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Abstract

Control System for Doubly Fed Induction Generator

Based Wind Energy Conversion System

by Aman Abdulla Tanvir

Abstract: This thesis deals with the analysis, modeling, and control of the doubly-fed
induction machine used as a wind turbine generator. The energy efficiency of wind
turbine systems equipped with doubly-fed induction generators are compared to other
wind turbine generator systems. Moreover, two controlling methods of variable-speed
wind turbine system using a doubly-fed induction generator are analyzed and validated
experimentally. In addition, artificial neural network (ANN) is used to estimate the rotor
position in model reference adaptive system (MRAS) based speed estimation technique.

June 30, 2016.
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Chapter 1

Introduction

1.1. Background and Motivation

Future trend of energy production is moving towards a higher share of renewable
energy sources driven by global warming issues and the desire to reduce dependence on
fossil fuels. Wind energy (on shore) is becoming competitive with fossil fuels. Taking
into account the fuel cost and CO2 cost, wind energy costs less than energy generated by
coal and gas and it considerably cheaper than nuclear [1]. Furthermore, among the
possible renewable energy sources, wind power generation is one of the most attractive
options. The availability in different areas and more favorable economics of generating
large scale power from wind makes wind power generation a commercially viable option.
National Energy Board of Canada published the total end-use (or secondary) energy
demand is 11151.3 Peta Joules (PJ) in 2016 and more than 23% of current demand will
be increased by 2035. End-use energy demand includes energy used in the residential,
commercial, industrial and transportation sectors. This includes non-energy and feedstock
demands [2]. The need to upgrade the generating capacity and meet new demand offers
an opportunity to transition to renewable energy sources. This demand can be met more

realistically with wind power among other renewable sources, due to favorable wind
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profiles in many locations in Canada and the well matured technology of wind turbines
that provide more reliable solution for grid integration. 433Giga Watt (GW) of harvesting
capacity installed worldwide [3] and turbines that increased in power by a factor of 100
over the last two decades [1] are valid proof that wind power is on an ascending trend

that no other source of renewable energy has seen before.

Wind power generation operates on the principle of energy conversion in air mass
particle movement with linear kinetic energy which is converted from mechanical energy
into electrical energy using wind turbines and electrical generators. Wind power
generators are mainly asynchronous machines which have the advantage of being
cheaper, low maintenance, and is highly suitable for large scale wind applications for its
variable speed operation i.e. Doubly Fed Induction Generators (DFIGs). There are several
reasons for using variable-speed operation of wind turbines; among those are possibilities
to reduce stresses of the mechanical structure, acoustic noise reduction and the possibility
to control active and reactive power [4]. Most of the major wind turbine manufactures are
developing new larger wind turbines in the 3-to-7-MW range [1, 5]. These large wind
turbines are all based on variable-speed operation with pitch control using a direct-driven
synchronous generator (without gearbox) or a DFIG. Fixed-speed induction generators
with stall control are regarded as unfeasible [5] for these large wind turbines. Today,
doubly-fed induction generators are commonly used by the wind turbine industry for

larger wind turbines [1, 6, 7].



The major advantage of the doubly-fed induction generator, is that the power
electronic equipment only has to handle a fraction (20-30%) of the total system power [8,
9]. This means that the losses in the power electronic equipment (AC-DC-AC converters)
can be reduced in comparison to power electronic equipment that has to handle the total
system power as for a direct-driven synchronous generator, apart from the cost saving of

using a smaller converter.

1.2. Literature Review

According to a survey done by O. Carlson et al [10] the energy production can be
increased by 2-6 % for a variable-speed wind turbine in comparison to a fixed-speed
wind turbine, while in D.S Zinger et al [11] stated that the increase in energy can be 39
%. In German booklet et al [12] show that the gain in energy generation of the variable-
speed wind turbine compared to the most simple fixed-speed wind turbine can vary
between 3-28 % depending on the site conditions and design parameters. Calculations of
the energy efficiency of the doubly-fed induction generator system, has been presented in
several papers [13, 14, 15]. A comparison to other electrical systems for wind turbines is,
however, harder to find. One exception, where R. Datta et al [16] have made a
comparison of the energy capture for different schemes of the electrical configuration,
i.e., fixed-speed wind turbine using an induction generator, full variable-speed wind
turbine using an inverter-fed induction generator, and a variable-speed wind turbine using
a doubly-fed induction generator. The energy capture can be significantly enhanced by

3



using a doubly-fed induction machine as a generator and the increased energy capture of
a doubly-fed induction generator by over 20% with respect to a variable-speed system
using a cage rotor induction machine and by over 60% in comparison to a fixed-speed
system [16]. Aspects such as the wind distribution, electrical and mechanical losses of the

systems were neglected in R. Datta et al [16] study.

When the idea of wind power generation by using reluctance machines in doubly fed
generation scheme were introduced and implemented [17, 18, 19] which led to early
attempts of using wound rotor induction machines for doubly fed generation scheme. The
first implementation of DFIG is recorded by R. Pena et al [20] where, the control strategy
is based on PI controllers in conjunction with sinusoidal PWM that ends up with a
constant switching frequency. The work is followed by more researchers in control
method. The detailed model based studies on DFIG is presented by R. Pena, where the
rotor position would be found through current and voltage models [21]. Another
important modelling research reported by A. Peterson et al [22] where grid integration of
DFIG and its operation under voltage sag is studied. Further studies on transient analysis
of doubly fed induction generators followed in [23]. Implementation of current controlled
methods on DFIG using a hysteresis controller to achieve better dynamics reported by

Chowdhury et al [24].

In doubly-fed configuration two back-to-back connected converters as shown in
Figure 1.1, provide the required magnetization current at rotor windings. In fact three

phase power supply or grid connection to a three phase converter provides a stable DC
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Figure 1.1: DFIG Wind Turbine System

voltage. This converter is usually called grid side converter (GSC). The DC voltage can
be used for another voltage source three phase converter which is directly connected to
terminals of rotor winding called Rotor Side Converter (RSC). RSC normally has the
same configuration and component as the GSC, the only difference is in the control
algorithm for the RSC. Although, the main task of Grid Side Converter (GSC) is to keep
the dc bus voltage constant, GSC may also be used to compensate reactive power or in
some cases to remove reactive power pulsation during unbalanced condition [25]. The
RSC would provide the required magnetization current waveforms in rotor windings to
generate required active and reactive power at stator terminals. However, as electrical
torque is related to active power it is also reported in literature that in some control
methods [26] the active and reactive reference values has been substituted with electrical

torque and stator flux reference values.

To study the DFIG, RSC and GSC might be studied separately. In practice, as



long as a stable dc bus voltage is provided by GSC, the RSC can operate totally isolated
from the GSC. M. Mesbah et al [27] provides a GSC that is able to control DC even in
unbalanced grid voltage source condition. However, the solution lacks the reactive power
compensation. Also, in most methods RSC operates totally isolated from the GSC and a
different controller would handle the operation of each converter. On the other hand, to
deal with the active power pulsations in unbalance grid voltage there is a control method
reported in literature et al [25] that consider both converters in one control loop. Thus, the
set points of GSC would be derived out of the RSC set points and turbine generator
operating condition. The need to improve the machine performance to meet the new grid
codes for fault ride through performance led to more studies [28, 29]. Some control
methods have been proposed to improve fault ride capability of wind turbine generators
and achieve better performance are also reported in literature such as Direct active
control method et al [30], model based studies et al [31, 32], PDPC et al [33, 34], PDTC
et al [35], Vector-Based Hysteresis et al [36, 37] and IVS-DTC et al [38]. Moreover,
sensorless methods to have a more reliable, noise immune and less expensive system are
also reported by previous researchers [39, 40, 41, 42]. A comparative study for some

basic control approaches has been performed by E. Tremblay et al [43].

Several researchers are still investigating the best control strategies to improve the
performance of DFIG. A feedback linearization based nonlinear voltage and slip
controller is proposed by A. Balogun et al [44] for a DFIG connected to an infinite bus. A

direct active and reactive power controller based on stator flux estimation is discussed by



B. Singh et al [45]. The paper uses a basic hysteresis controller. M. E. Zarei et al [46]
proposed the well-known vector control and direct power control to regulate the active
and reactive power generated by DFIG. DFIG control strategy that is very similar to the
conventional AVR/PSS for synchronous generator is proposed by R. Dev Shukla et al

[47] to support the power grid voltage and frequency.

The main drawback of the aforementioned works is their inability to cope with large
changes in grid parameters. Even though, practical results in previous researches have
been offered including some useful hints for hardware setup, there is not enough detailed
design are documented in literature. For this reason, study of DFIG through practical

implementation would help to justify various methods and ideas.

1.3. Objective & Contribution

The main purpose of this thesis is the analysis of the DFIG for a wind turbine (WT)
application during steady-state operation of 2kW DFIG based wind energy conversion
system emulator. In order to analyze the DFIG during steady-state and transient operation
both the modeling and the control of the system is important. Hence, the control and the
modeling are also important parts of the thesis. The main contribution of this thesis is

dynamic and steady-state analysis of the DFIG, with details being as follows:

e An in-depth literature survey has been carried and different aspects regarding

DFIG operation and control are analyzed. From all the strategies presented in the



literature the focus is set on the ones that offered a good trade-off between
complexity and performance.

e An energy efficiency comparison of electrical systems for wind turbines. The
investigated systems are fixed-speed induction generator system and variable-
speed systems.

e Closed-loop control of a 2kW DFIG based wind turbine emulator has been
successfully developed, analyzed, and implemented in real time simulation. The
experimental results confirm stable operation of the generator, and successful
controlling of active and reactive power. Furthermore, the results demonstrate
validity of the closed-loop control with regards to the dynamic performance of the
generator and stable control of the dc-link voltage, when they experienced torque

disturbance from the exciter and the load machine.

1.4. Outline

This thesis is organized as follow:

Chapter 2 Description of properties of the wind and wind energy conversion system.

Finally, different wind turbine concepts are compared and described.

Chapter 3 Overview of Doubly Fed Induction Generator (DFIG) based wind turbine and
the dynamic modeling of DFIG in stationary & rotating reference frame for the

development of machine control are presented.



Chapter 4 Control system aspects of DFIG based wind energy conversion system is
presented. Advance non-linear controllers has developed based on the obtained model in

Chapter 3, for controlling the machine side converter as well as grid side converter.

Chapter 5 The description of laboratory system setup and the operation procedure of

2kW DFIG based wind energy conversion system emulator is illustrated.

Chapter 6 Analysis of the graphical representation of system performances are obtained
by real time experiment, providing the practical information and a deeper understanding

of the machine’s behavior in wind energy conversion system.

Chapter 7 The conclusion and proposed future work is presented.



Chapter 2

Wind Energy Conversion System

2.1. Introduction

Over the last twenty years, renewable energy sources have been attracting great
attention due to the cost increase, limited reserves, and adverse environmental impact of
fossil fuels. In the meantime, technological advancements, cost reduction, and
governmental incentives have made some renewable energy sources more competitive in
the market. Among them, wind energy is one of the fastest growing renewable energy

sources [48].

Wind energy has been used for hundreds of years for milling grains, pumping
water, and sailing the seas. The use of windmills to generate electricity can be traced
back to the late nineteenth century with the development of a 12kW DC windmill
generator [49]. It is, however, only since the 1980s that the technology has become
sufficiently mature to produce electricity efficiently and reliably. Over the past two
decades, a variety of wind power technologies have been developed, which have
improved the conversion efficiency of and reduced the costs for wind energy production.
The size of wind turbines has increased from a few kilowatts to several megawatts each.

In addition to on-land installations, larger wind turbines have been pushed to offshore
10



locations to harvest more energy and reduce their impact on land use and landscape. This
chapter provides an overview of wind energy conversion systems (WECS) and a

background on several aspects related to this stimulating technology.

2.2. Wind Energy Conversion

In this section, properties of the wind, which are of interest in this thesis, will be
described. First the wind distribution, i.e., the probability of a certain average wind speed,
will be presented. The wind distribution can be used to determine the expected value of
certain quantities, e.g. produced power. Then different methods to control the

aerodynamic power will be described.
2.2.1. Wind Distribution

The annual average wind speed is an extremely important factor for the output
power of a wind turbine. The average wind speed on a shorter time basis is, apart from
the annual wind speed, also dependent on the distribution. It has been found that the wind
distribution can be described by the Weibull probability density function [50]. The

Weibull distribution is described by the following probability density function
k-1
f(w) = E(QJ o % 2.1)
clc

where k is a shape parameter, c is a scale parameter, and w is the wind speed. Thus, the

average wind speed (or the expected wind speed), @ , can be calculated from
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@ :-Ta)f (w)dw=§l‘£%) (2.2)

where I" is Euler’s gamma function, i.e.,

I(z)= th‘le“dt (2.3)

If the shape parameter equals 2, the Weibull distribution is known as the Rayleigh
distribution. For the Rayleigh distribution the scale factor, ¢, given the average wind

speed can be found from (k=2, and FGJ =)

C= iw (2.4)

Jz

In figure 2.1, the wind speed probability density function of the Rayleigh distribution is
plotted. The average wind speeds in the figure are 5.1 m/s, 6.5 m/s, and 8.1 m/s. A wind
speed of 5-5.5 to 6.5 m/s correspond to a medium wind speed site in Halifax [51], while

8.5 10 9.5 m/s are wind speeds available at sites located in New Brunswick [52].

