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Abstract

Study on Stability Control and Low-Cost Structure of Power Converter for
Doubly-Fed Induction Generator Wind Turbine
by

Danvu Nguyen

This thesis deals with two main topics of DFIG-based wind power system: Con-
trol and Structures. These are very fundamental yet essential for DFIG research.
New approach for these aspects are proposed in this research. The nonlinear control
method is proposed to stabilize the DFIG system under several scenarios, as changes
of machine parameters and voltage disturbances. The proposed method can overcome
the issues of a traditional PI-controller for DFIG under these case studies, as reported
in simulation study.

The research also proposes a low-cost structure, in which a simplified converter is
employed to replace grid-side converter of DFIG. Hence, it can decrease the cost of
the conventional DFIG system. Moreover, to keep the power quality in the simplified
structure, the method of Self-compensating DFIG is proposed and analyzed. The
low-cost system is compared with the traditional DFIG system in detail. In addition,
the new sensorless MPPT method is presented for the hybrid PV-DFIG system. The
hybrid system is introduced in previous research to combine PV and DFIG and reduce
the number of converters. The proposed MPPT method can also reduce the number
of PV sensors. Hence, with the sensorless control, the cost of the hybrid system can
become cheaper.

In the chapter on experiments, the module-based experimental systems are demon-

strated. These systems are built based on respective projects in Power System Lab,
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Shibaura Institute of Technology. The wind power system based on modules, which
is mainly involved in this thesis, is designed and developed. In addition, a review of
flicker issues and flicker mitigation methods in Wind power system is stated in this
thesis. It provides fundamental understanding on the state of the art in mitigation

methods.
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Chapter 1

Introduction

1.1 Overview of DFIG Research

Nowadays, wind energy has emerged as the most important renewable source com-
pared to others like solar, fuel cell etc. Around 45 GW of new wind power are
globally installed in 2012 [1]. Among current topologies, Doubly Fed Induction Gen-
erators (DFIGs) have been the most popularly used for variable-speed wind power
systems [2]. Variable speed operation and bidirectional power control are advanta-
geous capabilities of this configuration. Furthermore, DFIGs power converter is rated
for approximately 20-30% of its rating [3-5]. These advantages make DFIG-study a

highly-concerned topic in renewable energy during the past decades.

There are 2 fundamental control methods of DFIG: Vector-oriented control (VOC)
and Direct power control (DPC). The VOC can regulate the powers of DFIG using
reference frame transformations of control variables [6-8]. On the other hand, the
DPC can choose the control vector by monitoring a stator flux directly [9-11]. Many
advanced control methods are also proposed to improve traditional ones. For ex-

ample, applications of predictive control, fuzzy model and neural network on DFIG

1



Chapter 1. Introduction

controllers are investigated in current research [12-14].

Operations of DFIG under disturbances are considered notably. In the past, a
system of crowbar was used to disconnect power converters on the rotor side of DFIG
to protect the whole system [15]. However, because of recent grid codes, wind power
system must keep connected to the grid and inject the reactive power to support
the grid during voltage dips. Therefore, studies on low voltage ride through (LVRT)
method for DFIG systems are proposed and analyzed [36,38]. With the capability of
LVRT, the DFIG system can efficiently support the grid under disturbances [16].

Other researchers focus on new structures for DFIG systems. Traditionally, back-
to-back converter is applied to control DFIG [3]. In order to improve the control
quality, multi-level converters are proposed for DFIG systems [17,18]. Because multi-
level converters can increase the size and cost of the system, some researchers employ
a matrix converter to control the DFIG [19]. The matrix converter can reduce the size
of the converter due to elimination of capacitors. Simplified and low-cost structures

are also proposed for DFIG systems [20,21].

Study of DFIG integration into various systems is very promising. A battery stor-
age system can stabilize the DFIG system [22], and combination with photovoltaic
(PV) system can boost the development of renewable energy [56]. Besides, coopera-

tion of hydropower plant and DFIG systems is proposed and investigated [58].

On the other hand, the intermittence of wind power source can strongly affect the
output power of DFIG. It can cause oscillations of power and voltages. Therefore,
research on these issues is very necessary. Power-smoothing control methods for DFIG
are proposed using inertia energy [23]. The voltage stability methods for DFIG are

considered in literature [76,77].
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Nonlinear Self-Compensating Sensorless Small Scale
Method DFIG Hybrid PV-DFIG Wind Power System

Overview of Module Concept

DFEIG Control Low-cost Approach PV-DEIG and Design

Proposed
Nonlinear SC-DFIG Method SIS Demonstration

Control MPPT

Wind Power
System based on
Modules

LVRT Comparison Operation and
Evaluation and Evaluation Performance

Figure 1.1: Structure of research in the thesis

1.2 Study and Contributions in this Thesis

This thesis deals with several topics of Power Converters in a DFIG system: Sta-
bility Control and Low-cost Structure. They are fundamental yet important aspects
of DFIG power converter research in the literature. The entire structure of research
in the thesis is illustrated in Fig. 1.1 in detail. From the chapter 3, every chapter
proposes and analyzes a new approach of DFIG power converter research, namely
Nonlinear method for Stability control in chapter 3, Self-compensating DFIG and
Sensorless hybrid PV-DFIG for Low-cost structures in chapter 4 and 5 respectively.
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Chapter 1. Introduction

In addition, Chapter 6 introduces the module-based system and the on-going devel-
opment of Wind Power System. The contributions in every chapters are stated in

detail in the following.

Chapter 3: A new nonlinear control approach for DFIG power converter is proposed
to enhance stability of system under operations. The proposed method can
overcome issues due to errors of machine parameters, which strongly impact
traditional PT methods. The low voltage ride-through (LVRT)capability of this
control method is also validated in the simulation study. With this capability,
it can improve stability of DFIG WTs during voltage dips.

Chapter 4: This chapter proposes and analyzes the low-cost structures of DFIG
power converter. In this structures, simplified converters are used to replace the
conventional grid-side converter (GSC) of DFIG. Therefore, it can reduce the
cost of the traditional structure due to the low-cost converters and elimination
of associated circuits of GSC. In addition, to apply the simplified structure, a
concept of Self-Compensating DFIG (SC-DFIG) is introduced. The method of
SC-DFIG controls the DFIG to compensate distorted currents which injected
by the simplified structure to the grid. So it can maintain the power quality of
the low-cost DFIG system. The results of SC-DFIG system are analyzed, and
the comparisons between the low-cost structures and the traditional structure

using back-to-back converter are demonstrated in simulation study.

Chapter 5: A sensorless maximum power point tranking (MPPT) method for hybrid
Photovoltaic-Wind system is presented in this chapter. This hybrid system is
previously considered to reduce the cost of the two separate systems of PV and
DFIG in literature, which is reviewed in the chapter as well. The new sensorless
method can track the maximum power of PV system without the PV current

sensor. The main idea of the method is to use the sensors of DFIG power

4



Chapter 1. Introduction

converters to estimate the output power of PV. Consequently, it can efficiently
decrease the cost of the hybrid system. The new method’s results are reported,

and coordinating operations of the entire system are also analyzed.

Chapter 6: This chapter introduces module-based experimental systems in Power
System Lab, Shibaura Institute of Technology. Concepts, design and develop-
ments of these systems are presented in detail. Three projects based on modules
are demonstrated, namely Transmission system, Hydropower system and Grid-
connected inverter system. In addition, the ongoing development of Wind power
system based on modules is explained. The system is a fundamental model for

several further study on Wind power system in future.

In addition, flicker mitigation is a very important topic in DFIG WTs. Previous
research on flicker mitigation of WECS is summarized in Appendix A. Many methods
of mitigation are outlined and explained in details. Moreover, important points of
flicker mitigation study are presented, such as flicker definitions, flicker meter (IEC

standard), flicker causes in wind power system.



