and ().

Figure 6.14(a)-(f) shows all the parameters behavior of the DFIG system with rotor speed
of 1.21p.u with severe fault initiated. Figure 6.14 (b) depicts the electrical torque response of
the DFIG as it observed that the oscillations are effectively suppressed with type-2 FLC-PI
than that of type-1 FLC-PI counterparts. Figure 6.14 (c) and (d) show respectively, d-axis and
g-axis rotor current of DFIG. Moreover, Figure 6.14 (e) and (f) denote DFIG stator currents in

6.9.1.1 Case A: Rotor speed=0.8p.u

mmnmu ! ,.,...................,.,......,...,‘.,.,....Mmuum\mummumnumnmnmn

B

) %8 249 25 z%#]e (sii)z 253 254 255 %4 25 25 Timzeééec) 26 265 27
(a) (b)

%4 245 2 Timzeééec) 26 265 27 ;4 245 25 Timzes’gec) 26 265 27
(c) (d)

%4 245 2 Timzes’éec) 26 265 27 34 245 25 Timzes'éec) 26 265 27
(e) ()

Figure 6.13: Three phase short circuit fault: (a) DFIG terminal voltage (b) Mechanical torque
(c) d-axis rotor current (d) g-axis rotor current (e) d-axis stator current (f) g-axis stator
current.

d-axis and g-axis, respectively. As the fault is suddenly occurred, all these parameters of
DFIG experienced significant oscillations in their responses. However, in all the responses of

DFIG the type-2 FLC-PI controller shows better results in comparison to type-1 FLC-PI.
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6.9.1.2 Case B: Rotor speed=1.21p.u
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Figure 6.14: Three phase short circuit fault: (a) DFIG terminal voltage (b) Mechanical torque
(c) d-axis rotor current (d) g-axis rotor current (e) d-axis stator current (f) g-axis stator
current.

Figure 6.15(a)-(f) shows parameters of DFIG respectively, DFIG terminal voltage,
electrical torque, d-axis rotor current, g-axis rotor current, d-axis stator current, and g-axis
stator current with rotor speed of 1.29p.u. All the parameters are at their initial settled value
before the occurrence of the fault. As the fault is initiated suddenly, all the parameters of
DFIG experienced significant excursions in transient response. The designed controllers limit
the peak values in these transients and suppress them very quickly to their normal
position. Later on, system comeback to its normal position as quickly as the fault is removed.
It is clearly observed from the results that the adaptive type-2 FLC-PI approach offers better
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transient response as compared to type-1 FLC-PI. Therefore, the proposed control design

meets the grid code requirement very effectively.

6.9.1.3 Case C: Rotor speed=1.29p.u
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Figure 6.15: Three phase short circuit fault: (a) DFIG terminal voltage (b) Mechanical torque
(c) d-axis rotor current (d) g-axis rotor current (e) d-axis stator current (f) g-axis stator current

6.9.2 Voltage sag

As per the LVRT capability stated in grid codes, wind turbine generators to be able to
operate at reduced voltage for few hundreds of mille seconds to several seconds. The grid-
code requirement specified by the TSO UK [45, 119] according this, the wind turbines
should ride-through a 50% of fault for 710ms. This condition is established by reducing DFIG

terminal voltage by 50% for 710ms.
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6.9.2.1 Case A: Rotor speed =0.8p.u
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Figure 6.16: Voltage sag for 710ms: (a) DFIG terminal voltage (b) Mechanical torque (c) d-
axis rotor current (d) g-axis rotor current (e) d-axis stator current (f) g-axis stator current

Figure 6.16 (a)-(f) shows all the parameters behavior of the DFIG system with rotor speed
of 0.8p.u and subjected to 50% of voltage sag. Figure 6.16 (a) shows the terminal voltage of
DFIG where the voltage sag of 50% initiated from 25s to 25.71s. Figure 6.16 (b) depicts the
electrical torque response of the DFIG, as it observed that oscillations are effectively
suppressed with type-2 FLC-PI than that of type-1 FLC-PI counterparts due to sudden voltage
dip. Figure 6.16(c) and (d) show respectively, d-axis and g-axis rotor current of DFIG.
Moreover, Figure 6.16(e) and (f) denote DFIG stator currents in d-axis and g-axis,

respectively. As the voltage sag is suddenly occurred, all these parameters of DFIG
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experienced significant oscillations in their responses. However, in all the responses of DFIG
the type-2 FLC-PI controller shows better results in comparison to type-1 FLC-PI.

Similarly, the comparative analysis of the system with type-1 FLC-PI and type-2 FLC-PI
controllers for rotor speed variations of 1.21p.u and 1.29p.u are as shown Figure 6.17(a)-(f)
and Figure 6.18(a)-(f), respectively. It clearly observed from the results that the proposed
adaptive type-2 FLC-PI controller exhibits superior steady state response for the voltage sag

consideration as compared to type-1 FLC-PI counterparts.

6.9.2.2 Case B: Rotor speed =1.21p.u
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Figure 6.17: Voltage sag for 710ms: (a) DFIG terminal voltage (b) Mechanical torque (c) d-
axis rotor current (d) g-axis rotor current (e) d-axis stator current (f) g-axis stator current
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6.9.2.3 Case C: Rotor speed=1.29p.u
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Figure 6.18: Voltage sag for 710ms: (a) DFIG terminal voltage (b) Mechanical torque (c) d-
axis rotor current (d) g-axis rotor current (e) d-axis stator current (f) g-axis stator current

The controllers error input are also observed in the digital oscilloscope as shown in Figure
6.19 and Figure 6.20 respectively, for type-1 FLC-PI and type-2 FLC-PI. Figure 6.19(a)
shows the torque controller error input and Figure 6.19(b) illustrates the voltage controller
error input for type-1 FLC-PI, whereas Figure 6.20(a) and (b) repeat same but with type-2
FLC-PI. It is observed that controller error increases at the time of fault in order to bring the
generator parameters to their normal value. Moreover, the error signal generated by the
proposed method lasts few seconds as compared to that of type-1 FLC-PI. As a result, the
proposed type-2 FLC-PI is able to improve the performance of the wind generator during

disturbances very effectively.
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Figure 6.20: Error input of type-2 FLC-PI: (a) Torque controller (b) Voltage controller

6.10 Conclusions

In this chapter, an interval type-2 fuzzy-Pl is proposed and implemented for RSC of
DFIG. The gains of PI controller were determined by the type-2 fuzzy logic method according
to the changes in system operating condition. Thus, an adaptive structure, which is important
for DFIG rotor side converter control is obtained. To validate the proposed control method,
real time simulations are developed for studied system using digital real-time simulator of
OPAL-RT platform. The performance of the proposed approach has been investigated for
different operating conditions of DFIG such as severe fault and voltage sag with reference to
varying wind speed. The results of type-2 FLC-PI are compared with that of type-1 FLC-PI
controller, one at a time. It is observed from simulation results that the proposed controller
offers better performance than its type-1 fuzzy-PI counterpart. Finally, it concluded that the
adaptive nature of proposed type-2FLC-PI controller played vital role to enhance the LVRT
capability of DFIG.
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CHAPTER 7: CONCLUSIONS AND FUTURE SCOPE

7.1 Conclusions

The work presented in this thesis mainly focused on controller design and control strategies to
improve the performance of the wind energy systems (fixed speed and variable speed)
subjected to the grid integrated issues such as varying wind speed, transient fault and grid
code requirements. A special focus on interval type-2 fuzzy logic method is concentrated as it
addresses the issues related to uncertainties in the membership functions and rules thus,
counter the effects of nonlinearities in the model and uncertainties in the operating conditions
of the WESs.

An effort has been made to design the type-2 fuzzy logic controller by exploring the
properties of interval type-2 fuzzy sets, for pitch angle controller of fixed speed WES,
damping controller of fixed speed wind farm and RSC controllers of the variable speed WES.
Furthermore, the proposed control technique is also validated by developing the real time
simulations using OPAL-RT technology RTDS simulator for power smoothing of WES using
pitch angle controller; and torque and voltage control of rotor side converter of DFIG.

The following conclusions are drawn on the accomplishments of this thesis:

e In this work the electrical equivalent circuit of the IG from the PCC has derived and
mathematical relation between the pitch angle, rotor speed, mechanical and electrical
torques were obtained and some key factors that may affect the transient stability of the
fixed-speed IG has been investigated using analytical approach. This type of investigation
is very important in order to expand the operating limitations of the wind turbine driven
IG under the severe faults to guarantee the wind farm connection to the grid.

e A typical pitch angle controller is developed which works well in power control mode to
regulate the 1G output power subjected to varying wind speed and, in speed control mode
to enhance the transient stability during network fault. This type of pitch angle
configuration with well designed (using Type-2 FLC) controller is an effective solution
for WES transient stability enhancement as well as output power regulation. A grid
connected fixed speed WES model is implemented in MATLLAB™/Simulink platform
and a type-2 FLC is designed for the pitch angle controller of WES and tested for
frequently varying wind speed and network faults.

e In the section 3.7, an interval Type-2 FLC based pitch-angle controller is proposed for

smoothening out the output power fluctuations of a wind energy system. At first,
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command reference power based on EMA concept is obtained and then interval Type-2
FLC is implemented to follow the reference command power more effectively. To
validate the proposed technique, the system designed in MATLAB™/Simulink was
exported to RT-lab via RTW for real time simulation. Real time digital simulator is a
suitable platform for real time analysis of renewable energy resources for controller
prototyping, real time simulations and hardware in loop tests. Two different types of wind
speed patterns are employed to study the effectiveness of the proposed controller. The
results show the pitch-angle controller with Type-2 FLC offer better performance in
smoothing the output power of WES than Pl and Type-1 FLC. To estimate the smoothing
level of proposed controller, power smoothing function has been incorporated as
performance index.

Taking into consideration of the restraints due to the limited non-renewable energy
sources and with the ever increasing demand of electricity, it has become an absolute
necessity to integrate the wind energy systems in the grid, for which a complete and
detailed study of wind farm is required, in which, simulation studies under various
expected operating conditions (such as different type of faults, fault locations and
durations) are highly needed to prevent any harmful impact of the wind farm to the
grid. Therefore, in this work, a system consists of 36MW fixed speed wind farm exporting
power to 120kV grid has been designed using MATLAB™/Simulink. As a preliminary
study, it investigates the impact of fault ride through on the stability of the fixed speed
wind farm connected to power grid. The effect of fault locations and fault time durations
on stability of fixed speed wind farm, subjected to different types of faults were studied.
Moreover, a STATCOM is included to investigate its effect on the system stability during
different fault durations and locations. The system parameters such as PCC voltage, active
and reactive powers are monitored in steady-state as well as fault conditions. Later on, we
investigated STATCOM with type-2 fuzzy logic based damping controller design for
stability improvement of wind integrated power system. The STATCOM with proposed
damping controller suppresses the inherent power fluctuations of the studied system and
thus enhance the stability of the system subjected to disturbances. Different scenarios have
been considered to demonstrate the effectiveness of the proposed controller.

This work also investigates the role of control system based on simultaneous control of
STATCOM reactive power and pitch angle control rotor blades. Therefore, in this thesis,
unified voltage and pitch-angle (UVPC) control strategy has been proposed through which
the simultaneous control of STATCOM and pitch-angle control has been achieved in

order to guarantee the compliances of the grid code requirement as well as enhance the
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LVRT capability of the fixed speed wind farm. A coordinated control algorithm is
implemented for successful control of STATCOM in combination with pitch angle
controller. The FRT scheme of pitch-angle controller has been designed using type-2
fuzzy logic technique as it is capable of effectively stabilizing generator rotor speed than
their traditional fuzzy logic counterpart. The simulation results show that the simultaneous
control of STATCOM and pitch-angle control improve the LVRT capability of the FSIG
wind farm and improving the stability margin of rotor speed of the generator. Moreover,
the proposed UVPC helps in reducing the size of the STATCOM to be installed for
improving the LVRT of such wind farms.

Another contribution is that by using UVPC, effective generator output power smoothing
and voltage regulation is achieved. A typical pitch angle control approach has been
incorporated which works under below-rated wind speed. Moreover, an interval type-2
fuzzy logic technique has employed to design the pitch angle controller, as it is more
suitable than their traditional fuzzy logic counterpart. Therefore, a new type of pitch angle
controller and STATCOM (termed as UVPC) can smoothen out the generator active
power as well as regulate the generator terminal voltage to a constant magnitude whenever
wind farm is subjected to below-rated wind speed variations.

An interval type-2 fuzzy-Pl based adaptive technique is proposed for torque and voltage
controllers of RSC of variable speed WES. The gains of Pl controller were determined by
using type-2 fuzzy logic method according to the system operating condition changes.
Thus, an adaptive structure which is important for DFIG rotor side converter control is
obtained. A 1.5MW DFIG model has been developed using MATLAB™/Simulink and
then exported to OPAL-RT digital simulator for real time simulations. The performance of
the proposed approach has been investigated for different operating conditions of DFIG
such as severe fault, voltage sag with reference to varying wind speed. A comparative
performance analysis is done with type-1 FLC-PI counterpart. The tracking performance
of proposed controller is very effective, as a result, type-2 fuzzy-Pl controlled RSC
exhibits effective transient response and it is suitable for grid disturbances such as voltage
sag and faults.

The major part of this thesis incorporated an interval type-2 fuzzy logic method as the
FLCs based on type-2 fuzzy sets have the potential to give better performance than the
type-1 FLC with respect to uncertainty. Moreover, due to extra degree of freedom
provided by the foot print of uncertainty (FOU), a smooth control surface can be

generated that can enables the controller to handle system disturbances more effectively.
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This special feature of type-2 FLC offers more robust performance than type-1 FLC

counterpart.

7.2 Future Scope of the work

Research and development is a continuous process. For any research work carried out, there is
always a better chance for improvement and many opportunities always remains opened for
future work. As a result of investigation carried out in performance analysis of grid connected
wind energy systems, the following aspects are identified for future scope of research.
e Power system stabilization:
Wind power generation slowly substituting the conventional power plants that commonly
control and stabilize the power system. The increasing penetration of wind power system
engaged in performing these tasks. The most common method employs to stabilize the
power system using WES is pitch-angle controller. If the wind turbines are to take over
such task, they need to be designed with an effective control technique to perform the
power system stabilization. Therefore, future work can investigate further the type-2 FLC
based pitch angle controller for power system stabilization by developing an appropriate
IEEE standard wind integrated power system.
e Improvement of micro-grid performance in islanding mode:
In the present scenario, micro-grid is one of the alternatives for electricity generation and
also contributes to emission reduction and mitigation of climate change. The micro-grid
with renewable energy resources (wind and solar) encounter the challenges such as solar
radiation and wind speed variation. As it discussed earlier, wind speed is an intermittent
and stochastic in nature, any variation in wind speed will causes generator output power to
fluctuate resulting in frequency fluctuations inside the micro-grid. During islanding mode
this condition originates stability problems and provides poor power quality.
In our work, we have proposed type-2 fuzzy logic based pitch angle controller with
EMA concept for smoothing the output power of WES where it is penetrated to the utility
grid. Therefore, future work can be investigates the micro-grid stability problems due to
wind speed variations by employing proposed concept to limit the frequency oscillations
in acceptable range.
e Economical benefit of ESS with EMA Concept:
Although, the EMA incorporated pitch angle controller offers good smoothing in output
power of wind generator, but considerable amount of drop in the output power cannot be
avoided. If we concern with loss of generator output power, then energy storage system

can solve the problem, however, it may need large energy storage capacity involving in
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huge cost. The EMA based reference output power generated pitch angle controller can be
adopted to make the ESS capacity comparatively small. Therefore, the ESS equipped
with EMA pitch angle controller may be best suited for power smoothing wind turbine
generator output power. However, this thesis does not incorporate the ESS for power
smoothing therefore, ESS adopted with EMA reference command generated-pitch angle
controller can be investigated for its applicability with optimal reference output power
point.

Moreover, photovoltaic (PV) cell systems are also one of the most considerable
renewable energy. The major dependency of them on irradiance of sun and temperature,
these two factors are continuously varying and thus results in output power of PV cell
with considerable amount of fluctuations which may also cause grid frequency and
voltage fluctuations if they are connected in large number. Therefore, ESS equipped with
EMA concept also can be investigated in the solar PV systems for its effective
applicability.

e Self tuning of FOU of type-2 FLC for more robust performance of an adaptive type-2

FLC-PI controller for renewable energy systems:

It is observed from the chapter 2, the foot print of uncertainty (FOU) can be effect the
control system performance. The FOU with equal width do not provide satisfactory
results, therefore in our work we have varied the width of FOU systematically by
observing its effect, on the oscillatory system parameters when subjected to the
disturbances. This is however not an appropriate method to achieve the optimal width of
the FOU. We need to develop an algorithm or optimal tuning method to compute the
optimal width of FOU of type-2 memberships to get the more robust performance by
considering sensitive parameters of the system. As the renewable energy resources such as
wind and solar are highly uncertain can be effectively utilize this control approach.
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APPENDIX

FIXED SPEED WIND ENERGY SYSTEM PARAMETERS FOR SIMULATION

Table i: Wind turbine parameters

Parameters Values
Rated power 1.5 MW
Rotor diameter 64m
Number of blades 3

Cut-in wind speed (v, ) 4m/s
Cut-out wind speed (v,,) 25 m/s
Rated wind speed (v, ) 14 m/s
Generator SCIG

Table ii: SCIG generator parameters

Parameters Values

Pois Vs 1.5 MW, 0.69 kV

R.,R 0.004843 p.u., 0.004377 p.u.
L., L, 0.1248 p.u., 0.1791p.u.

L. H 6.77 p.u., 5.04s

C 200 kVAR
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Table iii: Transformer parameters

Parameters Values
MVA ATMVA
Ve s 25kV/120kV
Winding resistance 0.08/30 p.u.
Winding reactance 0.08 p.u.
Magnetizing resistance 500 p.u.
Magnetizing reactance 500 p.u.
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VARIABLE-SPEED WIND ENERGY SYSTEM PARAMETERS

Table iv: DFIG studied system parameters

Parameters Values
DFIG 1.5MW
Voltage rating 575V
Frequency 60Hz

Stator resistance 0.00706 p.u.
Stator inductance 0.171 p.u.
Rotor resistance 0.005 p.u.
Rotor inductance 0.156 p.u.
Mutual inductance 2.9 p.u.
Inertia constant 2.04s

Transformer rating

Winding resistance

Winding reactance

Magnetizing resistance

Magnetizing reactance

4TMVA, 25kV/120kV

0.08/30 p.u.

0.08 p.u.

500 p.u.

500 p.u.
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MODELLING OF SYNCHRONOUS GENERATOR

Practically, the Park’s “two reaction theory” of synchronous machine model is used in
power system studies. Thus, the fundamental assumptions considered for modelling of a
synchronous generator (SG) are well known and are not repeated here. The resulting set
of machine differential algebraic equations (DAEs) changes with the dynamic order and
the detail of the transfer functions. A modular approach is provided in this section to model
the synchronous machine. The system model has been developed by reducing the SG
equations in an appropriate form and then combining them with the network equations.
This model is applicable to the three time frames: sub transient, transient and steady state.

The differential equations of the SG are described as follows :

0=Q (0-w,) ]
-1 (i)
wzﬁ(rm -7, — D(o-w,))
Where the electromagnetic torque is:
Te =Wq4lq —Vqlg (”)

where, Q, is the base synchronous frequency in rad/s (377 rad/s at 60Hz) and o, is the
reference frequency approximated to the per unit value of o, is equal to 1.0 pu.

o' ' ' - TAA '

g = (=g = (Xg =Xg = 74)lg +X=—7)v¢ ) I Ty

) ) . . do
ey = (&4 + (X, =X, = 7)ig))  Tyo

T R | : (iii)
e = (€4 +8 —(Xg = Xg +7g)ig + 22V ) [Ty,
. . C do
ey = (¢4 +ey +(Xg =X +7¢)ig) I Tyo
where, coefficients y, and y, are expressed as:
T, X
q0 “q '
}/q = 7'7'()((] — Xq)
Too X
q0 “q .
Tio Xq ' (iv)
74 :%f(xd _Xd)
Too X4
Finally the model complete with the following algebraic equations:
e v)

0=wq+Xglq +&
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By assuming d-axis additional leakage time constant T,, =0

Table v: synchronous generator parameters

Parameters Values

Srated 1 Vrated 100 MVA, 11kV
Inertia H 3.5s

X 0.003p.u, 0.15p.u
Xg s X, 1.81p.u, 0.30p.u

Xg s Xq 0.23p.u,1.76p.u

X('1 , X; 0.65p.u, 0.25p.u
Tao+Tao 8.00s , 0.03s

Tq'O 1Tq"0 1.00s, 0.07s
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REAL TIME SIMULATIONS

l. REAL TIME DIGITAL SIMULATOR

OPAL-RT lab, fully integrated with MATLAB/Simulink, is the open Real-Time
Simulation software environment that has revolutionized the way model-based design is
performed. RT-LAB’s flexibility and scalability allow it to be used in virtually any
simulation or control system application, and to add computing power to simulations, where
and when it is needed. This simulator was developed with the aim of meeting the transient
simulation needs of electric systems while solving the limitations of traditional real-time
simulators. It is based on a central principle: the use of widely available, user-friendly, highly
commercial products (PC platform, Simulink ™).

The real-time simulator consists of two main tools: a real-time distributed simulation
package (RT-LAB) for the execution of Simulink block diagrams on a PC-cluster, and
algorithmic toolboxes designed for the fixed time- step simulation of stiff electric circuits
and their controllers. Real-time simulation and Hardware-in-the-Loop (HIL) applications
are increasingly recognized as essential tools for engineering design and especially in
electric power systems and power electronics.

I EVOLUTION OF REAL-TIME SIMULATORS

Simulator technology has evolved from physical/analogue simulators (HVDC simulators
&TNAs) for EMT and protection and control studies, to hybrid TNA/Analogue/Digital
simulators capable of studying EMT behavior, to fully digital real-time simulators, as
illustrated in Figure i. With the development of microprocessor and floating-point DSP
technologies, physical simulators have been gradually replaced with fully digital real-time
simulators. DSP-based real-time simulators were developed using proprietary technology,
and used for HIL studies. These are the first new breed of digital simulator to become
commercially available. However, the limitations of using proprietary hardware were
recognized quickly, leading to the development of commercial supercomputer- based
simulators, such as HYPERSIM from Hydro-Quebec, which is no longer commercially
available.

Attempts have been made by the researchers to develop fully digital real-time simulators
using low-cost standard PC technology, in an effort to eliminate the high costs associated
with the use of high-end supercomputers. Such development was very difficult due to the
lack of fast, low cost inter-computer communication links. However, the advent of low-cost,

readily available multi-core processors (from INTEL and AMD) and related COTS computer
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components has directly addressed this issue, clearing the way for the development of
much lower cost and easily scalable real-time simulators. In fact, today’s low-cost computer
boards equipped with eight processor cores provide greater performance than 24-CPU
supercomputers that were available only 10 years ago. The availability of this low-cost,
high performance processor technology has also reduced the need to cluster multiple PCs to
conduct complex parallel simulation, thereby reducing dependence on sometimes-costly inter-

computer communication technology.

COTS-based high-end real-time simulators equipped with multi-core processors have
been used in aerospace, robotics, automotive and power electronic system design and testing
for a number of years. Recent advancements in multi-core processor technology means that
such simulators are now available for the simulation of EMT expected in large-scale power
grids, micro grids, wind farms and power systems installed in all-electric ships and aircraft.
These simulators, operating under Windows, LINUX and standard real-time operating
systems, have the potential to be compatible with a large number of commercially available
power system analysis software tools, such as PSS/E, EMTP-RV and PSCAD, as well as
multi domain software tools such as SIMULINK and DYMOLA. The integration of multi-
domain simulation tools with electrical simulators enables the analysis of interactions between

electrical, power electronic, mechanical and fluid dynamic systems.

%! Evolution of Real-Time Simulator Technology

OPAL-RT

2009: 1 cabinet, 3 PC with 24 core in total

N coTs I |
: Sim-On-Chip | !
| [ DigitalcOTS | |
i Simulators !

32 to 64 cores would be required to
simulate the detailed HQ network

1975
30000 square feetHybrid Simulator

Digital Custom
Simulators
& o Hybrid (Analog/Digital)
i ~ Simulators
Analog
Simulators I
ModelBased Design

A I\ A A A I
\ T \ \ T LI

1960 1970 1980 1990 2000

Figure i: Evolution of Real-Time Simulation Technologies

The latest trend in real-time simulation consists of exporting simulation models to real
time digital simulator (RTDS). This approach has many advantages. First, computation time

within each time step is almost independent of system size because of the parallel nature of
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RTDS. Second, overruns cannot occur once the model is running and timing constrains are

met.

1. SIMULATOR CONFIGURATION

Real-time simulators are typically used in three different application categories, as
illustrated in Figure ii.

Rapid control prototyping Hardware-in-the-loop Pure Simulation

controller controller controller

iffo i o i 1o

plant plant plant

Figure ii: Different Real-Time Simulation configurations

I. Rapid Control Prototyping (RCP):

In RCP applications, a plant controller is implemented using a real-time simulator and
is connected to a physical plant. RCP offers many advantages over implementing an actual
controller prototype. A controller prototype developed using a real-time simulator is more
flexible, faster to implement and easier to debug. The controller prototype can be tuned on
the fly or completely modified with just a few mouse clicks. In addition, since every internal
controller state is available, an RCP can be debugged faster without having to take its cover
off.

ii. Hardware-in-the-Loop (HIL):

For HIL applications, a physical controller is connected to a virtual plant executed on a
real-time simulator, instead of to a physical plant. Figure ii illustrates a small variation to
HIL; an implementation of a controller using RCP is connected to a virtual plant via HIL. In
addition to the advantages of RCP, HIL allows for early testing of controllers when physical
test benches are not available. Virtual plants also usually cost less and are more constant. This
allows for more repeatable results and provides for testing conditions that are unavailable on
real hardware, such as extreme events testing.

iii. Pure simulation/Software in the loop (SIL):

SIL represents the third logical step beyond the combination of RCP and HIL. With a
powerful enough simulator, both controller and plant can be simulated in real time in the
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same simulator. SIL has the advantage over RCP and HIL that no inputs and outputs are used,
thereby preserving signal integrity. In addition, since both the controller and plant models
run on the same simulator, timing with the outside world is no longer critical; it can be slower
or faster than real-time with no impact on the validity of results, making SIL ideal for a
class of simulation called accelerated simulation. In accelerated mode, a simulation runs faster
than real-time, allowing for a large number of tests to be performed in a short period. For this
reason, SIL is well suited for statistical testing such as Monte-Carlo simulations.

IV. THE WORKING PROCESS OF RT-LAB

RT-LAB allows the user to readily convert simulink models, via Real-time workshop
(RTW), and then to conduct Real-time simulation of those models executed on multiple target
computers equipped with multi-core PC processors. This is used particularly for Hardware-in-
loop (HIL) and rapid control prototyping (RCP) and SIL applications. RTLAB transparently
handles synchronization, user interaction, and real world interfacing using 1/0 boards and data

exchanges for seamless distributed execution.

V. SIMULATOR SOLVERS

The RT-LAB electrical simulator uses advanced fixed time step solvers and
computational techniques designed for the strict constraints of real-time simulation of stiff
systems. They are implemented as a Simulink toolbox called ARTEMIS, which is used
with the sim Power Systems/ Power System Block-set (PSB). PSB is a Simulink toolbox
that enables the simulation of electric power circuits within the Simulink environment.
While PSB supports a fixed-time-step solver based on the Tustin method, dynamic
computation of circuit matrices, un-damped switching oscillations, and the need for a very
small step size which greatly slows down the simulation. The ARTEMIS solver uses a
high-order fixed time- step integration algorithm that is not prone to numerical

oscillations, and advanced computational techniques necessary for the real-time simulation.

VI. RT-LAB SIMULATION DEVELOPMENT PROCEDURE
Electric and power electronic systems are created on the host personal computer by
interconnecting:
» Electrical components from component model libraries available in the Power System
Block-set
« Controller components and other components from Simulink and its toolboxes that

are supported by Real- Time-Workshop
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« 1/O blocks from the simulator I/O tool boxes. The easy to- use drag-and-drop
Simulink interface issued at all stages of the process.

» These systems are then simulated and tuned off-line in the MATLAB/Simulink
environment. ARTEMIS fixed step solvers are used for the electric part and Simulink
native solvers for the controller and other block-diagram parts. Finally, the model is
automatically compiled and loaded to the PC-Cluster with RTLAB simulation

interface.

VIl.  OP5600 SIMULATOR

The OP5600 is a complete simulation system capable of operating with either Spartan
3 or Vertex 6 FPGA platforms. It is designed to be used either as a desktop (or shelf top)
or as a more traditional rack mount. It contains a powerful Target Computer and a
flexible, high-speed Front End Processor and a signal conditioning stage. The new design
makes it easier to use with standard connectors (DB37, RJ45 and mini-BNC) without the
need for input/output adaptors and allows quick connections for monitoring. The typical

diagram of OP5600 HIL box is as shown in Figure iii.

The front of the chassis provides the monitoring interfaces and monitoring connectors,
while the back of the chassis provides access to the FPGA monitoring connections, all 1/0

connectors, power cable and main power switch.

Inside, the main housing is divided into two sections, each with a specific purpose and

connected only by a DC power cable and a PCle cable:

ey oeisrsleleler

- gmmmeee] wizinls] SRS

nnnnnnnnnnnn

Figure iii: OP5600 HIL box

I. Front view configuration:
The front view of the OP5600 chassis is shown in Figure iv.

192



i

2] 2] K . ) I
= (2 geTeeee BessTeses|
=ifgees b@@%@%@:ﬁ:@%ﬂ

OPAL-RT

Figure iv: OP5600 front connector panels

A. Inactive section. These functions are currently in development and unavailable.

. 4 panels of RJ45 connectors provide connections to monitor output from mezzanine
I/O boards. Each connector is linked to front and back mezzanines on the carrier
board. Analog mezzanines (channels 0-15) will use only the first column of
connectors. Digital mezzanines will use both columns (channels 0-15 in the first
column and channels 16-31 on the second column of connectors). See “DB37F
Connections” and “RJ45 connections” for more detailed information.

. Monitoring RJ45 connectors with mini-BNC terminals: RJ45 cables connect from a
channel on an RJ45 panel (B) to one of four RJ45 monitoring connectors (C). Mini-
BNC connectors allow for quick cable connections to monitoring devices (such as an
oscilloscope). See “connecting monitoring devices” for details.

. Target computer monitoring interface. Two push buttons include POWER in top
position to start the target computer and RESET in the bottom position to reset the

target computer. There are 6 LED indicators:

LED NAME Description

Green Power On indicates that the unit is powered up.

Green HDD On indicates that the hard disk drive is

operating.

Green NIC1 On indicates that network port 1 is in use.

Green NIC2 On indicates that network port 2 is in use.

Red Power Fail On indicates a power fault.

Red Overheat/Fan On indicates either that unit has overheated or a
Fail fan fault.

. Optional PCI or PCle connector slots (by default, these spaces will be covered by
blank plates if there are no optional PCI cards. If there are PCI cards installed, the

spaces will contain the PCI connectors).
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F. F. Standard computer connectors (left to right): mouse and keyboard, USB ports,
monitor, network ports. Although use of these connectors is optional but not required
to use the OP5600, one network port is required for network connection.

ii. Back view configuration:

Figure v represents the back view configuration of the OP5600 chassis.

OEE R i I
©

Figure v: OP5600 back connector panels

A. DB37F I/O connectors (see “Table vi and vi: Pin Assignments” for more details). The
image (opposite) illustrates the links between the mezzanines and the DB37 1/O
connectors

B. Power connector and power On/Off switch.

C. Optional PCI or PCle connector slots.

Table vi: OP5600 DB37 pin assignments

Connector A Ch. 0-15 Connector A Ch. 16-31
DB37 Module DB37 Module DB37 Module DB37 Module
pin pin pin pin
assign assign assign assign
ment ment ment ment
1 +CHO00 20 -CHOO 1 +CH16 20 -CH16
2 +CHO1 21 -CHO1 2 +CH17 21 -CH17
3 +CHO02 22 -CHO02 3 +CHO08 22 -CH18
4 +CHO03 23 -CHO3 4 +CH19 23 -CH19
5 +CHO04 24 -CHO4 5 +CH20 24 -CH20
6 +CHO05 25 -CHO5 6 +CH21 25 -CH21
7 +CHO06 26 -CHO6 7 +CH22 26 -CH22
7 +CHO7 27 -CHO7 7 +CH23 27 -CH23
9 +CHO08 28 -CHO8 9 +CH24 28 -CH24
10 +CHO09 29 -CH09 10 +CH25 29 -CH25
11 +CH10 30 -CH10 11 +CH26 30 -CH26
12 +CH11 31 -CH11 12 +CH27 31 -CH27
13 +CH12 32 -CH12 13 +CH28 32 -CH28
14 +CH13 33 -CH13 14 +CH29 33 -CH29
15 +CH14 34 -CH14 15 +CH30 34 -CH30
16 +CH15 35 -CH15 16 +CH31 35 -CH31
17 36 17 36
18 Vuser 1 37 Vrtn 1 A* | 18 Vuser 2 37 Vrtn 2 A*
A* A*
19 19
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Table vii: OP5600 DB37 pin assignments

Connector B Ch. 0-15 Connector B Ch. 16-31
DB37 Module DB37 Module DB37 Module DB37 Module
pin pin pin pin
assignm assignm assignm assignm
ent ent ent ent
1 +CHO00 20 -CHOO 1 +CH16 20 -CH16
2 +CHO1 21 -CHO1 2 +CH17 21 -CH17
3 +CHO02 22 -CHO02 3 +CHO08 22 -CH18
4 +CHO03 23 -CHO3 4 +CH19 23 -CH19
5 +CHO04 24 -CHO4 5 +CH20 24 -CH20
6 +CHO05 25 -CHO5 6 +CH21 25 -CH21
7 +CHO06 26 -CHO6 7 +CH22 26 -CH22
7 +CHO7 27 -CHO7 7 +CH23 27 -CH23
9 +CHO08 28 -CHO8 9 +CH24 28 -CH24
10 +CHO09 29 -CHO09 10 +CH25 29 -CH25
11 +CH10 30 -CH10 11 +CH26 30 -CH26
12 +CH11 31 -CH11 12 +CH27 31 -CH27
13 +CH12 32 -CH12 13 +CH28 32 -CH28
14 +CH13 33 -CH13 14 +CH29 33 -CH29
15 +CH14 34 -CH14 15 +CH30 34 -CH30
16 +CH15 35 -CH15 16 +CH31 35 -CH31
17 36 17 36
18 Vuser 1 37 Vrtn 1 B* | 18 Vuser 2 37 Vrtn 2 B*
B* B*
19 19

iii. RJ45 Channel assignments
Each mezzanine is assigned two columns of RJ45 connectors. Each column represents a

series of channels, divided into 4 channels per jack, as shown in Figure vi.

SLOT xA SLOT xB

Column 1:
Channels 0-3
Channels 4-7
Channels 8-11
Channels 12-15

Channels 16-19
Channels 20-23
Channels 24-27
Channels 28-31

Analog boards use only channels 0-15
Digital boards use channels 0-31

Figure vi: RJ45 channel assignments
v. Connecting monitoring devices

The OP5600 simulator offers quick, single-ended connections, through RJ45 and mini BNC
connectors, to any monitoring device (i.e. oscilloscope, etc.). These mini-BNC jacks let you

monitor 4 channels individually. Simply follow these instructions (as illustrated in Figure vii):
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Figure vii: How to connect cables for monitoring

1. Connect one end of the RJ45 cable to the desired channels (A). See Figure vi

for RJ45 connector

2. Connect the other end of the RJ45 cable to the monitoring connector (B)

3. Connect a mini-BNC cable to each BNC jack (C) and connect the other end of
the cable to the desired monitoring device. The mini-BNC jacks each connect
to one of the 4 channels of the RJ45 Connector (A). In the example shown in
Figure vi, the RJ45 cable is connected to channels 28-31. The mini-BNC cable

jacks, identified as A, B, C, D, represent each channel in the following order;

A = channel 28,
B = channel 29,
C =channel 30

D = channel 31.

pinouts

V. OP5330 Digital to analog converter

The OP5330 digital to analog converter (DAC) provides 16 single-ended digital output
channels. Each channel uses a 16-bit resolution digital-to-analog converter. It is a part of
the OP5000 series of optional modules for OPAL-RT’s state of the art HIL (hardware-in-

the-loop) systems, intended for use with OPAL-RT carrier boards.

Each OP5330 can sample up to 1 MS/s, giving a total throughput of 8 MS/s, all
channels are simultaneously sampled. The onboard EEPROM provides offset

gain data adjustment written during the calibration process, as well as over-voltage

protection.

By default, the maximum output signal is set to £16 volts.

Vi, OP5340 Analog to digital converter
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The OP5340 Analog to Digital converter (ADC) is a part of the OP5000 series of optional
modules for OPAL-RT’s state of the art HIL (hardware-in-the-loop) systems, intended for
use with OPAL-RT carrier boards. Designed for OPAL-RT’s simulation systems, the OP5340

converts analog signals to digital.

The OP5340 module provides 16 differential analog input channels. Each channel uses a
16- bit resolution analog-to-digital converter. The OP5340 module also has input signal
conditioning capabilities that allow the user to apply a signal range from £20v up to £120v on

the inputs. By default, the maximum input signal is set to £20 volts.

VIll. PROCEDURE FOR IMPLEMENTATION OF A MODEL FROM MATLAB TO
REAL-TIME

The execution process allows user to run the Simulink model with Opal-RT’s software

and hardware. It is based on eight (8) main steps:
i. Open a model
ii. Edit a model in MATLAB
iii. Compilation
iv. Assign nodes
v. Synchronization Mode
vi. Loading
vii. Execution / Pause
viii. Reset
i Open a Model

In the Main Control window, the Open Model button allows user to open the model.
Right-click button is used to open a recently used model. Simulink, System Build & EMTP
models can be opened. When a model is open, its path will appear in the top display. Opening

of a Simulink model using RT-LAB is shown in Figure viii.
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Figure viii: Opening of MATLAB model using RT-LAB
ii. Edit a Model

In the Main Control window, the Edit button allows user to edit Simulink model using
MATLAB. Simulink model consists of Master and Console subsystems which are shown in

Figure ix.

ation fum Toots Wndow Help
=g-la-ealQle o | [FEstion
=R R ] " g » Twol Distor., s TwolDistor. ' Windmdl [»IWind2mdl = SHAF2imdl (> Windmal " “ 0 @ weicome ~aBli=o
Ov 1 Restore Wekome
General Information Preparing and Compiling Importing an existing model into a
Name: Wind % £t the diagram of the model, new project
T - — — ) <
Flle Edt View Simuation format Tools Help project using the new project wizard
DEES B =50 (b e om ] Hebos BEES he new project wizard: File- >
= e B — L RT-L28 Project

% Progress
No operations to display at this time.

Figure ix: Model consist of Master and Consloe sub systems

SM Master Subsystem
« Prefix Identifier: SM_

* Number of SM subsystems allowed ina model: 1 (always)

« Content: All the computational elements of the model, the mathematical operations,
the 1/0 blocks, the signal generators, etc.
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» Note: This is the main subsystem and every model must have one SM_subsystem. If
double click on the SM_Master block the computing system inside the SM_Master

subsystem is display and as shown in Figure Xx.

ket wizare: Fle-
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Figure x: SM_Master computing sub system

SC Console Subsystem
« Prefix Identifier: SC_

* Number of SC subsystems allowed ina model: 0 or 1

« Content: All user interface blocks (scopes, displays, switches, etc)

» Note: This is the only subsystem that will be available to us during execution. It
enables us to interact with the system while it is running. The console runs
asynchronously from the other subsystems. It is also the only subsystem that is not
linked to a computation node (core). Therefore, there should be no signal generation

or important mathematical operations included in this subsystem.

Add the OpComm Block

RT-LAB uses OpComm blocks to enable and save communication setup information.
This includes both communication between the console and the computation nodes and
communication between the multiple computation nodes in a distributed simulation scenario.
All subsystems inputs must first go through an OpComm block before any operations can
be done on the signals they are associated with. The OpComm block must be inserted after the
subsystems creation and renaming. In general, only one OpComm block must be used even
if there are multiple inputs in one subsystem. Double-click on the block to select the number

of inputs required. The typical OpComm block for studied system is shown in Figure xi.
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Figure xi: SC_Console sub system

Set the Real-Time Parameters

A real-time model can only run in Fixed-Step mode as real time is fixed-step. The
Fixed-Step size (fundamental sample time) must be chosen carefully regarding the needs of
the simulation, the dynamics of the model and must take in account the software/hardware
capability. A typical mechanical application may run around 1millisec while a typical

electrical system may run around 50microsec.
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Figure xii: Setting of redhat mode for MATLAB model using RT-LAB

In most cases, we want the console (SC) to run indefinitely. In order to do so, the

simulation’s stop time must be set to ““INF’’. With this parameter set, the console will be
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stopped only when us decides to reset his model. This parameter does not apply to the
simulation duration; only to the console. To develop a model in RT-LAB, target platform
should be set in Red hat mode this is shown in Figure Xii.

iii. Compilation

In the Main Control window, the Compile button allows us to compile the Simulink
model. Right-click button is used to select only specific steps of the compilation. If for any
reason us wants to stop the compilation while it is launched, the Compile button is changed

to ““Abort’” and is available to stop the process. Compilation of a Simulink model using RT-
LAB is shown in Figure xiii.
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Figure xiii: Compilation of Simulink model using RT-LAB

iv. Assign nodes

In the Main Control window, the Assign Nodes button allows us to link the model’s
subsystems to the targets. The list of available nodes is on the right side. ‘‘Target Info’’
will provide us very useful information about the target selected. ‘‘Target Info’” will provide

us very useful information about the target selection, which is shown in Figure xiv.

V. Synchronization Mode
There are 4 synchronization modes available in RT-LAB:
(a) Simulation

(b) Software Synchronized
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(c) Hardware Synchronized
(d) Simulation with low priority

The synchronization mode can be set at any time before loading a model. After the
loading step, the simulation mode list will be disabled and the model must be reset if a

simulation mode change is required. Hardware Synchronization of Simulink model using RT-
LAB is shown in Figure xv.
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Figure xv: Hardware synchronization using RT-LAB
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vi. Load

In the Main Control window, the Load button allows us to load the Simulink model on
the target(s). This is the last step before executing the model. The console will open and be
ready for execution. There is one log window for each real time subsystem (SM or SS).
Loading Simulink model and opening of console block using RT-LAB is shown in Figure xvi.

Vil. Execution

In the Main Control window, the Execute button allows us to execute the Simulink
model. During execution, we can change the controls found in the console and witness
changes displayed in scopes, displays, etc. We can pause or reset the model at any time.
Execution of Simulink model using RT-LAB is shown in Figure xvii.

viil.  Reset

When we want to stop definitely our model from running, we must use the reset button
found in the Main Control window. This will stop the acquisition (software & hardware)

and the console will close.

IX.  RT-LAB APPLICATION FIELD

» Electrical (Power Electronics & Power Systems)
« Aerospace & Defence
« Automotive

» Academic & Research

Overview

General Information

Kl i Boe

Figure xvi: Loading model using RT-LAB
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