Probability Density

i I i i
0 5 10 15 20 25 30
Wind Speed (m/s)

Figure 2.1: Probability density of the Rayleigh distribution. The average wind speed are 5.1 m/s
(solid), 6.5 m/s (dashed) and 8.1 m/s (dotted)

12



2.2.2. Aerodynamic Power Control

At high wind speeds it is necessary to limit the input power to the wind turbine,
i.e., aerodynamic power control. There are three major ways of performing the
aerodynamic power control, i.e., by stall, pitch, or active stall control. Stall control
implies that the blades are designed to stall in high wind speeds and no pitch mechanism

is thus required [53].

Pitch control is the most common method of controlling the aerodynamic power
generated by a turbine rotor, for newer larger wind turbines. Almost all variable-speed
wind turbines use pitch control. Below rated wind speed the turbine should produce as
much power as possible, i.e., using a pitch angle that maximizes the energy capture.
Above rated wind speed the pitch angle is controlled in such a way that the aerodynamic
power is controlled at its rated power [53]. In order to limit the aerodynamic power, at
high wind speeds, the pitch angle is controlled to decrease the angle of attack, i.e., the
angle between the chord line of the blade and the relative wind direction [54]. It is also
possible to increase the angle of attack towards stall in order to limit the aerodynamic
power. This method can be used to fine-tune the power level at high wind speeds for
fixed-speed wind turbines. This control method is known as active stall or combi stall

[53].
2.2.3. Aerodynamic Conversion

Some of the available power in the wind is converted by the rotor blades to mech-

13



-nical power acting on the rotor shaft of the wind turbine (WT). For steady-state
calculations of the mechanical power from a wind turbine, the so called C, (4, f)-curve

can be used. The mechanical power, Pmech, can be determined by [54]

1
I:)mech = EpAGC(ﬂ'vﬁ)a)g (25)
Q.r
l — r'r
(4
a) 0.5 b) 12
204 S R s T
5 0.8
03 2
!"_5 ;U.f) ...................................
=0.21 3
2 o 1 e
S0 IS T SO SO S
8 .
0 | : | ols : : :
0 5 10 15 20 5 10 15 20 25
Tip Speed Ratio Wind Speed [m/s]

Figure 2.2: a) The power coefficient, Cp, as a function of the tip speed ratio, 4 b)
Mechanical power as a function of wind speed at rated rotor speed (solid line is fixed
pitch angle, i.e., stall control and dashed line is active stall)

where Cp is the power coefficient, g is the pitch angle, 1 is the tip speed ratio, w is the
wind speed, Qr is the rotor speed (on the low-speed side of the gearbox), rr is the rotor-
plane radius, p is the air density and Ar is the area swept by the rotor. In Figure 2.2, an
example of a Cp (4, f) curve and the shaft power as a function of the wind speed for rated

rotor speed, i.e., a fixed-speed wind turbine, can be seen. In Figure 2.2b) the solid line
14



corresponds to a fixed pitch angle, g, while dashed line corresponds to a varying g (active

stall).

a) . . . . hj

Power [p.u.]

Rotor Speed [rpm]

10

5 10 15 20 25 5 10 15 20 25
Wind Speed [m/s] Wind Speed [m/s]

Figure 2.3: Typical characteristic for a variable speed wind turbine. a) Rotor speed as a function
of wind speed. b) Mechanical power as a function of wind speed.

Figure 2.3 shows an example of how the mechanical power, derived from the Cp (4, p)
curve, and the rotor speed vary with the wind speed for a variable-speed wind turbine.
The rotor speed in the variable-speed area is controlled in order to keep the optimal tip
speed ratio, 4, i.e., Cp is kept at maximum as long as the power or rotor speed is below its
rated values. As mentioned before, the pitch angle is at higher wind speeds controlled in
order to limit the input power to the wind turbine, when the turbine has reached the rated
power. As seen in Fig. 2.3b) the turbine in this example reaches the rated power, 1 p.u., at
a wind speed of approximately 13 m/s. Note that there is a possibility to optimize the

radius of the wind turbines rotor to suit sites with different average wind speeds. For
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example, if the rotor radius, rr, is increased, the output power of the turbine is also
increased, according to (2.5). This implies that the nominal power will be reached for a
lower wind speed, referred to Figure 2.3b). However, increasing the rotor radius implies
that for higher wind speed the output power must be even more limited, e.g., by pitch
control, so that the nominal power of the generator is not exceeded. Therefore, there is a
trade-off between the rotor radius and the nominal power of the generator. This choice is

to a high extent dependent on the average wind speed of the site.

2.3. Wind Energy Conversion System Configurations

The wind turbine is one of the most important elements in wind energy
conversion systems. Over the years, different types of wind turbines have been developed
[55]. This section provides an overview of wind turbine technologies, including fixed and

variable-speed turbines.

A fundamental concept in understanding wind technology is wind energy capture.
Wind holds in it a discrete amount of power at any given point in time, dependent in large
part on the wind speed. As wind speed can vary greatly, wind turbines must be capable of
operating over a wide wind speed range. The wind turbine can operate in one of two
ways either fixed speed or variable speed. For fixed-speed wind turbines, the generator
(induction generator) is directly connected to the grid. Since the speed is almost fixed to
the grid frequency, and most certainly not controllable, it is not possible to store the
turbulence of the wind in form of rotational energy. Therefore, for a fixed-speed system
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the turbulence of the wind will result in power variations, and thus affect the power
quality of the grid [56]. For a variable-speed wind turbine the generator is controlled by
power electronic equipment, which makes it possible to control the rotor speed. In this
way the power fluctuations caused by wind variations can be more or less absorbed by
changing the rotor speed [57] and thus power variations originating from the wind
conversion and the drive train can be reduced. Hence, the power quality impact caused by

the wind turbine can be improved compared to a fixed-speed turbine [58].

The generator and power converter in a wind energy conversion system are the
two main electrical components. Different designs and combinations of these two
components lead to a wide variety of WECS configurations [55], which can be classified

into three groups:
(2) fixed-speed WECS without power converter interface,
(2) WECS using reduced-capacity converters, and
(3) full-capacity converter operated WECS.

In this section the above wind turbine systems will be presented:
2.3.1. Fixed-Speed Wind Turbine

A typical configuration of WECS without a power converter interface is
illustrated in Figure 2.4, where the generator is connected to the grid through a

transformer. A Squirrel Cage Induction Generator (SCIG) is exclusively used in this type
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of WECS, and its rotational speed is determined by the grid frequency and the number of
poles of the stator winding. For a four-pole megawatt generator connected to a grid of 60
Hz, the generator operates at a speed slightly higher than 1800 rpm. At different wind
speeds, the generator speed varies within 1% of its rated speed. A gearbox is normally
required to match the speed difference between the turbine and generator such that the
generator can deliver its rated power at the rated wind speed. This configuration requires
a soft starter to limit high inrush currents during system start-up, but the soft starter is
bypassed by a switch after the system is started. During normal operation, the system
does not need any power converter. A three phase capacitor bank is usually required to

compensate for the reactive power drawn by the induction generator.

Bypass switch 60 Hz
......................... . AC Network

N —
=4 V)
T

PF compensator

Soft starter

Figure 2.4: Wind energy conversion system without power converter interface

This wind energy system features simplicity, low manufacturing/maintenance
costs, and reliable operation. The main drawbacks include: (1) the system delivers the
rated power to the grid only at a given wind speed, leading to low energy conversion
efficiency at other wind speeds; and (2) the power delivered to the grid fluctuates with

the wind speed, causing disturbances to the grid. Despite its disadvantages, this wind
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energy system is still widely accepted in industry with a power rating up to a couple of

megawatts.
2.3.2. Variable-Speed Wind Turbine with Reduced-Capacity Converters

Variable-speed operation has a series of advantages over fixed-speed wind
systems. It increases the energy conversion efficiency and reduces mechanical stress
caused by wind gusts. The latter has a positive impact on the design of the structure and
mechanical parts of the turbine and enables the construction of larger wind turbines. It
also reduces the wear and tear on the gearbox and bearings, expanding the life cycle and
reducing the maintenance requirements. The main drawback of variable-speed WECS is
the need for a power converter interface to control the generator speed, which adds cost
and complexity to the system. However, the power converter decouples the generator

from the grid, which enables the control of the grid-side active and reactive power [59].

Variable-speed WECS can be further divided into two types based on the power
rating of the converter with respect to the total power of the system: reduced-capacity
power converter and full-capacity power converter. The variable-speed WECS with
reduced-capacity converters are only feasible with wound-rotor induction generators
(WRIG) since variable-speed operation can be achieved by controlling the rotor currents
without the need to process the total power of the system. There are two designs for the
WRIG configurations: one with a converter-controlled variable resistance, and the other

with a four-quadrant power converter system.
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2.3.2.1. Wound Rotor Induction Generator with Variable Rotor Resistance

Figure 2.5 shows a typical block diagram of the WRIG wind energy system with a
variable resistance in the rotor circuit. The change in the rotor resistance affects the
torque/speed characteristic of the generator, enabling variable-speed operation of the
turbine. The rotor resistance is normally made adjustable by a power converter. The
speed adjustment range is typically limited to about 10% above the synchronous speed of
the generator [60]. With variable-speed operation, the system can capture more power
from the wind, but also has energy losses in the rotor resistance. This configuration also
requires a soft starter and reactive power compensation. The WRIG with variable rotor

resistance has been in the market since the mid 1990s with a power rating up to a couple

of megawatts.

60 Hz
P, . AC Network

R N—
B0
T

Convreter-controlled Reactive Power
Variable Resistance compensator

Soft starter

Figure 2.5: Variable-speed configuration with variable rotor resistance
2.3.2.2. Doubly Fed Induction Generator with Rotor Converter
A typical block diagram of the doubly fed induction generator (DFIG) wind energy
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system is shown in figure 2.6. The configuration of this system is the same as that of the
WRIG system except that (1) the variable resistance in the rotor circuit is replaced by a
grid-connected power converter system, and (2) there is no need for the soft starter or
reactive power compensation. The power factor of the system can be adjusted by the
power converters. The converters only have to process the slip power in the rotor circuits,
which is approximately 30% of the rated power of the generator, resulting in reduced
converter cost in comparison to the wind energy systems using full-capacity converters

[59].

60 Hz
AC Network

: S
J$+$L

Reduced-capacity
Power converters

Gear Box

Figure 2.6: Variable-speed configuration with reduced-capacity converters

The use of the converters also allows bidirectional power flow in the rotor circuit
and increases the speed range of the generator. This system features improved overall
power conversion efficiency, extended generator speed range (x30%), and enhanced
dynamic performance as compared to the fixed-speed WECS and the variable resistance
configuration. These features have made the DFIG wind energy system widely accepted
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in today's market.
2.3.3. Variable-Speed Wind Turbine with Full-Capacity Power Converters

The performance of the wind energy system can be greatly enhanced with the use
of a full-capacity power converter. Figure 2.7 shows such a system in which the generator
is connected to the grid via a full-capacity converter system [59]. Squirrel cage induction
generators, wound rotor synchronous generators, and permanent magnet synchronous
generators (PMSG) have all found applications in this type of configuration with a power
rating up to several megawatts. The power rating of the converter is normally the same as
that of the generator. With the use of the power converter, the generator is fully decoupl-
ed from the grid, and can operate in full speed range. This also enables the system to
perform reactive power compensation and smooth the grid connection. The main

drawback is a more complex system with increased costs.

60 Hz
AC Network

eaIiee

Full-capacity
Power converters

Gear Box

Figure 2.7: Variable-speed configurations with full-capacity converters

It is noted that the wind energy system can operate without the need for a gearbox

if a low-speed synchronous generator with a large number of poles is used. The
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elimination of the gearbox improves the efficiency of the system and reduces initial costs
and maintenance. However, a low-speed generator has a substantially larger diameter to
accommodate the large number of poles on the perimeter, which may lead to an increase

in generator and installation costs.

Conclusion

This chapter provided an overview of wind energy conversion systems. The basic
concepts of wind power, aerodynamic conversion, aerodynamic control, facts, current
state, and market trends of wind power technology were presented. The fundamentals of
wind energy systems were discussed, including fixed- and variable-speed operations
which complements the in-depth analysis of wind energy systems covered in the other

chapters of this thesis.
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Chapter 3

Dynamic Modeling of DFIM

3.1. Introduction

Induction Machine (IM) is used in a wide variety of applications as a mean of
converting electric power to mechanical work. The primary advantage of the induction
machine is its rugged brushless construction and no need for separate DC field power.
These machines are very economical, reliable, and are available in the ranges of
fractional horse power (FHP) to multi-megawatt capacity. Also, unlike synchronous
machines, induction machines can be operated at variable speeds. There are two types of
induction machine based on the rotor construction namely, squirrel cage type and wound
rotor type. Squirrel cage rotor construction is popular because of its ruggedness, lower
cost and simplicity of construction and is widely used in stand-alone wind power
generation schemes. Wound rotor machine can produce high starting torque and is the
preferred choice in grid-connected wind generation scheme. Another advantage with
wound rotor is its ability to extract rotor power at the added cost of power electronics in

the rotor circuit [61].

The dynamic and transient behaviors of the induction machine must be examined

for modeling purposes; and perhaps more importantly, for development of the subsequent
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machine control. Dynamic behavior explains and defines the behavior of the machine’s
variables in transition periods as well as in the steady state. This dynamic behavior of
machines is normally studied by a “dynamic model”. By means of the dynamic model, it
is possible to know at all times the continuous performance (not only at steady state) of
the variables of the machine, such as torque, currents, and fluxes, under certain voltage
supplying conditions [62]. In this way, by using the information provided by the dynamic
model, it is possible to know how the transition from one state to another is going to be
achieved, allowing one to detect unsafe behaviors, such as instabilities or high transient
currents. On the other hand, the dynamic model provides additional information of the
system during the steady state operation, such as dynamic oscillations, torque or current

ripples etc [62].

Consequently, the dynamic model, represented in differential equation form, is
structured as a compact set of model equations, allowing it to be simulated using any
modeling and control software such as Simulink-MATLAB and RT-LAB and providing
all the information related to the machine’s variables. This is often called a “digital
simulation model.” It enables one to know the continuous behavior of all variables of the

machine.

Thus, this chapter develops different dynamic models of the DFIM based on the
space vector theory. By means of this powerful mathematical tool, the dynamic model
equations (differential equations) of DFIM are derived to be used in the control system

development.
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3.2. Induction Machine

In this section the basics of one of the most widely used electrical machine named
induction machine has discussed. The types of induction machine with advantages and

comparison between types has briefly explained.

An electrical machine is such an electromechanical device which converts
electrical energy into a mechanical energy or mechanical energy into electrical energy. In
case of three phase AC operation, most widely used electrical machine is three phase
induction machine. Almost 80% of the mechanical power used by industries is provided
by three phase induction machines because of its simple and rugged construction, low
cost, good operating characteristics, absence of commutator and good speed regulation
[63]. In three phase induction machine, the power is transferred from the stator to the
rotor winding through induction when it works as a motor and, in case of a generator, the
power is transferred from the rotor to the stator. The Induction machine is also called

asynchronous machine as it can runs at a speed other than the synchronous speed.

An induction machine has two major parts:

3.2.1. Stator

The stator of a three phase induction machine is made up of numbers of slots to construct
a three phase winding circuit which is connected to three phase AC source. The three

phase winding are arranged in such a manner in the slots that they produce a rotating ma-
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-gnetic field after the three phase AC supply is given to them [64].

3.2.2. Rotor

The rotor is a rotating part of the induction machine. The rotor is connected to the
mechanical load/prime mover through the shaft. Rotor of three phase induction machine
consists of cylindrical laminated core with parallel slots that can carry conductors.
Conductors are heavy copper or aluminum bars which fit in each slots and they are short
circuited by the end rings. The slots are not exactly made parallel to the axis of the shaft
but are slotted a little skewed because this arrangement reduces magnetic humming noise

and can avoid stalling of machine [64].

Depending upon the type of rotor construction used the three phase induction machine

are classified as:

l. Squirrel cage induction machine

I1.  Slip ring or wound rotor or doubly fed induction machine

The primary difference between the three-phase wound-rotor induction machines and the
three-phase squirrel-cage induction machines is the design of the machine rotor. The
rotor of the three-phase squirrel-cage induction machines are made of conducting bars
short-circuited by rings at both ends, while the rotor of the three-phase wound-rotor
induction machines consists of wire windings similar to the machine stator windings.
These rotor windings are accessible through slip rings and brushes, allowing the

connection of electrical components to the machine rotor [65].
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Three-phase wound-rotor induction machines offer a number of advantages over
other types of induction machines, most notably the ability to produce high starting
torques at lower starting currents. Large three-phase wound-rotor induction machines are
also easier to assemble than comparatively sized three phase squirrel-cage induction
machines. Due to these advantages, three phase wound-rotor induction machines are
commonly used in industry for any application requiring a large rotating machine (0.75
MW, or 1000 hp, and more). In such cases, the ability to produce a high starting torque

with a reasonable starting current is crucial [62].

Another particularity of three-phase wound-rotor induction machines is the possibility
to adjust the machine operating speed by controlling the rotor currents. Due to this
feature, three-phase wound-rotor induction machines were traditionally used in
applications requiring a rotating machine to run over a wide range of speeds. Today,
however, the ability to adjust the speed of three-phase wound-rotor induction machines is
used less frequently because the same results can be achieved more efficiently by
controlling the speed of three-phase squirrel-cage induction machines using variable-

frequency motor drives.

3.3. Classification of Induction Generators

This section presents the classification of induction generators which are using in
wind energy conversion system. Depending on the wind speed and the availability of
electrical network, induction generators are classified.
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On the basis of rotor construction, induction generators are two types i.e., the
wound rotor induction generator and squirrel cage induction generator. Depending upon
the prime movers used (constant speed or variable speed) and their locations (near to the
power network or at isolated places), generating schemes can be broadly classified as

under [66]:

A. Constant-Speed Constant Frequency (CSCF)

In this scheme, the prime mover speed is held constant by continuously adjusting the
blade pitch and/or generator characteristics. An induction generator can operate on an
infinite bus bar at a slip of 1% to 5% above the synchronous speed. Induction generators
are simpler than synchronous generators. They are easier to operate, control, and

maintain, do not have any synchronization problems, and are economical.

B. Variable-Speed Constant Frequency (VSCF)

The variable-speed operation of wind electric system yields higher output for both
low and high wind speeds. This results in higher annual energy yields per rated installed
capacity. Both horizontal and vertical axis wind turbines exhibit this gain under variable-
speed operation. Popular schemes to obtain constant frequency output from variable

speed are as shown.

. AC-DC-AC Link:

With the advent of high-powered thyristors, the ac output of the three-phase alternator

is rectified by using a bridge rectifier and then converted back to ac using line-
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commutated inverters. Since the frequency is automatically fixed by the power line, they

are also known as synchronous inverters.

Il.  Doubly Fed Induction Generator (DFIG):

The DFIG consists of a three-phase wound rotor induction machine that is
mechanically coupled to either a wind or hydro turbine, whose stator terminals are
connected to a constant voltage constant frequency utility grid. The variable frequency
output is fed into the ac supply by an ac-dc-ac link converter consisting of either a full-
wave diode bridge rectifier and thyristor inverter combination or current source inverter
(CSI)-thyristor converter link. One of the outstanding advantages of DFIG in wind
energy conversion systems is that it is the only scheme in which the generated power is
more than the rating of the machine. It can feedback the grid by providing reactive power
when grid requires. However, due to lack of control and operational disadvantages, the

DFIG scheme could not be used extensively in standalone application.

C. Variable-Speed Variable Frequency (VSVF)

With variable prime mover speed, the performance of synchronous generators can be
affected. For variable speed corresponding to the changing derived speed, self-excited
induction generator (SEIG) can be conveniently used for resistive heating loads, which
are essentially frequency insensitive. This scheme is gaining importance for stand-alone

wind power applications.
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3.4. Overview of Doubly Fed Induction Generator

A wound rotor induction generator is composed by a stator and a rotor. In the case
of a DFIG, both stator and rotor have three sinusoidally distributed windings,
corresponding to three phases, displaced by 120°. The three phases are called a, b and c.

The stator has p pairs of poles.

synchronized Grid
ac current
—_—>

)

Rotor side Grid side
converter converter

VMimmb o

Yy

T A

variable voltage v synchronized
and frequency ac current
ac current DC/AC AC/DC

Converter Converter

Figure 3.1: Schematic of DFIG configuration

The rotor is connected to the grid through converters. A schematic of such a
system is presented in Figure 3.1. When the machine produces energy, less than 30% of
the power is handled by the rotor windings which flows from the rotor to the grid. The
converters can then be chosen in accordance with this small rotor power. The
minimization of the converter volume and cost is assured. This is in contrast with past
techniques like the squirrel cage induction generator where the converter had to cope
with the full load power increasing the cost of the assembly significantly. The actual
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percentage is an outcome of the fact the since the stator windings are connected directly

to the grid they are the ones handling most of the transferred power.

The stator windings are connected to the grid which imposes the stator current
frequency fe. The stator currents create a rotating magnetic field in the air gap. The

rotational speed of this field, we, is proportional to fe:

we = 27 fe. (31)

If the rotor spins at a speed different from that of the rotational field, it sees a variation of
magnetic flux. Therefore, by Faraday’s law of induction, currents are induced in the rotor

windings. Let us define wm the rotor mechanical speed and wr the rotor electrical speed
by

wr = Pom. (32)

The flux linked by the rotor windings change with time if wr # we. The machine
operates usually as a generator if wr > we and as a motor otherwise. In the case of the
DFIG however, it can operate in sub-synchronous mode as a generator. The slip, s,

defines the relative speed of the rotor compared with that of the stator:

- (3.3

The slip is usually negative for a generator and positive for a motor. The currents
induced in the rotor windings pulse at an angular speed defined by the difference between

the synchronous speed and the rotor speed. Indeed, the stator currents at wr sees the
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rotating magnetic field created by the stator pulsating at we — wr. It means the frequency

of the rotor currents, fr is

fr=sfe. (34)

If the rotor were to rotate at the synchronous speed, it would not see any change
in magnetic fluxes. No currents would then be induced in its windings. Therefore, the
machine operates always at speeds different from synchronous speed. The rotor-side
inverter controls the rotor currents. From (3.4), it can be noted that controlling the rotor

currents controls the slip and so the speed of the machine.

3.5. Characteristics of DFIG

DFIG are introduced by the special characteristics of the converter controlling the
generator operation, widely known as ‘frequency converter’. As mentioned it consists of
two different converters linked together by a capacitance known as ‘dc link” Figure 3.1.
The main principle is to interpose a frequency converter between the variable voltage and

frequency induction machine and the fixed frequency grid.

The converters are defined as the grid-side converter and the rotor-side converter.
The main purpose of the grid-side one is to control the dc-link voltage so that it remains
nearly constant during normal and abnormal operations. Moreover it is entrusted with the
coupling between the rotor windings and the non- ideal grid. On the other hand the rotor-

side converter is directly related to the rotor windings and therefore it controls the
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frequency and the magnitude of rotor voltages fed to the machine. It is obvious that the

frequency of the rotor windings may differ from the fundamental frequency of the grid.

Furthermore by the proper tuning of the frequency converter the whole system
can operate on all 4-quadrants. This is definitely an advantage of paramount importance
as the generator can either import or export reactive power from-to the grid. In other
words not only the DFIG can provide active power to the grid it can also support it during
system failures, short circuits with an amount of reactive power. Specifically below the
synchronous speed, while in motoring mode and at super-synchronous operation, while in
generating mode, the rotor-side converter operates as a rectifier, and thus slip power is
fed into the grid. In contrast, at sub-synchronous speed, while in generating mode and
above the synchronous speed, while in motoring mode, the grid side converter acts like a

rectifier and hence the slip power is supplied to the rotor.

Installing a converter on the stator windings implies that the machine is entirely
decoupled from the grid and thus it doesn’t provide any additional inertia to the power
system. DFIGs on the other hand do provide a sufficient additional inertia and thus

improve the fault ride through capability of the grid.

3.6. Doubly Fed Induction Machine Modeling

In this section the mathematical modelling of the DFIG is presented. In order to
provide the needed feedback about the tuning of the controller the electrical equivalent of

the DFIG is illustrated and analyzed. Moreover, all equations of the equivalent system are
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transformed into both aff and dq0 reference frame. Further the decoupled active and the

reactive power equations are exposed in d and q axis for both the stator and the rotor.

In the stationary (abc) reference frame, the relationships between voltages,
currents and flux linkages of each phase of the machine can be obtained by Kirchhoff’s

and Faraday’s law [67-69] :

as -as d as
Vs | = Rs +| s +a ﬂ’bs (35)
_VCS a _iCS _j“CS
_Var_ _Iar_ d _ﬂ“ar_
Vr |= Rr + ibr +a ﬂ'br (36)
_Vcr _icr _)“cr

The subscripts r and s denote rotor and stator quantities, respectively. The
subscripts a, b and c are used for phases a, b and ¢ quantities, respectively. The symbols v

and i are for voltages and currents and A represents flux linkages.

The stator and rotor winding resistances are Rs and Rr. They are assumed to be

equal for all phase windings.

The flux linkages are coupled to the currents by the inductances:

j“as ias iar
ﬂbs = Ls ibs + LM ibr (37)
A i i

Cs Cs cr
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ﬂ“ar iar ias
j’br = Lr ibr + LI/I ibs (38)
A i i

cr cr cs

The winding inductance matrices are defined by:

L|S+Lm —le —le
2 2
L=l =i Len “ip (3.9)
2 2
—%Lm —%Lm L, +L,
_ 1 1 _
Ly +L, -=L -ZL
Ir m 2 m 2 m
Lr: _%Lm Llr"'l-m —%Lm (3.10)
1 1
—ELm —ELm L|r+|_m

cos(@y) cos(@y, +2?7Z) cos(@, —2?7[)

Ly =Lyl cos@, —2?”) cos(@,) cos(@, +2§) (3.11)

cos(@, +2?7[) cos(@, —2?7[) cos(@,)

The subscripts | and m relate to the leakage and magnetizing inductances,
respectively. The maximum amplitude of the mutual inductance between the stator and
the rotor is Lm. It must also be noted that equation (3.11) depends on the angular shift of
the rotor 6r which in turn depends on the angular speed of the rotor wr. The rotor
electrical angular displacement regarding to the stator, defined from wr, the electrical

rotor speed is
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t
0, (t) = j w,dt +6, (0) (3.12)
0

where 6r (0) is the initial position of the rotor at t=0.

It can then be noted that the voltage, current and mutual inductance matrix Lwm are derived
in (abc) stationary reference frame and depends on time. Since modeling and analysis for
such a system is difficult to manage, the time variant parameters can be made time

invariant by transforming them into an appropriate rotating reference frame.

In order to complete the modeling, a model of the mechanical dynamics is
needed. The dynamics of the generator shaft relate the rotor speed and the
electromagnetic torque:

dop,

dt

where J is the inertia of the machine, Tm is the mechanical torque and Te is the ele-

=Ty —Te (3.13)

tromagnetic torque.

3.6.1. (d-g) Reference Frame

It has been mentioned above that the parameters of the machine need to be
transformed into a suitable rotating reference frame. This aim can be achieved by
defining the (d-q) reference frame, which will be rotating at the synchronous angular
speed of the system. The DFIG can be regarded as a traditional induction generator with a

nonzero rotor voltage. The dynamic equation of a three-phase DFIG can be written in a
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synchronously rotating direct-quadrature (d-q) reference frame as [70]:

: dAgs
Vgs = Rigs + @eAds + d;‘ (3.14.b)
: dA
Var = Rrigr — @5 Aqr +d—f[jr (3.15.a)
: dAgr
Vgr = Ryigr + @5 gy + d‘t:' (3.15.b)
Ags = Lsigs + Liiqr (3.16.h)
idr = Lridr + I—mids (3.17.6.)
Aqr = Lrigr +Lmigs (3.17.b)

where, L, =L, +L,
L =L, +L,

where we is the rotational speed of the synchronous reference frame; ws = (we—cwr)
is the slip frequency [71] and s is the slip; wr is the generator electrical speed in [rad/s],

which is related to the generator mechanical speed by means of the pole numbers wr =
ga)m, Vds:Vgs:Vdr:Variids:gsIdriqr; Ads: Aqs» Adr» Aqr are voltages, currents and flux

linkages of the stator and rotor in d and g axis, Rs, Rr, Ls and L are the stator and rotor
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resistances and inductances; Lm is the mutual inductance; and wm is the angular rotor

speed.

The mutual flux between rotor and stator produces magnetic energy, which is stored in
the magnetic field. This energy produces an electromagnetic torque which is calculated

by [72]:
3 . . 3 . .
Te = 2 p(ﬁdr'qs _iQr'ds) - 2 PLm (Idrlqs B 'qudS) (3.18)

where p is the number of pole pairsand Ly = % L

% .ﬁ.g 5

(we — Oy V‘a’r

(b)

Figure 3.2: Equivalent circuit of the (d, g) model in the arbitrary reference frame. (a) d-axis
equivalent circuit; (b) g-axis equivalent circuit

The active and reactive stator and rotor powers for the DFIG are given by [73]:

3 . .
Ps = E(Vds'ds +Vgsigs) (3.19)
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3 . .
Qs = E(Vqs'ds —Vdslgs)
3 . .
Pr = E(Vdr'dr "‘Vqr'qr)

3, . :
Qr = E(Vqr'dr —Vgrigr)

(3.20)

(3.21)

(3.22)

In the above power modeling, the power losses associated with the stator and rotor

resistances are neglected.

An equivalent circuit may be set up by means of the voltage and flux linkage equations of

the arbitrary reference frame, as shown in Figure 3.3.

3.6.2. (o, ) Reference Frame

In order to describe the alpha-beta reference frame it must be considered that it

resembles the dg0 but it is stationary. Equations (3.14.a), (3.14.b) and (3.15.3), (3.15.b),

taking into account the previous assumptions, are analyzed below.

Stator voltages and fluxes in (a,f) reference frame:

. d
Vs = Rslgs +aﬂas

. d
Vﬂs = RSI,BS +aﬂ,ﬁs
Aas = I(Vas ~Rsigs)

A5 = (Vs ~Reigs)

(3.23.9)

(3.23.b)

(3.24.9)

(3.24.b)
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The stator currents are:

as = /Ias - /1ar
Lir Lis + L (Lyr + L) Lir Lis + L (Lyr + L)

Lir +Lm Lm

g = Apge — A
s Lir Lis + L (L + Lys) s Lir Lis + L (Lyr + Lys) pr

Stationary
. Imaginary
Rotating Axis Rotating Real
Imaginary AXis

AXis

Jsq

Sa

»

isa Stationary Real
AXxis

(3.25.3)

(3.25.h)

Figure 3.3: Relationship of current space vector components between (e, £) and (d, q) reference

frames
Rotor voltages and fluxes in (a, ) reference frame:
. d
Vor = Relgr +a/1ar + o A

: d
V,Br = Rr'ﬂr +aﬂﬂr —a)rﬂm
Aar = _[(Var —Ryigr _a’rlﬂr)

ﬂ“ﬁl’ :_[(Vﬁr — Rr'ﬂr +a)riar)

(3.26.3)

(3.26.h)

(3.27.9)

(3.27.b)
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The rotor currents are:

. Ly +L L
igr = o A — " Aas (3.28.a)
Lir Lis + L (Lir + Lis) Lir Lis + L (Lir + Lis)
or = Lir + Lim Agr L Ags (3.28.b)
Lir Lis + L (Lir + Lis) LirLis + L (Lir +Lys)
The electromagnetic torque is represented by the following equation:
T, =2 bl i) (3:29)
2

Conclusion

Induction generators are increasingly being used in nonconventional energy
systems such as wind, micro/mini hydro, etc. The advantages of using an induction
generator instead of a synchronous generator were introduced. Classification of induction
generators are using in wind energy conversion system were presented for better
understanding the reasons of their various use in wind energy conversion system.
Dynamic modeling of induction machine was presented for development of the
subsequent machine control. During this chapter the algebraic equations describing the
operation of a DFIG over two different reference frames were introduced. Further, the
independent control of the stator active-reactive power and their correlation with the rotor
current was specified. Therefore, a solid background over the electrical characteristics of

the generator has been achieved. Next chapter will focus on controlling of DFIG.
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Chapter 4

Control Systems for DFIG

4.1. Introduction

Induction machines are almost entirely used in producing electricity from wind
turbine. So, the importance of accurately controlled machine drives is increasing day by
day. Controllers can provide probably the best control properties for a wide variety of
processes in wind energy conversion system. The variable torque of wind turbine induced
from the fluctuating wind speed can be controlled accurately, increase the efficiencies of
the power electronic and electromechanical conversion processes and the most important

is that a properly controlled wind turbine may save considerable amounts of energy [74].

Therefore, in this chapter, the basic control overview of grid tied variable speed
wind turbine is presented. The control of doubly fed induction generator (DFIG) concepts
related to the back-to-back converter are analyzed, paying particular attention to the grid
side and the rotor side controllers as well. Thus, not only the grid side and rotor side is
studied but also its closely associated elements such as the DC link control, the control of
grid side frequency and amplitude, model reference adaptive system (MRAS) based
speed estimator by artificial neural network (ANN) for sensorless operation are also

discussed. Controllers are developed for controlling the active and reactive power in
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DFIG based wind energy conversion system. Two controlling methods of active and
reactive power, mainly by varying rotor current and by controlling the rotor speed has

presented in details.

4.2. Control System Overview

In this section the overall control system of DFIG based wind turbine has
presented. The general control strategy of this variable speed wind turbine has explained

into three different control levels.

The controlling of wind turbine is very important especially for variable speed operation
to make the wind energy conversion system efficient, reliable and feasible. The major

control goals of a variable speed wind turbine, thus a DFIG based wind turbine are:
e maximum power extraction and active power control at the Point of Common
Coupling
e reactive power control at the Point of Common Coupling

The general control strategy of a variable speed wind turbine can be divided into three

different control levels [75], as depicted in Figure 4.1.

I.  the DFIG control level
Il.  the Wind turbine control level

I1l.  the Wind turbine Grid integration control level
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The DFIG control level contains the electrical control (converters and machine) of

the DFIG and has a fast dynamic response, its aim is to control the active and reactive

power, owing from the DFIG into the grid.

The wind turbine control level, which has slower dynamics, controls the pitch angle and

provides the active power reference for the DFIG control level.

The wind turbine-grid integration control level, its aim to fulfill the grid code

requirements. A brief description of the two control levels is provided next.
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Figure 4.1: General wind turbine control strategy based on DFIG
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4.2.1. DFIG Control Level

At this level, the control of active and reactive power is performed independently.
This is achieved by decoupling the voltage and currents related to the active and reactive
power, respectively. The decoupling can be made with the use of a special reference

frame.

Two sub-control levels, one for each converter in the back-to-back configuration, can be

found at this control level:

e Rotor side converter controller.

e Grid side converter controller.

The purpose of the rotor side converter is to control the active and the reactive power in
the stator winding of the DFIG [76], whilst the grid side converter control aims to keep
the DC-Link voltage level constant and to assure zero reactive power at the output of the
converter [77]. Both the grid side and the converter side controllers will be treated

thoroughly in the following sections.

4.2.2. Wind Turbine Control Level

The control strategies for the turbine are based on the power vs. wind curve, as
presented in detail in [78], having the main control goals of power optimization and
power limitation. For this, two cross-coupled controllers are used, one speed controller

and one power controller.

The main task of the speed controller is to achieve optimum power by adapting
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the generator speed by rotor magnetizing current to the wind speed/reference speed. For
wind speeds above rated value, the speed controller needs to prevent the speed of the

generator from becoming too large.

The power controller has the purpose to limit the generator power at rated power
for wind speeds at and above rated value. This is achieved by increasing or decreasing the
pitching angle S based on the measured actual generated power. Since the time constants
of the wind turbine controllers are much slower compared to the dynamics of the DFIG
controllers and electrical system, they can be considered constant for the time ranges
relevant for fault ride through (FRT), thus the wind turbine control level will not be

detailed any further.

4.2.3. Wind Turbine-Grid Integration Control Level

This control level is dedicated to wind turbine-grid integration. This control level
performs as same functionalities as the wind farm control. The purpose of this level is to
fulfill the grid demand. It confirms that wind turbine is under control in terms of the grid

frequency, amplitude and power factor.

4.3. Control Strategy of Doubly Fed Induction Generator

This section contains the control techniques of Doubly Fed Induction Generator in
wind energy conversion system. The working principle and characteristics of DFIG in
terms of grid connected system has described briefly. Two types controllers has

developed based on mathematical modeling and presented for controlling of Active and
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Reactive Power in wind power generation. One is designed for controlling the Active and
Reactive Power by varying the rotor current where the generated power does not depend
on the variation of rotor speed when the machine runs at around +30% of synchronous
speed. On the other hand, the other one is built to track the wind speed profile so that the
generated power will follow the wind speed profile when the machine runs at around

+30% of synchronous speed.

Field oriented vector control in synchronous reference frame strategy is chosen for
implementing the control strategies for the rotor and grid side converter. A reference
frame oriented with the stator flux is used so that the active and reactive power of the
stator can be controlled independently by means of the quadrature and the direct current,

respectively. The advantages that this method possess [79]:

e wide range of bibliographic material available

good dynamic response in normal and fault operation

fixed switching frequency

robust to parameter variation

robust to measurement noise

Other DFIG control strategies currently employed are:

e Vector oriented control in rotor/stationary reference frame [76,80,85]
e Direct torque control [81-83]
e Direct power control [84-85]
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DPC/DTC has several drawbacks which make it difficult to be applied in the DFIG-based
wind power generation system. For example, the rotor voltages generated by a fixed and
discrete switching table cannot satisfy the control precision of the active and reactive
powers during maximum wind energy capturing. Furthermore, the electromagnetic torque
vibration caused by the traditional DTC is much more significant than that in the vector
control with the same sampling frequency. Some disadvantages of the vector oriented
control in synchronous reference frame strategy, in comparisons with the other methods

are [79]:

e slower response time compared to the direct methods
e higher complexity

e need to estimate the flux angle

4.3.1. Active and Reactive Power Control by Controlling Rotor Current

A doubly fed induction generator (DFIG) is one of the most widely used
generators in wind turbines due to its variable speed operation, power control, improving
power quality, smaller converter capacity, and grid tie feasibility. The DFIG is able to
control its active and reactive power outputs as required by system operators. Although
the active power depends on the energy transferred from the wind, it can be controlled in
a transient manner by resorting to the mechanical system kinetic energy. This will allow
more renewable energy resources with DFIG as a combined system to be connected to
the grid. When two or more renewable energy resources generate maximum power by

controlling the active power of DFIG, the total system power can be controlled to fulfill
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the grid requirement. In the case of a weak grid, where the voltage may fluctuate, the
DFIG may be ordered to produce or absorb an amount of reactive power to or from the
grid, with the purpose of voltage control. Therefore, the control technologies and the
dynamic characteristics of the variable-speed constant-frequency (VSCF) doubly fed

induction generator are important topics in wind energy research [86].

The control design uses the field-oriented control (FOC) theory to regulate the
rotor side converter (RSC) and the hysteresis control approach to regulate the grid side
converter (GSC). The most challenging task in DFIG operation is to keep the DC-link
voltage constant. Here, a hysteresis controller is developed for the voltage side controller,
which has a fast dynamic response [87]. The traditional current control strategies are
mostly proportional-integral (PI) based on a linearized model; they are difficult to obtain
and may not give satisfactory performance under parameter variations, load disturbances,
and a large-scale wind changes. The RSC control scheme leads to an independent control
of the DFIG active and reactive power by controlling the rotor currents [88]. For its
implementation, this type of control heavily relies on the electrical parameters of the
machine and multiple reference frame transformations of the electrical signals (voltages
and currents). However, the FOC approach delivers a great control performance in terms
of robustness, transitory and steady state response, and instrumentation specifications.
The grid side converter (GSC) facilitates the power exchange through the rotor converter,
and also provides additional reactive power support. GSC is controlled by a hysteresis

current controller in such a way as to guarantee a smooth DC-link voltage and ensure
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sinusoidal current in the grid side [89]. This thesis investigates DFIG power generation
and converter control characteristics through a dynamic steady-state approach, which
provides better and effective understanding of DFIG in wind energy applications under

different control conditions in a broader spectrum.
4.3.1.1. Wind Turbine Modeling

Wind turbines produce electricity by using the power of the wind to drive an
electrical generator. Wind passes over the blades, generating lift and exerting a turning
force. The rotating blades turn a shaft inside the nacelle, which goes into a gearbox. The
gearbox increases the rotational speed to that which is appropriate for the generator,

which uses magnetic fields to convert the rotational energy into electrical energy.

The expression of power produced by the wind is given by:

P = 0.5C (4, B)prr v (4.1)
where p is the air density; r is the radius of the turbine blades, v is the wind speed,

and C is the power coefficient, which is a function of tip speed ratio A and pitch angle £.

The tip speed ratio is defined as:
A=— (4.2)
where r is the rotational speed of generator. From Equation (4.2), it can be
observed that the tip speed ratio A can be adjusted by controlling the speed w, leading to
the control of the power coefficient C, as well as the generated output power of the wind

turbine.
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In this work, a dynamometer, based on a squirrel cage induction motor, is used to
emulate the wind turbine by changing its speed to produce the variable wind speed

effects.

4.3.1.2. Grid Side Controller

The main objective of the grid side controller is to keep a constant DC-link
voltage independent of the value and direction of the rotor power flow [87]. To fulfill the
objective, a hysteresis current control strategy with a reference frame aligned with the
stator voltage position is used as shown in Figure 4.2. This allows independent control of

the DC-link voltage and the reactive power between the converter and the grid.
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Figure 4.2: The block diagram of proposed method for GSC

The rotor side converter requires a DC power supply. The DC voltage is usually

generated using another voltage source converter connected to the AC grid at the
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generator stator terminals. A DC capacitor is used in order to remove ripple and keep the
DC-link voltage relatively smooth. This grid PWM converter is operated to keep the DC-
link voltage at a constant value. In effect, this means that the grid side converter is
supplying the real power demands of the rotor side converter. It is possible to operate this

converter using a current reference approach.

Therefore, a hysteresis controller is used in which the error between the desired and
actual currents is passed through a controller, which controls the output voltage of a
conventional Sinusoidal PWM Converter and ensures the required power factor [90]. The

grid side converter control diagram is shown in figure 4.2.
The DC-link voltage error is given by:
€ =Vdc_ref —Vdc (4.3)
Also, its variation is expressed by:

A = (1_ 2_1) (4.4)

The voltage components, in the (d-q) reference frame, at the grid side are given by:

Vg = —Rid — deLf-l- La)iq + Vi (4'5)

di
Vg =—Rig - Ld—?+ Loig +Vvq (4.6)

where vq, Vq are the grid voltage (d-q) components; va, vq are the grid inverter

voltage (d-g) components; id, iq are the grid current (d-g) components; L and R are the in-
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ductance and resistance of the filter; and w is the grid angular frequency.

The active and reactive power flows are then [91]:
P= 3(vd I +vqiq) (4.7
Q= B(Vd ig +Vqld ) (4.8)

The detection of the reference angular position of the grid voltage is computed as

O = [ et = tan_l(v—ﬂj (4.9)

Va

where v, and vg are the (a-B) components of the grid voltage. Aligning with the d
component of the voltage v, makes v, = 0. Also, since the grid voltage has constant

amplitude, v, also has constant amplitude.

The active power, to balance at the DC-link, can be expressed by (neglecting

harmonics):
Vaclos = 3Vglig (4.10)
The DC-link voltage V4. is controlled by the current iy in the voltage vector-

oriented reference frame. Thus, a reference current ig e is derived from the DC-link

voltage error Ae and the variation of the error e by tuning a Pl controller, as shown in

Figure 4.2. To guarantee a unity factor power at the grid side converter, the reactive
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power must be zero, so iy ref =0. After a dg-abc transformation of these reference

currents, hysteresis modulation may then be implemented.

4.3.1.3. Rotor Side Controller

The doubly fed induction generator allows power output into the stator winding as
well as the rotor winding of an induction machine with a wound rotor winding. Using
such a generator, it is possible to get a good power factor even when the machine speed is
quite different from the synchronous speed. Such machines can therefore operate without

the need for excessive shunt compensation.

The rotor currents igne  of the machine can be resolved into the (d-q)
components g, and iqr - The component Igr produces a flux in the air gap, which is
aligned with the rotating flux vector linking the stator, whereas the component iy,

produces flux at right angles to this vector. The torque in the machine is the vector cross

product of these two vectors, and hence only the component ig, contributes to the

machine torque and thus to the power. The component iq, then controls the reactive
power entering the machine. The precise control of the currents ig, and igr allows the

control of the stator side real and reactive powers.

The important step is to obtain the instantaneous position of the rotating flux
vector in space in order to obtain the rotating reference frame. This can be achieved by

realizing that, on account of Lenz’s law of electromagnetism, the stator voltage is Simply
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the derivative of the stator flux linkage.

The three phase stator voltages and currents are converted into the (a-5)
components Vo, Vg, i« and ig. The stator flux in the stationary (a-f) reference frame is

given by [92]:

Yaps = Ivaﬂs - Rsiaﬁsdt = (l//afSal//,BS) (4.11)

In order to align the synchronously rotating (d-q) reference frame with the stator
flux, information about the angle stator flux can be extracted using the following

expressions:

Vs = aps anglely o) (4.12)

anglely )= 0 = tan ‘{”’%ﬂsj D Wap| = s Fu s’ (4.13)

The angle 8, gives the instantaneous location of the stator’s rotating magnetic field. The
rotor itself is rotating and is instantaneously located at angle 8, . Thus, with a reference
frame attached to the rotor, the stator’s magnetic field vector is at the location 8, — 6, ,
which is referred to as the “slip angle.”

From Equations (3.14.a)—(3.14.b), the alignment of the reference frame leads to a

simplified model:

Vgs = @e¥/ds =Vs; Vds =0 (4.14)
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It can be observed that the electromagnetic torque depends on the iy, current and

can be controlled by thevg, . Also, the rotor magnetizing current igr can be controlled by

the vy, voltage component. The controller is shown in Figure 4.3, where the errors

between the currents ig, and ig, and the reference currents igr et and igr rer are

applied to the Pl controllers to obtain the voltages vy, and Vqr respectively. The

controller output should be compensated with two decoupling terms in order to get the

appropriate reference voltages, vgr ref and vqr e as follows:

Vdr _ref = Rrlgr +oly dt — WslipOLrlgr

(4.15)
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. digr L .
Var _ref = Rrlgr +oly at + Wslip L_‘//ds +olrlgr (4.16)
s

where,

2
: : Ly ! - .
Was =¥s = Lm Ims: |ms:l//d%M  vgr =M m%*‘o"—r'dr’ Wqr = olrlgr;

L 2
a’slip:we_a)ri oc=1-| M LSLF

In this control approach, both rotor currents (idr,iqr) are to be controlled in order
to follow their respective references, igr ref andigr ref . Given the alignment of the

reference frame with the stator flux, the g-current controls the active power of the
machine whereas the direct current controls its reactive power. Thus, the g-current can be
related to the electrical torque of the machine and the d-current can be related to the

voltage value at the Point of Common Coupling (PCC) as indicated by:

. V

ldr _ref = %eLM (4.17)
- - 2T.L
i — e-s
ar_ref %pLM 2idr_ref ) (4.18)

The PWM converter acts on the rotor of the generator and the control is done by means
of the signals of the rotor and the stator currents, the stator voltage, and the rotor position

[93].
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4.3.2. Speed Control of DFIG in Wind Energy Conversion System

The control of the variable speed wind turbines based on the doubly fed induction
generator (DFIG) is a difficult engineering problem since: the induction machines are
highly coupled, fast dynamics and nonlinear multi-variable system. On the other hand,
the wind turbine has strong nonlinear characteristics and the aerodynamic torque change
frequently. Among a variety of wind turbines, variable speed constant-frequency (VSCF)
wind turbines with DFIG has many advantages including variable speed operation, and
four-quadrant active and reactive power capabilities [94]. As shown in figure 4.1, the
stator of the DFIG stator connects the grid directly and the rotor connects the grid by a
dual PWM converter, the rated capacity of which is only a small part of wind turbine
rated power. Compared with fixed speed wind turbine, the VSCF wind turbine can better
capture the maximum wind energy in low wind velocity because of its adjustability of
rotating speed. For the characteristic of wind energy is low energy density and strong
randomness, wind turbine system requires efficient control strategy to utilize wind
energy. So the maximum wind energy tracking in low wind velocity is the focus of

research for wind energy conversion.

The Field-oriented vector control using cascaded Pl controllers is widely using, in
DFIG-based wind turbines, for reasons of simplicity and applicability [95]. It consists of
controlling the stator currents represented by a vector. This control is based on
projections which transform a three phase time and speed dependent system into a two

co-ordinate (d and q co-ordinates) time invariant system. These projections lead to a
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structure similar to that of a DC machine control. Field orientated controlled machines
need two constants as input references: the torque component (aligned with the q co-
ordinate) and the flux/reactive power component (aligned with d co-ordinate). As Field
orientated control is simply based on projections the control structure handles
instantaneous electrical quantities. This makes the control accurate in every working
operation (steady state and transient) and independent of the limited bandwidth
mathematical model. The technological development of semiconductors in both power
and signal electronics has really enabled the application of field oriented control for
accurate controlling of AC drives. In this system, field oriented control technique has

chosen for controlling rotor side converter.

A hysteresis controller has proposed for controlling the grid side converter. The
hysteresis control algorithm helps to maintain the constant frequency of the generated
power from the wind turbine by matching with the grid frequency, generated voltage with
the grid voltage. Constant frequency and voltage level are most important for grid
connected/standalone system as well as one of the most difficult task to restrain from
variation in wind energy conversion system. This controller can improve the power factor
and try to maintain the power factor at unity so that the use of additional capacitor bank
can be avoided at the power grid, which ultimately reduce the cost of power generation.
As this controller is designed based on hysteresis current concept so it can protect the
wind turbine from any fault occurred at grid side or in transmission line. When any fault

happens in transmission line such as line to line or line to ground fault, line current
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increases infinitely. In this controller the hysteresis band is designed such a way so that
by comparing the abnormal current due to fault with its rated current limit, it can generate
a pulse which drives the wind turbine like in normal condition. The performance of this
controller has tested by implementing in various types of machines like PMSG, 1G based

wind turbine and the purpose of this controller is experimentally validated.

In this paper, the electromagnetic torque by means of rotor speed and reactive
power are controlled by the rotor side converter (RSC), while the power transited to the

grid is controlled by the grid side converter (GSC).
4.3.2.1. Adaptive Band Hysteresis (ABH) control for GSC

Hysteresis control is known to exhibit high dynamic response as the concept is to
minimize the error in one sample. As the typically sampling frequencies are in the range
of 50-100 kHz, which means a higher bandwidth. A constant band for the hysteresis
comparator leads to variable switching frequency. An on-line adaptation of the band can
be done in order to keep the switching frequency quasi-constant. The unit vector is
generated from the grid voltage to estimate the flux and then angle in order to orientate
the output reference currents with grid angle and for grid monitoring. This also exhibits
improved performances under grid voltage variations due to the higher bandwidth of the

current controller that help in order to keep the currents under the trip limits.

The DC-link voltage error is given by:

€=Vdc_ref —Vdc (4.19)
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Also, its variation is expressed by:

pe=f-z7) (4.20)
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Figure 4.4: Control structure for ABH current control

The hysteresis current control system shown in Figure 4.4 is designed to maintain the
DC-link voltage at a constant value and control the reactive power. This DC-link voltage
magnitude is adjusted by controlling the amount of current supplied to the electrical grid.
In the system, DC link voltage is maintained at 290V. The error between reference
voltage Vdc_ref and actual voltage Vdc feed the PI controller to produce id* and the error
between reactive power reference Q* and actual reactive power Q through the PI produce

the ig*. The angular position @ is calculated for the transformation of rotating current id*
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and ig* into three phase output reference current ia*, ib*, ic* by inverse park
transformation. The output reference current then compared to the actual current supplied
to the electrical grid. The error difference between the signals are connected to the
hysteresis current control, which produces the gate signal of the PWM. As the DC-link
voltage increases, reference currents id* produced also increase. When the current is
lower than the reference current, the converter connects the positive side of the DC-link
source to the load, thus the current increases. On the contrary when the current is higher
than the current reference the converter connects the negative side of the DC-link source
to the load, which reduces the currents. With these two operations, the error of the current
can be maintained within a certain fixed band. The hysteresis controls the grid current by
keeping the current wave in the range of the defined hysteresis band. When the current
wave reached the band limits, the hysteresis controllers generate a control signal (0 or 1),

which defines the PWM gate signal [96].

4.3.2.2. Rotor Side Controller

Mathematical model of stator and rotor circuit of doubly fed induction machine,

which can be used for synthesis of control methods can be described by basic machines’

equations in the excitation frame (4.21)-(4.24)

v <Ri +3% | jo i (4.21)
dt
vr = Rri_r + d(;/:r + j(a)e — @, )'v7r (422)
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w, =L, +L.i (4.23)

w,=Li +L. (4.24)
in which vs, vrare the vectors of stator and rotor voltage; ws, wrare the vectors of stator
and rotor flux; is, ir are the vectors of stator and rotor current; Rs, Rr, Ls, Lr are stator and
rotor resistance and inductance; Lm represents mutual inductance; and wr, we are rotor and
synchronous angular speed where the frequency of rotor current, ws = we - wr is called

“slip frequency”. It is needed in order for the rotor current vector in synchronization with

the stator current vector.

The stator flux can also be calculated by converting the three phase stator voltage and

current into the stationary (a, ) components according to (4.29)
T = | o = R it = (7.7, (4.25)

In order to align the synchronously rotating (d-q) reference frame with the stator flux,

information about the angle stator flux can be extracted using the following expressions:

7, = |s|anglei7, ) (4.26)

angle(x,/7aﬂS ) =6, =tan ‘1('/7/”/1/7% j;

The angle @e gives the instantaneous location of the stator’s rotating magnetic field. The

— 2  — 2

= Was + Wﬁ’s (427)

!/7aﬁ’s

rotor itself is rotating and is instantaneously located at angle . Thus, with a reference
frame attached to the rotor, the stator’s magnetic field vector is at the location 6s = fe -

6r, which is referred to as the “slip angle”.
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The electromagnetic torque can be calculated from the stator flux vector in (a, 5)

Components as:
3 [ -  _ -
Tem = E p(l//aslﬁs _Wﬁslas) (428)

This can also be conveniently analyzed by the classical rotating field theory with the

well-known (d, q) transformation of rotor equation at synchronous reference frame as:

Tem =g p‘lpdqmui_dqr Sin 5 (429)

where,

V7dqm = ‘/7dqr - i_dquIr (430)

o is the spatial angle between the airgap flux and rotor current vectors seen in the
synchronous reference frame. With the alignment of the airgap flux to the d axis of the

reference frame, we can get
lpdqm = lpdm and l/7qm = O (431)

The torque equation is reduced to

i, (4.32)

3
Tem = E p|‘//dm|

Finally, according to the instantaneous power theory, which is useful for control of power

conversion systems, instantaneous stator power components Ps, Qs can be calculated as:
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P =3, +7,0,) (4.33)

S 2 os oS 5 Bs
3 - -
Q. =5 (Vis ~V.ai) (4:34)

The objective of the RSC controller is to keep the machine rotor speed near the optimum
wind energy capture point on the wind turbine characteristic by controlling active and
reactive power flows at the stator [97]. The doubly fed induction machine is controlled in
a synchronously rotating (d, q) axis frame with the d-axis aligned along the stator flux
position. This permits decoupled control of the electromagnetic torque and rotor
excitation currents [98]. The PWM converter acts on the rotor of the generator and the
control is done by means of the signals of the rotor and the stator currents, the stator

voltage and the rotor position.
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Figure 4.5: Control structure for Torque and Reactive power control
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The rotor voltage in the (d, g) reference frame can be obtained from

v, =R, +oL, Jo (4.35)
dt

o,

7, =R, +oL (4.36)

Figure 4.6: Phasor diagram of spatial angle control

It can be observed that the electromagnetic torque depends on the i'qr current and can be
controlled by the v voltage. Also, the rotor magnetizing current i, can be controlled by
the v,, voltage component to control the reactive power. The precise control of the
currents i, and i, allows the control of the stator side real and reactive power. The

controller is shown in Figure 4.5. The errors between the reference speed and the actual
rotor speed and between the reference reactive power and the measured reactive power
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from the system are applied to the PI controllers to obtain the reference currents i'q* and
iy respectively. The rotor current i, and iy, is tracking the reference currents i, and to
i, fulfill the purpose of this controller. For this, the slip angle must be calculated as

shown in Figure 4.6. Reference i, current can be set to zero so that no reactive power

flows into grid and obtain unity power factor. However in case of reactive power demand
by grid under unbalance condition it can be changed. A compensation terms can be added
in the rotor voltage equations to improve the transient response of the system which can

be concluded equations (4.35) and (4.36) as below:

vV, =R, +aL, A o] (4.37)

dt slip r'gr

(4.38)
dt L

S

. . di L, _
Vqr = erqr + al-r — T a)slip — Wy t O-Lrldr

where,

L2
-0 -0, oc=1-—M

@, e r
L.L,

slip
Pl algorithm computes and transmits a controller output signal every sample time, Ts, to

the final control element (e.g., i_qr andig, ). The computed controlled output from the Pl

algorithm is influenced by the controller tuning parameters and the controller error, e(t).
Pl controllers have two tuning parameters to adjust. While this makes them more
challenging to tune than a P-Only controller, they are not as complex as the three

parameter PID controller. Integral action enables Pl controllers to eliminate offset, a
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major weakness of a P-only controller. Thus, Pl controllers provide a balance of
complexity and capability that makes them by far the most widely used algorithm in
process control applications. The main reason for not using the D term is that it amplifies

high frequency noise.
4.3.2.3. Speed Estimation of DFIG

In order to extract maximum power from WECS the turbine needs to be operated
at optimal angular speed which varies continually with change in the wind speed
throughout a day. So, most recent papers try to achieve sensorless maximum power
extraction from available wind power by avoiding mechanical sensors which lead to
inaccurate measurements due to mechanical parts consideration and their high priced

[99].

Model reference adaptive systems (MRAS) are the most popular strategies used to
estimate the rotor speed and the rotor flux due to their simplicity and low computational
effort. In general, MRAS are based on a reference model (voltage model) and an adaptive
model (current model) for rotor flux estimation and adaptation scheme through a PI
controller to estimate the rotor speed. The accuracy of MRAS methods depends on the
exactness of the reference model, which is sensitive to parameters variations, and the way
of controlling the overall system [100]-[102]. Neural Network based flux observer has
been used in reference model to detect the thermal variation in stator resistance or in

current model to reduce the dependency on reference model at different operating
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conditions though the current model is adapted through a PI controller which can reduce

the reliability when operated in hostile environment [103]-[105].

In this section, MRAS based speed estimation has developed where an Artificial
Neural Network (ANN) is used instead of Pl to estimate the speed which adapts the
current model to reduce the dependence on reference model. The adaptation mechanism

is based on ANN method to improve the speed estimation performance.

1. Stator flux based MRAS-ANN speed estimator

A MRAS-ANN speed observer is used to estimate the rotational speed and rotor
position of the DFIG [106]. This observer is based on two models: a voltage model as a
reference model and a current model as an adjustable model. In a stationary frame the

voltage model is used to obtain the stator flux as:
ds = [ (Vs — Ry, )t (4.39)

The stator voltage drop Rgig will be small under rated vs operation so that the flux

estimate of (4.39) is relatively insensitive to Rs. Using a stationary frame, the stator flux

is obtained from the current model as:
&s = le_; + Lmi;‘ejér (440)
where @, is an estimation of the rotational speed. The current i, is referred to the rotor

frame. In the MRAS-ANN observer, the flux obtained from (4.39) is used as the

reference flux. By adjusting the estimated rotational speed, the error between the
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reference flux and the flux estimated from (4.40) is reduced. The error in (a, p)

coordinates is defined as

E = Gors B s — bors Bps (4.41)

Equations (4.39)—(4.41) are used to implement the MRAS-ANN speed observer. The
error calculated using (4.41) is driven to zero by a backpopagration algorithm. The output
of ANN is the estimated rotational speed used in (4.40) which is further integrated to get

the rotor position. The implementation of MRAS-ANN observer is shown in Figure 4.7.
2. Rotor current based MRAS-ANN speed estimator

MRAS-ANN observers for sensorless operation of the DFIG can also be implemented

using the rotor current vector. This type of MRAS-ANN observer has the advantage that

i and Tr are both measured quantities. The implementation of estimation technique is
given in [106]. For this, the reference model is the rotor current i, measured from rotor

windings by the sensors and for the adaptive model the rotor current I is estimated from

stator reference frame. The error between estimated and actual rotor current goes to the
ANN to estimate the speed @, and adaptive model is updated by the rotor angle ér comes

from further integrating the estimated speed.

An estimation of fr is obtained using s andVs. In the stationary frame the stator flux

can be written as:
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b, =L, + L, iel” (4.42)
From (4.42) the rotor current is obtained as:

— s —_ I_ L _ - e — e
i :%L—S'Se o where, ¢ :I(vs — Rsls)dt (4.43)
m

Replacing 6, by ér in (4.43), an estimation of rotor current is obtained as:

i 53 — Lgig e—jér (4.44)

r — I—m

The MRAS error is now defined as the cross product between:

- '

& =loripr —laripr (4.45)

Using equations (4.42)—(4.45) rotor current based MRAS-ANN speed estimator is
implemented. The error calculated using (4.45) is driven to zero by a backpopagration
algorithm. The output of ANN is the estimated rotational speed, which is further

integrated to get the rotor position.
3. Artificial Neural Network Based Rotor Speed Estimator

The ANN used for the rotor speed estimation is a recurrent multilayer network, shown
in Figure 4.8, with two external inputs (the rotor flux from the voltage model and the
estimated rotor flux from the current model), the delayed output as a feedback. Its
structure has one hidden layer. In this hidden layer there are five neurons which are
activated by a tanh (hyperbolic tangent) function and the output layer is activated by the

linear function [107]. The weight from input to hidden layer and hidden layer to output
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are updated online by backpropagation algorithm.
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Figure 4.7: ANN based MRAS speed estimator

The estimated speed (ANN output) is given by the following equations
N
@, (k) =Y w;, tanh(h(k,i)) (4.46.2)

i=1

(K. i) = Wy, (K —1) + Wy, (K) + W . (K) (4.46)

where, @, is the estimated rotor speed, wiji are the weights between the input layer

and the hidden layer, wi are the weights between the hidden layer and the outputs layer, N

is the number of neurons in the hidden layer, j= 1:3and i = 1: N.

The training of the ANN, to update its weights and biases, is done online by a
backpropagation method based on the error between the rotor flux generated by the

voltage model and the rotor flux estimated by the current/adaptive model.
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Figure 4.8: Neural network structure for the rotor speed estimation

The online training algorithm operates as follows:
e Step 1: Initialize the values of the inputs xi-1-3= (&, , &, , @ ) and the weights (w;,
Wii).

e Step 2: Calculate h(k —1,i) fori=1: N and the error e(k —1) = ¢7r — ¢33

e Step 3: update the weights
W, (k) =W (k =1) + z-h(k =1,i)-e(k -1) (4.47)
w; (k) = Wy (k=) + 2% (k=1)- (W (k ~D)(L-h(k ~L1i))-e(k ~1) (4.48)

e Step 4: k=k+1 and go to step 2, where, u is the learning rate (good

learning rate has found 0.001)
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Conclusion

In this chapter, detailed wind turbine control system at variable speed operation
was illustrated. Further, two control methods were presented to control grid tied DFIG
based wind turbine control. Mainly, controllers were proposed to control the power
generated by the DFIG itself in wind energy conversion system while power transmitted
to the grid by fulfilling the grid code requirements. Rotor side controllers were built to
control the rotor excitation by controlling magnetizing current. In the same time, grid side
controller was designed to control the DC-Link voltage and to control the reactive power
injected into the grid. Usually the grid side converter is operated at unity power factor,
but it can be used for voltage support during grid faults, by injecting reactive power in the
grid. It also supports the DFIG by providing the reactive power back and forth from grid
when it necessary. Finally, the MRAS-ANN based speed estimator presented with state
estimation process (rotor flux, rotor speed) to estimate the rotor speed for controlling of

sensorless DFIG in grid tied wind energy conversion system.
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Chapter 5

Real-Time Simulation Environment

5.1. Introduction

The Real-Time Simulation (RTS) has been used extensively in the planning and
design of electrical systems for decades. Real-time simulation technology can be defined
as a computer model building from a real physical system that can be run in the computer
at the same rate as actual time [108]. Therefore, the RTS brought many advantages for
engineers such as cost avoidance, increase quality, complete physical testing, reuse of
simulator, more tests in the lab, early faults detection, increase productivity, and less test
on the site. Simulation tools have got a rapid evolution from the analog simulators at the
beginning to the digital simulators in the past decades. Unlike the simulators with limited
capability and high cost at the early stage, the modern simulators not only possess more
powerful capability that can solve more complicated problems in less time, but also
become affordable by wider users and make digital simulators available in more areas. At
present, the digital simulators have been used widely in a number of industries.
Especially, the real-time simulation, based on automatic code generation, has played vital
role in many engineering field and applications, such as aircraft flight control design &

validation, industrial motor drive design, complex robotic controller design and power gri
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-d statistical protection tests [109].

5.2. Functions of Real-Time Simulation

The real-time simulation can be defined as a virtual model established by
computer on the basis of the objective physical system. It can work at the same rate as
actual time, namely, the actual physical time. With this capability in nature, a real-time
simulator can bring benefits to industrial design in many aspects. Generally, the functions
of the real-time simulation can be classified into three applications categories as shown in

Figure 5.1 [109-110]

e Rapid control prototyping (RCP)
e Hardware-in-the-loop (HIL)

e Pure Simulation (PS)

Rapid control Hardware-in-the-loop (HIL) Pure Simulation (P$)
prototyping(RCP)

controller

I /@] I (e}

plant plant plant

Figure 5.1: Applications categories of real-time simulation
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In the RCP function, a proposed controller archetype is established into a virtual
model by a real-time simulator and connected with physical plant by I/O port. Instead of
testing a physical controller, a virtual model provides a more flexible, faster and more
economical way for controller debug [110]. Since the controller prototype is a virtual
model implemented by the simulator, any tuning and modification can be easily
completed by a few mouse clicks. Especially in a very big system, such as a large power
grid or an aircraft, the virtual controller archetype can be tested by external physical plant
and make adjustment accordingly. On the contrast, it will be a nightmare that some

problems are found after the entire physical prototype is established.

The HIL simulation aims to provide an effective platform for developing and testing
physical controller. When the current hardware is much more complicated than before,
the complexity of the embedded system, which is designed to control hardware, also has
a great improvement. Through HIL simulation, the designed controller no longer needs to
wait for a physical plant to write or test code. The plant is able to be replaced by a virtual
model established by a real-time simulator, in which the testing can include the
simulation for large versions of the plant, such as a high power generator. Usually, it is
risky to test a controller in a large physical plant. Especially, testing the physical
controller in some extreme case, such as simulation of over burdening, would likely
destroy a physical plant [111]. For these facts, the HIL simulation is introduced to work
as an effective platform in a controller testing, especially for the case of some very

complicated plants which are hardly achieved in physical model.
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Unlike RCP and HIL involving physical model in test, PS mode employs virtual
models to take the places of both controller and plant in the real-time simulation. Since
there is no input and output signals between virtual model and physical model, the signal
loss existed in RCP and HIL is able to be eliminated in PS mode. As a result, the test in
PS mode will be more accurate than RCP and HIL mode without the influence of signal
loss. Moreover, PS mode can also provide a faster simulating speed than real-time with
no impact on the validity of results. Because of the higher simulating rate and more
powerful calculation capability than other simulators, the design period of a controller

can be effectively shortened.

5.3. Time-Step in Real-Time Simulation

Simulation can be simply defined as an imitation of the operation in a real-world
process or system over time [112]. In order to simulate a system in a valid way, it is
necessary to set every components of the system in an appropriate rate and guarantee
signals transferring between subsystems with a correct timing. In a real-time system, a
constant duration is decided as a discrete time interval in advance. The processor of a
real-time simulator has to repeatedly complete three procedures in each predetermined
time interval as shown in Figure 5.2. The processor first receives input data from other
systems and then computes all the functions and equations representing a system in
accordance with the data. After the computation is completed, the result will be written

and output from the processor. All these three steps should be finished during the predet-
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ermined time interval which is normally known as fixed-step simulation.

Outputs Outputs

Model Model
Cal. Cal.

Inputs Inputs

O ps 50 ps 100 ps
Figure 5.2: Fixed time step simulation

Depending on the different complicacy of a virtual system, the time spent on
calculating functions and equations of the virtual system could be variable. Once the time
step of a simulation is determined in advance, the actual time that a processor takes could
be either longer or shorter than the time step. In order to make sure that a real-time
simulation works validly, a simulator has to take less time than the predetermined time
step, otherwise, the simulation would be working on an inaccurate state which is called
“overrun”. Figure 5.3 illustrates the overrun phenomenon, in which the predetermined
time step is too short and the simulator spends longer time on computation than the
predetermined time interval. In this case, the simulator not only occupies the first time
step, but also takes part of the second steps. Then all the tasks of simulator in the second
time-step, including signal input, computation and result output, are omitted. Meanwhile,
the simulator directly jumps over the rest of the idle time step and waits until the clock
ticks to the next time-step. Especially in the HIL and RCP modes of real-time simulation,

the simulator has to have a same operating rate as the actual physical devices since the
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simulator aims to swap data through inputs and outputs (I/O) with externally physical
devices. If a simulator cannot complete the three tasks in time, which may be caused by a
too complicated virtual system or lack of computation capability in simulator, the real-

time simulation result is considered erroneous.

N T N
Outputs Outputs
Model Model
Cal. Cal.
Inputs Inputs
O @)
Ops 40 ps 80 ps

Figure 5.3: Overrun phenomenon in real time simulation

5.4. RT-LAB™ for Real-Time Simulation

As a real-time simulation platform, the RT-LAB™ software is used to achieve
high-fidelity plant simulation control system prototyping, and embedded data acquisition
and control. Meanwhile, its distributed processing capability also allows users to quickly
convert Simulink™ or Systembuild™ models to high-speed, real-time simulations, over
one or more target PC processors. It is flexible enough to be applied to the most complex
simulation and control problem no matter whether it is for real-time hardware-in-the-loop

applications or for speeding up model execution, control and test. [111, 113]

The real-time simulation aims to get smaller maximum time step and maintain the
simulation accuracy to a certain level with fixed-time step solver. Comparing with the

typical variable-step solvers, the utilization of the fixed-time step solver can lead to some
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inaccuracies because there is no built-in accuracy check within the solvers [114]. In order
to realize complicated electrical systems in real-time simulation and improve accuracy of
the result, the RT-LAB™ Electrical Drive Simulator comes with some special Simulink-
based modeling tools, such as ARTEMIS and RT-Events, which permits the real-time

simulation of an electrical system at practical time step of 10us.
5.4.1. ARTEMIS

ARTEMIS works as a plug-in blockset under the SimPowerSystem and helps to
improve distributed simulation of power systems over multiple processors. Other than
normal simulations whose objective is to minimize total simulation time or the smallest
average simulation time step, a real time simulation is proposed to get a smaller
maximum time step to fulfill the operating rate of the external physical devices in the
simulation while keeping the accuracy in a certain extent. For these purposes, Artemis is
introduced to satisfy real-time simulation requirements in several aspects [114]. First,
ARTEMIS can extend the range of time step to achieve both speed and precision for a
specific real-time application. Second, some oscillations caused by network switching are
hardly damped under minimum hardware limits. To solve this fact, ARTEMIiS solvers’
good damping properties are able to damp the spurious oscillations efficiently. Third, in
applications where some underdamped or high frequency components, relative to the
fastest possible sampling time, must be taken into account, ARTEMIS improves the
precision of those components comparing to the trapezoidal or Tustin methods.

Moreover, ARTEMIS also offers a new solver called State-Space Nodal which combines
82



the accuracy potential of state-space methods with the natural ability of the nodal

approach to handle circuit with a large number of switches.

5.4.2. RT-Events

Similar to ARTEMIS, RT-Events is another blockset that can be used with the
Simulink software and that enables the simulation of event-based systems that comprise
continuous- and discrete-time subsystems whose dynamics changes due to discrete events
[115]. Generally, RT-Event is introduced to solve following problem encountered in the
simulation of event-based systems. During a simulation, errors would be introduced by
the situations that some switching events may occur between the sampling instances or
multiple events occur in a single time step. Although the standard Simulink blocks are
able to compensate the errors through the variable time step solver, it is still inaccurate

due to the lack of the timing information.

. Simélink

kT (k+1)T time
Figure 5.4: Comparison between RT-Event and Standard Simulink

This problem would be worse when the fixed-time step in the order of 10-100 us.
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In the terms of the RT-Event, although the switching signal is updated in every sampling
instant as same as standard SimPowerSystem, the accuracy of simulation result is highly
increased for the same time-step since the switching and state transition information are

concurrently kept in the time stamp as shown in Figure 5.4.

5.5. Model Building & Execution in RT-LAB™ for Real-Time Simulation

Simulink model has built into RT-LAB™ with rapid controller prototyping (RCP)
for real time simulation and control of a grid connected doubly fed induction generator
(DFIG) based laboratory size wind turbine emulator for wind energy conversation
system. RT-LAB™ uses Simulink to define models and corresponding parameters which
will be executed by the real-time multi-processing system. DFIG based wind turbine
(DFIG-WT) Simulink model is implemented in RT-LAB™ environment by performing

the flowing steps.

¢ Regrouping into subsystems
e Adding the OpComm block(s)
e Maximizing parallel execution and state variables

e Setting the real-time parameters

In order to execute the model in different target processors, or nodes, it is

separated into two subsystems:
1- Console subsystem, which must be identified by the prefix (SC_) in its name
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(SC_name), is executed in the command station-PC and includes user
interface blocks, such as scopes, displays and reference command;

2- Master subsystem, which must be identified by the prefix (SM_) in its name
(SM_name), is executed in the CPU core processor of the OP5600 and
includes all the computational elements of the model, the mathematical
operations of the algorithms and the input-output blocks. As the two
subsystems are executed in different targets, or nodes, the communication and
synchronization between them is done through the RT-LAB™ OpComm

blocks as shown in Figure 5.5.
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Figure 5.5: Subsystems of the model in RT-LAB

The Simulink model of the control system is opened via RT-LAB™ and compiled
in the real time target (OP5600), then, it is automatically loaded, by RT-LAB™, into the
CPU core of the OP5600 for the master subsystem. The OP5600, real-time digital
simulator, consists of analog and digital 1/0 signal modules, a multi-core processor and
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FPGA that runs RT-LAB™ real-time simulation platform. The OP8660, HIL Controller

and Data Acquisition Interface, is a signal conditioning interface simplifies the

connectivity between the virtual environment (the real-time simulator OP5600) and the

real experimental system (Dynamometer, DFIG, power electronics inverters, grid, load)

as shown in Figure 5.6. Finally, the subsystems of the model are simultaneously executed

in the CPU core of the OP5600, for the SM subsystem, and the command Host-PC, for

the SC subsystem to run the wind energy conversion system in real time, where all the

sequencing, communication and synchronization processes are managed by RT-LAB™.
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Figure 5.6: Execution of DFIG based wind energy conversion system in Real-Time Simulation
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Conclusion

Simulation tools have been widely used for the design and improvement of
electrical systems since the mid twentieth century. The evolution of simulation tools have
progressed in step with the evolution of computing technologies. In recent years,
computing technologies have improved dramatically in performance and become widely
available at a steadily decreasing cost. Consequently, simulation tools have also seen
dramatic performance gains and steady cost decreases. This chapter presented the
overview of real-time simulation with their applications in modern technologies and the
modeling and execution of laboratory scale DFIG based wind turbine emulator in wind

energy conversion system.
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Chapter 6

Experimentation

6.1. Introduction

A 2kW doubly fed induction machine whose parameter details given in Appendix
| was emulated and validated experimentally as a real wind turbine in a laboratory scale
wind energy conversion system using Opal-RT’s real time digital simulator OP5600 and
Data acquisition system OP8660 under Simulink/RT-Lab environment. The performance
of the DFIG system is analyzed under low grid voltage. Firstly, the power control of
DFIG is done by controlling the magnetizing rotor current. The effect of change in wind
speed and change in supply frequency are also taken into consideration for the
performance analysis of DFIG. The analysis is also done by varying the DC-Link
reference voltage to show the robustness of the controller. Secondly, the performance of
DFIG speed control operation in grid tied wind energy conversion system is analyzed. It
generates the maximum power under the variable the wind speed and the generated
power follows the wind speed profile which verify the robustness of the controller. To
make the use of sensorless DFIG based power generation convenient and feasible, a
conventional MRAS based speed estimation technique has improved by ANN. The

performance of machine’s parameters and speed estimation by Artificial Neural Network
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is also analyzed using Matlab/Simulink and results are validated using Opal-RT’s

OP5600 real time digital simulator in RCP mode.

6.2. Experimental Rig Setup

Experiments were conducted on the platform shown in Figure 6.1, following the
schematic of all connected modules is shown in Figure 6.2. The experimental system

consists of the following modules:

1- A six-phase doubly fed induction generator fed by a controlled inverter its rotor
terminal and its stator terminal are connected to the power supply. The specifications of

the machine and power supply are given in Appendix I.

2- A variable frequency IGBT inverter operated by the rotor side controller, where

the PWM pulses are generated from the controller outputs to act as switch control inputs.

3- A variable frequency IGBT inverter works as a DC-AC converter operated by the
hysteresis controller, where the PWM pulses are generated from the controller outputs to

act as switch control inputs.

4- A four quadrant dynamometer is coupled with the doubly fed induction generator
to emulate the effect of real bladed wind energy turbine in a laboratory scale wind energy

conversion system.
5- Data acquisition interface (OPAL-RT OP8660) to measure voltage and current.

6- The OPAL-RT real-time digital simulator (OPAL-RT OP5600) is a powerful tool
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for rapid control prototyping and hardware-in-the-loop applications and is equipped with

Intel® Xeon Quad Core 2.4 GHz Processor.

6.2.1. Hardware Components

The experimental system shown in Figure 6.1 consists of a 4-pole three-phase

wound-rotor induction machine. Each phase of the stator winding is accessible via the

connection module to allow wye or delta connections.

Dynamometer

(wind turbine emulator)

Signal conditioning

DFIG

Encoder

and Data Acquisition
Module

Real Time
Simulator

back-to-
back IGBT

DFIG connection Line
(Stator and Rotor) inductor

Figure 6.1: Experimental setup to emulate WECS

The rotor is wye connected to four slip rings to give access to all windings, including

neutral; a four quadrant dynamometer, type of squirrel cage induction motor with an

encoder feedback; two back-to-back 6 pulse IGBT inverters, the switching frequency

90



(here 3kHz) should be chosen in a way that the balance between switching losses and
accuracy of the desired signals achieved; a line inductor, a 2 kW variable power supply,
Opal RT’s data acquisition system OP8660, and real-time digital simulator OP5600,
which is a powerful tool for rapid control prototyping with Intel® Xeon Quad Core 2.4

GHz Processor.
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Figure 6.2: Schematic of the connected experimental setup to emulate WECS

6.2.2. Software Components

RT-LAB™ represents a complete software environment that integrates OP5600
simulator with the powerful graphical, model-based capabilities of Matlab/Simulink. The
control and mathematical model is created in Simulink where it is compiled in C code
using the Real time Workshop tool integrated in Matlab. The code is then loaded into the
real time simulator. Once the model is running in the real time simulator, a Simulink-

based interface (i.e. console) is created to give the user access in real time to the signals
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and parameters within the model. This interface is used for monitoring different
measurements, adjusting system parameters and operation modes of the experimental rig
as shown in Figure 6.3. At any time while the model is running RT-LAB allows: fully
configuring the data acquisition properties; modifying; monitoring the simulator’s real

time performance.
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Figure 6.3: Schematic of monitoring and control the experiment from RT-LAB™

6.3. Active and Reactive Power Control by Controlling Rotor Current

In this experimental rig, a 60Hz, 2kW, 120V, 2-pole pairs slip ring wound rotor
induction generator is driven at a variable speed by a standard 4-pole squirrel cage
induction motor works as a real wind turbine emulator to generate the effect of wind on
the bladed rotor of a wind turbine. This driving motor is controlled by a commercial
variable frequency converter. The voltage level of the DFIG is limited to 60V due to

saturation effects in the generator. Thus the whole DFIG system has a rated power of
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2kW including grid side converter. OP8660 data acquisition system with analog and
digital 1/0 is used to measure the voltages and currents of the real experimental system as
shown in Figure 6.1. Finally, OP5600 real time digital simulator is used to run the
developed control algorithm (discussed in section 4.3.1) inside in it for emulating the

laboratory scale wind energy conversion system with rapid control prototyping.
6.3.1. Power Control by Rotor D-Current

In this test, the dynamometer (wind turbine emulator) is running at constant

speed, as shown in Figure 6.4, and the active power can be controlled by controlling the

rotor d-current iq, to follow a reference iy, ot , While reactive power can be controlled
by regulating the rotor g-current ig, to be constant at ig. ref . Responses of the

controlled rotor d- and g-currents are illustrated in Figures 6.5 and 6.6, respectively, and
it can be seen that the current tracking for both currents is successfully achieved. From
the rotor power response, shown in Figure 6.7, it can be observed that the change in

active power can be controlled by varying the rotor d-currentiy, et . The change in

active power makes slightly effect on the reactive power changes. The reactive power

increases while the active power decreases to balance the total power at rotor side. In

Figure 6.8, it can be seen that due to the controlled rotor currents ig, andig,, the induced

qr
active and reactive power at the stator side are fulfilling the grid demand as it is directly

connected with the grid. Figure 6.9 illustrates the overall response of active and reactive

power from DFIG are being controlled by controlling the rotor currents ig, andigy. Itis
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clear that the rotor d-current iy, controlling the generated active power (shown in

positive region) of DFIG which is transmitting to the grid and rotor g-current controlling
the reactive power which will be either transmitted to the grid or consumed from the grid.
In this case, the reactive power is being consumed from the grid (shown in negative
region). This is a practical controller that supports the reactive power to the grid to
improve the power factor. Furthermore, the DC-link voltage is successfully regulated to
follow a constant reference, as shown in figure 6.10, by the grid side controller despite

the variation of the rotor d-current at the machine side.
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Figure 6.5: Response of the controlled rotor d-current
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Figure 6.7: Rotor Power response by varying the rotor d-current
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Figure 6.10: DC-link voltage regulation

6.3.2. Power Control by Rotor Q-Current

Now, the active power can be controlled by controlling the rotor g-current ig, to
follow a referenceiq, ref , While reactive power can be regulated by the rotor d-current
Igr to be constant at iy, ef @S Shown in Figures 6.11 and 6.12, respectively. It can be

observed that the current tracking performance is good. From the power response at rotor

side, shown in Figure 6.13, it can be observed that the active power can be varied by
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controlling the rotor g-current to follow a reference iy, ref equivalent to the desired

active power, while the reactive power increases to balance the power. Figure 6.14
illustrates the power response at stator side. As stator terminal directly connected with
grid, the voltage induced at the stator terminal will match the grid requirements. | has
fixed amplitude and frequency. This figure shows the power transmitted to the grid is as

per the grid requirement. In Figure 6.15 shows, the rotor g-current iq, is controlling the

actual active power generated and the rotor d-currentiy, is controlling the reactive power

consumed by the DFIG under this operation.
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Figure 6.12: Response of the controlled rotor d-current

97



Stator Power (W)

DFIG Power (W)

Power (W)

_50 [

-100

-150 -

-200

-250

-300

I

— Active Power
— Reactive Power

-350
0

I
50 100

Time (sec)

150

Figure 6.13: Rotor Power response by varying the rotor g-current

400

300

Active Power 8
Reactive Power

200

100

-100 |

ey WSSy s e g _

=0T L-——W——\-'Wv
-300} R

8]

50 100

Time (s)

150

Figure 6.14: Stator Power response by varying the rotor g-current

800

70O
600

4]

o

o
T

T T

Active Power
Reactive Power ||

50 100

Time (s)

150

Figure 6.15: DFIG Power response by varying the rotor g-current

98



6.3.3. Effect of the DC-Link Voltage Variation on the Rotor Current Control

In this section, the effect of a variable DC-link voltage on the performance of the
RSC current controllers is tested. The DC-link voltage is controlled to follow a varying
reference, as shown in Figure 6.16, at the grid side, while the d-q currents are controlled
to track the desired references, as shown in Figures 6.17 and 6.18, at the machine side
simultaneously. It can be observed that the current tracking performance is well
established despite the variation of the DC-link voltage, which ensures the high tracking

performance of the overall control system at the grid and machine sides.
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Figure 6.17: Response of the controlled rotor d-current
99



—iq ref.
+—ig measured

Current (A)
w
T

0 [ [
0 50 100 150
Time (sec.)

Figure 6.18: Response of the controlled rotor g-current

6.3.4. Effects of Variable Rotor Speed on the Rotor Current Control

In wind energy conversion system, the speed variation of the wind turbine causes
variation of the rotor current which ultimately vary the generated power from the wind
turbine. In large scale power plant, the most challenging part of the grid tied wind turbine
system is to making sure the generated power is free from variation. For this reason,
power controlling is necessary. Power control can be done by controlling the blade pitch
or rotor current. In this scenario, the effect of wind speed variation, emulated by varying
the rotor speed at sub-synchronous and super-synchronous mood through the
dynamometer, on the rotor d-q currents is tested by regulating the currents to follow
constant references while changing the rotor speed as shown in Figure 6.19. It can be
observed from the d-q current responses, shown in Figures 6.20 and 6.21, that the d-
current component is well regulated with no effects from the rotor speed variation and the
g-current component is affected by the rotor speed; however a zero-steady state tracking

error is quickly established, which ensures the robustness of the control system. This type
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of controller doesn’t require blade pitch control for power control. The rotor g-current

igr 18 derived from the equation of machine’s torque. So, the variation of torque due to
the rotor speed variation makes the spike shape of controlled iy, current. The responses

for active and reactive power are shown in Figure 6.22, 6.23, 6.24 and it can be observed
that they follow the controlled d-q rotor currents. Therefore, the rotor side controller can
be used to regulate the power by tracking appropriate rotor currents. This experiment
demonstrates that the power can be controlled to track a desired reference despite the

variation of the rotor speed during variable wind speeds.
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Figure 6.20: Response of the controlled rotor d-current
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6.4. Speed Control of DFIG in Wind Energy Conversion System

This experiment is executed to validate the developed speed controller in the
platform as shown in Figure 6.1 and schematic of all connected modules is shown in
Figure 6.2. The objective is to make the rotor speed track the desired speed to capture the
maximum power from the variable wind speed. To make the variable speed wind turbine
system reliable, efficient and cost effective a MRAS-ANN based estimator has designed
for rotor speed estimation and combined with the controllers. Normally, in the wind
turbine rotor speed is measured by encoder which is expensive and sensitive in hostile
environment. Among the conventional estimator MRAS based speed estimator is highly
popular where Pl is used to estimate the speed. Pl based speed estimation takes time to
reach the peak of the speed signal and it requires continuous tuning it’s parameter at high
frequency speed signal. By comparing with Pl, ANN comprise a powerful tool to

approximate the complicated behavior and response of the peak of speed signal allowing
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considerable reduction in computation time during time-consuming optimization runs.
In this test, the dynamometer (wind turbine emulator) is running at variable speed, as
shown in Figure 6.25 the estimated rotor speed tracking the reference speed. The
generated power response at stator side due to the rotor speed variation is shown in
Figure 6.26. It is noticed that the active power is following the rotor speed profile which
verifies the purpose of controller. The active and reactive power at rotor side is shown in
Figure 6.27. The measured rotor torque and estimated rotor torque are illustrated in
Figure 6.28. Estimated rotor is similar to the actual rotor torque measured by the encoder.
The torque profile matches the stator active power profile which also validates that the
accurateness of rotor side controller (RSC) and estimator. In this experiment, the DC-link
voltage is regulated at the required voltage level which is the main intension of grid side
controller (GSC). Figure 6.29 shows the DC-link voltage is following the reference which

ultimately validates the robustness of the controller.
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Figure 6.25: rotor speed variation of DFIG
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Conclusion

Automatic control represents one of the most important factors responsible for the
efficiency and reliability of wind power conversion systems. The control scheme
proposed for section 6.3 in this thesis assures the constant power output for the grid
connected DFIG under varying speed by optimally controlling the active and reactive
power flow. This method adequately controls the slip power by regulating the reactive
power. Another control scheme proposed for section 6.4 where the speed at which a wind
turbine rotates must be controlled for efficient power generation and to keep the turbine
components within designed speed and torque limits. In addition, the proposed designing
of MRAS-ANN has significantly improved the performance of conventional MRAS
based speed estimation technique for sensorless operation of DFIG. The performed

experimental results serve as proof of concept for the developed control strategies.
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Chapter 7

Conclusion & Future Work

The doubly-fed induction generator wind turbine is a variable speed wind turbine
widely used in the modern wind power industry. At present, commercial DFIG wind
turbines primarily make use of the technology that was developed a decade ago. But, it is
found in the literature review that there is a limitation in the conventional vector control
technique. In this thesis, the doubly fed machine was introduced. The electrical energy
efficiency of wind turbine systems equipped with doubly-fed induction generators in
comparison to other wind turbine generator systems has been investigated. Functioning,
equivalent circuits and mathematical models were presented for the doubly fed induction
machine in both af and dqO (stator flux oriented) reference frames in order to provide the
reader with a better understanding of the operational behavior of the machine. The proper
designing of two methods for improving the control strategy of the rotor side converter
controller were proposed, implemented and tested for wind energy extraction, reactive
power, and grid voltage support controls of the wind turbine, namely the active and
reactive power control by controlling rotor current and the speed control of DFIG with
improved rotor position estimation MRAS-ANN method. Using the measured stator
voltages, stator currents, and rotor currents, the proposed algorithm can generates the

rotor position and speed by ANN. The speed is estimated independently of the machine
108



parameters and the algorithm avoids using differentiation, which results in a substantial
improvement in control robustness and improves its immunity to noise. A hysteresis
controller was proposed and tested for controlling the grid side converter. It helps to
maintain the constant frequency of the generated power from the wind turbine by
matching with the grid frequency, generated voltage with the grid voltage. This controller
can improve the power factor and try to maintain the power factor at unity so that the use
of additional capacitor bank can be avoided at the power grid, which ultimately reduce
the cost of power generation. As this controller is designed based on hysteresis current
concept so it can protect the wind turbine if any fault occur at power grid or in
transmission line by comparing the abnormal current due to fault with its rated current
limit. Experimental results from a laboratory scale system were presented and thoroughly
analyzed in Chapter 6 where DFIG wind turbine system was found with a superior

performance in various aspects.

The next challenge is to design the controllers for stand-alone DFIG based wind
energy conversion system with storage. A new control algorithm will be developed to
control the system for isolated area, small community, hill tracks that means where the
grid extension is not possible or grid connection is not economical. It is also important to
step up for the new era of offshore wind energy conversion system using Double Fed
Induction Generator (DFIG). Moreover, the overall control scheme is complicated. The
main problems are the unaccepted load voltage distortion due to unbalanced load

demand, variation of frequency as load varies, battery charging/discharging operation.
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So, the developed controller will ensure the constant supply voltage and frequency
regardless of voltage distortion as well as it will maintain the battery/charging
discharging operation when required by the system. Stability analysis will also be made

using modern control techniques.
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Appendix

Parameters of DFIG Wind Turbine System

Quantity Value
DFIG machine
Power 2 kW
Stator voltage 120V
Rotor voltage 360 V
Stator current 10 A
Rotor current 3.3A
Speed 1800 RPM
Pole pairs 2
Ls 0.0662
Lr 0.0662
Lm 0.0945
Dynamometer machine
Required voltage (3 phase) 208 V
Required current (3 phase) 12A
Speed range 0-3600 RPM
IGBT inverter
DC-bus voltage 420V
DC-bus current 10A
Switching Frequency 0-20 kHz

Grid side controller gains
Kp = 0.5, Ki =7, Current regulator = 0.0001 A
Rotor side controller gains (for iar and i)
Kp=45Ki=75
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