Chapter 2

Wind Energy Conversion System

2.1 Wind Statistics and Modeling

2.1.1 Weibull Distribution

Weibull distribution is very popular to express the probability density function of the
wind speed. The Weibull function is derived as [24]:

flw) == (%’)“ e/ (2.1)

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

The average wind speed can be obtained by the density function:

o= /OOO wf(w)dw = %r(%) (2.2)
['(z) = /OO = le tdt (2.3)

Where I' is Euler’s gamma function.
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Vv -
"1 1 Rotor Veqa Wind
> wind » Turbine 1

T Rotor angle 1

Park '
Scale :
Wind
Model
Vhub.k Rotor Veak Wind
> wind »1 Turbine k

T Rotor angle k

Figure 2.1: Park scale wind model

Particularly, when the shape parameter is 2, the Weibull distribution becomes
the Rayleigh distribution. The scale factor of Rayleigh distribution c is calculated in

respect with a given average wind speed as:

c= ﬁ@ (2.4)

2.1.2 Wind Model in Park Scale

A structure of wind model in park scale is demonstrated in Fig. 2.1. There are two
levels in the structure: park scale level and rotor wind level [25]. At the first level,
wind speeds in hub height are calculated considering coherence of turbines. The
second level generates equivalent wind speeds, including effects of wind shear and

tower shadow.

Complex cross spectral matrix S(f) is used to calculate wind speeds of turbines
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Figure 2.2: Coherence of turbines

considering turbulence coherence [25]. If a wind park has N turbines, dimension of
matrix S is Nz N. For example, an element S,..(f) is the cross power spectrum between

turbulence at wind turbine number r and c. S,.(f) is expressed as the following:

Sre(f) = A5 dres Vo)V Spr () See(f) e Al (2.5)

Where 7 is coherence function, d,. is distance between two turbines, V{ is mean
wind speed, and 7. is delay time.

Fig. 2.2 illustrates distance and delay time between turbines r and c¢ of four
turbines in a wind park. The spectrum Si(f) used in this research is two-sided

Kaimal spectrum:

Skailf) = 2 52.5(z/V0)

15 33(=/V0) f)5/3 (2:6)

Where u* is friction velocity and z is hub height.
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—>

—>
Wind speed

increases
when height
is higher

.
L

Figure 2.3: Mechanical illustration of turbines

The matrix S(f) is discretized in frequency domain to estimate Fourier coefficients
of wind speed time series. These coefficients are used to perform an inverse Fourier

transform to generate the hub height wind speed vy, in time domain.

In rotor wind model, it is very necessary to take into account wind shear and
tower shadow. The term wind shear is defined as variations of wind speed with
height, whereas the term tower shadow is used to describe the redirection of wind

due to the tower structure.

Wind shear, as explained in Fig. 2.3, is expressed as the function below.

rcosf + H

V(T, 9) = VH( 7t

)% = V(14 W(r,0)) (2.7)

Where Vg is hub-height wind speed, r is the radial distance from rotor axis, W is

wind shear shape function, « is the empirical wind shear exponent, H is hub height.

The wind shear function can be approximated using Taylor series expansion as

follows:

—(ﬁ>2 cos? 0 (2.8)
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Figure 2.4: Wind shear and Tower Shadow effects

On the other hand, tower shadow effect can be calculated based on the lateral
distance y and the distance x from the blade to the tower midline as shown in Fig.

2.3. Tower shadow function is determined as follows.

2 — 2

Utower (Y, T) = Voa (m) (2.9)

Fig. 2.4 illustrates the influence of wind shear and tower shadow on equivalent
wind speed. Impact of wind shear and tower shadow on torque oscillations are also

discussed in depth in [26].

2.2 Aerodynamic Power Conversion and Control

2.2.1 Aerodynamic Power from Wind

The theory of momentum is used to study the process of extracting the kinetic energy

in the wind. Based on energy conservation and Bernoullis equation, the power in the

form of kinetic energy is derived as [27]:

P, = %pAV3 (2.10)

Where P, is wind power, V,, is wind speed, A is crossing surface and p is the air

10
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density.

The mechanical power converted by wind turbines is less than that power:

1
P, = §pAV3Cp (2.11)

Where C), is the power coefficient, a transformation ratio between kinetic energy
of the wind and mechanical input power.

This coefficient is a function of pitch angle and the tip speed ration. The tip speed
ratio, A, is defined by:

R,
A= 2.12
v (2.12)
Where R is the radius of blades and €); is the angular speed of the rotor.
The maximum value of C), is given by the Betz limit:
Cpymax = 0.593 (2.13)

The mechanical torque is obtained by the relationship between torque, angular

speed and power:

2173 31,2 31,2
Tt:ﬂ prVC_pWRVC_pWRV

2.14
Q, 20, 2\ 2 Ci (2.14)

Where C} is the torque coefficient. The relationship between coefficients of power
and torque is as follows:
Cp(A) = AC(N) (2.15)

As stated above, the power coefficient C), is very important to calculate the me-

chanical power from the wind source. The expression C, is dependent on character-

11
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Figure 2.5: Wind characteristics

istics of blades and turbines. In practice, C, is calculated by experimental measure-
ments or computer-aided estimation. When the data of C), is available, approximate

functions are derived by using interpolation and polynomial regression.

In this thesis, two analytical expressions of C,, which are popular in wind energy

research, are introduced. The first expression is used in [5]:

ks

Cp = ki(5- = ksff = ka8 — k) x eFr/A (2.16)
1
A+ kg (2.17)

The second expression, which is simpler, is applied in [28]:

1
C, = 5(7 —5.6) x e 017 (2.18)

V, (mi/h)

Y= o (rad]s) (2.19)

The characteristics of second expression is shown in Fig. 2.5. This expression

with the assumption of constant pitch angle is used in other chapters of this thesis.

12
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Figure 2.6: Optimal control diagram

2.2.2 Optimal Power Control

The optimal mechanical power can be obtained from the wind energy when the power
coefficient comes maximal, as illustrated in Fig. 2.5. In this research, the optimal
control method in [29] is adapted. Moreover, to make it simpler, the wind speed value

is used in this research. The control diagram is illustrated in Fig. 2.6.

2.3 Wind System Topologies

Based on speed range of operation, there are two types of wind turbines: Fixed-
speed and Variable-speed. Generators of FSW'T are connected to the grid directly.
Therefore, the speed, which is similar to the grid frequency, are not controllable and
the wind variations will affect the power quality of the grid. On the other hand,
VSWTs are equipped by power electronics converters. The converters can control the
rotor speed and stabilize the wind power fluctuations. Therefore, the VSWTs can
strongly improve the power quality compared to the FSWTs.

Three structures of wind turbines, which have been used popularly, are presented
in this section:

1. Fixed-speed wind turbine with an induction generator

13
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Figure 2.7: Diagram of Fixed-speed WT

2. Variable-speed wind turbine with synchronous generator

3. Variable-speed wind turbine with doubly-fed induction generator

2.3.1 Fixed-speed wind turbines

A structure of Fixed-speed wind turbines is illustrated in Fig. 2.7. The generator
output is directly connected to the power grid. The rotor speed of this structure is
handled by a gearbox. Because of lacks of power electronics interface and controller,
reactive power is uncontrollable in this structure. FSWTs are main topology in the

early stage of wind technology, but considered outdated today.

2.3.2 \Variable-speed wind turbines with SG

In Variable-speed wind turbines, a power electronic converter is used to convert the
generator power into usable power for transmission and distribution, as shown in
Fig. 2.8. Synchronous generators, which can be winding rotor or permanent-magnet
rotor, are mainly used in this structure. The power converter consists of AC/DC
converter and DC/AC converter. These converters are commonly used and developed
in many applications for energy conversion. Because of power electronic interface, this

structure can control the active power and reactive power independently.

14
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Figure 2.9: Diagram of Variable-speed WT using DFIG

2.3.3 Variable-speed wind turbines with DFIG

Fig. 2.9 demonstrates the variable-speed wind turbine based on DFIG. In this struc-
ture, the generator output is also directly connected to the grid power. In addition, the
rotor of the generator is connected to the back-to-back converter. This full-quadrant

converter can convert the power between the rotor and the grid bi-directionally [3].

Recently, this system has become popularly used generators for variable-speed
wind turbines. There are two main advantages in this system. First, the range
of operation speed is very broad from 30% under synchronous speed to 30% over
synchronous speed. Second, the rating of power converter is very small compared
to other systems. Because the converter handles only the rotor power, the rating is

around 25 ~ 30% of the generator rating.

15



Chapter 2. Wind Energy Conversion System

2.4 Fundamental of DFIG

2.4.1 Equivalent circuits of DFIG

The differential equations representing the model of the DFIG are derived, using the
space vector notation in the stationary (stator) reference frame, in this section. In

space vector form, the relation of voltages, currents and fluxes are simply stated [5]:

75 = Rs'7s + iﬁs
L (2.20)
77":Rr'ir+£¢7‘

Where: o, 7, 1 and R are voltage, current, flux and resistor respectively,
subscript: s, r are stator and rotor.
In addition, the correlation between the fluxes and the currents, in space vector

notation, is given by:

(2.21)

Where L, and L, are the stator and rotor inductances, L,, is the magnetizing
inductance, and they are related to the stator leakage inductance L,, and the rotor

leakage inductance L,,, according to the following expressions:

Ls - Los + Lm
(2.22)

L, = Lo+ Ly,
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Figure 2.10: Equivalent circuits of DFIG model

All the equations above can be demonstrated in terms of equivalent circuits, as

seen in Fig. 2.10.

Continuing with the model, the electric powers on the stator side and on the rotor

side are calculated as follows:

3 =2 3
P, = 5 Re {U—; : Z: } = §(Uasio¢s + ’Uﬁsiﬁs)
3 - 3
PT = 5 Re {U—T> . Z: } = 5(1)047’2.0(7" + UﬁriﬂT)
2 (2.23)
_ 9 — 2\ _3.
QS = 5 Im Vs * 14 = 2(vﬁs7/as /Uaslﬂs)
3 =2 3
QT = 5 Im {?7’ : Zi } = §(Uﬂrio¢r - /UOcT’Z.,BT)

Where the superscript * represents the complex conjugate of a space vector as was

used in terms of phasors. Moreover, the electromagnetic torque can be found from:
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2.4.2 Operation Modes of DFIG

One of advantages of DFIG wind turbines is long-range variable-speed operation,
about £30% of synchronous speed. Directions of mechanical and electrical powers of
DFIG are alternative under variable-speed operations. Based on power flow, DFIG
operations can be divided into 2 modes. In fact, DFIG can run under 4 different
modes, 2 modes for generator and 2 modes for motor. However, in the research of

this thesis, only 2 modes of generator are considered and analyzed.

Two modes of DFIG, namely supersynchronous mode and subsynchronous mode,
are dependent on wind speed. When the wind speed is higher than the synchronous
speed, the generator operates in supersynchronous mode. Otherwise, the generator
operates in subsynchronous mode. The power flow of two modes is illustrated in

Fig. 2.11.
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Figure 2.12: Diagram of Studied System in the Thesis

2.5 Modeling and Assumptions of Studied System

In previous section, the equivalent circuits and property of DFIG are explained in
detail. A wind power system consists of not only the generator but also other me-
chanical and electrical parts. Descriptions of these parts in this thesis are presented

in this section.

2.5.1 Dynamic Modeling and Assumptions

Dynamic modeling of the entire wind power system in this thesis is based on the
report documents from General Electric (GE) - Power Systems Energy Consulting
[30]. This document is suitable for analysis of WTs in cases of grid disturbances,
faults. Moreover, the influence of wind speed fluctuation is also taken into accounts
in this model.

The rating power of DFIG is modified and different from the report document.
The document recommends two kinds of machines. The GE 1.5 and GE 3.6 machines
have rated power outputs of 1.5MW and 3.6MW respectively. They are also connected
to the bus of 575V and 4160V respectively. The DFIG rating in the thesis is modified
based on other common research with IMW power output and the bus of 670V [77,78].
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The dynamic modeling of the studied system is illustrated in Fig. 2.12. There
are four main model blocks in this system, namely Generator-Converter, Electrical

Control, Wind Aerodynamic Control and Wind Source. They are described as follows:

Generator-Converter: DFIG is the main generator in this thesis. Basically, a
structure of DFIG is a wound-rotor machine, which has the stator connected
to the grid and the rotor connected to the power converter. Mathematical
model of DFIG is presented in previous section. This model is fundamental and
commonly-used for research of DFIG [5]. Back-to-back converter is employed
to regulate output power of DFIG WTs. The 2-level converter (6 switches) is
used for both grid-side and rotor-side converters. In addition, other structures

in several chapters are explained in detail for specific research.

Electrical Control: Power control methods for DFIG are very important in this
thesis. Typically, a controller is used to stabilize the output power of DFIG
under various operation. There are several main control methods, which will be
explained in Chapter 3. The control diagrams of the methods are also stated in
that chapter. In some parts of the thesis, the influence of inertia is considered
small enough during short-time validation of electrical control method. This

assumption is common in research of electrical control for DFIG [10].

Wind Aerodynamic Control: The control model in this block is demonstrated in
section 2.2 7 Aerodynamic Power Conversion and Control”. The main function
is for optimal control according to wind characteristics. In this thesis, the pitch
control is not taken into account, and the pitch angle is considered constant in
power coefficient formula. The wind characteristic curve in the thesis is based

on [5,28,29].
Wind Source: There are three conventional ways to simulate wind sources: Distri-
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bution function, Park-scale model and Practical data. Park-scale model of wind
is very necessary to analyze the flicker influence of WTs. The model in [25, 26]

is adapted in this thesis.

2.5.2 Other Practical Aspects

Switching frequency is very important in controller of power converters. Very high
switching frequency can become impractical, and low value can make poor quality
of currents. In this thesis, the switching frequencies of GSC and RSC are 5kHz
and 2kHz respectively. These values are popularly used in research of DFIG power
converters [9-11]. In addition, hysteresis band, which is used in some chapters, is
modified around 1% to 2%. They are based on the reliable range from 0.5% to 4%,
which are used in [31] and [10] respectively.

Influence of parameter nonlinearity is considered in the simulation system, espe-
cially in Chapter 3. In chapter 3, a stability control method is proposed and analyzed.
Therefore, the change of rotor resistance is taken into account. The proposed con-
troller is tested during this change. The variation of rotor resistance is investigated
for a new controller of DFIG in [10]. On the other hand, the change of magnetizing
inductance L,, is not considered in this thesis. The magnetizing inductance can be
affected in case of magnetic saturation. Nevertheless, saturation effect of DFIG is
not in the topic of this thesis. The entire system is operated under rating power of
DFIG. Moreover, saturation of WT's, which is not included in GE’s dynamic model,

is required a complicated mathematical model to analyze.
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Nonlinear Control of DFIG for

Stability Enhancement

3.1 Introduction

Operation of DFIG WTs is very important under various situations. Power convert-
ers of DFIG play a key role to regulate the output powers of DFIG WTs. Therefore,
stability control of power converters is a highly-concerned topic in DFIG research. In
this chapter, a nonlinear method is proposed to enhance the stability of DFIG op-
eration. The proposed control method can overcome issues of traditional controller,
which are explained in next sections. Moreover, the proposed method is tested under
severe case of voltage drops. According to simulation results, the operation of non-
linear control is better than the traditional control for Low Voltage Ride Through

(LVRT).
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3.2 Control Methods of DFIG

3.2.1 Vector Oriented Control

Under stator flux orientation, the relationship between the current and the fluxes can

be written as [5]:

idsLs + idTLm = ,lvbs

(3.1)
tgsLs + igrLy =0
The above equations can be stated in another way:
Ys  Ln
lds = — — 7 ldr
Ly L,
L, (3.2)
bgs = T lar

The stator resistance is much smaller than the stator inductance, so it is possible

to remove the stator resistor in the stator voltage equation:

Vds = 0
X (3.3)
Vgs = ‘/g ~ ws¢s
Combining these above equations with the power equations:
3
Py = —v4414s
2
3 (3.4)
Qs = §quids
3.
Ps = —§V ZqT‘
3.5
0, 3V¢ BVL 3v2 3~ L . (3:5)
Vo — = idr = — o Vg5—iar
2 9L, L, " 2w,L, 2L, "

The equation 3.5 clearly showed that dq components of rotor current can be used
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Figure 3.1: Vector control diagram

to control the stator power in the stator flux orientation. Power control scheme is

demonstrated in Fig. 3.1. The block Rotor current calculation is based on eq. 3.5

3.2.2 Direct Power Control

The stator active and reactive power can be controlled via stator voltages and currents
as equations in above subsection. In addition, they can be expressed in terms of stator

and rotor fluxes [5]:

3 Ly,

"= oL, ] [V
3w, =L |- B (3.6)
Qs - EO-LS ws |:L_r 1/)5 - ‘¢T COS 6:|

The above expressions show that the stator active and reactive powers are control-
lable by modifying the relative angle between the rotor and stator flux space vectors

and their amplitudes. If the stator voltage is fixed, these equations will become
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Figure 3.2: Flux diagram

simpler:

P, = K, [1,|sind
. (3.7)
Qs = K [Ks — |ty | cos 5}
And because the rotor flux can be controlled via the rotor voltage:
Tdt
h
| o= n| / i dt (3.8)
0
B =l v

Therefore, six space vectors of rotor voltages are employed to steer the rotor flux

into an appropriate trajectory, as illustrated in Fig. 3.2.

The controlling scheme of direct power control includes hysteresis blocks and
vector selection table to choose suitable voltages based on the errors of powers values,

as seen in Fig. 3.3.
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3.3 Nonlinear Control with dg-Hys

3.3.1 PI Control Design for DFIG

The relation between rotor quantities and stator flux is as follows:

d L, d
Var = Ryigr — er-Lriqr +oL,—ig +

dt L_S%@bds

(3.9)

d L
Vgr = RTiqT + wro Lyigr + ULrﬁiqr + Wy L_mwds

This relation can be shown in the block diagram of Fig. 3.4.

The term erL—ml/st is considered as a disturbance when this block diagram is
used to design a PI controller for DFIG. Therefore, if it is constant, the controller

can compensate this component with ease. Otherwise, it can cause negative effects

during transient periods.
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Figure 3.5: Equivalent circuits of rotor equations

3.3.2 Proposed Method

In this section, the hysteresis current controller for dg-components of the rotor cur-
rents is explained. Originally, the idea of this algorithm is proposed for induction
motor control by Rodriguez et al. in [32]. In this research, the principle is established

and employed for rotor side converter, which is 2-level inverter, of DFIG.

The equation of rotor variables is presented in eq. 2.20. From this space vector
equation, dq components, in the rotor reference frame, can be expressed in eq. 3.10

and illustrated in terms of two equivalent circuits, as seen in Fig. 3.5.
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d
Vpq = Ryitpg + _wrd
dt (3.10)

Urqg = Rytyg + %qu

The above equivalent circuits show that it is possible to increase or decrease (iq,
irq) of every circuits by turning on and off the two sources (v,q, vr4) respectively.
Firstly, the errors (g4, €,) of 4,4 and i,, are compared to the hysteresis band dg.
Secondly, the signs of v,4 and v,, are assigned by using the output values of the
hysteresis blocks. In summary, the strategy is showed as follows:

+ &4 > 464 then hy = 1, increasing i,q = v,q > 0

+ g4 < —d4 then hy = 0, decreasing i,q = v.q < 0

Fig. 3.6 states the specific steps of the proposed algorithm. The identical steps
are established for g-components also.

In order to turn on or off the two sources (v,q4, vy4), the space vector of output
voltage of rotor side converter is considered, reliance on the position of d-axis of
rotational reference frame which is aligned with stator flux in this research. Typically,
the plane of space vectors of 2-level inverter is divided into 6 sectors, as seen in Fig. 3.7.
The signs of (v,4, vry) and the sector of d-axis are used to select the appropriate voltage
vector.

For instance, it is assumed that d-axis is in sector I, as demonstrated in Fig. 3.7.
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Vi

Figure 3.7: An example of vector selection

The hysteresis block outputs are (hy = 0, hy = 0), which means decreasing (i,q, %rq)-
Therefore, the signs of the suitable voltage vectors dq-components are (v,.q < 0) and

(vry < 0). V5 is ultimately selected for accomplishing these conditions.

3.4 Simulation Study

The entire system of proposed method is implemented by using Matlab/Simulink.
The simulation study is carried out to validate and analyze not only the dynamic
response of the system under variations of powers, speed and machine parameter, but
the ride-through capability during voltage disturbances as well. In addition, system
parameters are shown in Table B.1. The sampling frequency of Simulink model is
50kHz. However, the maximum switching frequency of the proposed method is limited
at bkHz and 2kHz for GSC and RSC respectively. Also, the hysteresis band is set at
2% of the rated rotor currents.

The RSC plays a key role in this research to implement the proposed nonlinear
control method. On the other hand, the GSC regulates the DC-link voltage and

supplies stable powers for the RSC. The structure and control diagram of GSC are
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demonstrated in detail in [33]. The stator-voltage reference frame is employed in this
research. In addition, the negative value of power indicates a direction of power from
the generator to the grid, such as p = -1pu.

The first case study is to examine the performance of the system under step-
changes of power demands. In this case study, the rotor speed is assumed constant.
As seen in Fig. 3.9, the active and reactive power demands are changing from (-1pu,
Opu) into (-0.6pu, Opu), (-0.6pu, -0.4pu) and (-0.8pu, -0.2pu) at 1.2s, 1.4s and 1.6s
respectively. The responses of output powers are very quick without overshoots in
both cases of the proposed controller and the PI controller.

The DC-link voltage, rotor currents, stator currents and dg-frame rotor currents
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Figure 3.14: Stator Powers, 50% error of rotor resistance: new method (solid) and Pl
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are stated in Figs. 3.8, 3.10, 3.11 and 3.12 respectively. When the power demands
change, the RSC attempts to control the rotor currents according to the relationship
between stator powers and rotor currents of DFIGs. In Fig. 3.12, the responses of
rotor currents are very fast. In terms of dg-frame, the rotor currents are kept constant
and less oscillations than that of PI controllers.

The performance of the proposed method is evaluated in case of errors of machine
parameters. In this simulation, the rotor resistance is increased 50% from the rated
value. Note that the machine parameters sensitively impact the performance of a

typical PI controller. The rotor speed is changed from 0.85pu to 1pu, 0.9pu and
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Figure 3.15: Rotor currents, 50% error of rotor resistance

0.95pu respectively. The rotor speed, stator powers and rotor currents are shown in
Figs. 3.13, 3.14 and 3.15 respectively. The performance of the proposed system under
machine parameter variations is very good. The results are mostly the same as those
in the case of rated machine parameters. Moreover, the stator powers regulated by
the PI method are not stable as shown in Fig. 3.14. The PI method cannot maintain

the output powers constant under the variations of machine parameters.

3.5 LVRT under Symmetrical Dips

3.5.1 Electromagnetic Force on the Rotor Side

The electromagnetic force (emf) is one of the most important variables, since it acts
as a perturbation in the control loops and it could saturate the converter. The elec-
tromagnetic force induced in the rotor windings varies considerably under grid distur-
bances. This is the cause of the problematic behavior of DFIGs under perturbations.

The rotor voltage expression is [5]:

d
T.=R,. P+ %E)’” (3.11)
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A slight difference between rotor flux and stator flux is due to leakage inductances:

Lm T iy
Yy + oL, (3.12)

¢r: L

Combining these two equations above:

Ly d— d —
T: —_— r L_ r 1
g gVt (Betole) i) (3.13)

The rotor voltage might be divided into two terms. The first term corresponds to
the emf induced by the stator flux in the rotor. In other words, it is the voltage in

the rotor open-circuit terminals (when i, = 0):

=y (3.14)

During normal operation, the electrical grid is a source of three balanced voltages

of constant amplitude and frequency:

Ve = V, cos(wst + )

A 2

vp = Vj cos(wst + ¢ — §> (3.15)
N 4

ve = Vycos(wst + ¢ — ?ﬂ)

The voltage drop in the stator resistance, which is significantly smaller than the
total value, can be neglected. At steady state, the space vector of the stator flux is
a rotating vector of constant amplitude, proportional to the grid voltage and syn-

chronous speed:

. . Jele
G = Voot = Y e (3.16)

JWs
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The variable flux will thus induce an emf proportional to the slip frequency:

= Lm d o s Lm NG
e, = I %ws = jw, I (0 (3.17)

The amplitude of this emf can be expressed as follows:

LnV, -
9y
L, w, g

L

E,
L,

:Wr

s (3.18)

3.5.2 Stator Flux under Disturbances

Generally, grid faults are partial voltage dips. That is the stator voltage drops below
its rated voltage but remains above zero. Therefore, the voltage dips analyzed in this

section are expressed [34]:

f/reej‘“st fort <0
=g " (3.19)
(1-— p)l/;,reewst fort>=0

In steady state, the flux is proportional to the stator voltage:
D (steady state) — { IV
(1 - p)‘/preejwst

JWs

fort <0
(3.20)

fort=>0

However, the flux does not change instantaneously because it is a state variable.
The transient behavior of stator flux can be described in terms of roots of differential

equations:

d - R, -

—p® = — 2yf 3.21

dt ¢s US LS ¢S ( )
The root of eq. 3.21 includes two components:
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Figure 3.16: Flux evolution under voltage dips

+ The homogeneous solution (natural flux) is the transient or the natural response
of the equation. It depends on the initial conditions of the total solution.

+ The particular solution (forced flux) is the steady state response. This solution
is proportional to the input of the equation; that is, to the stator voltage. The total
flux is the sum of both of them:

e V au i o e n
wi - ]]'cw - e’ + an()e_t/n = 77Z)Sf + Vsn (3'22)

In eq. 3.22, the first term is forced flux, which is induced by symmetrical voltages
after fault, and the second term is natural flux, which appears after fault to prevent
discontinuity of stator flux. The evolution of stator flux is demonstrated in Fig. 3.16.

The total emf induced on the rotor side results from the two components of stator
flux:

Ly~

e = L—Vpre(s(l —p)e¥rt — (1 — s)pe I@mteiert) (3.23)

The first one is generated by the new grid voltage and its amplitude is small as it is

proportional to the slip. Its frequency is the difference between the synchronous and

the rotor frequencies; therefore, it usually achieves a few hertz. The second terms

36



Chapter 3. Nonlinear Control of DFIG for Stability Enhancement

a transient voltage caused by the natural flux. During the dip, high voltages are
induced in the rotor mainly due to the natural flux. The maximum is reached during

the first instants of the dip, when the natural flux is the highest.

3.6.3 Demagnetizing Current Control

The demagnetizing current control is a recently developed technique to protect the
DFIG against voltage dips [35,36]. As seen before, voltage dips, unless very shallow,
cause saturation of the rotor converter and hence loss of the rotor current control.
This technique avoids saturation of the converter by introducing an additional current
into the rotor that minimizes its voltage.

In a total three-phase dip, the stator voltage becomes zero and the only flux
remaining in the machine is the natural flux that induces a high emf in the rotor
converter. If nothing is done, the rotor voltage will be very similar to the emf induced
and the converter will saturate as a result. However, by introducing a specific current
into the rotor, it is possible to reduce the flux and hence to decrease the rotor voltage.
Restating the expression of the rotor flux:

L ~ B,
Ur = T oL, (3.24)

From this equation, it is clear that the rotor flux can be reduced by introducing

into the rotor a current opposite to the stator flux:

iy = —Kaihs (3.25)

In this case, the rotor flux will be:

77;7‘ = (LLm - O-LrKd)Js (326)
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Figure 3.17: Demagnetizing Current Control

SEE

That can be zero by adjusting the gain K.

The controlling scheme is expressed in Fig. 3.17. The natural flux is indepen-
dently calculated to be converted into demagnetizing currents, which are added to
the original current reference.

The injection of a current opposite to the magnetic flux to reduce the voltage is
a well-known technique mostly applied to brushless electrical drives. The difference
with the control described here is that now the technique is solely applied to the
natural and negative fluxes and not to the positive flux, because the positive flux
does not induce an emf. With this method, it is possible to completely cancel the
natural and negative fluxes, so that only positive flux remains, which does not cause

saturation of the rotor converter.

3.5.4 LVRT using Proposed Method

In next case study, the systems capability of low voltage ride-through (LVRT) is
investigated. Grid voltage dips are very sensitive to DFIG WTs, which are connected

to the grid directly. When the voltage dips occur, they can cause oscillations of the
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Figure 3.18: DC-link voltage during dips

stator flux, as explained in previous sections. These oscillations can make the RSC
saturated and incapable of current control. In addition, in order to fulfill the new grid
code, DFIG WTs are required to remain the connection to the grid, inject reactive
power and halt the active power generation as well [37]. These response requirements
of the new grid code help a power grid recover faster.

In the LVRT case study, the simulation model of DFIG WTs is operated during
the grid dips of 50% its nominal values, and the wind speed is assumed constant
during conducting. Before ty = 1s, the system is under normal operation. After that
time, the grid voltage drops out to 50% the rating value, as seen in Fig. 3.19. The
DC voltage is stated in Fig. 3.18. In this research, to safely maintain the connection
of DFIG WTs to the grid under voltage dips, a demagnetizing method, as proposed
in [38], is utilized. This method can diminish the oscillations of stator flux during
voltage dips.

The magnitude of stator flux is demonstrated in Fig. 3.20. When employing the
demagnetizing method, the proposed system can damp the oscillations within 0.05s.
The results of PI controller, which has longer response time, are also shown in Fig.
3.20. These results confirm that the demagnetizing method during voltage dips can

be implemented efficiently using the proposed nonlinear control. As demonstrated in
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Figure 3.23: Stator flux - various cases of dips: new method

Fig. 3.21, after voltage dips, the system can respond very fast by turning the active
power into zero and injecting the reactive power 0.4pu into the grid.

Various cases of voltage disturbances are conducted to validate the demagnetizing
ability of the proposed method and the PI method. As seen in Figs. 3.22 and
3.23, the oscillations are eliminated within approximately 0.05s and 0.1s for the new
controller and the PI controller respectively in all cases. Under voltage disturbances,
the proposed method performs better that the traditional PI. Pay attention that the

higher voltage dips are, the more initial oscillations.
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3.6 Summary and Discussion

In this research, the new space-vector based nonlinear controller is proposed for the
power converter of DFIG WTs. This algorithm can control the rotor currents based
on the two errors of current components in dg-reference-frame directly. The proposed
method is not only validated on power control for DFIG under variations of power
demands, rotor speeds and machine parameters, but it also has the capability of low
voltage ride through. The simulation results show that it has a very fast dynamic
response with voltage disturbances in various cases. The results also confirm the
effectiveness of the proposed method under disturbances and variations of machine
parameters, compared to the traditional PI controller. In summary, advantages and
disadvantages of the proposed method are stated as follows:

Advantages:

+ The proposed method can overcome the issue of parameter influence of tradi-
tional VOC. Under change of 50% of rotor resistance, the nonlinear method’s output
is stable, while the output power of VOC varies about 10%.

+ The strategy of this nonlinear current control can replace the Pl-regulators
without changing basic structure of VOC. Therefore, it is convenient for researchers
to utilize the proposed method for their own schemes of vector control.

+ Capability of LVRT is better than traditional VOC. The oscillations of stator
flux are eliminated within approximately 0.05s by the proposed method and 0.1s by
the traditional method. Moreover, overshoot of stator flux under 50% disturbances
are 0.2pu for the proposed method and 0.4pu for the traditional one.

Disadvantages:

+ Because of vector selection principle, the nonlinear control has the same issue
as DPC strategy: inconstant switching frequency. The effect of this advantage is

analyzed in literature, and it is acceptable for application of DPC to DFIG control
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Table 3.1: Comparisons between VOC, DPC and proposed method

VOC Nonlinear DPC
Change of rotor resistor | unstable stable stable
Oscillation time of ®, 0.1s 0.05s no data
Overshoot of &, 0.4pu 0.2pu no data
Switching frequency constant | unconstant | unconstant

[10,11,31]. However, this advantage is still needed to be improve in future.
Comparison between VOC, DPC and proposed method is demonstrated in Ta-
ble 3.1. In future, the improvements for this method to overcome the general case of

disturbances, which is not only symmetrical voltage dips, will be considered.
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Self-Compensating DFIG: an

Approach of Low-Cost Structures

4.1 Motivation

In previous chapter, stability control is proposed and analyzed in detail. This control
method can tackle issues of traditional controller. In addition to control methods,
structures of power converter are an important topic of research on DFIG WTs.
The number of installed DFIG WTs is tremendously increased during last decades.
This trend makes cost of installation is very competitive in the market. Therefore,
low-cost structures of power converters in DFIG system are studied in the two next
chapters. The low-cost method for traditional DFIG system is introduced in chapter
4, and the one for hybrid Photovoltaic-DFIG system is presented in chapter 5. A
simplified structure is introduced and analyzed in this chapter. Also, a method of
Self-compensating DFIG is proposed to maintain the power quality of the simplified
structure. In addition, advantages and disadvantages of proposed structure and other

structures, which are proposed for cost-reducing purpose in literature, are reviewed
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and discussed.

4.2 Instantaneous Power Theory

In order to analyze the power quality influence, the instantaneous power theory is
used in this paper. The instantaneous powers, which include the instantaneous real

power p and the instantaneous imaginary power ¢, are defined in eq. 4.1 [40].

P Vo U i
= 7 * (4.1)
q Vg —Va ig
Where v and ¢ are instantaneous voltage and current, subscripts o and (§ are

components in a-axis and [-axis respectively.

Otherwise, the instantaneous currents can be calculated as follows:

lo, 1 Vo Vg p
— 4.2
v + v (42)

8 g —Ua q
Equation 4.2 is very important to calculate the compensating currents for a power

system.

4.3 Low-Cost Structures for DFIG System

A typical grid-tied DFIG system is shown in Fig. 4.1(a). The back-to-back converter
is mainly used in this structure. It includes two converters: Rotor Side Converter
(RSC), which handles rotor currents to control the output powers, and Grid Side
Converter (GSC), which handles grid-side currents to control the DC link voltage
and the power factor at Point of Common Coupling (PCC) [41]. Hence, every con-

verter needs a respective controller and associated circuits. These circuits increase not
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only the cost but also maintenance services. In literature, there are several converters
proposed to replace the back-to-back converter, such as Matrix converter or 9-switch
converter [42,43]. The matrix converter has smaller size compared to the tradi-
tional back-to-back due to elimination of DC capacitor [42]. In addition, the 9-switch
converter has fewer switches than the back-to-back [43]. However, control methods
for these converters are very complicated and the power quality is still required to
improve. Therefore, in this research, a simple approach of a low-cost structure is

proposed and analyzed.

In order to simplify the traditional structure, the GSC is replaced by two simple
AC/DC converter: 6-diode rectifier (6DR) and single-switch rectifier (SSR), as seen
in Fig. 4.1(b). The 6DR is cheaper and more durable than the fully-controlled GSC.
In addition, the 6DR can work without a controller. Another simplified structure
proposed is single-switch rectifier (SSR). The SSR can control the DC-link voltage
with a simple controller for only one switch [44-46]. These converters are really
simpler and cheaper compared with the GSC. Using them, associated circuits of

GSC, such as protection and heat-sink circuits, can be removed.

4.3.1 Simplified Structures to Replace GSC

6-diode rectifier is a very classical and simple AC/DC converter. It can rectify the
input AC voltage into DC voltage without a controller. However, due to passive
components, 6DR cannot control the DC-link value and distorts input AC currents,
as illustrated in Fig. 4.2.

On the other hand, single-switch rectifier is a simplified structure proposed to
convert AC voltages into a controllable DC voltage. The SSR. consists of only one
switch and 7 diodes. The SSR is capable of controlling DC voltage, but it cannot

maintain sinusoidal currents on AC side, as stated in Fig. 4.2. A control diagram of
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Figure 4.2: Comparisons of GSC, SSR and 6DR

the SSR [44] is demonstrated in Fig. 4.3. The main principle is that the switch is

controlled to increase the DC current i4. to boost the DC voltage and vice versa. In

several papers, cascaded passive filters are designed to improve the AC side quality

of SSR [45,46]. They are very bulky, complicated and not cost-effective. In order to

keep the proposed structure simple, an L-filter is used in this research.

As mentioned before, the two simplified converters are not capable to maintain

47



Chapter 4. Self-Compensating DFIG: an Approach of Low-Cost Structures

>

lgc

VANERVANERVAN
i ;I:} Vdci:

VANERVANERVAN

* Hysteresis Gate
control
Pl

—+—

Figure 4.3: Structure and control diagram of SSR

the AC currents. These distorted currents on AC side can influence the power quality.

The influence is illustrated in details in the next subsection.

4.3.2 Power Quality Influence of 6DR and SSR

The instantaneous currents of 6DR and SSR are shown in Figs. 4.4 and 4.4 respec-
tively. These rectified currents are not sinusoidal waveforms, so they affect not only
the power factor but also the power quality. The instantaneous voltages and currents
of the two converters are used to analyze the instantaneous powers.

The instantaneous powers of 6DR and SSR are demonstrated in Figs. 4.6 and
4.7. Tt is obvious that every power superposes two power components, which are
average and oscillating ones, in both cases of 6DR and SSR. These components can

be expressed as

p=p+p
(4.3)
q=q+gq
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Figure 4.4: AC currents of 6DR
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Figure 4.5: AC currents of SSR

where p, p and ¢, ¢ represent the average and oscillating terms of p and the average
and oscillating terms of ¢ respectively. The oscillating real and imaginary powers are

related to the presence of harmonics in the power grid.

4.4 Self-Compensating Method

As explained in previous section, the oscillating powers of the simplified convert-
ers strongly degrade the power quality. It is inevitable to remove these powers for

adoption of the simplified diagram of DFIG. The SC-DFIG method is proposed to
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Figure 4.7: Instantaneous powers of SSR

eliminate the oscillating powers by controlling DFIG to compensate them.

As seen in Fig. 4.8, in addition to the conventional reference stator power (ps, qs),
the DFIG also injects additional oscillating powers. The oscillating powers injected by
the DFIG are to compensate the oscillating ones injected by the simplified converter.
In other words, they are similar in terms of absolute value and different in terms of
sign. In addition to the oscillating powers, the average imaginary power can also be
compensated by DFIG to maintain the unity power factor. As a result, the grid powers

(Pgrids qgria) are shown in eq. 4.4 after compensating. The oscillating components are
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Figure 4.8: Power flow of SC-DFIG method

obviously eliminated from the grid powers.

Pgria = (s —=P) + (P +P) =ps + P (1.4

Ggria = (qs =4 — @) + (T +q) = ¢s
The entire schematic diagram of proposed method is stated in Fig. 4.9. This
diagram is intentionally illustrated for SSR, but it is completely similar to the one
of 6DR. The compensation method in this diagram is based on the method of Ac-
tive power filter, which uses a power electronic converter, a transformer and a filter
(inductor) to compensate high-order harmonic currents of the grid power [40]. The
structure of active power filter (converter-transformer-grid) is relatively similar to the
structure of RSC-DFIG-grid in forms of equivalent circuits. The controller consists
of four main components namely: Instantaneous power calculations, Compensating
power selection (Low pass filter), Reference rotor current calculations and PWM cur-

rent controller. The functions of these components are discussed as follows.

1. Instantaneous power calculations: the grid voltages vy, and the SSRs cur-
rents ... are used to calculate the instantaneous powers (Drect, ¢rect) Which the

SSR consumes by using eq. 4.1. These powers, as analyzed before, include the
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Figure 4.9: Schematic diagram of the proposed system

oscillating powers which must be eliminated.

2. Compensating power selection: the specific compensating powers are selected
using a low pass filter. As discussed before, the oscillating real power and the
entire imaginary power are specified to be eliminated. Subsequently, the typical
command powers (p%,ql) are adjusted to take into account the compensating

powers.

3. Reference rotor current calculations: From eq. 4.2, this component supervises
the reference rotor currents 77 which are based on the command powers in

previous steps.

4. PWM current controller: a typical hysteresis current controller is utilized to
handle the RSC. The dynamic response of this controller for current compen-
sation is validated in [40]. The primary function of the RSC is to maintain the

rotor currents ir following the references.
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4.5 Evaluation of SC-DFIG Structures

The control strategy of low-cost DFIG system is validated using Matlab/Simulink.
The sampling time of simulink model is le-5s, and the switching frequency of the
current controllers is 5kHz with the hysteresis band 1.5%. The simulations are carried

out for three case studies to investigate:

1. Feasibility of the proposed system
2. Performance under changes of power demands and wind speed

3. Comparisons between SSR and back-to-back converter

In the case studies, the proposed system is controlled under unity power factor
operation mode. This operation mode maintains the reactive power injected to the
grid equal zero and generates a stable active power in accordance with active power
demand. The results of both 6DR and SSR systems are shown in case studies 1 and

2. The parameters of the system are shown in Table B.1.

4.5.1 Feasibility of the SC-DFIG System

This case study is conducted to assess the compensating and DC-link controlling
capability of the proposed system. In addition, because of short-time simulation, the
wind speed is assumed constant at 0.9pu in this case study. At the beginning, the
low-cost DFIG system is operated under the traditional control mode which generates
only the stable command powers. The systems are switched to the compensating
mode injecting additional oscillating powers at the given time, which is 1.5s for 6DR-
struture and 2s for SSR-structure. In this paper, the negative value of power indicates
a direction of power from the generator to the grid, such as p = -1pu. The analysis

of results for both structures is stated as follows.
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Figure 4.10: Grid currents after compensating of 6DR

in case of 6DR: Fig. 4.10 shows three-phase currents of power grid, which are dis-
torted before 1.5s. When the compensating mode is turned on, these currents
become sinusoidal shapes. Consequently, the total harmonic distortion (THD)
of grid currents is significantly diminished from 7.75% (without compensating)
down to 0.77% (compensating). In addition, the compensating algorithm does
not change the magnitude of grid currents, but eliminating their high order har-
monics. Instantaneous grid powers are demonstrated in Fig. 4.11 to evaluate
the power quality. The distorted grid currents do not only cause oscillations of
powers, but they also inject the instantaneous imaginary power of 0.2pu. After
1.5s, the instantaneous imaginary power is decreased to nearly zero. More-
over, the two powers become more stable after the compensating algorithm is
conducted. Therefore, the power quality is improved remarkably. The rotor
currents are illustrated in Fig. 4.12. After the compensating mode is enabled,
the rotor currents change from sinusoidal shape into harmonic-containing shape.
These high-order harmonics on the rotor side are to generate the compensating

powers on the stator side.

in case of SSR: Fig. 4.13 shows three-phase currents of power grid, which become

sinusoidal shapes after 2s. Similar to previous case, the THD index of grid

54



Chapter 4. Self-Compensating DFIG: an Approach of Low-Cost Structures

Instantaneous Powers (p

Rotor Currents (pu)

currents is decreased from 6.97% (without compensating) down to 0.89% (com-
pensating). Instantaneous grid powers are shown in Fig. 4.14. After 2s, the
two powers also become more stable because of the compensating method. The
rotor currents and the electromagnetic torque are illustrated in Figs. 4.15 and
4.16 respectively. Notice that the compensating method slightly affects the gen-
erators torque, because the oscillating real power of SSR is much smaller than

ps and the compensating reactive power ¢..; does not influence the torque.

Capability of DC-link voltage control of SSR structure is demonstrated in
Fig. 4.17. The DC voltage is changed from 0.8pu to lpu at 2.5s and from
1pu to 0.9pu at 3s. The response is very fast.
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Figure 4.17: Controllable DC voltage of SSR

4.5.2 Performance under changes of power demands and wind

speed

In this case study, the DFIG is controlled under various active power steps to evaluate
dynamic responses of the proposed system. As seen in Fig. 4.18, the active power is
controlled to change from -1pu to -1.1pu at 2.5s and from -1.1pu to -0.9pu at 3s. The
responses of the output power are very fast. The reactive power is still kept at zero
level under these changes. The DC-link voltage is kept stable by SSR, as illustrated
in Fig. 4.19. The DC voltage of the SC-DFIG with 6DR is also shown in Fig. 4.19.
The DC-link uncontrollability of 6DR is improved using SSR.
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Figure 4.19: DC voltages of SSR and 6DR under power changes

Slope-changing of wind speed is also conducted in this case study. When the wind
speed changes, the active power demand is controlled according to the optimal power
method in Fig. 2.6. As illustrated in Fig. 4.20, the wind speed is decreased from
0.95pu to 0.85pu during the interval from 2.5s to 3.5s, and increased from 0.85pu to
0.95pu from 3.5s to 4.5s. The output active power is smoothly generated in respect
with wind speed, as seen in Fig. 4.21. The rotor speed is also shown in Fig. 4.20
to illustrate the behavior of the rotor under the optimal control. Moreover, the DC
voltage is maintained unchanged in this case, as illustrated in Fig. 4.22. In contrast,

the DC voltage of the 6DR system is strongly varied. The constant DC voltage
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Figure 4.22: DC voltages of SSR and 6DR under wind speed changes

confirms the capability of DC-link control in the low-cost system equipped SSR.
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Figure 4.23: Comparisons of active power responses

4.5.3 Comparisons between SSR and back-to-back converter

Responses and THD index of the traditional DFIG system, which uses a back-to-back
converter, are analyzed along side with results of the SC-DFIG system based on SSR.
Fig. 4.23 illustrates the responses of generated power during step-changing of power
demand from -0.8pu to -1pu. Note that conventional active powers are used in this
case, not instantaneous powers. The response time of the traditional system and the

proposed system is about 15ms and 45ms respectively.

THD index of the two systems are shown in Figs. 4.24 and 4.25 under various
power demands and wind speed respectively. The traditional system has better index
than the low-cost system. However, the THD index of the proposed system is still
less than 4%, which is an IEEE standard limit for grid connection of distributed
sources [39]. In Fig. 4.26, the analysis of harmonics under 20th-order is illustrated for
three cases: the SC-DFIG system based on SSR without compensating, the proposed
system based on SSR with compensating and the traditional system based on back-

to-back converter.
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Table 4.1: Comparisons of simplified structures

B2B Matrix 9-switch Low-cost
structure
Number of 12 (100%) 9 (75%) 9 (75%) 7 (58%)
switches
Control .. . . 1 dg-frame and
structure 2 traditional dg-frame | complicated | complicated simple for 1 switch
DC-link .
control yes no DC-link yes yes
Wind speed ws + 30 ws + 30 ws + 30 W
range to wy — 30% to wy — 30% | to ws — 30% to wy — 30%

4.6 Summary and Discussion

In this research, the low-cost DFIG system is proposed and analyzed. In this sys-
tem, the complicated GSC is replaced by the 6-switch rectifier and the single-switch
rectifier, which are simpler and cheaper. The high-order currents of the simplified
converters are compensated by the DFIG, so the DFIG can generate stable powers
to the grid at the PCC without the conventional GSC. The SC-DFIG is designed
to work in sub-synchronous mode only. In the sub-synchronous mode, the simplified
converter is required to supply about 0 ~ 30% power of the generator rating. This
slip power is completely similar to what the back-to-back converter handles under the
sub-synchronous mode. So SC-DFIG system needs the same rating-power converter
as the traditional B2B. Table 4.1 illustrates properties of the proposed low-cost struc-
ture along with other simplified structures. Features and drawbacks of this structure
are stated in detail in the following:

Advantages:

+ The low-cost structures reduce the number of switches in DFIG power converter,
7 switches using SSR and 6 switches using 6DR (respectively 58% and 50% compared
to switch number of traditional back-to-back converter)

+ Control diagram is simpler than traditional B2B’s diagram. It takes 2 dq-frame
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controllers for B2B and only 1 dg-frame controller for low-cost structure with basic
control for 1 switch of SSR.

+ DC-link voltage is also maintained stable although the GSC is eliminated

Disadvantages:

+ THD index of low-cost structure is higher than the one of B2B. In operation
at power of 0.8pu, THD index is 0.9% using low-cost structure and 0.5% using B2B.
In operation at wind speed of 0.85pu, THD index is 1.2% using low-cost structure
and 0.6% using B2B. However, they are still less than 4% in compliance with IEEE
standard limit for drid connection of distributed sources.

+ The proposed system can operate in a range of wind speed from w, to ws —30%.

By utilizing the SC-DFIG system, it is possible to remove many peripheral circuits
of GSC which increase the cost of installations and maintenance services. Overall,
this system is a promising method for low-cost DFIG wind turbine systems, especially

in rural or remote areas.
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Chapter 5

Hybrid Photovoltaic-DFIG System

with Sensorless Control

5.1 Introduction

As mentioned in chapter 4, study of low-cost structures is focused in chapters 4 and 5.
In last chapter, the low-cost method for power converters in traditional DFIG system
is presented using the simplified power converter. In this chapter, a cost-efficient
method for power converters in hybrid PV-DFIG system is proposed. Typically, the
hybrid PV-DFIG system is developed to reduce the cost of two separate PV and
DFIG systems in literature. In order to go a step further, the proposed method in
this chapter can reduce the number of PV sensors. The current and voltage sensors
are conventionally used to measure the PV power for Maximum power point tracking
(MPPT). The proposed method can track the maximum power of PV system without
current sensor. This sensorless MPPT method, which will be explained in detail in

next sections, can efficiently reduce the cost of the hybrid PV-DFIG system.
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5.2 Overview of PV-DFIG System

5.2.1 Overview

With rising concerns about shortage of conventional energy sources such as oil, coal
or natural gas, wind and photovoltaic powers become more attractive and sustainable
alternative for future. They have recently been two most promising sources. During
the past several decades, the world has witnessed the novel developments of power
electronics and semi-conductor technology. Those play an important role to reduce
the cost of PV and make the energy conversion of PV more efficient than ever before.
The improvements of power electronics also boost the wind industry to become more

practical.

As mentioned in previous chapters, traditional structure of DFIG WTs is shown
in Fig. 5.1. A back-to-back converter including a Rotor Side Converter (RSC) and a
Grid Side Converter (GSC) is employed in this structure. Fig. 5.2 illustrates a typical
grid-tied configuration of PV system. In this configuration, a DC/DC converter is
used maximum power point tracking (MPPT) method of PV system. Moreover, an
inverter is employed to convert the DC power into the AC power. To combine these
configurations, the inverter of PV system is eliminated and the DC/DC converter
output is directly connected to the DC-link of back-to-back converter in the hybrid

system, as demonstrated in Fig. 5.3.

The combination of DFIG and PV systems is introduced and analyzed in literature
[53-58]. In [53], energy management method of PV-DFIG system is presented. This
system also includes the battery storage for energy back-up. Efficient control methods
are proposed for this hybrid system as well. For example, Khemiri et al. introduce the
backstepping control strategy for DFIG in the hybrid system [54]. In [55], Zarei et al.
present the predictive DPC method for DFIG and an analytical method for MPPT
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Figure 5.2: Typical structure of grid-tied PV system

of PV. Using the GSC of the hybrid system as an active power filter for harmonic
compensation is reported in [56]. A multilevel neutral point clamped inverter is
proposed for this hybrid system [57]. Moreover, the integration of hydropower plant
into the hybrid PV-DFIG system is presented in [58].

The basic advantage of the hybrid PV-DFIG system is to reduce the cost of the
traditional systems. A low-cost system is very competitive in the market of renewable
energy, especially in rural area. Therefore, to go further for cost derease, a sensorless
maximum power point tracking (MPPT) method is proposed for the PV source of the
hybrid system. The main idea of this approach is using output powers to estimate the
input power. In operation, the powers from GSC and RSC can be applied to estimate

the PV power due to balance of DC-link in the hybrid system. A detailed estimation
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algorithm is presented in next sections. In our previous research [47], this sensorless
MPPT approach is introduced and successfully applied for a stand-alone PV system.
Employing this approach for the combined system can decrease the cost compared to
the hybrid system with a traditional MPPT method. Using less numbers of required
power converters and less numbers of required sensors makes the cost of the hybrid

system much cheaper.

5.2.2 Studied System

The proposed system studied in this research is illustrated in Fig. 5.3. In this struc-
ture, the DC output of DC/DC converter is directly connected to the DC-link of the
back-to-back converter. Therefore, the inverter of PV system is eliminated. That
can reduce the cost of the entire system. In this research, the DC/DC converter is
Buck-Boost (BB) converter, which has very stable operation and fast-response. The
BB converter can maintain the maximum power generation from PV system. This
maximum power is supplied to the DC-link voltage. Then the RSC and GSC can
convert that DC power into AC power which is fed to the rotor or the grid. The co-
ordination of these converters to handle the power flow is investigated and explained

in details in simulation study.

As mentioned above, the combined system can work without the inverter of PV
system. Hence it is cost-effective compared to two separate configurations, as shown
in Figs. 5.1 and 5.2. Also, all associated circuits of the inverter, such as heat-sink and
protection circuits, are removed. That can decrease the cost of maintenance services.
Moreover, a sensorless control method is proposed for the hybrid system. This method
can reduce the numbers of sensors of PV system, so the cost of the hybrid system
can be decreased more. The sensorless method is presented in next sections in detail.

Parameters of the proposed system are shown in Tables B.1 and B.3.
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Figure 5.3: Studied system

5.3 PV Modeling and Control

5.3.1 Modeling of PV

An equivalent circuit of a PV module is shown in Fig. 5.4. This circuit consists of a
current source in parallel with a diode. The diode and the output resistor mainly de-
termine the characteristics of the PV module. The mathematical relationship between

PV current and voltage can be written as [48]:

qVpo + ¢l Rg

L) 1 (5.1)

[pv = [L_[D exp(

where I, and V,, are PV current and voltage respectively, Ip is the diode sat-
uration current, ