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Abstract

This thesis deals with the stability augmentation of grid connected wind farm by Variable
Speed Permanent Magnet Wind Generators. Since last decade, the penetrations of large number
of wind farms into electrical grid system have been increasing significantly. In many countries,
increasing of the penetration level of the wind generators into grid system has led power system
operators to revise the grid code connection requirements for their power system. The grid code
prosecutes that the wind generator should give a contribution to the power control in case of
abnormal operating conditions such as network disturbance. The wind generators should be
remained stay online during a network disturbance. The Low Voltage Ride-Through (LVRT)
grid code requirement should be taken into account when a short circuit occurs in grid system.
Out of synchronism of a large number of wind generators becomes serious impact on power
system stability. Therefore, the interaction between wind farm and main power system such as
transient and steady state characteristics has become important to be analyzed in order to
augment dynamic stability of wind farms.

The Fixed Speed Wind Turbines with Squire Cage Induction Generators (FSWT-SCIGS)
are widely used in wind farm due to their advantages of mechanical simplicity, robust
construction, and lower cost. However, the FSWT-SCIG directly connected to the grid does not
have any LVRT capability when a short circuit occurs in the system. Moreover, under steady
state condition its reactive power consumption cannot be controlled and hence terminal
voltage of the wind generator lead to large fluctuation. In this thesis, a new control strategy of
variable speed wind turbine with permanent magnet synchronous generator (VSWT-PMSG)
for stability augmentation of wind farm including fixed speed wind turbine with SCIG is
proposed. A suitable control scheme for back-to-back converters of PMSG is developed to
augment dynamic behavior of the wind farms. In order to avoid the converter damage, the
protection scheme using DC chopper is embedded on DC link circuit. The simulation studies
have been performed and it is shown that the proposed control system can stabilize the wind
farms effectively.

Three phase voltage source converter (VSC) is commonly used in VSWT-PMSG system
when it is connected to the grid system. However, the converter operating at high switching
frequencies can generate high order harmonics and power losses. To reduce harmonic
injection to the grid system, LCL filter is an attractive solution because of its many potential
advantages such as higher harmonic attenuation and smaller inductances. However, resonance
frequency of the filter can cause stability problem. Therefore, design of the current controller
of voltage source converter should be carefully considered. In this thesis new control scheme
of VSWT-PMSG connected to grid system through LCL filter is proposed to enhance the



stability of wind farm including fixed speed wind turbine based squirrel cage induction
generator. The current controlled voltage source converter of PMSG system is developed based
on the d-q rotating reference frame, in which the dynamic stability of the control system is
analyzed based on frequency response of the Bode diagram. The control strategies of overall
wind farm have been investigated in transient and steady state analyses to show the capability
and effectiveness of the proposed method. The results show that the terminal voltage of wind
farm can be recovered effectively during and after the symmetrical and the unsymmetrical
faults, and thus the transient stability of fixed speed wind generator can be enhanced.

Another salient feature of this thesis is an application of Fuzzy Logic Controller (FLC) to
the current controlled VSC of PMSG in order to enhance dynamic stability of wind farms. The
current controller is the most essential in design application of VSC, because it can dominate
the performance of the distributed generation connected to a grid system. Change of
parameters in the grid system can lead significant impact on the control system performance
of the converter. The deviation of the grid system impedance will change gain margin and
phase margin of the control system. The fuzzy logic controller is combined with conventional
PI controller (Fuzzy-Pl), and hence gain parameters of the PI controller can be adjusted based
on tracking error. In addition, a simple method based on the Bode diagram is proposed in order
to design the membership function of the FLC. It is concluded the voltage source converter can
be controlled effectively by using the proposed Fuzzy-PI controller.

In industrial applications, Pl controllers are most widely used because of their simple
structure and good performances in a wide range of operating conditions. In fixed gain
controllers, these parameters are determined by methods such as the Zeigler and Nichols,
optimum modulus criterion, pole placement, etc. However these methods sometimes bring
about oscillatory responses. In addition, for the strong nonlinear system the global optimum
solution is difficult to be achieved by using these methods. In this thesis, a novel design
method of current controlled voltage source converter for VSWT-PMSG is proposed. The
method is based on optimum tuning process of Pl gain parameters of voltage source converter
control system with the artificial immune system (AIS) algorithm considered. Simulation
results show that the proposed method is very effective in enhancing the dynamic stability of
the wind generator system.

Considering all aspect of VSWT-PMSG with proposed control system, it can be
concluded that the transient and steady state stabilities of a wind farm combined also with
FSWT-SCIG can be augmented effectively for severe network disturbance as well as randomly
fluctuating wind speed
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Chapter 1

Introduction

1.1. Renewable Energy

Electrical power is the most popular form of energy, because it can be converted to
other energy easily at high efficiency and reasonable cost. Electrical energy can be
transmitted in a usable form from one place to another. A power plant is an industrial facility
for the generation of electrical power [1]-[3]. The center of all power plant is a generator, a
rotating machine that converts mechanical power into electrical power through relative
motion between a magnetic field and a conductor. The energy source harnessed to turn the
generator varies widely. In most of conventional power plants in the world fossil fuels are
used, such as coal, oil, and natural gas, to generate electricity, and nuclear fission is also used.
However, generating electrical power from fossil fuel and nuclear energy has environmental
impact such as, greenhouse effect caused by increase of CO2 concentration, pollution, and the
nuclear waste problem.

Due to the depletion of fossil fuel and the need to decrease the pollution production,
utilization of renewable energy resources for electrical energy generation has been interested
and received much attention all over the world. Renewable energy is energy which comes from
natural resources such as wind, sunlight, water fall, geothermal heat, tides, and sea waves.
Installation of global renewable energy for new electric capacity production is estimated about
208 GW in 2011. Total renewable energy capacity worldwide exceeded 1360 GW in 2011,
increased by about 8% from 2010. Non-hydro renewable exceeded 390 GW, a 24% capacity
increase over 2010. Globally, wind and solar PV accounted for almost 40% and 30% of new
renewable capacity, respectively, followed by hydropower nearly 25%. By the end of 2011,
operating renewable capacity reached more than 25% of total global power generating capacity
and supplied an estimated 20.3% of global electricity, most of which is provided by
hydropower [4].

1.2.  Overview of Wind Power Capacity

Since 2010, wind energy becomes ongoing trend of renewable energy resource in market
and industry highlights [4]. Fig. 1.1 shows the global total installed capacity of wind power in
2011-2012 reported by World Wind Energy Association (WWEA). By the end of June 2012 the
global wind power capacity reached 254000 MW, in which 16546 MW were added in the first
six months of 2012. The global wind capacity grew by 7% within six months and by 16.4 % on
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an annual basis compared with middle of 2011. In comparison, the annual growth rate in 2011
was 20.3%. In the end of 2012 the total capacity is predicted to reach 273000 MW [5].
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Fig. 1.1. Total installed capacity of wind power in 2011-2012 (MW) [5]
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Fig. 1.2. Total installed capacity of wind power in 2011-2012 in each country (MW) [5]

According to WWEA, the five leading countries, China, USA, Germany, Spain and India,
represent together a total share of 74% of the global wind capacity as shown in Fig. 1.2. Again
in 2012, China represents by far the largest wind market, adding 5.4 GW in 6 months. By June
2012, China had an overall installed capacity of around 67,7GW. In second place, the US
market added 2883 MW between January and June 2012, about 28 % more than in the same
period in 2011. The top markets in Europe continue to be Germany with a new capacity of 941
MW and a total of 30016 MW, Spain (414 MW, 22087 MW in total), Italy (490 MW, 7280 MW
in total), France (650MW, 7182MW in total), the United Kingdom (822 MW, 6480 MW in



total) and Portugal (19 MW, 4398 MW in total). In number five, India had a stable market size
with 1471 MW, a similar amount like in the first of 2011 [5].

1.3. Background of Thesis

The integration of large scale wind farms into electrical grid system have been
significantly increased since last decade. Global Wind Energy Council (GWEC) predicted that
global wind power generation capacity will reach to 459 GW and new capacity of 62.5 GW will
be added to the global total at the end of 2015 [5]. It is well known that power production of
wind generator fluctuates depending on wind speed variation which affects power system
stability and power quality [6]-[9]. Increasing of the penetration level of the wind generator
into grid system has led power system operators to revise the grid code connection
requirements for their power system in many countries [10]. The grid code prosecutes that the
wind generator should give a contribution to control the power in case of abnormal operating
conditions such as network disturbance. The wind generators should be remained stay online
during a network disturbance. The low voltage ride through grid code requirement should be
taken into account when a short circuit occurs in grid system. Out of synchronism of a large
number of wind generators becomes serious impact on power system stability. Therefore, the
interaction between wind farm and power system such as transient and steady state
characteristics of wind farm has become important to be analyzed in the few last years.

The Fixed Speed Wind Turbines with Squirrel Cage Induction Generators
(FSWT-SCIG) are most widely used in wind farms. This type of wind turbine is very popular
and it has the advantages of mechanical simplicity, robust construction, low specific mass and
smaller outer diameter, and lower cost [11]. However, some papers reported that the
FSWT-SCIG directly connected to the grid does not have any low voltage ride-trough
(LVRT) capability when a short circuit occurs in the system [12]-[14]. The squirrel cage
induction generators require large reactive power to recover the air gap flux when a short
circuit fault occurs in the grid system. If the sufficient reactive power is not available enough,
the electromagnetic torque of the SCIG decreases significantly, and then rotor speed of the
generator increases rapidly and becomes unstable [15]. As a result, the induction generator
becomes unstable and it requires to be disconnected from the grid system. Moreover, under
steady state condition the reactive power consumption cannot be controlled and hence
terminal voltage of the wind generator leads to large fluctuation which is a serious
disadvantage of the SCIG wind turbine [16].

The FSWT-SCIG always requires reactive power, and its value cannot be controlled.
This makes it impossible to support grid voltage control. Reactive power compensation is a
major issue, especially for a fixed speed wind generators, in both steady state and transient
conditions. Usually, a capacitor bank is installed at each induction generator terminal to



provide reactive power. But it cannot maintain the wind generator terminal voltage constant
under randomly fluctuating wind speed. Moreover, the induction generator needs large reactive
power during a short circuit fault in the grid system as explained above. Therefore, control
strategy for stabilization of the FSWT-SCIG still needs to be studied.

Some methods [17]-[19] have been considered in order to improve FRT of FSWT-SCIG.
Utilization of Flexible AC Transmission System (FACT) devices such as Static Var Compen-
sator (SVC), Static Synchronous Compensator (STATCOM), Dynamic Voltage Restore
(DVR), Solid State Transfer Switch (SSTS), and Unified Power Flow Controller (UPFC) can
be a better choice due to their abilities of flexible power flow control and good damping
capability for power system dynamic oscillations. Superconducting Magnetic Energy Storage
(SMES) and Battery Energy Storage System (BESS) integrated with a STATCOM are a very
good system for wind power smoothing due to its response speed and high efficiency [20]-[22].
However, the system cost becomes expensive when the FACTS devices are installed in wind
farm

Over recent years, the variable speed wind turbine (VSWT) generator system has become
the dominant type among installed wind turbine systems. VSWT system is designed to achieve
maximum aerodynamic efficiency over the wide range of wind speed, increase energy capture,
improve power quality and reduce mechanical stress on the wind turbine [16]. In addition,
VSWT system equipped with full or partial rating power electronic converters has strong fault
ride through capability during a network disturbance [23]-[27]. Moreover, the VSWT system
with fully scale converter not only recovers a network voltage drop preventing instability of
FSWT -SCIG when fault occurs, but also generates electric power in steady state. Therefore, it
is considered to be much effective for VSWT to be installed with SCIG in wind farm. VSWT
with Doubly Fed Induction Generator (DFIG) have been proposed to enhance stability of wind
farm including FSWT- IG [27-29]. However, in steady state the DFIG needs to absorb large
reactive power in order to maintain terminal voltage of the wind farm when the 1G is not
sending so much active power to the grid. As a consequence the active power of the DFIG
needs to be reduced although the wind speed is at the maximum condition. Moreover, as they
have brushes which need regular inspection and replacement, they have a potential cause of
machine failure and losses [11]. In addition below the synchronous speed, the rotor actually
absorbs active power, which contributes to its low efficiency at slow speed.

Variable Speed Wind Turbine with Permanent Magnet Synchronous Generator
(VSWT-PMSG) has become a promising and attractive type of wind turbine concept [16].
Megawatt class of VSWT-PMSGs have been installed in large wind power stations and directly
connected to electrical power transmission system. The advantages of VSWT-PMSG configu-
ration are: 1) No Gearbox and no brushes, and thus higher reliability; 2) The full power
converter totally decouples the generator from the grid, and hence grid disturbances have no



direct effect on the generator; 3) No additional power supply for magnetic field excitation is
needed; 4) The converter permits very flexible control of active and reactive power in cases of
normal and disturbed grid conditions; 5) The amplitude and frequency of the generator voltage
can be fully controlled by the converter [30], [31]. The VSWT-PMSG system is equipped with
back to back power electronic converters, and it has strong low voltage ride through capability
during and after fault condition on grid system [32]-[36]. Compared with DFIG, PMSG is more
efficient, and, it can support large reactive power [37]. However, this type of wind generator
has more complex construction and more expensive compared with other types. Therefore,
combined installation of VSWT-PMSG and FSWT- SCIG in a wind farm can be efficient due
to reduced system investment cost. VSWT-PMSG with power converters can be used to supply
reactive power to recover network voltage in order to improve the LVRT of FSWT-SCIG when
a fault occurs as well as to generate electric power in steady state operation.

As previously mentioned, VSWT-PMSG has more complex construction compared with
other types. In addition, this type of wind generator has more complicated controller system.
The VSWT-PMSG s, in general, connected to the utility power system through the voltage
source power converters. However, the converter is operated at high switching frequencies
between 2-15 kHz resulting high order harmonics which can disturb devices on the grid and
generate power losses [38], [39]. In order to reduce harmonic currents injected to the grid, LCL
filter is an attractive solution because of its many potential advantages such as higher harmonic
attenuation and smaller inductances compared with L filter [40]. However, resonance at high
frequency caused by the filter can lead stability problem. Determination of controller parame-
ters should be considered in design application. To avoid the resonance problem, a passive
damping resistance should be adopted in the LCL filter although this method can reduce the
filter effectiveness and increase losses [39]. Selection of a damping resistance value should also
be taken into account in the controller design of VSC as well as the filter effectiveness and its
losses. Therefore, the analysis method and design controller system for the generator still needs
to be improved.

Traditionally, the conventional PI controller is very common in the control of the power
converter of PMSG because of their simple structure and good performances in a wide range
of operating conditions. Pl controllers cannot always effectively control systems with
changing parameters or strong nonlinearities, and they may need frequent online retuning of
their parameters [41]. Change of parameters in the grid system leads significant impact on the
control system performance of the converter. The deviation of the grid system impedance will
change gain margin and phase margin of the control system. Fuzzy logic controller has been
attracted the attention of researchers because it can deal with nonlinear system without a precise
mathematical modeling of the system [42]-[44]. Compared with conventional PI controller,
fuzzy logic controller has the potential to provide an improved method even in the wide



parameter variations [45]. The fuzzy logic controller can take the place of conventional Pl
Controller. Integration of fuzzy logic controller with conventional Pl controller can be an
effective way to solve the problem of system parameter change. The fuzzy logic control can be
used to adjust the gain parameters of the PI controller for any operating conditions. Hence, a
good control performance can be achieved. However, the membership function of the fuzzy
set should be carefully determined in the controller design. It is difficult to achieve an optimal
controller performance by using trial and error method.

The current controller is the most essential in design application for Voltage Source
Converter (VSC) of PMSG, because it can dominate the performance of the distributed
generation connected to a grid system. The VSC is required to ensure the power produced by
the distributed generation to be delivered to the network effectively. The tuning of gain
parameters of PI controller should be carefully considered in design application of the VSC.
In fixed gain PI controllers, these parameters are determined by methods such as the Zeigler
and Nichols, optimum modulus criterion, pole placement, etc. However a common
disadvantage of the methods are that the resulting closed loop system is often more oscillatory
than that desired [46]. In order to provide closed loop responses with a damping ratio of 25%,
Cohen and Coon technique is proposed [47]. However this technique sometimes brings about
oscillatory responses [48]. In addition, for the strong nonlinear system the global optimum
solution is difficult to be achieved by using these methods. Over the ten years, interests in
studying biologically inspired systems such as genetic algorithm, artificial neural network, and
artificial immune systems, have been increased. The immune system of human body is a
complex of cells, molecules and organs and has the ability to perform multiple tasks like pattern
recognition, learning, distributed detection, optimization, etc. [49]. Artificial immune system
(AIS) is computational techniques based on immunological principles. The computation with
AIS technique has some merits: the feasibility and diversity of spaces can be better ensured, the
method operates on a big population of antibodies simultaneously, hence stagnation in
computation process can be eliminated, and the global optimum can be achieved easily [50].

1.4. Purpose and Contribution of Thesis

The main purpose of this thesis is stability augmentation of grid connected wind farm
by using VSWT-PMSG. Design and analysis of suitable control strategy of PMSG are
developed in order to enhance both transient and steady state stabilities of the wind farm
including FSWT-SCIG. The concentration of the research is focused on design and analysis of
the back to back power converter controller system of PMSG. Several approach methods are
presented in this thesis in order to improve performance of the controller system of PMSG,
and hence the stability augmentation of overall wind farm can be achieved.



The results of this work are expected to provide valuable contributions in the following

aspects:

1) The VSWT-PMSG system with power electronic converters has strong low voltage
ride through capability. The power converter permits to control active and reactive
power delivered to the grid system. Therefore, it is considered to be much effective
and efficient for VSWT-PMSG to be installed with FSWT-SCIG in wind farm
without additional FACT devices. Hence investment cost of wind farm can be
reduced. In this thesis, a suitable control scheme for back-to-back converter of
VSWT-PMSG is proposed to improve the voltage stability as well as reactive power
compensation of the FSWT-SCIG in cases of disturbed and normal conditions. The
simulation analysis by using PSCAD/EMTDC shows that the VSWT-PMSG can
stabilize the overall wind farm effectively.

2) High switching frequency of power converter of the VSWT-PMSG can lead
harmonics injected into the grid system. LCL filter can the best solution due to its
advantages of higher harmonic attenuation and smaller inductances. However, the
stability problem occurs on the controller system because of resonance. Therefore,
the gain parameters of the controller should be carefully considered on design
application. In this thesis simple mathematical model of inverter connected to grid
system through LCL filter is developed. The stability margin of the controller system
can be investigated using mathematic expression. By using Bode diagram, gain
parameters of the VSWT-PMSG can be obtained.

3) The conventional PI controllers cannot always effectively control systems with
changing parameters or strong nonlinearities. The deviation of the grid system
impedance will change gain margin and phase margin of the control system. Fuzzy
Logic controller is proposed for current controlled VSC of PMSG in order to
improve stability of wind farm. Variation techniques of Fuzzy Logic Controller
design are proposed in different model systems. Comparison and evaluation between
the proposed fuzzy logic controller and conventional PI controller are made. The
results of this investigation are also expected to provide valuable knowledge in
design and analysis of current controller of VSC system using fuzzy logic controller.
Finally the results show that the controller with fuzzy logic controller embedded can
effectively enhance stability of wind farm.

4) The current controller is the most essential in design application for Voltage Source
Converter (VSC) of PMSG. PI controller is common in VSC control system. In fixed
gain controllers, their parameters are determined by methods such as the Zeigler and
Nichols, optimum modulus criterion, pole placement, etc. However a common
disadvantage of the methods are that the resulting closed loop system is often more



oscillatory than that desired. In this thesis, artificial immune system (AIS) is proposed
to tune PI controller parameters of current controlled voltage source converter of the
VSWT-PMSG. The uniqueness, advantages and drawbacks of AIS can be addressed
as alternative method when global optimum solution cannot be achieved by the
conventional method. Comparison between AIS and other conventional methods is
investigated to show the effectiveness of the method.

1.5. Outline of Thesis

Chapter 2 describes the detail of wind turbine generator modeling considered in this
thesis. The general overview to basic principles of electrical power extraction from wind
energy is presented. The drive train and pitch angel control models of wind turbine generator
system are discussed. Finally, the topological overview and modeling are presented in detail
for both FSWT-SCIG and VSWT-PMSG.

In Chapter 3, consideration on combined VSWT-PMSG and FSWT-SCIG from a view
point of dynamic stability augmentation of wind farm is presented. A control strategy of
power converter of VSWT-PMSG is developed to augment both transient and steady state
stabilities of the wind farms. During fault condition the DC link voltage increase significantly
due to unbalance in power produced by the generator and delivered to grid system. In order to
avoid the converter damage, the protection scheme using DC chopper is embedded on DC link
circuit. In order to evaluate the effectiveness and capability of the proposed control strategy,
two wind farms composed of aggregate model of VSWT-PMSG and FSWT-SCIG, which are
connected to an infinite bus and a multi-machine power system, is analysed.

In chapter 4, a new control scheme for variable speed permanent magnet wind generator
connected to grid through LCL filter is proposed in order to enhance stability of wind farms
including fixed speed induction generators. Design and control approaches of back to back
converters are developed for both active and reactive powers delivered to a power grid system
to be controlled effectively. The stability performances of the controller system such as
dynamic response and good margin are also investigated based on the Bode diagram. By
using this method the gain parameters of Pl controller can be easily obtained. To evaluate the
controller system capabilities, simulation analyses for both transient and steady state
conditions are performed on a model system composed of two wind farms connected to an
infinite bus.

Chapter 5 presents new fuzzy logic based controller of variable speed permanent magnet
wind generator connected to a grid system through LC-filter. A new current control method of
grid side AC/DC/AC converter is developed with integrating the fuzzy controller, in which both
active and reactive power delivered to a power grid system are controlled effectively. The fuzzy
logic controller is designed to adjust the gain parameters of the PI controllers under any



operating conditions for the dynamic stability to be enhanced. A simple method based on
frequency response of Bode diagram is proposed in the design of the fuzzy logic controller.
Stabilizing effect of the proposed fuzzy logic controlled PMSG system on the fixed speed wind
generators is also investigated. The significant effect of proposed control system has been
demonstrated and it is concluded that the proposed Fuzzy controller is very effective in
improving the transient stability of overall wind farm system during temporary and permanent
fault conditions.

In Chapter 6 a novel design method of current controlled voltage source converter for
variable speed permanent magnet wind generator is proposed. The method is based on optimum
tuning process of Pl gain parameters of voltage source converter control system with the
artificial immune system (AIS) algorithm considered. The analytical simulation studies have
been performed using mfile/Matlab. In order to verify the effectiveness of the proposed method,
the simulation studies using PSCAD/EMTDC have also been performed. Simulation results
show that the proposed method is very effective in enhancing the dynamic stability of the wind
generator system.

Finally, overall conclusions of all the chapters regarding this work are presented in
Chapter 7.



Chapter 2
Wind Turbine Model

This chapter describes the overview of wind turbine generation system. First, a brief
introduction to basic principles of energy extraction from wind is presented. Then, drive train
and pitch angel control models of wind turbine generator system are presented. The
topological overview and modeling are presented for both fixed speed and variable speed
wind turbine generator systems. In additional, the two levels and three levels of back to back
converters for PMSG are discussed.

2.1. Wind Turbine Generator System

The modern wind turbine generator systems are mainly constructed as system with a
horizontal axis rotation, a wind turbine, generator with gear box and transformer located in
nacelle, and tower (see Fig 2.1). The turbine captures power from wind and drives a generator.
The tower supports the nacelle and usually contains the electrical conduits and yaw motor.

Nacelle

Fig. 2.1. Wind turbine generator system [51]

The each part of wind generator system is shown in Fig 2.2. The modern wind turbine
(sometimes called the rotor), mostly have either two or three blades. Wind blowing over the
blades causes the blades rotate. Wind speed is measured by using anemometer, and its data is
transmitted to the controller. A disc brake can be applied mechanically, electrically, or
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hydraulically to stop the rotor in emergencies. Wind vane measures wind direction and
communicates with the yaw drive to orient the turbine properly with respect to the wind. The
yaw drive is used to keep the rotor facing into the wind as the wind direction changes.

\ Pitch

*;j': Low-speed

shaft

Gear box

Generator

Anermormaeber

8 .("
[

> h s

5: E Wind Vane
Yaw motor - High-speed

shaft
Blades m—

Fig. 2.2. Each part of wind generator system [52]

The modern wind turbine generator system can operate as fixed speed or variable speed.
The fixed speed wind turbines are equipped with an induction generator (squirrel cage rotor or
wound rotor). This type of wind turbine is designed to achieve maximum efficiency at one
particular wind speed. Some fixed speed wind turbine has two winding set which are used at
low and high wind speed respectively in order to increase power production. In variable speed
wind turbines, it is possible to adapt continuously the rotational speed of the wind turbine to
the wind speed. By this way, the maximum aerodynamic efficiency can be achieved over a
wide range of wind speed [53]. The variable speed wind turbine is typically equipped with an
induction or synchronous generator. The Doubly Fed Induction Generator (DFIG) and
Permanent Magnet Synchronous Generator (PMSG) are mostly used as variable speed wind
generator.

2.2. Extracting Power from the wind Energy
2.2.1. Wind Energy

Wind is one form of solar energy. Winds are caused by the uneven heating of the
atmosphere by the sun, the irregularities of the earth's surface, and rotation of the earth. Wind
flow patterns are modified by the earth's terrain, bodies of water, and vegetative cover [53].
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Wind energy can be converted into useful form of energy, for example, modern wind turbines
to generate electricity, windpumps for water pumping or drainage, windmills for mechanical
power, or sails to propel ships. Wind energy, as an alternative to fossil fuels, is plentiful,
renewable, widely distributed, clean, produces no greenhouse gas emissions during operation
and uses little land [54]. Effects on the environment are generally less problematic than those
from other power sources. As of 2011, more than 83 countries around the world are using
wind power on a commercial basis.[4]

A basic understanding of the theory for extracting energy from the wind is helpful for
understanding the fundamental of wind power technology. The kinetic energy of a volume of
air V, moving at speed Uy, is [55]:

E, = 0.50VU2 (2-1)
where:
Ex = kinetic energy (Kg m?/sec? or Joules)
p = air density (kg/m®)
V = volume of air (m®)
Uy = wind speed (m/sec)

Power is expressed in Kinetic energy per unit time, d(Ex)/dt. To obtain the expression of
wind power, equation (2-1) can be rewritten as:

K, = 0.5p(A. dx)V2 (2-2)

The volume of air V is expressed by an area A perpendicular to the wind flow multiplied by
horizontal displacement in the direction of wind flow dx. The power from wind P or change in
kinetic energy per unit time is expressed by:

_d(Ke)

d dx
P 7 T (0.5p(A.dx)V,2) = 0.5p(A. dt)Vw (2-3)

Since dx/dt is in fact the wind speed V., the power P can be expressed by:

P = 0.5pA.V3 (2-4)

2.2.2. Power Output from Ideal Wind Turbine [55]

Figure 2.3 shows a wind turbine with rotor radius R, exposed to a uniform, non
turbulent flow. The undistributed velocity has magnitude Uy, and a direction perpendicular to
the rotor. Behind the rotor, a circular wake with a uniform speed deficit aU,,, expands. On the
other words, “a” represents the fractional loss of wind speed through the rotor. It is assumed
that the wake at the point of the creation has radius equal to rotor radius R, increasing to r
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some distance downstream. Outside of this area impacted by the wind turbine, the wind speed
is assumed to have the free stream value U,,. A cylindrical control volume is devised so that
it starts in the undisturbed upstream flow (to the left) and has a radius r, coinciding with the
wake radius where it ends (to the right). Thus the flow speed is Uya=Uwo-aUwo=Uwo(1-a) at
the right end of the cylinder and the uniform flow speed outside the control volume is Ue.

c
3

U

=Uyo(1-2)

5

|
|

Figure 2.3. Air steam around the wind turbine [55]

The volume of air V in the cylinder is equal to the cross-sectional area zR® multiplied by
the horizontal displacement, dx. By setting the horizontal depth of the air volume equal to
distance travelled by U, per unit of time dt, the horizontal displacement dx equals Uy,. Thus,
the volume air V is equal to 7R°Uwa, and the kinetic energy of the air volume at any given
time is equal to 0.57R*UwaUy°. Power equals the change in kinetic energy over time. At left
end of the cylinder in Fig. 2.3 the wind speed is Uy, and the kinetic energy is 0.57R*UyaUwo’,
while at the right end of the cylinder the wind speed is Uy, and the Kkinetic energy is
0.57R?UyaUwa’. Therefore, the power extracted by the wind turbine, Py, represented by
change in kinetic energy through the cylinder is given by:

Pyt = O-SanZUwa(Uvzvo - Uvzva) (2-5)

The power is often expressed in terms of the free wind speed U,,, the swept rotor area defined
as the area of the circular disc by blade tips (zR?), and the power coefficient, Cp, representing
the fraction of the wind Kinetic energy extracted by the wind turbine. In the other expression,
the power is given by:

Pyt = 0.5pmR%C, U3, (2-6)
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The power coefficient of wind turbine can reach to the maximum of 16/27 = 0.593 and
it is called the Betz coefficient [56]. It is known that an actual turbine cannot extract more
than 59.3 percent of the wind power in an undisturbed tube of air of the same area. In practice,
the fraction of power extracted will always be less because of mechanical imperfections. A
good fraction is 35 — 40 % under optimum conditions, although fractions as high as 50 %
have been claimed. A turbine, which can extract 40 % of the power in the wind, is extracting
about two-third of the amount that would be extracted by an ideal turbine. This is rather good,
considering the aerodynamic problems of constantly changing wind speed and direction as
well as the frictional loss due to blade surface roughness.

2.2.3. Power Output from Practical Wind Turbine

The fraction of power extracted from the power in the wind by a practical wind turbine
is usually given by the symbol C,, standing for the coefficient of performance or power
coefficient. Using this notation and dropping the subscripts of Eq. 2.6, the actual mechanical
power output can be written as [57]:

Pye = 0.5pmR2UC, (A, B) 2-7)

where
Pwt = captured wind power (watts)
p = air density (Kg/m3)
R = radius of rotor blade (m)
Uy = wind speed (m/s)
Cp, = the power coefficient.

The value of C, is depended on tip speed ratio (1) and blade pitch angle () based on the
turbine characteristics as follows [57].

—_CS

C,(LB) = ¢, (;—2 —esff — 04) e + el (2-8)

i

with
w,R
=2 (2-9)
1 1 0.035

(2-10)

4 1—-0088 BE+1

where c; to cg denote characteristic coefficients of wind turbine (c,=0.5176, c,=116, c3=0.4,
€4=5, c5=21 and ¢s=0.0068) and w; is rotational speed of turbine in rad/sec [58].
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The Cp-/4 characteristic for different values of f is shown in Fig. 2.4. It is seen that the
optimum value of C, (Cy0nt=0.48) is achieved at A = 8.1 with S = 0°. This value of 1 is set as the
optimal value (Zopt).

0.6 g--cmomene-- P e e e :

Power Ceefficient (Cp)

0 2 4 6 8 10 12 14
Tip Speed Ratio (1)

Figure 2.4. Cp - A characteristic for different pitch angle

Turbine Power Output (pu)

0.0 0.2 ' 0.4 ) 0:6 . 0.'8 ' 1.0 . 1.2 . 1.4
Rotor Speed (pu)
Fig. 2.5. Turbine power characteristic (8 = 0°)

Fig. 2.5 depicts the turbine output power as a function of the rotor speed for different
wind speeds with the blade pitch angle ﬂ:OO. This figure is obtained with the default parameters
(base wind speed = 12 m/sec, maximum power at base wind speed = 1 pu, and base rotational
speed = 1 pu). In variable speed wind turbines, the rational speed () of wind turbine is con-
trolled to follow the Maximum Power Point Trajectory (MPPT). Since the precise measurement
of wind speed is difficult, it is better to calculate the maximum power without measuring the
wind speed as follows [59]:
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3
w.R
Prppt = 0.5pmR? < A:ﬂ) Cp.opt (2-11)

where Aop and C,_opt are optimum values of tip speed ratio and power coefficient, respectively.
From eq. (2-11), it is clear that the maximum power generated is proportional to the cube of the
rotational speed. The maximum power (Pmppt) is calculated based on the MPPT, which becomes
the reference power (Prer).

2.3. Drive Train Modeling

The drive train of a wind turbine generator system consists of the following elements: a
blade-pitching mechanism with a spinner, a hub with blades, a rotor shaft and a gearbox with
breaker and generator [60]. Depending on the complexity of the study, the complexity of the
drive train modeling differs. For example, when the problems such as torsional fatigue are
studied, dynamics of all parts have to be considered. For these reasons, two-lumped mass or
more sophisticated models are required. However, when the study focuses on the interaction
between wind farms and grid system, the drive train can be treated as one-lumped mass model
with acceptable precision for the sake of time efficiency [61], [62]. In the present study, it is
defined by the following equation:

dw, T,—T, B

= -——w 2-12

dt  Jeq  Jeq (12)

where w is the mechanical angular speed [rad/s] of the generator, B, is the damping coefficient
[Nm/s], T. is the electromechanical torque [Nm], T, is the mechanical torque of the wind
turbine, and Jeq is the equivalent rotational inertia of the generator (kg.m?), which is derived

from [61]

Jeq
Tm 3
Te
Bm

Fig. 2.6. One mass model of wind turbine
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dwy Jwt
a s Tz

(2-13)

where Jq and Jy are the generator and the rotor rotational inertias (kg.m?) respectively, ng is the
gear ratio, which can be set 1 if no gearbox is used (in case of direct drive system). The
scheme of the one-mass wind turbine model is given in Fig. 2.6.

2.4. Pitch Angle Controller

Wind power extraction by wind turbine depends on the wind speed, and thus, the output
power of a wind generator always fluctuates due to the wind speed variations. In order to
maintain the output power of generator under the rated level, two pitch controllers are
considered in this paper. Figs. 2.7 and 2.8 show the models of the pitch controllers for fixed
speed and variable speed wind turbines, respectively. The control loop of the pitch actuator is
represented by a first-order transfer function with an actuator time constant (Ts=5) and the pitch
rate limiter of 10 deg/s [59]. A classical PI controller is used to manage tracking error. In fixed
speed wind turbine, the pitch controller is used to regulate power output of SCIG under the
rated power (P, =1 pu), and in variable speed wind turbine, the pitch controller is used to
regulate rotational speed of PMSG under its rated value (w,=1pu).

+ Pl 1 10°/s¢ /90
PIG‘»?’ Controller ™ Tt5e —> ¥ > A >3
1pu

Fig. 2.7. Pitch controller used in fixed speed wind turbine

+ PI 1 10%s ™ /90|
wr =3 ( ) » Controller [™] 1+5s —> 74 > o/ >/

1lpu

Fig. 2.8. Pitch controller used in variable speed wind turbine

2.5. Fixed Speed Wind Generator
2.5.1. Induction Generator Principle [63]

An induction generator or asynchronous generator is a type of AC electrical generator
that uses the principles of induction motors to produce power. Induction generators operate by
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mechanically turning their rotor in generator mode, giving negative slip. In most cases, a
regular AC asynchronous motor is used as a generator, without any internal modifications.

A
+T
| Motor Generator ——»
T
Operating
Torque (T) ] ] ] ] ] ] ] ] 1y
0 20 40 60 80 100 120 140 160 180 200 220 ~
Speed in percent offsynchronous speed

1.0 08 06 04 02 00 -02 -04 -06 -0.8 -1.0 -1.2
Slip a fraction of synchronous speed

Fig. 2.9. Torque slip diagram of an induction machine

Induction generators produce electrical power when their shaft is rotated faster than the
synchronous frequency. For a typical four-pole motor (two pairs of poles on stator) operating
on a 60 Hz electrical grid, synchronous speed is 1800 rotations per minute. Similar four-pole
motor operating on a 50 Hz grid will have synchronous speed equal to 1500 rpm. In normal
motor operation, stator flux rotation is faster than the rotor rotation. This is causing stator flux
to induce rotor currents, which create rotor flux with magnetic polarity opposite to stator. In
this way, rotor is dragged along behind stator flux, by value equal to slip. In generator
operation, certain prime mover is driving the rotor above the synchronous speed. Stator flux
still induces currents in the rotor, but since the opposing rotor flux is now cutting the stator
coils, active current is produced in stator coils, and motor is now operating as a generator, and
sending power back to the grid system. The rotating magnetic flux from the stator induces
currents in the rotor, which also produces a magnetic field. If the rotor turns slower than the
rate of the rotating flux, the machine acts like an induction motor. If the rotor is turned faster,
it acts like a generator, producing power at the synchronous frequency. As illustrated in Fig.
2.9 an induction motor becomes a generator if it is driven by an external torque at greater than
100% of the synchronous speed. This corresponds to a few % of negative slip. This means that
the rotor is rotating faster than the stator rotating magnetic field. Since the rotor is cutting the
stator magnetic field in the opposite direction (leading), the rotor induces a voltage into the
stator feeding electrical energy back into the power line.
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Active power delivered to the line is proportional to slip above the synchronous speed.
Full rated power of the generator is reached at very small slip. 60Hz generator with 4 poles
will not generate power at synchronous speed of 1800 rpm. When the driving speed is
increased to, for example, 1860 rpm, however, full output power is produced. If the prime
mover is unable to produce enough power to fully drive the generator, speed will remain
somewhere between 1800 and 1860 rpm range.

2.5.2. SCIG Wind Turbine Topology

A fixed speed wind turbine with SCIG is simplest electrical topology in a wind turbine
concept. The schematic configuration of the fixed speed wind turbine is depicted in Fig. 2.10.
It consists of SCIG directly connected to the grid, a soft-starter and a capacitor bank. The
wind turbine transfers the kinetic energy of wind flow into mechanical energy. The SCIG
transforms the mechanical power into electrical power and delivers the power directly to the
grid system. Generally, the rotational speed of the generator is relatively high compared with
that of wind turbine. Therefore, the generator speed needs to be stepped down by using a
multiple-stage gearbox with an appropriate gear ratio.

Turbine

Soft-starter Transformer

B0 5

L
T

Capacitor
Bank

Fig. 2.10. Fixed speed wind turbine with SCIG configuration

The SCIG absorbs significant amount of reactive power from the grid. The reactive
power consumption increases along with active power output. In order to compensate reactive
power consumption a capacitor bank should be installed close to the generator terminal.

Since mechanical power is converted directly to electrical power by the generator,
complex controller is not needed in the electrical part of a fixed speed wind turbine. However,
a pitch controller is needed to regulate the pitch angle of the turbine blades () to keep power
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output of SCIG (Pg) under the rated value. The advantages of a fixed-speed wind turbine are
that it has a simple design with high reliability and has low investment and maintenance costs.
However, low aerodynamic efficiency, high mechanical stress during gusty wind speeds, and
difficulties in adapting to new grid compliances, such as fault ride-through and reactive power
support, are the shortcomings of this concept.

2.5.3. SCIG Model

The electrical part of the machine is represented by a fourth-order state-space model.
All electrical variables and parameters are referred to the stator. All stator and rotor quantities
are in the arbitrary dg-axis reference frame. Fig. 2.11 show the equivalent circuit of induction
machine in the dg-axis reference frame. R’s and R, are the resistance of the stator and rotor
windings, respectively. V'as, Vgs, L'as, I'gs, Ys, and rgs are the d and q axis components of
voltage, current and flux of the stator. V’ar, V'gr, I'ar, I'qre ¥ar, and ¢y are the d and q axis
components of voltage, current and flux of the rotor.

W ?Q L Ly (@2)Var p
+ —AMA—{(_ 000" 0—E( ) —WA—e +
s —> «— 7,
Vs L’,,,E V.,
- @ ® -
(a) d-axis
R, (Ms Ly Ly (- g
+ o— M) HOO—(_F—W\—e +
Fp—> <« 1,

Vi L Vi

(b) g-axis

Fig. 2.11. Equivalent circuit of induction machine in the dg-axis reference frame
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The differential equations of induction generator model are expressed as [58]:

V'gs = R'sl'qs + %,:S — Wi’y (2-14)
Vs = Rl + 208+ @19
Vigr = R\ I gr + dlﬁ;dr — (@ = 0 )P gr (2-16)
Vigr = R'vlgr + %,tqr + (0 — W)Y ar (2-17)

The stator and rotor flux linkages can be expressed as :

Vas =L'sl'4s + LI ar (2-18)
l/}'qs = L'Sl'qs + L'ml'qr (2-19)
W = Lol gy + Ul g (2-20)
l/J'qr = L'rl'qr + L'ml'qs (2-21)

where L’s =L’ s+ L’ nand L’ =L + L’y The electromagnetic torque of the induction machine
can be expressed as:

Te: 1-5p(lp,dsllqs - lp,qsllds) (2'22)

where p is the number of pole pairs.
The equations for active power generated, P,g, and reactive power consumed, Q,, are:

PIG=VIdsIIds + V,qsllqs (2'23)

QIG:V,qsI,ds - V,dsllqs (2'24)

2.6. Variable Speed Wind Turbine with PMSG

Variable-speed wind turbines are designed to operate at a wide range of rotor speeds.
Their rotor speed varies with the wind speed or other system variables, based on the design
employed. Additional speed and power controls allow variable-speed turbines to extract more
energy from a wind regime than would be possible with fixed-speed turbines [16]. The
advantage of converter-based systems is that they allow independent real and reactive power
control.
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2.6.1. PMSG Wind Turbine Topology

Typical configuration of a PMSG wind turbine is shown in Fig. 2.12. A direct-drive
PMSG wind turbine uses a synchronous generator whose rotor is excited by permanent
magnets and whose stator windings are connected to the grid through a full-rating power
converter. The large number of poles mounted on the rotor allows the generator to operate at
low speeds. This means that the gearbox can be omitted, and the generator is directly coupled
to the wind turbine rotor.

Turbine

SSC GSC Transformer
DC Link -

=
T

Fig. 2.12. Variable speed wind turbine with PMSG configuration

The back to back power converter consists of stator side converter (SSC) and the grid
side converter (GSC) linked by a DC link circuit. The three-phase AC output of the generator
is converted to DC output, and then it is fed to an IGBT-based inverter. The GSC output is
supplied to a step-up transformer, which delivers the energy to the grid system. The rating of
the power converter depends on the rated power of the generator. The full scale power
converters control the generated power and the power flow to the grid. In addition, it
decouples the electrical grid frequency and the mechanical rotor frequency, and thus the
variable speed generation can be possible.

2.6.2. PMSG based Wind Turbine Model

The electrical model of PMSG wind turbine can be represented by the equivalent circuit
shown in Fig. 2.13 [34]. The equivalent circuit model is divided in three parts; generator side,
DC-link circuit, and grid side.
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Fig. 2.13. Equivalent circuit of PMSG based wind turbine [34]

2.6.21. PMSG model

As the generator is directly coupled to the wind turbine rotor, the generator electrical
angular frequency (we) is derived from the mechanical rotor speed w, and the number of
generator poles np,.

ny n, w,
= — = —_— — 2'2
p
We = 21f, = — w, (2-26)

2

Where f, and f; are electrical and rotor angular frequency (in Hz) of PMSG, respectively.

The generation system is composed of a PMSG and a full-rating power converter. In
power system analyses, the magnetic flux distribution around the air gap of a synchronous
generator is assumed to be sinusoidal. Therefore, the flux distribution linked with the stator coil
is sinusoidal, and then the electromotive forces are also sinusoidal [64]. In fact, the induced
voltage E4 generated by the permanent magnets can be expressed as:

Eg = 2T fom = WP (2-27)

where yn, is the flux linkage of stator coil.
A commonly used PMSG transient model is the Park model. Using the generator
convention, the space vector theory yields the stator voltage equations in the form as follows

[33]:
Vds) (Ids) d (wds) 0 -1 (z/)ds)
- _ = 2-28
() = =R () = e () + 0 070 (e (2:28)
where R; is the resistance of the stator winding and Vs, Vgs, las, lgs, s, and s are the d and

g axis components of the stator voltage, current and flux. If the d-axis is aligned along the
rotor-flux position, the stator flux linkages are
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lpds) _ (Ls + Lam 0 ) <1d5> Ym
(¢qs =0 o Ly + Lgm) \Igs) + ( 0 ) (2-29)
where Ls is the leakage inductance of the stator winding, Lan and Lqn are the d and q axis

magnetizing inductances. Substituting eq.(2-29) into (2-28), the stator voltage equations
become

Vds) (Ids) d (Ldslds) ( _LCISICIS )
= R - 2-30
(VIJS s Iqs dt quIqs e Ldslqs + Y ( )
where Lgs = Ls + Lam and Lgs = Ls + Lgm. Under the steady-state condition, eq.(2-30) reduces to
)= 20 GE)+ (o)
= + 2-31
(Vqs weLgs —Rg Igs WePm ( )

The electromagnetic torque, stator active and reactive powers are expressed as follows:

Te=%np (wdslqs - lpqslds) = %np (lpmlqs + (Lds - qu)ldslqs (2-32)
Py = Vyslas + Vyslys (2-33)
Qs = Vqslds - Vdqus (2-34)

2.6.2.2. DC-link circuit model

The SSC, which acts as a rectifier, converts the low frequency output of the generator to
DC power, which is supplied to the GSC through the DC link and finally fed to the grid. The
DC link contains a capacitor that is charged and discharged by SSC and GSC currents,
respectively. When the power losses in the DC link are ignored, the dynamic behaviour of DC
voltage across capacitor (V) can be expressed by the following equation:

v, 1
= 2-
= (i) (2-35)

where C is the value of DC link capacitor, and Py is the power supplied to GSC expressed as
Pac = Vaclag + Vgclgg (2-36)

where lgq and lyq are the component of the current delivered to the grid.

2.6.2.3. Grid side model

The GSC is also a current controlled voltage source converter controlled by IGBT
switches. The voltage is controlled in such a way to transmit the active power from the DC link
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to the grid and to achieve the desired power factor/voltage on the grid. The dynamic model of
the grid voltage and current on the reference frame rotating synchronously with the grid voltage
space vector is

Vag\ _ (Vac lag 0 1 (Idg> d (Idg>
(ng> B <ch> R (qu> ol (—1 o) lg) © Loz Iog (2-37)

where Ry and Lg are the grid inductance and resistance, respectively. Vyc and Vg are voltage
components of GSC. Vgg and Vg are grid voltage components, and  is the grid frequency.
Under steady state condition, the derivative terms are reduced to zero. Hence, eq.(2-37)

can be expressed by:
Vag Vdc) ( Ry ng) (Idg>
= 2-38
<ng> <ch i —wlg R J\gy (2-38)
The active and reactive power delivered to the grid can be expressed as

Fy =Vaglag + Vaglqg (2-39)

Qg = Vaglag — Vaglag (2-40)

2.6.3. Back to Back Converter of PMSG

A back-to-back converter provides an indirect AC-DC-AC connection in variable speed
wind turbine system, resulting independence between the rotational speed of the blades and
the frequency of the grid connected. This connection gives some advantages: voltage and
frequency control of the local grid, improvement of the power quality, and better integration
of wind energy to the electrical grid under both steady-state and transient operations [65].

Two level and three-level converters are commonly used in wind energy applications.
Figs 2.14 and 2.15 shows two level and three level of the back to back converters,
respectively. The back to back converter depicted in each figure consists of two three phase
PWM converters with a common DC link circuit.

2.6.3.1. Two level converters

In two level converters a power circuit of three-phase voltage-source back-to-back
converters is composed of twelve power semiconductor switches as shown in Fig. 2.14, where
the two converters are linked through a DC capacitor. The stator side converter has three
phase input voltages (Vsa, Vsb, Vsc) and coverts them to DC voltage (Vgc), which is the input
voltage of the grid side converter, whereas the three phase voltages (Vga, Vgb, Vgc) are the
output voltages of the grid side converter.
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Fig. 2.14. Circuit configuration of two level back two back converters

The SPWM technique for modulation is considered. A triangular carrier waveform is
compared with the reference sinusoidal waveform at the fundamental frequency of the output
voltage. Then, the switching pulses (S1; S2) for phase A, (S3; S4) for phase B, and (S5; S6)
for phase C, are generated [65], [66]. The switching states of the switches and the input

voltage for three phase converters are listed in Table 3.1.

Table 3.1.

Switching state of two level converter

Input
Voltage

Switching states

Sz

S3

Sy

+Vyol2

+Vyol2

0

-Vo/2

-Vgel2

0

O|lOoO|O|O |k |kF

0
0
0
1
1
0

O |OoO |k, |, |O|O

P OO |O|O|F

P | P, |lO|O|O]|O

o | ook, |, |O

2.6.3.2.

The circuit configuration of three-level back-to-back PWM converters consists of two
neutral-point clamped converters linked through DC capacitors, as shown in Fig. 2.15. Each
converter uses twelve switches and six additional diodes. To generate the switching pulses for
the converters, two carrier waveforms are simultaneously compared with a sinusoidal
waveform at the fundamental frequency. The switching states for the four switches of each
phase and the input phase voltages for the AC/DC converters are described in Table 3.2 [65],

[66].

Three level converters
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Fig. 2.15. Circuit configuration of three level back to back converters

Table 3.2.
Switching state of three level converter
Input Switching states
Voltage Sw, | SW, | Say | Swa
+Vo/2 1 1 0 0
0 0 1 1 0
-Vy/2 0 0 1 1

2.7. Chapter Summary

To
Grid

In this chapter, the basic theory of energy extraction from wind is described briefly.
Then, wind turbine, drive train and pitch angel control models of wind turbine generator
system are presented. The fixed speed and variable speed wind turbine topology overview and
electrical modeling system are explained in detail. In additional, the two levels and three
levels of back to back converters for PMSG has been discussed.
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Chapter 3

A Control Strategy of PMSG based Variable Speed Wind
Turbine for Wind Farm Stability Augmentation

In this chapter a control strategy of variable speed wind turbine with permanent magnet
synchronous generator (VSWT-PMSG) for stability augmentation of wind farm including
fixed speed wind turbines with SCIG is investigated. A suitable control scheme for
back-to-back converters of PMSG is developed to augment dynamic behaviour (both transient
and steady state stability) of the wind farm. During fault condition the DC link voltage
increase significantly due to unbalance between powers produced by the generator and
delivered to the grid system. In order to avoid the converter damage, the protection scheme
using DC chopper is embedded on DC link circuit. In order to evaluate the effectiveness and
capability of the proposed control strategy, two power system models are analysed in
simulations study. In power system model 1, two wind farms composed of aggregate model of
VSWT-PMSG and FSWT-SCIG are connected to an infinite bus. In power system model 2,
two wind farms are connected to a multi machine power system. Simulation analyses of both
transient and steady state characteristics are performed by using PSCAD/EMTDC.

3.1. Control Strategy of PMSG

The block diagram of control system for VSWT-PMSG proposed in this study is shown
in Fig. 3.1. The VSWT-PMSG consists of the following components: a direct drive PMSG,
back to back converters based on two levels of IGBT which are composed of stator side
converter (SSC) and grid side converter (GSC), a DC-link circuit composed of a chopper with
a resistance (R¢n) and a capacitor (Cg4c), and two voltage source converter controllers (stator
side controller and grid side controller).

SSC  DC Chopper GSC Transformer

I ~ ° I
sa r%a
r\ISb AC/DC ’ J-Cdc T DC/AC \ I Voo
’o\l—— 2 Level A Vee | 2 Level s ‘I
v Converter Ren -|- l Converter / I ¥

v Grid

PWM PWM ”
. VI, ) l
YVYVY Jsa* Vo™ | V™ Vga*| Voo VgCi

Stator Side Grid Side
Controller ctrl Controller

D)s

Fig. 3.1. Control system of PMSG
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The SSC is connected to the stator of PMSG, and it converts the three phase AC voltage
generated by PMSG to DC voltage. The three phase voltage and current are detected by the
sensors on the stator terminal of PMSG. The rotor speed of PMSG is measured from the rotor
of wind turbine. All outputs of the sensors are fed to the stator side controller as input signals
in order to control the voltage references of the SSC for modulation.

In the GSC, the converter is connected to the grid system through a step up transformer.
The grid current and the grid voltage are detected on the high voltage side of the transformer,
respectively. The DC voltage (Vqc) is detected on the DC capacitor. The voltage reference of
grid side voltage source converter for modulation is controlled by using the grid side
controller. When a fault occurs in the grid, the Vg4 increases significantly due to power
unbalance between SSC and GSC. In order to protect the DC-link circuit, the controller
activates the chopper by a trigger command (ctrl).

In both converters, the triangle signal is used as the carrier wave of Pulse Wave Modu-
lation (PWM) operation. The Carrier frequency is selected to 3 KHz for both converters. The
DC-link capacitor is 25000 uF. The rated DC-link voltage is 2.0 kV (1 pu).

3.1.1. SSC Controller System

The aim of the stator side controller is to control active and reactive power output of the
PMSG. Detail of the stator side controller system is presented in the block diagram shown in
Fig. 3.2. The current control loop is designed based on the d-q rotating reference frame. The
rotor angle position (6) used in the transformation between abc and dq variables is obtained
from the rotor speed of generator. The active power (Ps) and reactive power (Qs) of the

: P
Pl + [e— 4 ;
' =) )

o «a[ MPPT > L RELES PI1 PI 2
: 4 + N\
H I Limiter

|sa'¢_> abc g @eLgg

| b-Q—P'

|s dqg Isq

sc-d.)—) @elsq

E $ VY > Pl 4

Vsa-O—} <
V. ': abe "1 Power
sb \ Vs& Calculator

Fig. 3.2. Stator side controller system
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generator are controlled by the d-axis current (Isq) and the g-axis current (lsg), respectively. The
value of active power reference (Pye) is determined by MPPT method. In order to maximize the
active power output of PMSG, the reactive power reference (Qs*) is set to zero to achieve unity
power factor operation. The cross couplings, lsgwelsq and lsqwelsq, should be compensated at
the output of the current controllers in order to improve tracking capability of the control
system. Finally, Vs* and Vg* are voltage reference of current controller which is used to
generate the three phase reference voltage (Vsa*, Vab*, Vsc™) to control stator currents of the
PMSG

3.1.2. GSC Controller System

Grid side controller system is essential in design of overall control system for
VSWT-PMSG connected to a grid system from a view point of stabilization of the FSWF-SCIG.
In this paper, the aims of grid side controller system are: 1) to maintain DC link circuit voltage
in order to transfer stably the active power of PMSG to grid system; 2) to maintain the grid
voltage as well as to compensate the reactive power demand for SCIG.

Fig. 3.3 shows a block diagram of the grid side controller system. Again, in this control
strategy, the control system based on the d-q rotating reference frame is implemented which has
same rotational speed as the grid voltage. The three phase grid currents (lga, lgn, l4c) and the grid
voltages (Vga, Vgb, Vgc) are transferred into the d-q rotating reference frame by using Park
transformation. The Phase Locked Loop (PLL) is used to extract the grid side phase angle (6;).
The vector-type of PLL shown in Fig. 3.4 is used in this paper [67], [68].
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Fig. 3.3. Grid side controller system
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Fig. 3.4. Block diagram of Phase Locked Loop (PLL)

The controller is divided into two cascade loop control, one of which is for active power
and the other is for the reactive power. When grid voltages on the stationary reference frame are
transformed into the d-q rotating reference frame, Vyq is set to constant and Vg is set to zero.
Therefore, the active power (Py) and reactive power (Qg) delivered to the grid can be controlled
separately by the d-axis current (lig) and the g-axis current (lig), respectively. The voltage of
DC-link capacitor (Vqc) is maintained constant in order to balance the active power generated
by PMSG and the active power delivered to the grid. The d-axis current reference signal (lig_ref)
is determined from output of the DC-voltage controller, and the g-axis current reference signal
(lig_rer) is Obtained so that the grid terminal voltage (V) is kept constant at 1 pu. In order to
improve tracking capability of the control system, the cross coupling should be canceled by
adding lqawLg and lgqwLg at the output of the current controllers. The output of current
controller (Vgq* and Vyq*) is transformed into the stationery reference frame (Vga*, Vgo*, Vgc*)
which is used as reference signal for pulse wave modulation.

In normal mode operating condition, the voltage of DC-link capacitor (Vgc) is maintained
constant in order to transfer the active power generated by PMSG to the grid. The d-axis current
reference signal (1g*) is determined from output of the DC-voltage controller, and the g-axis
current reference signal (l44*) is obtained from reactive power controller output. The reactive
power reference (Qg*) is set so that the terminal voltage at the high voltage side of the
transformer remains constant. In grid fault mode condition, the active power transfer to the grid
IS set to zero by trigger reset command to P1 5 and PI 6. By using this way supplying reactive
power to the grid can be maximized. At the same time the detector send the control signal
command (ctrl) to trigger the DC link protection. The reset command is activated when the grid
voltage decreases under 0.9 pu. The ctrl command is activated when the DC link voltage
exceeds the predefined limit (2.1 kV, 1.05 pu).
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Table 3.1.
The PI Controller Gains

PI Controller Ko Ki
Pl 1 0.5 7
P12 0.01 0.5
P13 0.5 7
Pl 4 0.01 0.5
Pl 5 5.3 26
Pl 6 0.05 2
P17 2 20
P18 2 20
P19 0.05 2

The coefficients of P1 controllers (P1 1 to Pl 9) were obtained based on the trial-and-error
approach. A lot of values were investigated for different system conditions, and finally, the
values shown in Table 3.1 are selected as best values.

3.1.3. DC-Link Protection Control

As explained before, during a network disturbance such as short circuit fault, the grid side
converter output decreases and then the overvoltage can appear in the DC-link circuit of the
back-to-back power converter of PMSG. In addition, the reactive power support from the grid
side converter is proposed in this paper in order to enhance the stability of fixed speed wind
generators, under which situation active power output from the grid side converter also needs to
be decreased. Under these situations the DC-link voltage can increase due to the energy
imbalance between the generator side converter and the grid side converter.

The breaking chopper circuit is proposed in this paper, which is embedded in the DC-link
circuit in order to protect the DC-link capacitor during a fault condition as shown in Fig. 3.1.
The chopper circuit is activated when the DC-link voltage exceeds the predefined limit (2.1 kV,
1.05pu) and then dissipates the active power in the protection resistance.

3.2. Stability Analysis of Wind Farm Connected to an Infinite Bus
3.2.1. Power System Model

The model system used in this study is shown in Fig. 3.5. Wind Farm 1 with PMSG rated
at 15 MW is connected to 6.6 kV distribution system through a power converter, a 1.0/6.6 kV
step up transformer and a short transmission line. The full-scale power converter is made up of
two back-to-back IGBT bridges (the stator side converter, SSC, and the grid side converter,
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GSC) linked by a DC bus. Wind Farm 2 with SCIG rated at 35 MW is connected to 6.6 kV
distribution systems via a 0.69/6.6 kV transformer and a short transmission line. A capacitor
bank is used for reactive power compensation at steady state. The value of capacitor C is chosen
so that the power factor of the wind power station becomes unity during the rated condition.
Total output of wind farms are supplied to the utility grid through a common step-up
transformer (6.6/66 kV) and double circuit transmission line. In the figure, the transmission line
parameters are numerically shown in the form of R+jX, where R and X represent the resistance
and reactance, respectively. The system base is 100 MVA and parameters of the generators are
shown in Table 3.2.

Wind Farm 1
‘ 15 MW jo1
- AC-DC-AC i
; 100 MVA, 50 Hz
1.0 kV/6.6kV : Base System
20 MVA ;
Wind Farm 2 i CB 01+j0.6 CB

-—wW—""N—_1-
QO Bus

+..500°0l + S000°0

6.6kv/e6kV | CB  0.1+j0.6 CB |y=
50 MVA ; V=102

35 MVA

Connection
Point

1L.G,2LG, and 3LG

ccccmcccccccccccccccccnadha,

Self capacity base (6.6 kV) €— i —3» System base (66 kV)

Fig. 3.5. Wind farms connected to infinite bus power system

Table 3.2

Generators parameters

MW 35 MW 15

R1 0.01 (pu) Rs 0.01 (pu)

X1 0.1 (pu) Ls 0.064 (pu)

Xm 3.5 (pu) Xd 0.9 (pu)
IG |rR21 0.035 (pu) PMSG [Xq 0.7 (pu)

R22 0.014 (pu) Field Flux 1.4 (pu)

X21 0.030 (pu) H 30s

X22 0.089 (pu)

H 15s
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3.2.2. Simulation study

In this study, a model system shown in Fig. 3.5, which is composed of two wind farms
installed with fixed speed wind generators and variable speed wind generators respectively, is
analyzed. The full-rating power converter of variable speed PMSG wind turbine system is
controlled in such a way to maintain the grid voltage (voltage at the connection point) at desired
reference level set by transmission system operator. Therefore, necessary reactive power for
SCIG can also be supplied to restore the electromagnetic torque during a fault condition. Two
cases are considered in the simulation study to show the effectiveness of the proposed control
strategy. In Case 1, simulation study is performed using the model system of Fig. 3.5. In Case 2,
simulation study is performed using another model system in which PMSG of Wind Farm 1 is
replaced by SCIG (15 MW). Simulations were performed by using PSCAD/EMTDC.

3.2.2.1. Transient Stability Analysis

The asymmetrical single line to ground (1LG) fault, double line to ground (2LG) fault and
the symmetrical three line to ground (3LG) fault at the transmission line are considered as
network disturbance, as shown in Fig. 3.5. The fault occurs at 0.1 sec; the circuit breakers (CB)
on the faulted line are opened at 0.2 sec, and at 1.0 sec the CBs are re-closed. In this transient
analysis, the wind speeds for the wind generators are kept constant at the rated speed, assuming
that the wind speed does not change dramatically within this small time duration.

Figs. 3.6 and 3.7 show responses of reactive powers, from which it is seen that the grid
side converter of Wind Farm 1 can provide necessary reactive power during the severe
asymmetrical 1LG and 2LG faults, and the symmetrical 3LG fault in Case 1. Therefore terminal
voltages at the connection point can return back to the rated value quickly in Case 1 as shown in
Fig. 3.8, and the rotor speeds can also become stable in Case 1 as shown in Figs. 3.9 and 3.10.
The active power output of Wind Farm 1 and 2 are shown in Figs. 3.11 and 3.12, respectively.
Though the DC-link circuit voltage of PMSG increases uncontrollably if the DC link protection
IS not used, it can be maintained almost constant by the proposed protection controller in Case 1
as shown in Fig. 3.13. On the other hand, the wind generators in both wind farms become
unstable in Case 2 as shown in Figs. 3.6 — 3.12.
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From these results, it is clear that PMSG with the proposed controller can enhance the
transient stability of SCIG, the fixed speed wind generator, significantly by controlling its
active and reactive powers delivered to the grid and thus the system performances can be
improved effectively.

3.2.2.1. Steady State Analysis

To evaluate the steady state performance of the proposed system, responses for the real
wind speed data measured in Hokkaido Island, Japan, shown in Fig. 3.14, were calculated. Fig
3.15 shows the reactive power output of wind farms in Case 1. It is seen that the reactive power
from the grid side converter of Wind Farm 1 provides reactive power compensation for Wind
Farm 2 for voltage regulation. Therefore the voltage and reactive power at the connection point
are controlled almost constant in Case 1 as shown in Fig 3.16 and 3.17, respectively. As a result,
the active power of wind farms can be delivered to the grid effectively as shown in Fig 3.18. Fig.
3.19 depicts the pitch angle response of both wind farms, from which it can be seen that the
pitch controller works only when the wind speed exceeds the rated value in each wind farm.
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Fig. 3.15. Reactive power output of wind farms (Case 1)
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In this section a new control strategy of direct-drive permanent magnet wind generator for
stabilization of wind farm composed of fixed speed wind generators is presented. The
controllers for two levels back-to-back converter embedded with DC-link protection circuit are
investigated. By using the proposed control method, the terminal voltage of wind farm can be
recovered effectively during and after the asymmetrical (1LG and 2LG) faults as well as the
symmetrical (3LG) fault, and thus the transient stability of fixed speed wind generator can be
enhanced. It is also demonstrated that the DC link voltage can be maintained almost constant by
the proposed protection controller during the fault conditions. Moreover, the steady state
performance of the proposed system is analysed using real wind speed data. It is demonstrated
that the voltage fluctuation of wind farm under randomly varying wind speed can be reduced
and the active power of wind farms can be delivered to the grid effectively.

3.3. Low Voltage Fault Ride-Through Analysis of Wind Farm Connected
to A Multi-machine Power System

In this paper, low voltage ride-through (LVRT) capability improvement of wind turbine
generator system is investigated, in which a model system with two wind farms connected with
multi-machine power system is considered. The wind farms considered consist of fixed speed
wind turbine based induction generator and variable speed wind turbine with permanent magnet
synchronous generator.

3.3.1. Power System Model

Fig. 3.20 shows a model system with 9-bus main system and two wind farms. Steam
turbine and Hydro turbine driven synchronous generators are connected with the main system
as generator SG1 and SG2, respectively. Automatic Voltage Regulator (AVR) and governor
models in PSCAD/EMTDC package [67] are used in this paper. The IEEE type SCRX solid
state exciter is considered for all synchronous generators as exciter model [69]-[70]. In SG1,
the generic steam turbine model equipped with approximate mechanical-hydraulic controls of
governor is used. In SG2, the hydro turbine with non-elastic water column without surge tank
model and the hydro governor with PID controls including pilot and servo dynamics model are
used [71]-[72].

Wind farms 1 and 2 are considered to be connected surrounding the hydro generator
through long and short transmission lines respectively. Each wind farm power capacity is 50
MVA, in which G1 and G3 are 15 MVA VSWT-PMSG and G2 and G4 are 35 MVA
FSWT-SCIG. The system base is 100 MVA. A capacitor bank, C, is used for reactive power
compensation of each SCIG at steady state. The value of capacitor C is chosen so that the power
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factor of the wind power station becomes unity during the rated condition. Parameters of
generators are shown in Table 3.3.

Load C
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1.04 Infinite bus

Fig. 3.20. Multi-machine power system model

Table 3.3.

Generator Parameters

Synchronous Generators
Sal S SCIG PMSG
MVA 200 130 MVA 35 MVA 15
ra (pu) 0.003 0.004 R1 (pu) 0.01 Rs (pu) 0.01
Xa (pu) 0.102 0.078 X1 (pu) 0.1 Ls (pu) 0.064
Xd (pu) 1.651 1.22 Xm (pu) 35 Xd (pu) 0.9
Xq (pu) 1.59 1.16 R21 (pu) 0.035 Xq (pu) 07
X'd (pu) 0.232 0.174 R22 (pu) 0.014 Flux (pu) 14
X'q (pu) 0.38 0.25 X21 (pu) 0.03 H 30s
X"d (pu) 0.171 0.134 X22 (pu) 0.089
X"q (pu) 0.171 0.134 H 15s
T'do (sec) 5.9 8.97
T'qo (sec) 0.535 15
T"do (sec) 0.033 0.033
T"qo (sec) 0.078 0.141
H 9.0s 6.0s
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Fig. 3.21. Low voltage ride-through standard set by FERC, U.S.

Table 3.4.

Cases Study
Case Wind Farm 1 Wind Farm 2 Fault Point

Gl G2 G3 4

Case 1 PMSG SCIG PMSG SCIG F1
Case 2 PMSG SCIG PMSG SCIG F2
Case 3 SCIG SCIG SCIG SCIG F1
Case 4 SCIG SCIG SCIG SCIG F2

3.3.2. Simulation Study

The grid codes were originally decided with synchronous generator in mind. But due to
the recent addition of huge amount of wind power to the grid, in many countries, the new grid
codes have been developed to ensure secure power system operation. The wind farm grid codes
are more or less similar to each other. In this study, simulation results are described in light of
U.S. grid code, set by Federal Energy Regulatory Commission (FERC). If the voltage does not
fall below the minimum voltage indicate by solid line in Fig. 3.21 and returns to 90% of the
nominal voltage within 3 second after the beginning of the voltage drop, the plant must stay
online [73].

In this study model system shown in Fig. 3.20 is analyzed, in which two wind farms are
connected with multi-machine power system. The wind farms are installed with both
VSWT-PMSG and FSWT-SCIG. The full-rating power converter of VSWT-PMSG wind
turbine system is controlled in such a way to maintain the grid voltage (voltage at the
connection point) at desired reference level set by transmission system operator. Therefore,
necessary reactive power for FSWT-SCIG can also be supplied to restore the electromagnetic
torque during a fault condition. Symmetrical three-line-to-ground faults (3LG) at fault point F1
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and F2 are considered as network disturbances. Each fault occurs at 0.1 sec, the circuit breakers
(CBs) on the faulted lines are opened at 0.2 sec, and at 1.0 sec the CBs are reclosed.

Four cases such as shown in Table 3.4 are considered in the simulation study to show the
effectiveness of the proposed control strategy. In Case 1 and Case 2, simulation studies are
performed using the model system of Fig. 3.20, in which the fault occurs at F1 or F2
respectively. In Case 3 and Case 4, simulation studies are performed using another model
system in which PMSGs at G1 and G3 are replaced by SCIG (15 MW), in which the fault
occurs at F1 or F2 respectively. Simulations were performed by using PSCAD/EMTDC.

In Wind Farm 1, responses of reactive power outputs of G1 and G2 are shown in Figs.
3.22 and 3.23, respectively. From these figures it is seen that the grid side converter of G1 can
provide necessary reactive power for G2 during fault condition in Case 1 and Case 2. Therefore
terminal voltage at Bus 11 can return back to the rated value quickly in Case 1 and Case 2 as
shown in Fig. 3.24. The rotor speeds can also become stable quickly in Case 1 and Case 2 as
shown in Figs. 3.25 and 3.26. The active power output of Wind Farm 1 and 2 are shown in Figs.
3.27 and 3.28, respectively. The wind generators in Wind farm 1 become unstable in Case 3 as
shown in Figs. 3.22 — 3.28. In Case 4 the wind generators become stable, because the SG1 and
SG2 can provide necessary reactive power for Wind Farm 1 during fault condition due to the
short transmission lines between Wind Farm 1, SG1 and SG2, and fault point F2 is far from
Wind Farm 1.
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Fig. 3.22. Reactive power output of G1 in Wind Farm 1
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Fig. 3.23. Reactive power output of G2 in Wind Farm 1
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Fig. 3.30. Reactive power output of G4 in Wind Farm 2

Figs. 3.29 and 3.30 show responses of reactive power outputs of G3 and G4 in Wind
Farm 2, from which it is seen that the grid side converter of G3 can provide necessary reactive
power for G4 during fault in Case 1 and Case 2. Therefore terminal voltage of Wind Farm 2 at
Bus 13 can return back to the rated value quickly in Case 1 and Case 2 as shown in Fig. 3.31.
The rotor speeds can also become stable in Case 1 and Case 2 as shown in Figs. 3.32 and 3.33.
The active power output of G3 and G4 are shown in Figs. 3.34 and 3.35, respectively. On the
other hand, the wind generators in Wind farm 2 become unstable in Case 3 and Case 4 as shown
in Figs. 3.29 — 3.35.
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Fig. 3.37. Load angle of SG2

From the results shown in Figs 3.22 - 3.35, it is clear that PMSG with the proposed
controller can enhance the LVRT capability of wind farms. The responses of terminal voltage
of both wind farms at Bus 11 and 13 in Case 1 and Case 2 are shown in Figs. 3.24 and 3.31 and
it is seen that the LVRT requirement of wind farm can be achieved.

Figs. 3.36 and 3.37 show responses of load angle of SG1 and SG 2, respectively. It is seen
that PMSG with the proposed controller can enhance the transient stability of synchronous
generator as well as wind generators when the severe 3LG fault occurs in the power system.
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3.4. Chapter Summary

In this chapter a new control strategy of direct-drive permanent magnet wind generator
for stabilization of wind farm composed of fixed speed wind generator is presented. The
controllers for two levels back-to-back converter embedded with DC-link protection circuit are
investigated.

In power system model 1, the terminal voltage of wind farm can be recovered effectively
during and after the asymmetrical (1LG and 2LG) faults and the symmetrical (3LG) fault and
thus the transient stability of fixed speed wind generator can be enhanced. It is also
demonstrated that the DC link voltage can be maintained almost constant by the proposed
protection controller during the fault condition. Moreover, the steady state performance of the
proposed system is analyzed using real wind speed data, and it is demonstrated that the voltage
fluctuation of wind farm under randomly varying wind speed can be reduced, and the active
power of wind farms can be delivered to the grid effectively.

In power system model 2, the control strategy of variable speed permanent magnet wind
generator for improving LVRT capability of wind farm composed of fixed speed induction
generator has been investigated. The controller for two levels back-to-back converter for
VSWT-PMSG is also developed. From these results, it is clear that PMSG with the proposed
controller can enhance the LVRT capability of wind farms during symmetrical
three-line-to-ground fault condition. Moreover, the active and reactive power delivered to the
grid system can be controlled effectively; hence the overall system performances can be
improved significantly.
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Chapter 4

Application of LCL Filter to PMSG based Wind
Generator to Enhance Dynamic Stability of Wind Farm

In this chapter a new control scheme for variable speed permanent magnet wind
generator connected to grid through LCL filter is proposed in order to enhance stability of
wind farms including fixed speed induction generators. Design and control approaches of
back to back converters are developed in order for both active and reactive powers delivered
to a power grid system to be controlled effectively. The stability performances of the
controller system such as characteristics of dynamic response and good margin are also
investigated based on the Bode diagram. To evaluate the controller system capabilities,
simulation analyses for both transient and steady state conditions are performed on a power
system model in which the wind farms are connected to a grid system.

4.1. Introduction

Combined installation of VSWT-PMSG and FSWT- SCIG in a wind farm can be efficient
due to reduced system investment cost. The LVRT capability of FSWT-SCIG during network
disturbances can be augmented by using VSWT-PMSG installed in the same wind farm as
reported in [35]. The grid side converter of PMSG is controlled in such a way that the required
reactive power of FSWT-SCIG can be supported when a fault occurs in the grid system. The
converter of the PMSG permits flexible control of active and reactive power flows to the grid
system. However, the converter is operated at high switching frequencies between 2-15 kHz
resulting high order harmonics which can disturb devices on the grid and generate power losses
[38], [39].

Attenuation of the current harmonics around switching frequency of the converter is
important to get high performance of the converters, which fulfills the standards (IEEE
519-1992, IEC 61000-3-2/IEC 61000-3-4) [74]. Large value of input inductance allows
achieving this purpose; however, it reduces dynamics and operation range of PWM rectifier
[75]. Therefore, third order low-pass LCL filter is an attractive solution because of its many
potential advantages such as higher harmonic attenuation and smaller inductances compared
with L filter [40]. In this solution the current ripple attenuation is very effective even for small
value of inductance, because capacitor impedance is inversely proportional to frequency of
current. However, resonance at high frequency caused by the filter can lead stability problem
caused by zero impedance for some higher order harmonics of current. Unstable system can
be stabilized using a damping resistor, so-called passive damping. This solution can reduce
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the filter effectiveness and increase losses in spite of advantages such as simplicity and
reliability. Therefore design of LCL filter in industry application has several drawbacks, i.e.,
increase of losses and decrease of efficiency. Therefore, selection of a damping resistance
value should also be taken into account in the controller design of VSC as well as the filter
effectiveness and its losses.

Traditionally, the back to back converter of the VSWT- PMSG is controlled through
current controlled voltage source converters by using the rotating d-g reference frame control
approach. The characteristic of the control system is evaluated through transient and steady
state simulation. The PI controller is commonly used in the control of the converter of PMSG.
However, determination of the optimal value of gain parameters of the PI controller should be
performed carefully in order to obtain good stability control performances. The optimal setting
of gain parameters of PI controller is difficult to be achieved by trial and error method. In
addition, variation of parameters and operating conditions of plant will change gain margin and
phase margin of the control system. Therefore, determination of gain parameters of the
converter controller system should be carefully considered.

4.2. Power System Model

The power system model used in this study is shown in Fig. 4.1. Small wind farm consists
of three wind generators (a PMSG and two SCIGSs) are connected to grid system. The PMSG
rated at 5 MW is connected to the grid system bus through a back to back (AC/DC/AC) power

Capacitor CB  01+j0o4pu CB

5 MW LCL Filter

ACIDC/AC |-
.

: 11,0 KV/11.4 KV
PMSG b= {7 5EMVA

11.4kv/ieeky | CB 0.1+j04pu CB
10 MVA

00 Bus
2.5 MW V=1.0 pu
2LG, 3LG
{OTEY
0.69 kVv/11.4kV 10 MVA, 50 Hz
SCIG 2.5 MVA Base System

Capacitor

Fig. 4.1. Power system model
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converter, a LCL filter, a 1.0/11.4 kV step up transformer, and 500 m underground cable. Two
SCIGs rated at 2.5 MW are connected to the Point of Common Connection (PCC) via a
0.69/11.4 kV step up transformer and 350 m underground cables. The wind turbine is connected
with the generator through a gear box (GB). In order to reduce reactive power consumption by
SCIG from the grid system, a capacitor bank is installed at the generators. The value of the
capacitor is determined so that the power factor becomes unity at rated power operation. The
resistance and inductance of the transmission line are 0.1 pu and 0.4 pu, respectively.
Parameters of PMSG and SCIG are shown in Table 4.1 in which the standard models from
PSCAD/EMTDC library are used for both generators. The underground cable parameters are
given in [76].The system base is 10 MVA and grid frequency is 50 Hz.

Table. 4.1.

Parameter of generators

Generators Parameter Symbol Value
Power rating Ps 5 MW
Voltage output Vs 1.0kv
Frequency fe 20 Hz
Magnetic Flux W 14 pu
PMSG
Stator Winding Resistance Rs 0.01 pu
The d-axis inductance Lgg 0.95 pu
The g-axis inductance Lgg 0.75 pu
Inertia constants H 6.0
Power output P 2.5 MW
Voltage output Vs 50 Hz
Rated Frequency fe 690 V
Stator Resistance Rs 0.066 (pu)
First Cage Resistance Rrl 0.298 (pu)
Second Cage Resistance Rr2 0.018 (pu)
SCIG
Stator leakage Reactance Lsl 0.046 (pu)
Magnetizing Reactance Lm 3.860(pu)
Mutual Reactance Lls 0.122 (pu)
Rotor Mutual Reactance LI 0.105(pu)
Second Cage Reactance Ls2 0.105 (pu)
Polar moment inertia H 3.0s
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Fig. 4.2. VSWT-PMSG control system

4.3. PMSG based Variable Speed and Its Control Strategy

The block diagram of VSWT-PMSG and its control system proposed in this study is
shown in Fig. 4.2. The VSWT-PMSG consists of the following components: a direct drive
PMSG, back to back converters based on two levels of IGBT which are composed of stator side
converter (SSC) and grid side converter (GSC), a DC-link circuit composed of a chopper with a
resistance (Rcn) and a capacitor (Cqc), stator side controller, and grid side controller. The
VSWT-PMSG is connected to utility grid system through LCL filter with a damping
resistance (Rq) and step up transformers.

In the SSC, the three phase current and voltage are detected from stator of PMSG. The
rotor speed of PMSG is detected from the rotor of wind turbine. Detail of the controller system
for stator side converter is shown in Fig. 3.2 in Chapter 3.

In GSC, the converter is connected to the grid system through a LCL filter and a step up
transformer. The grid current and the grid voltage are detected on the converter side and grid
side of LCL filters, respectively. The DC link voltage (Vqc) is detected on the DC capacitor
(Cqc). When a fault occurs in the grid, Vg increases significantly due to power unbalance
between SSC and GSC. In order to protect the DC-link circuit, the grid side controller activates
the chopper by a trigger command. Detail of the controller system for stator side converter is
shown in Fig. 3.3 in Chapter 3. The DC-link capacitor is 25.000 uF. The rated DC-link
voltage is 2.0 kV (1 pu).

In modulation technique, Third Harmonic Injection Pulse Wave Modulation (THIPWM)
is used in this work. Injection of third harmonic in the reference voltage makes it possible to
utilize the voltage reference without over modulation. In addition, the THIPWM can maximize
fundamental amplitude of the output voltage [77]. The switching frequencies (f) are selected
to 2 KHz for SSC and 4 kHz for GSC.

The transformer converts 1kV output voltage of GCS to 11.4 kV. The total resistance
and reactance of the transformer is 0.016 pu and 0.04 pu, respectively.
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4.4. Dynamic model of PMSG

As described in Chapter 2, The PMSG dynamic equations are expressed in the d-q
reference frame. The model of electrical dynamics in terms of voltage and current can be given
as:

dsa
d; = —Vsqa — Rslsq — wel/)sq (4-1)
dy
d:q = _Vsq - Rslsq + Wesq (4-2)
with
Ysa = Lsalsq + Y (4-3)
d’sq = quIsq (4-4)

Substituting Eqgs. (4-3) and (4-4) into Egs. (4-1) and (4-2), the deferential equations of PMSG
can be expressed as follows:

dls,
Lgq d_st = —Vsq — Rslsq — wequlsq (4-5)
dl
qu d_;q = _Vsq - Rslsq + weLlsqlsq + WePsq (4-6)
> Isd
Isq

Fig. 4.3. Block diagram of PMSG in the d-q rotating reference frame

A block diagram of the PMSG in the d-g rotating reference frame can be derived as
shown in Fig. 4.3, where s denotes a Laplace operator.
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4.5. LCL filter Design
4.5.1. Dynamic model of LCL filter

As previously mentioned, utilization of the LCL filter can lead to stability problem due to
resonance. To avoid the resonance a passive damping resistance should be allocated in series
with a filter capacitor in the filter. However, adopting a damping resistance can cause power
losses. Therefore, in designing the voltage source converter controller system, a passive
damping resistance should be taken into account in the plant system model.

Li Ri Rg Lg

Vcf C Crt
I 5

Fig. 4.4. Single phase LC filter equivalent circuit

Single phase LCL filter equivalent circuit is shown in Fig. 4.4. The LCL filter is
composed of an inverter side inductance (L;) and its parasitic resistance (R;), a grid side
inductance (Lg) and its parasitic resistance (Ry), a filter capacitor (Cr) and a damping resistance
(Ra). Vi and I; are voltage and current on the converter side of the LCL filter. V4 and Iy are
voltage and current on the grid side of the LCL filter. It should be noted that V; is a voltage on
the filter capacitor (Cs). The differential equations of LCL filter in stationary reference frame
can be written as follows:

dl;
L; d—t‘ =V, — Ve — (R + R)I; + Ryl (4-7)
dl,
Ly—=. = Ver = Vg = (Ri + R)lg + Ral; (4-8)
dVys

CfW: Ii —Ig (4'9)

From eqgs. (4-7) to (4-9) deferential equations in the d-q rotating reference frame are

obtained:

dlig
Lid—lt =Via = Vera — (Ri + Rlig + Liwlig + Rylyg (4-10)
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dly,

Li—=Vig = Verq = (R; + R lig — Liwlig + Raly, (4-11)
g % =Vera = Vga — (Rg + Ra)lga + Lywlyg + Ralig (4-12)
Ly % =Vig = Vesqg — (Ri + R 1ig — Lywlyq + Ralig (4-13)
Cr dl;ctf = g = Igg + 0CsVpq (4-14)
f% =lig — lyqg + WCVisq (4-15)

The dynamic block diagram of the grid connected LC filter in the d-q rotating reference
frame can be derived as shown in Fig. 4.5.

Ri €Iy loa lig—>

Verg
l.
Vi sL +1Ri+Rd i SCllf > loo
oL |« [ne
L WCs
1
2 Ey < >l
Ri [€ Iy lg  lig=>
Fig. 4.5. Block diagram of LC filter in the d-q rotating reference frame
The LCL filter shown in Fig. 4.5 can be written in the state space form:
x = Ax + Bu (4-16)
y =Cx (4-17)

where, X =[ lig liq lga lgg Vera Verg] " and u=[Vig Vig]", and the liq and liq are chosen as output
parameters.
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45.2. LCL Filter Parameters

The LCL filter aims to reduce high-order harmonics on the grid side, but a poor filter
design can cause lower attenuation compared to what is expected, or can even cause a distortion
increase because of oscillation effects. The current harmonics may cause saturation of the
inductors or filter resonance. Therefore, the inductors should be correctly designed considering
current ripple, and the filter should be damped to avoid resonances.

There are many methods that may be considered in determining the filter parameters [39],
[78]-[81]. However, in this paper procedure and limitations of LCL filter parameters presented
in [39] are considered.

a) The value of the capacitance is limited by the decrease of the power factor that has

to be less than 5% at the rated power.

b) The total value of the filter inductance should be less than 10 % from rating power

of the converter of PMSG.

c) The resonance frequency of the filter should be higher than 10 times the grid

frequency and then half of the switching frequency.

d) The passive damping resistance should be sufficient to avoid oscillation, but losses

cannot be so high as to reduce efficiency.

The procedure for choosing the LCL filter parameters uses the power rating of the
converter, the line frequency, and the switching frequency as inputs. The process to calculate
the switching ripple attenuation is based on a frequency-domain approach rather than on a
time-domain approach. In the following development, the filter values are reported as a
percentage of the base values, given by

Vz
Z, =2 (4-18)
Pg
C, = ! 4-19
b= oty (4-19)
L, =22 4-20
"= o (4-20)

where Vj is the line-to-line rms voltage, wy is the grid angular frequency, and Py is the active
power absorbed by the converter in rated condition.

First the inverter side inductance L; is designed in order to limit the current ripple
generated by the converter. The selection of the ripple current is a trade-off among the size of
inductor L;, IGBT switching and conduction losses, and inductor coil and core losses.

55



Typically, the ripple current (4i;) can be chosen as 25%~35% of rated current. The maximum
current ripple can be derived as eq.(4-21) [82]:

L1 Va
' 8f:s‘wAiLi

where fq, is switching frequency of the converter.

The selection of the capacitor is a trade-off between reactive power in C; and inductance
Li. The capacitance cannot be too small either. Otherwise, the inductance will be large in
order to meet the attenuation requirements. The larger inductance L; resulted from smaller
capacitance leads to higher voltage drop across the inductor L;. Taking x as a percentage of
the reactive power absorbed, C; can be calculated by:

(4-21)

where the capacitor value is limited by condition (a) above.
The value of outer inductor Lq can then be determined as a function of L;, using the index r for
the relation between the two inductances

Ly=7rL; (4-23)
The frequency resonance (wres) can be calculated as:

: g
= 4-24
wres Lng Cf ( )

The ripple attenuation (hs, is harmonics around the switching frequency), calculated
neglecting losses and damping of the filter, is defined by (4-25) and can be written,
considering (4-22) and (4-23), as

Ig(hsw) 1
Ii(hsw) - |1 + T(l - ax)l

(4-25)

where a =LiC(wres)? is a constant.

The passive damping resistance is selected according to condition (d) above. At the
resonant frequency the impedance of the filter is zero. The aim of the damping is to insert
impedance at this frequency to avoid oscillation. Hence, the damping value is set to a similar
order of magnitude as the series capacitor impedance at the resonant frequency [83].

If the filter attenuation is not adequate, the multiplication coefficient x should be
increased taking into account the decrease of the filtering action due to losses. If this is not
sufficient, higher value of the reactive power should be selected by changing the value of C;.
The filter attenuation should be verified under several load conditions and switching
frequencies.
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Table 4.2 show the LCL filter parameters obtained by the step by step procedure
explained above.
Table 4.2

LCL filter parameters

Components Symbol Values

Base impedance Zy 020
Base capacitance Co 15900 pF
Base inductance Ly 0.636 mH

Converter side inductance L; 43 pH
Parasitic resistance of Li R; 0.00110

Grid side inductance L 6.5 uH
Parasitic resistance of Lg Rq 0.0001 &

Filter capacitor C; 397uF

Damping resistance Ryq 0.07Q

According to the table, 0.2 Q base impedance, 1.3mH base inductance, and 15900uF base
capacitance are calculated. As the inductance on the inverter side (L;), 6 % of base inductance is
adopted. In order to calculate the grid side inductance (Lg), the transformer inductance (L)
should be considered. 4% of base inductance has been adopted as transformer inductance.
Adding a small value of grid side inductance (L), total 4.1% of base inductance is obtained. As
the filter capacitor (Cs), 2.5% of base capacitance is adopted. The resonance frequency of LCL
filter is around 1.855 kHz. The impedance of the filter capacitor (Ze) at the resonant
frequency is 0.21Q. The damping resistance (Rd) is chosen around one-third of the Zcres.

4.6. Design and Analysis of PMSG Controller System
4.6.1. Current Loop Controller of SSC

In order to achieve good performance of the control system, the dynamic stability of the
current loop control system is analyzed based on frequency responses in Bode diagram. A block
diagram of the current loop control is shown in Fig. 4.6. The controller system is composed of
two PI controllers (PI 2 for d-axis current and P1 4 for g-axis current), sampling time transfer
function (1/sT¢+1), inverter transfer function (1/sTi,+1), and PMSG transfer function. The
sampling time transfer function is caused by switching frequency (Ts=1/f;) and inverter transfer
function is caused by the dead time of PWM converter (Ti,=1/Ts), where switching frequency
(fs) of SSC is 2 kHz. The transfer function of PMSG is obtained from Egs. (4-5) and (4-6).
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In this study T; of PI controller is set equal to the plant system time constant, (Ls/Rs) [9],
and K, is obtained through the frequency response on Bode diagram analysis. In order to
stabilize the current loop control, gain margin (Gm) larger than 6 dB and phase margin (Pm)
larger than 45 deg are required. Fig. 4.7 shows the Bode diagram of the open loop current
control of the SSC with K, = 4.77 and K; = 6.00, where K; = Ky/T;, where the initial gain is
obtained by using modulus criterion method. It is seen that the loop can be stable with a gain
margin of 7.77 dB and a phase margin of 48.5 deg. Finally, step response of the closed loop
current control in discrete system is depicted in Fig. 4.8. It is seen that the settling time of
response is less than 0.004 sec.

4.6.2. Current Loop Controller of GSC

Fig. 4.9 shows a block diagram of the current control loop for GSC. The switching
frequency for GSC is chosen at 4 kHz. T and T;,, for GSC can be determined by using Ts=1/f;
and Ti,=1/Ts, respectively. The dynamic block diagram of the grid connected LCL filter in the
d-q rotating reference frame is shown in Fig. 4.5

In this study, the d-axis and the g-axis components are assumed identical, and hence the
plant system can be analyzed by using d axis component only, where the cross coupling and
grid voltage are neglected. It should be noted that the inductance (L) and resistance (R;) of
transformer are included in Lg and Rgy. For PI controller usually the integral time constant (T;) is
set equal to the plant system time constant, (Lwi/Riwt) [9], Where Ly and Ry are total of series
inductances and its parasitic resistances of the plant system, respectively.
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Fig. 4.9. Current control loop of SSC controller

59



. Gm = 7.58 dB (at 1.52e+004 rad/sec) , Pm = 72 deg (at 2.54e+003 rad/sec)

Bode Diagram
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Fig. 4.10. The Bode diagram of open loop current control of GSC

Step Response
T T T

Amplitude (pu)

r i i

Fig

In this study, in order to stabilize the current controller, gain margin (Gm) larger than 6
dB and phase margin (Pm) larger than 45 deg are required for step response with settling time
less than or equal to 2.5 msec and 3% maximum overshoot. With K,=0.20 and K; = 5.02, stable
loop with a gain margin of 7.58 dB and a phase margin of 72 deg is obtained as shown in Fig.
4.10. Step response of the current control loop in discrete system is depicted in Fig. 4.11. It is
seen that settling time of the response is less than 2.5 msec and the maximum overshoot is less

than 3%.

!
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Fig. 4.12. Current observed on phase A
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Fig. 4.13. Voltage observed on phase A

The current controller performance and effectiveness of the LCL filter have been verified
by using power system blockset of Matlab/Simulink. The current and voltage responses on the
converter side and grid side of the LCL filter are shown in Figs. 4.12 and 4.13, respectively. It is
seen that the filter attenuates the harmonic distortion very effectively. The THD (total harmonic
distortion) is measured by using Fast Fourier Transform (FFT) tool in Matlab. The THD of the
grid side current is 1.17%, while the THD of the grid side voltage is 2.29%.

4.7. Simulation and Analysis

In this paper, the behavior of the combined wind farm with variable speed and fixed speed
wind generators is analyzed in transient and steady state conditions. Two cases shown in Table
4.3 are considered in the transient and steady state simulation analyses to demonstrate the
effectiveness and performance of the proposed strategy. In Case 1, a model system shown in
Fig. 4.1 is analyzed. The controls are mainly performed by the power converters of
VSWT-PMSG. The full-rating power converter of variable speed PMSG wind turbine system is
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Table 4.3.

Cases studied

Case Gl G2 G3
(2.5 MW) (5MW) (2.5 MW)

Case 1 SCIG PMSG SCIG

Case 2 SCIG SCIG SCIG

controlled in such a way that the grid voltage at the point of common connection (PCC) can be
maintained at desired reference level (1 pu). In Case 2, simulation study is performed using the
modified model system of Fig. 4.1 in which all of wind generators are installed with
FSWT-SCIG only. Simulations were performed by using PSCAD/ EMTDC.

4.7.1. Transient Analysis

In the transient analysis, the unsymmetrical double line to ground (between phase A, B,
and ground) fault (2LG) and the symmetrical three line to ground fault (3LG) at the trans-
mission line are considered as network fault as shown in Fig. 4.1. The fault occurs at 0.1 s, then
the circuit breakers (CBs) only on the faulted line are opened at 0.2 s, and the CBs are re-closed
at 1.0 s assuming the fault has been cleared. During the simulation period from 0.0 s through 5.0
s, the wind speeds for both wind farms are assumed to be constant at rated speed (12 m/sec).

As the responses of G1 and G3 are same, the responses of G1 are shown in the figures
for each simulation result. Figs. 4.14 to 4.21 show simulation results during 2LG. Figs. 4.14 to
4.15 show responses of reactive power output of each wind generator in Case 1 and Case 2,
from which it is seen that the PMSG can provide necessary reactive power during the fault. In
Case 2 all wind generators required large reactive power. Figs. 4.16 to 4.17 show the rotor
speed response of wind generators. It is seen that the rotor speed of wind generator become
stable in Case 1. Terminal voltages at the PCC can return back to the rated value quickly in
Case 1 as shown in Fig. 4.18. Figs. 4.19 to 4.20 show the active power output of wind
generators. It is seen that the active power supplied to the grid system can be recovered quickly
after fault clearing in Case 1. Fig. 4.21 shows the DC-link circuit voltage of PMSG. By the DC
link protection, the DC link voltage can be maintained almost constant.

Simulation results for 3LG are shown in Figs. 4.22 to 4.29. It can be understood that the
wind farms can be stable in Case 1. On the other hand, the wind generators in both wind farms
become unstable in Case 2 as shown in the simulation results.
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Fig. 4.14. Reactive power output of G1(G3) in 2LG
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Fig. 4.15. Reactive power output of G2 in 2LG
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Fig. 4.16. Rotor speed of G1(G3) in 2LG
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Fig. 4.17. Rotor speed of G2 in 2LG
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Fig. 4.20. Active power output of G2 in 2LG
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Fig. 4.21. DC link voltage of PMSG in 2LG
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Fig. 4.22. Reactive power output of G1 (G3) in 3LG
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Fig. 4.25. Rotor speed of G2 in 3LG
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Fig. 4.26. Terminal voltage at PCC in 3LG
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Fig. 4.27. Active power output of G1(G3) in 3LG
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Fig. 4.28. Active power output of G2 in 3LG
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Fig. 4.29. DC link voltage of PMSG in 3LG

4.7.2. Steady State Analysis

The steady state performances of the proposed system are evaluated by using real wind
speed data measured in Hokkaido Island, Japan, shown in Fig. 4.30. Fig. 4.31 shows the
reactive power output of wind generators in Case 1. It is seen that the reactive power from the
grid side converter of the VSWT-PMSG (G2) compensates the reactive power of FSWT-SCIG
in G1 and G3 in order to maintain terminal voltage at PCC. Fig. 4.32 shows the terminal
voltage at PCC in Case 1 and 2. It is seen that the voltage is controlled almost constant in Case
1.

Wind Speed [m/sec]

v v v v v T v T
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Fig. 4.30. Wind speed data
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Fig. 4.32. Terminal voltage of wind farm at PCC
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Fig. 4.33. Active power output of PMSG (Case 1)
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Fig. 4.37. Pitch angle response of wind generators (Case 1)

Fig. 4.33 shows the active power output of the PMSG, where P, Ps and Py are active
power reference, active power output of SSC and active power output of GSC of PMSG,
respectively. It can be noted that the power output of SSC and GSC can be tracking the
reference very well. In Fig 4.34, the DC link voltage of PMSG is also remained constants. The
rotor speed response of PMSG is shown in Fig. 4.35. The active powers of the SCIGs (G1 and
G3) are shown in Fig. 4.36. Finally the pitch angle responses of wind generators are shown in
Fig. 4.37.

4.8. Chapter Summary

In this chapter new control scheme of variable speed permanent magnet wind generator
connected to grid system through LCL filter is proposed to enhance the stability of wind farm
including fixed speed wind turbine based squirrel cage induction generator. The current
controlled voltage source converter of PMSG system is developed based on the d-g rotating
reference frame, in which the dynamic stability of the control system is analyzed based on
frequency response of the Bode diagram. The control strategies of overall wind farm have been
investigated in transient and steady state analyses to show the capability and effectiveness of
the proposed method. The results show that the terminal voltage of wind farm can be recovered
effectively during and after the unsymmetrical and the symmetrical faults, and thus the transient
stability of fixed speed wind generator can be enhanced. In addition, the steady state
performances show that the voltage fluctuation of wind farm under varying wind speed can be
controlled almost constants at rated value and the active power of wind farms delivered to the
grid can be controlled effectively. Moreover, it is also shown that the proposed LCL filter can
attenuate the harmonic distortions of current and voltage output very effectively.
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Chapter 5

Design of Fuzzy Logic Controller for Permanent Magnet
Wind Generator to Enhance Dynamic Stability of Wind
Farm

In this chapter, design method of fuzzy logic controller for variable speed permanent
magnet wind generator connected to a grid system is proposed. A new current control method
of grid side converter is developed with integrating the fuzzy controller, in which both active
and reactive power delivered to a power grid system are controlled effectively. The fuzzy logic
controller is designed to adjust the gain parameters of the PI controllers under any operating
conditions for the dynamic stability to be enhanced. A simple method based on frequency
response of Bode diagram is proposed in the design of the fuzzy logic controller. To evaluate
the controller system capabilities, simulation analyses are performed on wind farm model
system including induction wind generator connected to an infinite bus and multi-machine
power system. The simulations have been performed using PSCAD/EMTDC. Simulation
results show that the proposed control scheme is more effective to enhance the stability of wind
farms during network disturbances and randomly fluctuating wind speed compared with that
with conventional PI controllers.

5.1. Introduction

The back to back converter of PMSG consists of stator side converter and grid side
converter linked by dc circuit. Since the VSWT-PMSG is applied to stabilise the FSWT-SCIG
in a wind farm system, design of the grid side converter of the PMSG is very important. The
grid side converter controller is most essential, because it can dominate the performance of the
PMSG connected to a grid system. The grid side converter is required to ensure the power
delivery to the network system effectively. Parameter change in the grid system can lead
significant impact on the stability of the control system performance especially under fault
condition. The deviation of grid system impedances can cause change in the stability gain
margin and phase margin of the control system. In addition, the converter is operated at high
switching frequencies between 2-15 kHz resulting high order harmonics which can disturb
sensitive load on the grid and generate power losses [38],[39]. To reduce harmonic currents
injected to the grid, LC filter is an attractive solution because of its many potential advantages
such as higher harmonic attenuation and smaller inductances compared with L filter [40].
However, resonance frequency of the filter can cause stability problem on the control system
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performance. Hence, determination of gain parameters should be performed carefully in the
design process.

Traditionally, the conventional PI controller is very common in the control of the
converter because of their simple structure and good performances in a wide range of operating
conditions. The PI controllers are simple but cannot always effectively control systems with
changing parameters or strong nonlinearities, and they may need frequent online retuning of
their parameters [41].

On the other hand, fuzzy logic controller has attracted the attention of researchers
because it can deal with nonlinear systems and does not need precise mathematical modeling of
the system [42]-[44]. Compared with conventional Pl controller, fuzzy logic controller has the
potential to provide an improved performance even for a system with wide parameter variations
[45]. The fuzzy logic controller has advantages of robust, simple, easily to be modified, usable
for multi input and output sources, and to be implemented very quickly and cheaply. The
fuzzy logic controller can take the place of conventional PI controller. Integration of fuzzy
logic control with conventional Pl controller can be an effective way to solve the problem of
system parameter change. The fuzzy logic control can be used to adjust the gain parameters of
PI controller for any operating conditions. Hence, a good control performance can be achieved.
However, the membership function of the fuzzy set should be carefully determined in the
controller design. It is difficult to achieve an optimal controller performance by using trial and
error method.

5.2. Overview Fuzzy Logic System

The artificial intelligence techniques have been applied to convert human experience
into a form understandable by computers. Advanced control based on artificial intelligence
techniques is called intelligent control. Intelligent systems are usually explained by analogies,
for example, how human beings perform control tasks, recognize patterns, or make decisions.
There exists a mismatch between humans and machines. Human’s reason is uncertain,
imprecise, fuzzy ways, while machines and the computers are based on binary reasoning.
Fuzzy logic is a way to make machines more intelligent enabling them to reason in a fuzzy
manner like humans [84].

Fuzzy logic was first proposed by Lotfi A. Zadeh of the University of California at
Berkeley in 1965. He elaborated on his ideas in the paper in 1973 that introduced the concept of
linguistic variables, which in this article equate to a variable defined as a fuzzy set [85]. Fuzzy
logic emerged as a tool to deal with uncertain, imprecise, or qualitative decision-making
problems. Controllers that combine intelligent and conventional techniques are commonly
used in the intelligent control of complex dynamic systems. Therefore, embedded fuzzy
controllers automate what has traditionally been a human control activity. Other research with

73


http://en.wikipedia.org/wiki/Lotfi_A._Zadeh

the first industrial application, a cement kiln built in Denmark, came on line in 1975 [86].
Interest in fuzzy systems was sparked by Seiji Yasunobu and Soji Miyamoto of Hitachi. In
1985, they provided simulations that demonstrated the superiority of fuzzy control systems for
the Sendai railway. Their ideas were adopted, and fuzzy systems were used to control
accelerating, braking, and stopping when the line was opened in 1987 [86].

Traditional control approach requires modeling of the physical reality. Three methods
may be used in the description of a system [84], [87]:

1.

Experimental Method: By experimenting and determining how the process reacts to
various inputs, one can characterize an input-output table. Graphically the method
is equivalent to plotting some discrete points of the input-output curve, using the
horizontal axis for input and the vertical axis for output. The disadvantages are that
the process equipment may not be available for experimentation, the procedure
would usually be very costly, and for a large number of input values it is
impractical to measure the output and then interpolation between measured outputs
would be required.

Mathematical Modeling: Control engineering requires an idealized mathematical
model of the controlled process, usually in the form of differential or difference
equations. Laplace transforms and z-transforms are respectively used. In order to
make mathematical models simple enough, certain assumptions are made, one of
which is that the process is linear, that is, its output is proportional to the input.
Linear techniques are valuable because they provide good insight. Besides, there
exists no general theory for the analytic solution of nonlinear differential equations
and consequently no comprehensive analysis tools for nonlinear dynamic systems.
The following problems arise in developing a meaningful and realistic
mathematical description of an industrial process: poorly understood phenomena,
inaccurate values of various parameters, and model complexity.

Heuristics Method: The heuristic method consists of modeling and understanding in
accordance with previous experience, rules-of-thumb and often-used strategies. A
heuristic rule is a logical implication of the form: If <condition> Then <action>.
Rules associate with conclusions with conditions. Therefore, the heuristic method is
actually similar to the experimental method of constructing a table of inputs and
corresponding output values instead of having crisp numeric values of input and
output variables. The advantages of the heuristic method are: (1) the assumption of
linearity is not required, and, (2) heuristic rules can be integrated to the control
strategies of human operators.

Fuzzy control strategies come from experience and experiments rather than from
mathematical models and, therefore, linguistic implementations are much faster accomplished.
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Fuzzy control strategies involve a large number of inputs, most of which are relevant only for
some special conditions. Such inputs are activated only when the related condition prevails. In
this way, little additional computational overhead is required for adding extra rules. As a
result, the rule base structure remains understandable, leading to efficient coding and system
documentation.

5.3. VSWT-PMSG Control System

The VSWT-PMSG and its controller systems are shown in Fig. 5.1. The VSWT-PMSG
system consists of a direct drive PMSG, blade pitch controller, AC/DC/AC converters based
on two levels of IGBT which are composed of stator side converter (SSC) and grid side
converter (GSC), a DC-link circuit composed of a chopper with a resistance (R¢,) and a
capacitor (Cg4c), two voltage source converter controllers (stator side controller and grid side
controller), and LC filter with passive damping resistance (Rg).

The SSC is connected to the stator of PMSG, and it converts the three phase AC voltage
generated by PMSG to DC voltage. The three phase voltage and current of PMSG are
detected on the stator terminal. The rotor speed of PMSG is detected from the rotor of the
generator. All outputs of the sensors are fed to the stator side controller as input signals in
order to control the voltage references of the stator side converter for modulation.

In the GSC, the converter converts the DC voltage into three phase AC voltage of the
grid frequency. The converter is connected to the grid system through a LC filter and a step up
transformer. The grid current and the grid voltage are detected on the converter side of LC
filter and the high voltage side of the transformer, respectively. The DC voltage (Vq) is
detected on the DC capacitor. The voltage reference of grid side voltage source converter for
modulation is controlled by using the grid side controller. When a fault occurs in the grid, the
Ve increases significantly due to power unbalance between SSC and GSC. In order to protect
the DC-link circuit, the controller activates the chopper by a trigger command (Ctrl).

SsC Chopper GSC LC filter Transformer
Ve lsa 9 > 3 lia Li Via

A AN TR
N T aome [N, e | oome 7 \ T
PMSG ’o\l—— 2 Level A 2 Level 1/ wm
y Vs 4| Converter [} [, T Converter gL, \ /

w T & T ||| Eif
' Ve | TTTC Grid
THIPWM THIPWM Voo | LP,

W ! W, l """""""
Vsa* Vsb* Vg™ Vga* ng* VQC* A
Stator Side Grid Side
Controller Ctrl Controller

Fig. 5.1. The VSWT-PMSG Control System
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Table 5.1.

System parameters

Component Parameter Symbol Value
Blade Radius R 40 m
Rated Wind Speed Vy 12 m/s
rated rotation speed wr 2.43 rad/s
Wind Turbine Maximum Power Coefficient CPopt 0.48
Optimum Tip Speed Ratio Aopt 8.1
Air density p 1.225 Kg/m3
Inertia Jut 10,137,000 Kgm2
Rated Voltage Vv 1.0kv
Rated Frequency fe 20 Hz
Magnetic Flux Wm 1.4 pu
PMSG Stator Winding Resistance Rs 0.01 pu
The d-axis inductance Lg 0.95 pu
The g-axis inductance Lq 0.75 pu
Pole pairs p 52
SSC frequency Switching fs 2 kHz
AC/DC/AC GSC frequency Switching fs 4 kHz
Power Grid Frequency fg 50 Hz
Converter DC Link capacitor Cuc 25000 uF
DC Link voltage Ve 1.75 kV
Inverter side inductance L; 0.07 pu
LC Filter Inverter side parasitic resistance R; 0.0056 pu
Filter capacitor Cs 0.05 pu
Damping Resistance Rq 0.3pu
Transformer inductance Lg 0.04 pu
Step Up Transformer resistance Rg 0.015 pu
Transformer Low voltage Vi 1.0 kV
High voltage Viy 66 kV

Output power of a wind generator always fluctuates due to the wind speed variations.
To maintain the output power of generator under the rated level, a pitch controller is used to

regulate rotational speed of PMSG under its rated value.
In modulation technique, Third Harmonic Injection Pulse Wave Modulation (THIPWM)

is used in this work. Injection of third harmonic in the reference voltage makes it possible to

76



utilize the voltage reference without over modulation. In addition, the THIPWM can
maximize fundamental amplitude of the output voltage [77].

In this paper 2.5 MVA class of VSWT-PMSG is considered. Table 1 presents the
system parameters of the grid connected VSWT-PMSG. In order to determine the LC filter
parameters, step by step procedures and limitations of the filter parameters presented in [39]
are adopted.

5.3.1. Stator Side Controller

Detail of the stator side controller system is presented in a block diagram shown in Fig.
5.2. The active power (Ps) and reactive power (Qs) of the generator are controlled by the d-axis
current (lsg) and the g-axis current (lsq), respectively. The value of active power reference (Prer)
is determined by MPPT method. For unity power factor operation, the reactive power reference
(Qs*) is set to zero. The cross couplings, lsgwelsg and lsgwelsq, should be compensated at the
output of the current controllers in order to improve tracking capability of the control system.
Finally, Vsg* and Vgq* are voltage reference output of current controller which is used to
generate the three phase reference voltage (Vsa*, Vab*, Vsc™) to control stator currents of the
PMSG.

T
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Fig.5.2. Stator side controller system

77



E V*ie reset Ve E

L]

: . E

.

Vdc'q - P15 > ng* E

5 :

' ]

|jg =y lyg R ]
| - abc/ = ' —> ! g O Vg,

ib 'Q_> ]
I, oy /00 | . > Vi

N - —| /abc]| ¢

: 09 A J' v .O_>. Vgc*

. -

A Y, |V Q Fuzz T '
Vot > “ Power — P17 y Voo™ :

] abc > - + -P12 '
ng.o_.._> v Calcu- [, P + 6, '
Vo3 sl/STH o [ i e ;

gc » ault Detector H

H Pl 6 ! Y '

H > Ve =9 Comparator : '

' » PLL > 4 b | Ve >105=1]— 5

' J dc : ctrl

Al isg 105 pu—> . <105-0f ;

: > + H H

E »| RMS Vs ’ 3 0.9 pu =] comparator : !

: . Vg*=1pu P| Vo<09=1 [ reset !

' | V,200=0 | ! :

: : _ !

ecccccccecccccccceccccsccscccsccscsceccscscescsanecacoeoesacecaneaaananaae -

Fig.5.3. Grid side controller

5.3.2. Grid Side Controller

Fig. 5.3 shows a block diagram of the grid side controller system. In this control strategy,
the control system based on the d-q rotating reference frame is implemented which has same
rotational speed as the grid voltage. The three phase currents of converter side of LC filter (I,
lib, lic) and the grid voltages (Vga, Vgb, Vgc) are transformed into the d-q rotating reference frame
by using Park transformation. The Phase Locked Loop (PLL) [15] is used to extract the grid
side phase angle (6y). The active and reactive power delivered to the grid are controlled
separately by the d-axis current (lgg) and the g-axis current (lgg), respectively. To improve
tracking capability of control system, the cross coupling should be canceled by adding lgqwLg
and lqqwLg at the output of the current controllers. For d-axis and g-axis current loop regulation,
in this study the Fuzzy-PIl controllers are applied. The control strategy for the Fuzzy-PlI
controller will be explained in Section 5.4. The output of current controller (Vgg* and Vgg*) is
transformed into the stationery reference frame (Vga*, Vgo*, Vgc™*) Which is used as reference
signal for pulse wave modulation.

In normal mode operating condition, the voltage of DC-link capacitor (Vgc) is maintained
constant in order to transfer the active power generated by PMSG to the grid. The d-axis current
reference signal is determined from output of the DC-voltage controller, and the g-axis current
reference signal is obtained from reactive power controller output. The reactive power
reference (Qg*) is set so that the terminal voltage at the high voltage side of the transformer
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remains constant. In grid fault condition, the active power transfer to the grid is set to zero by
trigger reset command to Pl 5. By using this way supplying reactive power to the grid can be
maximized. At the same time the detector send the control signal command (ctrl) to trigger the
DC link protection. The reset command is activated when the grid voltage decreases under 0.9
pu. The ctrl command is activated when the DC link voltage exceeds the predefined limit (1.75
kV, 1.05 pu).

5.4. Fuzzy-PIl Controller Design

In order to design fuzzy logic controller (FLC) for the current control loop, the
equivalent circuit of single-phase LC filter including transformer impedance shown in Fig. 5.4
is modeled as plant system. The LC filter is composed of an inverter side inductance (L;) and its
parasitic resistance (R;), a filter capacitor (Cs), and a damping resistance (Rq). Transformer
impedance consists of leakage inductance (Lg) and resistance (Rq). Vi and I; are voltage and
current on the converter side of the LC filter. Vyand I4 are voltage and current on the grid side of
the transformer. It should be noted that V. is a voltage on the filter capacitor (Cs).

Li Ri Rg Lg

o>~ A AM— TR0

Transformer Impedance |g

Vi § R Vg
Vet C:: Ct

o, O

»
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Fig. 5.4. Single phase LC filter with transformer equivalent circuit

sL; +Ri+Ry SLg +Rg+Rd

Fig. 5.5. The LCL filter in d-axis component only
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Fig. 5.7. Block diagram of fuzzy logic controller

Additional transformer parameters in output of LC filter in the d-q rotating reference
frame shown in Fig. 4.5 (in Chapter 4) can be considered as a plant system. The plant system
can be modelled by using the d-axis component only as shown in Fig. 5.5, where the cross
coupling and the grid voltage are neglected. Fig. 5.6 shows a block diagram of the current
control loop for GSC. The control system is composed of a Fuzzy-P1 controller, a processing
delay, and plant system, using the converter side voltage (Vig) as input and the converter side
current (lig) as output. The FLC is used to adjust the Pl parameters according to the input signal
error (er). To determine control signal for proportional gain (K,) and integral gain (K;),
inference engine with rule base having if-then rules in the form of “If er, then K, and K;” is
used.

The general structure of the fuzzy logic control is shown in Fig 5.7. The FLC is composed
of fuzzification, membership function, rule base, fuzzy inference and defuzzification. The
fuzzification comprises the process of transforming crisp values into grades of membership for
linguistic terms of fuzzy sets. The membership function is used to associate a grade with each
linguistic term. For fuzzification of the three variables of the FLC, the error (er) have five
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triangle membership functions and the gain outputs, Kp and Ki, have three triangle membership
functions. The variables fuzzy subsets for input are Negative Big (NB), Negative Small (NS),
Zero (2), Positive Small (PS), and Positive Big (PB). The variables fuzzy subsets for output are
Small (SM), Medium (MD), and Big (BG). Fig. 5.8 shows the membership function for input er.
The interval input of the membership function is set at [-1 to 1] due to the variation of the d-axis
or g-axis current between -1 to 1 pu.
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Bode Diagram

Magnitude (dB)
1
°

-30

1
~
(= =]

1
©
o
| | | | | / | | | | | /

—Kp=0.35 ; Ki=7.07
Kp=0.30 ; Ki=6.06

——— Kp=0.25 ; Ki=5.05
\\ Kp=0.20 ; Ki=4.04

-45

-135
-180
-225
=270
=315
-360

Phase (deg)

1 1 1 1 I I I

—
(=)
o

10*
Frequency (rad/sec)

—
(=)
w

Fig. 5.11. Bode diagram of current control loop of GSC

Figs. 5.9 and 5.10 show the membership functions of output for Kp and Ki, respectively.
The membership functions are designed based on frequency response of the Bode diagram of
the current control loop. In this paper the initial gain K is obtained by using optimum modulus
criterion. The integral time constant (T;) of controller system is set equal to the plant system
time constant (Lit/Riot). Liot and Ryt are total of series inductances and its parasitic resistances
of the plant system, respectively. The integral gain can be calculated by using K; = Ky/Ti.

Fig. 5.11 shows frequency response of the Bode diagram of the current loop control of
GSC for four different values of K, and K;. It is seen that maximum gain with gain margin
(Gm) larger than 6 dB and phase margin (Pm) larger than 45 deg is obtained with K,= 0.35 and
Ki =7.07. Therefore, the interval of membership function for output Kp and Ki can be set at
[0.0 to 0.35] and [0.00 to 7.04] as shown in Figs. 5.9 and 5.10, respectively.

The rules are set based upon the knowledge and working of the system. The gain values
of Kp and Ki for P1 controller of the current regulator are calculated for the changes in the input
of the FLC according to the rule base. The number of rules can be set as desired. A rule in the
rule base can be expressed in the form:

If (er is NB), then (Kpis BG) and (Ki is BG)
If (er is NS), then (Kpis MD) and (Ki is MD)
If (er is ZE), then (Kpis SM) and (Ki is SM)
If (er is PS), then (Kpis MD) and (Ki is MD)
If (er is PB), then (Kpis BG) and (Kiis BG)
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The rule base includes five rules, which are based upon the five membership functions
of the input variables to achieve the desired Kp and Ki. In this work, Mamdani’s max-min
method is used for inference mechanism. The centre of gravity method is used for defuzzifi-
cation to obtain Per and ler, which is given by the following equation:

LG

K,and K; =
P ' ?:1.“1’

(5-1)
where, n is the total number of rules, 4; is the membership grade for the i-th rule, and C; is the
coordinate corresponding to respective output or consequent membership function.

To analyse the dynamic performance of current control loop, the linear block model as
shown in Fig. 5.6 is used. The analysis has been performed by using Matlab/Simulink. Fig.
5.12 shows step response of the current control loop. The reference for the d-axis current has
been varied four times at every 100 msec. It is seen that good performance can be achieved by
using proposed Fuzzy-PI controller. The three phase current on the grid side as well as lig have
been observed by using power system blockset as shown in Fig. 5.13. It can be seen that the
three phase current tracks the reference very well.
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Fig. 5.12. Linear block model analysis
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Simulation Analysis
5.5.1. Stabilization of Small Wind Farm Connected Infinite Bus

In order to investigate the performance of the proposed control system, a model system
shown in Fig. 5.14 where VSWT-PMSG and FSWT- SCIG are installed in neighboring small
wind farms connected to an infinite bus is analyzed in this study, where the VSWT-PMSG is
connected to the infinite bus through AC/DC/AC power converter, LC filter, a 1.0/66 kV step
and a double circuit transmission line. The FSWT-IG rated at 2.5 MW is also
connected to the infinite bus via a 0.69/66 kV step up transformer and a single circuit and
transmission lines. The FSWT-SCIG is controlled only by a pitch angle
controller in order to regulate power output of IG under the rated power. The both wind
generators are connected at point of common connection (PCC), to which a local load is also
connected. In order to compensate reactive power consumption by IG, a capacitor bank (Qc) is
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installed at the terminal of SCIG. The value of the capacitor is determined so that the power
factor becomes unity at rated power operation. The resistance and reactance of the transmission
line is represented in the form of R+jX in per unit as shown in the figure, respectively. The
simulation analyses have been performed by using PSCAD/ EMTDC.

55.1.1.  Transient Analysis

In the transient stability analysis, a symmetrical three line to ground (3LG) fault at the
transmission line is considered as network disturbance, as shown in Fig. 4.14. Temporary fault
(Case 1) and permanent fault (Case 2) are considered in the simulation study to show the
effectiveness of the proposed control. In Case 1, the fault occurs at 0.1 sec; the circuit breakers
(CBs) on the faulted line are opened at 0.2 sec, and at 1.0 sec the CBs are re-closed. In Case 2,
the fault occurs at 0.1 sec; the CBs on the faulted line are opened at 0.2 sec, and at 1.0 sec the
CBs are re-closed, and at 1.1 sec the CBs are opened again because the fault is still continuing.
In this transient analysis, the wind speeds for the wind generators are kept constant at the rated
speed (12 m/s), assuming that the wind speed does not change in the short time duration.
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Fig. 5.15. Reactive power output of PMSG
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The simulation results for the transient stability analysis in Case 1 and Case 2 are shown
through Figs. 5.15- 5.21. Figs. 5.15 and 5.16 show responses of reactive power output of
PMSG and SCIG, respectively. It is seen that, by using the proposed controller for PMSG, the
grid side converter of PMSG can provide necessary reactive power during 3LG fault. Therefore,
the terminal voltage at PCC can return back to the rated value quickly as shown in Fig. 5.17.
The rotor speed of SCIG can also become stable as shown in Fig. 5.18. Figs. 5.19 and 5.20
show responses of the active power output of PMSG and SCIG, respectively. The active power
can be controlled more effectively by using Fuzzy-PI Controller. Fig. 5.21 shows the DC-link
voltage response of the PMSG during the fault. From these results, it is clear that the stability
performances of the wind farms can be improved more effectively in the case of PMSG with the
Fuzzy-PI controller than that with normal PI controller. Moreover, in Case 2, the system
becomes unstable when the converter with Pl Controller is used for PMSG.

5.5.1.2.  Steady State Analysis with Fuzzy-PI Controller

To evaluate the steady state performance of the proposed system, responses for wind
speed data shown in Fig. 5.22 are evaluated for the cases of FSWT-SCIG and the Fuzzy-PlI
controlled VSWT-PMSG. Fig 5.23 shows the active power output of both wind generators. It
can be seen that the active power of the wind generators can be delivered to the grid effectively.
The blade pitch angle responses are shown in Fig. 5.24. Fig. 5.25 shows the reactive power
output of both wind generators. It is seen that the reactive power from the grid side converter of
VSWT-PMSG provides reactive power compensation for FSWT-SCIG for voltage regulation.
Therefore the voltage at the PCC is controlled almost constant as shown in Fig 5.26.

Wind Speed [m/sec|

for VSWT-PMSG ||
for FSWT-SCIG |
L . L} v. L v ] » ] v ] L L}
100 125 150 175 200 225 250
Time |sec|

Fig. 5.22. Wind speed data
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5.5.2. Stabilization of Wind Farm in Multi-machine Power System

Fig. 5.27 shows a model system composed of 9-bus main system and a wind farm. Steam
turbine generator (SG1) and hydro turbine generator (SG2) are connected with the main system.
Automatic Voltage Regulator (AVR) and governor models in PSCAD/EMTDC package [9] are
used here. The IEEE type SCRX solid state exciter is considered for all synchronous generators
as exciter model. In SG1, the generic steam turbine model equipped with approximate
mechanical-hydraulic controls of governor is used. In SG2, the hydro turbine with non-elastic
water column without surge tank model and the hydro governor with PID controls including
pilot and servo dynamics model are used.

Wind farm is connected to Bus 9 through double circuit transmission lines. The wind
farm power capacity is 50 MVVA composed of one 10 MW VSWT-PMSG and four 10 MW
FSWT-SCIGs. A capacitor bank, C, is used for reactive power compensation of SCIGs. The
value of capacitor C is chosen so that the power factor of each wind generator becomes unity at
rated condition. The grid system frequency is 50 Hz and the system base is 100 MVA.
Parameters of generators are shown in Table 5.2.

3LG
8

111 jo.1 PMSG
9 10 : ~
CB : CB !
0.1+j0.3 : D
j0.2 . THA :@_ ‘@%
Load C - E _ 10 MW
(PIQ=1.5/0.2) CB 0.1+j0.3 CB i jo.1 SCIG
* [

0.0085+j0.072 | 0.0119+j0.1008

3

Ok 1@

— P=0.95 pu
V=1.025 pu

0.032+j0.16 |
0.039+j0.17

v

Load B
(P/Q=0.9/0.3)

(PIQ=1.75/0.2) 3

0.01+j0.085
0.017+j0.092

j0.0576

Infinite 1
Bus

V =1.04 pu

50 Hz, 100 MVA BASE

SELF CAPACITY BASE

Fig. 5.27. Power System Model
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5.5.2.1.

Table 5.2.

Generator parameters

Synchronous Generators
SCIG PMSG
SG1 SG2
MVA 200 150 MVA 10 MVA 10
ra (pu) 0.003 0.004 R1 (pu) 0.01 Rs (pu) 0.01
Xa (pu) 0.102 0.078 X1 (pu) 0.1 Ls (pu) 0.064
Xd (pu) 1.651 1.22 Xm (pu) 35 Xd (pu) 0.9
Xq (pu) 1.59 1.16 R21 (pu) 0.035 Xq (pu) 0.7
X'd (pu) 0.232 0.174 R22 (pu) 0.014 Flux (pu) 14
X'q (pu) 0.38 0.25 X21 (pu) 0.03 H 30s
X"d (pu) 0171 0.134 X22 (pu) | 0.089
X"q (pu) 0.171 0.134 H 15s
T'do (sec) 5.9 8.97
T'go (sec) 0.535 15
T"do (sec) 0.033 0.033
T"qgo (sec) 0.078 0.141
H 6.2s 6.0s

The VSWT-PMSG Control Strategy

The control strategy for the VSWT-PMSG is shown in Fig. 5.28. The SSC is directly

connected with the stator of PMSG. The GSC is connected to the grid system through a step up
transformer. Three phase voltage is detected at the high voltage side of transformer and three
phase current is detected at the output side of GSC. All controller systems (stator side and grid
side controllers) are based on the models shown in Figs. 5.2 and 5.3 for stator side and grid side
controllers, respectively.

SSC Chopper GSC Transformer
Vsa Isa 9 9 Iia V, a
\\ V, 7 lso AC/DC I_( lcdc DCIAC lip \ Vio
PMSG )} > P— 2Level )4 2 Level (. "
/ Vo & Converter | [Ir, T Converter % /
o, Vt Grid
THIPWM THIPWM Ve
yYYYy vaa* Vg* | Vi Vo Vi vgci vy l
Stator Side Grid Side
Controller cirl Controller

Fig. 5.28. Control Strategy for VSWT-PMSG

5.5.2.2.  The membership function and rule base of FLC

For fuzzification of the three variables of the FLC, the error (er) have seven triangle
membership functions. Fuzzy subsets for input are Negative Big (NB), Negative Medium (NM),
Negative Small (NS), Zero (ZE), Positive Small (PS), Positive Medium (PM) and Positive Big
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(PB). The gains output, Kp and Ki, have four triangle membership functions respectively.
Fuzzy subsets for output are Very Small (VS), Small (SM), Big (BG), and Very Big (VB).The
basic fuzzy sets of membership functions for the variables are shown in the Figs. 5.29, 5.30 and
5.31.

NB NM NS Z PS PM PB

Membership Function
o
g

-1 -0.75 -05 -025 O 0.25 0.5 0.75 1
error

Fig. 5.29. Membership function of error

VS SM BG VB

Membership Function
o
il

0 0.625 1250 1.875 2.500 3.125 3.750 4.375 5.000
Kp

Fig. 5.30. Membership function of Kp

VS SM BG VB

Membership Function

Fig. 5.31. Membership function of Ki

The number of rules can be expressed in the form:
If (erisNB) then (Kp and Ki is VB).
If (erisNM) then (Kp and Ki is BG).
If  (erisNS) then (Kp and Ki is SM).
If  (erisZE) then (Kp and Ki is VS).
If  (erisPS) then (Kp and Ki is SM).
If (erisPM) then (Kp and Ki is BG).
If (erisPB) then (Kp and Ki is VB).
In this work, Mamdani’s max-min method is used for inference mechanism. The center of

gravity method is used for defuzzification to obtain Kp and Ki.
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5.5.2.3.  Case Study and Simulation Results

The model system shown in Fig. 5.27 is analyzed, which includes a wind farm connected
with multi-machine power system. The wind farm is composed of VSWT-PMSG and
FSWT-SCIG. Symmetrical three-line-to-ground fault (3LG) is considered as network
disturbance. The fault occurs at 0.1 sec, the circuit breakers (CBs) on the faulted line are opened
at 0.2 sec, and at 1.0 sec the CBs are reclosed.

Table 5.3.
Case Study
Case Generator Type
Gl G2 G3 G4 G5
Case 1 SCIG SCIG SCIG SCIG SCIG
Case 2 PMSG with PI Controller SCIG SCIG SCIG SCIG
Case3 | PMSGwith Fuzzy-Pl Controller SCIG SCIG SCIG SCIG

Three cases shown in Table 5.3 are considered in the simulation study to verify the
stabilization effect of the proposed controller for the VSWT-PMSG. In Case 1, all of wind
generators in the wind farm are SCIG. In Case 2 and Case 3 the generator number 1 (G1) is
PMSG where the current control of the grid side converter is performed by Pl or Fuzzy-PI
controller, respectively. In Case 2 and 3, when the fault occurs in the grid system, the full-rating
power converter of VSWT-PMSG wind turbine system is controlled in such a way to maintain
the grid voltage (voltage at Bus 11) at desired reference level. To maximize the reactive power
support to the grid system, the active power reference is set to zero during the fault. Simulations
were performed by using PSCAD/EMTDC.

Fig. 5.32 shows the wind speed data for each wind generator considered in the simulation
analysis. Responses of reactive power outputs of the generators in Case 1, Case 2 and Case 3 are
shown in Fig. 5.33 (a), (b) and (c), respectively. From these figures it is seen that the grid side
converter of G1 can support necessary reactive power during fault condition in Case 2 and Case
3. The rotor speeds of all wind generators become stable in Case 2 and Case 3 as shown in Fig.
5.34. The terminal voltage at Bus 11 can return back to the rated value quickly in Case 2 and
Case 3 as depicted in Fig. 5.35. It is seen that the wind farm voltage can be stabilized to the
nominal value more effectively in the case of the Fuzzy-PI controller than in the case of the Pl
controller. The active power output of wind generators are shown in Fig. 5.36. It is seen that, the
active power of PMSG is controlled to be decreased to zero during the fault effectively in Case
2 and 3, and then to be recovered after the reactive power compensation returns to the initial
level. From Figs. 5.33 through 5.36, it is seen that the proposed Fuzzy-Pl controller is very
effective in improving the voltage stability of wind farm during a fault condition.
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Fig. 5.40. Reactive power output of synchronous generators
Figs. 5.37 and 5.38 show responses of rotor speed of SG1 and SG 2, respectively. Figs.
5.39 and 5.40 show the active power and the reactive power output of SG1 and SG2,

respectively. It can be seen that VSWT-PMSG can also improve the transient behavior of
synchronous generator in some degree.

5.6. Chapter Summary

In this chapter a new Fuzzy-PI controller for variable speed permanent magnet wind
generator connected to a power grid through a LC filter is proposed and its effect on enhancing
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dynamic (transient stability and steady state behavior) performances is investigated. The
membership function of fuzzy logic control system is designed based on frequency response
of the Bode diagram. The controller combines fuzzy logic to classical PI controller to adjust the
Pl gains online. Stabilizing effect of the proposed PMSG system on the fixed speed wind
generators is also investigated. The results show that the proposed Fuzzy-PI controller is very
effective in improving the transient stability of overall wind farm system during temporary and
permanent fault conditions. The significant effect of proposed control system has been
demonstrated especially in the permanent fault analysis. Moreover, the steady state
performance of the proposed system is analyzed using variable wind speed data, and it is
demonstrated that the terminal voltage of wind farm under randomly varying wind speed can be
controlled constant.

In addition, the effect of Variable Speed Wind Turbine with Permanent Magnet
Synchronous Generator (VSWT-PMSG) on stabilizing wind farm connected to a
multi-machine power system is also analyzed. The results show that VSWT-PMSG with the
proposed Fuzzy-PI controller can enhance the transient stability as well as the voltage stability
of the wind farm when a severe 3LG fault occurs in the power system.
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Chapter 6

Artificial Immune System Based Design of Current
Controlled Voltage Source Converter for PM Wind
Generator

In this chapter a novel design method of current controlled voltage source converter for
variable speed permanent magnet wind generator is proposed. The method is based on
optimum tuning of Pl gain parameters of voltage source converter control system with the
artificial immune system (AIS) algorithm considered. The analytical simulation studies have
been performed using mfile/Matlab. In order to verify the effectiveness of the proposed
method, the simulation studies using PSCAD/EMTDC have also been performed. Simulation
results show that the proposed method is very effective in enhancing the dynamic stability of
the wind generator system.

6.1. Introduction

In industrial applications, Pl controllers are most widely used in back to back power
converter controller system of PMSG because of simple structure and good performances in a
wide range of operating conditions. In fixed gain controllers, these parameters are determined
by methods such as the Zeigler and Nichols, optimum modulus criterion, pole placement, etc.
However a common disadvantage of the methods are that the resulting closed loop system is
often more oscillatory than that desired [46]. In order to provide closed loop responses with a
damping ratio of 25%, Cohen and Coon technique is proposed [47]. However this technique
sometimes brings about oscillatory responses [48], [88]. In addition, for the strong nonlinear
system the global optimum solution is difficult to be achieved by using these methods.

Over the last ten years, interests in studying biologically inspired systems such as
genetic algorithm, artificial neural network, and artificial immune systems, have been
increased. The immune system of human body is a complex of cells, molecules and organs
and has the ability to perform multiple tasks like pattern recognition, learning, distributed
detection, optimization, etc. [49]. Artificial immune system (AIS) is computational techniques
based on immunological principles. The computation with AIS technique has some merits:
the feasibility and diversity of spaces can be better ensured, the method operates on a big
population of antibodies simultaneously, hence stagnation in computation process can be
eliminated, and the global optimum can be achieved easily [50].
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In this work, the artificial immune system (AIS) is proposed to tune Pl controller
parameter of current controlled voltage source converter of the VSWT-PMSG. In the AIS
method, the objective function and constraints are represented as antigen. The method is
followed to produce antibody as candidate solution on a feasible space through clonal
selection operations. Through an affinity maturation and hyper-mutation, a specific antibody
that most fits the antigen become a solution.

6.2. Artificial Immune System

The interests in studying the immune system have been increasing since more than ten
years ago. Computer scientists, engineers, mathematicians, philosophers and other researchers
are particularly interested in the capabilities of this system, whose complexity is comparable
to that of the brain. A new field of research called Artificial Immune Systems has been arisen
since 1996 [89]-[94]. The immune system is a complex of cells, molecules and organs that
represent an identification mechanism capable of perceiving and combating dysfunction from
our own cells and the action of exogenous infectious microorganisms.

Many properties of the immune system are of great interest for computer scientists and
engineers [49]:

1. Uniqueness: each individual possesses its own immune system, with its particular
vulnerabilities and capabilities;

2. Recognition of foreigners: the (harmful) molecules that are not native to the body
are recognized and eliminated by the immune system;

3. Anomaly detection: the immune system can detect and react to pathogens that the
body has never encountered before;

4. Distributed detection: the cells of the system are distributed all over the body, and
most importantly, are not subject to any centralized control;

5. Imperfect detection (noise tolerance): an absolute recognition of the pathogens is
not required, hence the system is flexible;

6. Reinforcement learning and memory: the system can “learn” the structures of
pathogens, so that future responses to the same pathogens are faster and stronger.

An immune system can detect and eliminate the nonself materials such as viruses and
cancer cells that originate from inside or outside of the living system. Therefore, it must
possess the functions to distinguish self and nonself materials (antigens). There are various
sets of antibodies that can be produced in an immune system. However, like key and lock
relations, an antibody can only specifically recognize an antigen. For the operation of an
immune system, the role of antibody lies in eliminating the antigen, while the lymphocyte
helps to produce the antibody through the clonal proliferation.
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The clonal selection principle is the algorithm used by the immune system to describe
the basic features of an immune response to an antigenic stimulus. Fig. 6.1 depicts the clonal
selection principle [50]. It establishes the idea that only those cells that recognize the antigens
proliferate, thus being selected against those which do not. Clonal selection operates on both
T cells and B cells. In the lymphocyte structure, the B-lymphocytes and T-lymphocytes are
two main components. The B-lymphocytes are the cells produced by bone marrow, and the
T-lymphocytes are the cells produced by thymus. A B-lymphocyte can be programmed to
make only one antibody that is placed on the outer surface of the lymphocyte to act as a
receptor. Control mechanisms of antibody productions are then regulated by use of
T-lymphocytes. The lymphocytes receive triggering signals when their receptors have bound
antigens. These triggering signals can activate the clonal proliferation to form a large clone of
plasma cells. Since the lymphocytes are programmed to make only one body, the antibody
secreted by the plasma cell will be identical with that originally acting as the lymphocyte
receptor. Lymphocytes are proliferating or differentiating into plasma cells, can differentiate
into long-lived B memory cells. Memory cells circulate through the blood, lymph and tissues,
probably not manufacturing antibodies, but when exposed to a second antigenic stimulus
commence differentiating into large lymphocytes capable of producing high affinity antibody,
preselected for the specific antigen that had stimulated the primary response [95], [96].

Antlgensz Selection

-
74 A\

(Cloning)
9 Proliferation 9

‘Q Q] Differentiation

00 o0
. ° o

Plasma Cells

Fig. 6.1. Artificial immune system with clonal selection algorithm [50]
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6.3. Grid Connected VSWT-PMSG Control System

Fig. 6.2 shows the VSWT-PMSG control system considered in this study. The direct
driven PMSG is connected to the grid system through two levels AC/DC/AC converter, LCL
filter, and a transformers. In SSC, three phase current and voltage are detected on the stator
winding terminal of PMSG. In GSC, three phase current and voltage are detected on the
converter side and grid side of the LCL filter, respectively. The stator side controller system is
adopted from Fig. 3.2 in Chapter 3.

Fig. 6.3 shows a block diagram of the grid side controller system. By using the Phase
Locked Loop (PLL) [14] the grid side phase angle (0) for the d-q transformation is obtained.
When grid voltages on the stationary reference frame are transformed into the d-q rotating
reference frame, Vyq becomes constant and Vyq becomes zero. Therefore, the active and reactive
power delivered to the grid can be controlled separately by the d-axis current (lig) and the g-axis
current (lig), respectively. In order to deliver active power produced by PMSG to the grid, the

103



voltage of DC-link capacitor (V4) is maintained constant. Hence, the d-axis current reference
signal (lig*) is determined from output of the DC-voltage controller. For unity power factor

operation, the g-axis current reference signal (lig*) is also set to zero.
The Table 6.1 shows the system parameters of the grid connected VSWT-PMSG

considered in this study. In order to determine the LCL filter parameters, step by step
procedures and limitations of the filter parameters presented in [15] are adopted.

Tabel 6.1.
The VSWT-PMSG parameters

Component Parameter Value
R 40m
) 1.225 kg/m3
Vw 12 m/sec
Turbine Cp 0.48
A 8.1
o 1.225 kg/m3
Jt 7.67x[10J%6 Nm
Rs 0.01pu
Ld 1.0pu
Lg 0.7 pu
PMSG ¢m 1.4 pu
we 125.664 rad/sec
pole pair 52
H (inertia constant) 3.0s
SSC frequency Switching 1 kHz
AC/DC/AC Power GSC fre_quency Switching 5 kHz
Converter Grid Frequency 50 Hz
DC Link capacitor 25000 puF
DC Link voltage 2.0kv
Li 0.048 pu
Ri 0.004 pu
LCL Filter Lg 001 pu
Rg 0.0004 pu
Cf 0.05 pu
Rd 0.23 pu
Lt 0.04 pu
Transformer RF 0.0024 pu
Converter side voltage 1.0kv
Grid side voltage 66 kV

6.4. Current Control Loop Design

A block diagram of the current control loop for SSC is shown in Fig. 6.4. The controller
system is composed of two PI controllers (Pl 2 and PI 4), sampling time transfer function
(1/sT¢+1), inverter transfer function (1/sTin+1), and PMSG transfer function. The sampling
time transfer function is caused by switching frequency (Ts=1/fs) and inverter transfer function
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is caused by the dead time of PWM converter (Tin=1/Ts), where switching frequency (fs) of
SSC is 2 kHz.

Fig. 6.5 shows a block diagram of the current control loop for GSC. The switching
frequency for GSC is chosen at 5 kHz. T and Tj,, for GSC can be determined by using Ts=1/f,
and Tin=1/Ts, respectively. The state space plant of LCL filter shown in the figure is obtained
from egs. (4-1) and (4-17) (see Chapter 4).
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Fig. 6.4. Current control loop of stator side controller

1
sTs+ 1
Lok - 1 Vid -1
bid P16 sTinv+ 1 - > lid
lii—>  wglot LCL Filter
) x=Ax+Bu
liq—>| *
iq gl tot y=Cx
T 1 Vig S 1
Iqﬂ?—p P19 STim+ 1 > > lig
1
STs+ 1

Fig. 6.5. Current control loop of grid side controller

6.5. Implementation of AIS

In this study, a novel method employing the AIS with clonal selection algorithm is
introduced to achieve the optimum gains of PI controllers for current loop controllers. The
immune system can produce various sets of antibodies. However, only one antibody can
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specifically recognize an antigen. An antibody receives triggering signals when their receptors
have bound antigens. Through clonal proliferation and affinity maturation, an antibody that

most fits the antigen becomes the solution.

Randomly Generate |,
of Antibody -

0S<2.5%
ST <2.5 msec

yes

OS = overshoot
ST = settling time

New antibodies Initial Population
of Antibody
yes
0S< 2.5% Objective Function
ST < 2.5 msec Calculation
Reject \l'
Hyper-mutation Affinity selection

N

Maximum

Clone . .
iteration

Best Population

y

l Stop I

Fig. 6.6. Computation procedure of AIS with clonal selection algorithm

Computation procedure of AIS with clonal selection algorithm to search the optimum
gains for PI controller shown in Fig. 6.6 is as follows:

1. Randomly generate antibodies population.

2. Create Initial population of antibody. Each of antibody is evaluated in which over
shoot (OS) should be less than 2.5 % and settling time (ST) should be 2.5 msec.
Total number of antibody in a population is 100.

3. Compute objective function. The objective function, the integral of the absolute
magnitude of error (ITAE) index, is minimized. In this step objective function for
each layer is calculated separately. The ITAE performance index is defined as
follows:
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o)

ITAE =f tler(t)dt| (6-1)

0

4. Short the antibodies based on their affinity. Affinity is calculated by 1/ITAE. The
best individual of antibody has high affinity.

5. Clone these n best antibodies of the population. Probability of clone is proportional
to the affinity. The high affinity antibodies have higher probabilities of being
cloned.

6. Submit the population of clones to an affinity maturation scheme. The affinity
maturation (hyper-mutation) is a process for an antibody to improve their receptor
in order to obtain a strong bond between antibody and antigen. The lower affinity
antibodies have higher probabilities of being hyper-mutated.

7. Re-select the improved individuals. In this stage, each antibody is selected again
based on OS and ST.

8. Replace initial population of antibodies by new one. The lower affinity antibodies
have higher probabilities of being replaced. The computation process is repeated
until the maximum iteration (100).

6.5.1. Initial population of Antibody

Structure of an antibody is shown in Fig. 6.7. An antibody is composed of three layers.
Layer 1 and Layer 2 represent Pl 2 and P1 4, respectively. P1 6 and P1 7 is represented in single
layer (Layer 3) because of the LCL filter parameters in d-q axis are identical. Each layer
consists of 16 bit of cell, where 8 bit for K, and 8 bit for T;. The population of antibodies
structure of antibodies is shown in Fig. 6.8. In this study, the total number of antibody (Ab) in
a population is 100.

' Kp ! Ti 1
Leerrrserearreesrrseeesesseessessesnnnnnnnnnnnnn Eeerssrrsssnsssssasrrseerrerrrereeseeesseeesnnes e,
ilofzlalalolalolofola]alalof1]|o] Layerl
Pl 2
l. ................................................................................................ L eeennnnnnnnnnann
olelzlolzlolzlolzTolclol oz z|Laver2
Pl 4
lesssnusnnnnnnnannnnnnunnnnnnnnnannnnnnnnnnnnnnnn esasssusssanunnnnnnanannnn s E R E R n R n frrrensnsnnnnnnnnnnn
Layer 3
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Fig. 6.7. An antibody (Ab) Structure
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Fig. 6.9. An antibody in cloning and hyper-mutation process
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6.5.2. Clone and hyper-mutation

The clone selection is the main characteristic of the property that the immunological cells
can reproduce themselves when stimulated by antigens, and subsequently mutate and
differentiate into variety effectors cell. Clone selection parallels with a process of affinity
mutation, namely a cell with low affinity toward the antigens, driven by mechanism of clone
selection, improves its affinity and finally leads to affinity mutation via reproducing itself and
mutating. The affinity mutation itself, therefore, is an essentially Darwinian process of
evolution and mutation. The mechanism of clone selection works by means of inheritance
operator (e.g. cross, mutation) and corresponding population control. Fig 6.9 shows the n
antibody (Aby,) after cloning and hyper-mutation process.

6.6. Simulation Results

In order to verify the impact of the use of AIS on the optimization of the PI gain tuning,
the optimum modulus criterion (OMC) and poles and placement (PP) method are considered in
analytical simulation by using mfile/Matlab. Table 6.2 shows the PI controller parameters of
current control loop obtained by three different methods. Figs. 6.10 and 6.11 show the d-axis
and g axis current response of SSC when step change occurs in the d-axis current reference. Fig.
6.12 shows the d-axis current response when step change occurs in d-axis current reference of
GSC. It is seen that the AIS method has better performance compared with other method.

Table 6.2.

PI Controller Parameters

Bl Controller Optimum Modulus Criterio (OMC) Pole and Placment (PP) Arificila Immune System (AIS)
Kp Ti Kp Ti Kp Ti

PI2 38197 0.7162 35250 0.7162 2.9251 0.7095
PI4 38197 0.7162 3.5250 0.7162 2.3342 0.5571
PI6 0.4163 0.0500 0.4940 0.050 0.2559 0.0528
PI7 0.4163 0.0500 0.4940 0.050 0.2559 0.0528
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Chapter Summary

6.7.

Novel design method of the current controlled voltage source back to back converter for

2.5 MW class of VSWT-PMSG has been presented. The artificial immune system mechanism

is proposed to tune Pl controller parameters in order to achieve optimum gain controller.

According to the simulation results, it is concluded that the VSWT-PMSG controlled by the

proposed method can effectively control active and reactive power delivered to the grid.
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Chapter 7

Conclusion

Integration of large number of wind farms into grid power system have been increasing
significantly since the last decade. The Fixed Speed Wind Turbines with Squirrel Cage
Induction Generators (FSWT-SCIGs) are most widely used in wind farms due to their
advantages of mechanical simplicity, robust construction, low specific mass and smaller outer
diameter, and lower cost. However, the FSWT-SCIG directly connected to the grid does not
have any low voltage ride-trough (LVRT) capability when a short circuit occurs in the grid
system. Moreover, under steady state condition the reactive power consumption cannot be
controlled and hence terminal voltage of the wind generator leads to large fluctuation which is
a serious disadvantage of the SCIG wind turbine. Utilization of Flexible AC Transmission
System (FACT) devices can be a better choice due to their abilities of flexible power flow
control and good damping capability for power system dynamic oscillations, and can also be a
very good system for wind power smoothing due to its response speed and high efficiency.
However, the system cost becomes expensive when the FACTS devices are installed in wind
farm.

Since last few years ago, Variable Speed Wind Turbine with Permanent Magnet
Synchronous Generator (VSWT-PMSG) has become a promising and attractive type of wind
turbine concept. The VSWT-PMSG system is equipped with power electronic converters
which make it possible to control active and reactive power delivered to grid system, and
hence it has strong low voltage ride through capability during fault condition on grid system.
Compared with DFIG, PMSG is more efficient, and, it can support large reactive power.
However, this type of wind generator has more complex construction and more expensive
compared with other types. Therefore, combined installation of VSWT-PMSG and FSWT-
SCIG in a wind farm can be efficient due to reduced system investment cost. VSWT-PMSG
with power converters can be used to supply reactive power to recover network voltage in order
to improve the LVRT of FSWT-SCIG when a fault occurs as well as to generate electric power
in steady state operation.

Chapter 2 describes overview of detailed wind turbine generation system modeling. A
brief introduction of basic principles of energy extraction from wind is presented. Then, drive
train and pitch angel control models of wind turbine generator system considered in this study
are explained. The topological overview and modeling are presented for both fixed speed and
variable speed wind turbine generator systems. In addition, the two levels and three levels of
back to back converters for PMSG are discussed.
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In Chapter 3, a control strategy of VSWT-PMSG for stability augmentation of wind farm
including fixed speed wind turbine with SCIG is investigated. A suitable control scheme for
back-to-back converters of PMSG is developed to augment dynamic behaviour of the wind
farms. The protection scheme using DC chopper is embedded on DC link circuit. Two power
system models are analysed in simulation study to evaluate the effectiveness and capability of
the proposed control strategy. In power system model 1, two wind farms composed of
aggregated model of VSWT-PMSG and FSWT-SCIG are connected to an infinite bus. In
power system model 2, two wind farms are connected to a multi machine power system. The
simulation analyses for both transient and steady state characteristics are performed by using
PSCAD/EMTDC. In power system model 1, the terminal voltage of wind farm can be
recovered effectively during and after the asymmetrical (1LG and 2LG) faults and the
symmetrical (3LG) fault condition and thus the transient stability of fixed speed wind generator
can be enhanced. It is also demonstrated that the DC link voltage can be maintained almost
constant by the proposed protection controller during the faults condition. Moreover, the steady
state performance of the proposed system is analyzed using real wind speed data, and it is
demonstrated that the voltage fluctuation of wind farm under randomly varying wind speed can
be reduced, and the active power of wind farms can be delivered to the grid effectively. In
power system model 2, the control strategy of variable speed permanent magnet wind generator
for LVRT capability improvement of the wind farm including fixed speed induction generator
has been investigated. From these results, it is clear that PMSG with the proposed controller can
enhance the LVRT capability of wind farms during symmetrical three-line-to-ground fault
condition. Moreover, the active and reactive power delivered to the grid system can be
controlled effectively, and hence the overall system performances can be improved
significantly.

In Chapter 4, a new control scheme for variable speed permanent magnet wind
generator connected to grid through LCL filter is proposed in order to enhance stability of
wind farms including fixed speed induction generators. Design and control approaches of
back to back converters are developed in order for both active and reactive powers delivered
to a power grid system to be controlled more effectively. The current controlled voltage source
converter of PMSG system is developed based on the d-q rotating reference frame. The
stability performances of the controller system such as characteristics of dynamic response
and good margin are also investigated based on the Bode diagram. The control strategies of
overall wind farm have been investigated in transient and steady state analyses to show the
capability and effectiveness of the proposed method. The results show that the terminal voltage
of wind farm can be recovered effectively during and after the unsymmetrical and the
symmetrical faults, and thus the transient stability of fixed speed wind generator can be
enhanced. In addition, the steady state performances show that the voltage fluctuation of wind
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farm under varying wind speed can be controlled almost constants at rated value and the active
power of wind farms delivered to the grid can be controlled effectively. Moreover, it is also
shown that the proposed LCL filter can attenuate the harmonic distortions of current and
voltage output very effectively.

In chapter 5, a new Fuzzy-Pl controller for variable speed permanent magnet wind
generator connected to a power grid through a LC filter is proposed and investigated in order to
enhance its dynamic performances. The membership function of fuzzy logic control system is
designed based on frequency response of the Bode diagram. The controller combines fuzzy
logic to classical PI controller to adjust the PI gains online. Stabilizing effect of the proposed
PMSG system on the fixed speed wind generators is also investigated. The results show that the
proposed Fuzzy-Pl controller is very effective in improving the transient stability of overall
wind farm system during temporary and permanent fault conditions. The significant effect of
proposed control system has been demonstrated especially in the permanent fault analysis.
Moreover, the steady state performance of the proposed system is analyzed using variable wind
speed data, and it is demonstrated that the terminal voltage of wind farm under randomly
varying wind speed can be controlled constant. The results show that VSWT-PMSG with the
proposed Fuzzy-PI controller can enhance the transient stability as well as the voltage stability
of the wind farm when a fault occurs in the power system.

In Chapter 6, artificial immune system is proposed for control of voltage source
converter of variable speed permanent magnet wind generator. Artificial immune system
(AIS) is computational techniques based on immunological principles. In the AIS method, the
objective function and constraints are represented as antigen. The method is followed to
produce antibody as candidate solution on a feasible space through clonal selection operations.
Through an affinity maturation and hyper-mutation, a specific antibody that most fits the
antigen become a solution. The method is proposed to tune PI controller parameters of current
controlled voltage source converter of the VSWT-PMSG. The analytical simulation studies
have been performed using mfile/Matlab. In order to verify the effectiveness of the proposed
method, the simulation studies using PSCAD/EMTDC have also been performed. Simulation
results show that the proposed method is very effective in enhancing the dynamic stability of
the wind generator system.

Therefore, this work can contribute to enhance the stability of grid connected wind farm
in transient and steady state condition. The LVRT capability of the grid connected wind farm
can be improved significantly by using VSWT-PMSG with the proposed control methods. In
addition, combined installation of VSWT-PMSG and FSWT-SCIG in a wind farm analyzed
in this study can reduce investment cost, because additional FACT device is not needed in the
wind farm. Finally, it is hoped that this thesis will have great significance in wind power
application, especially for stability augmentation of grid connected wind farm.
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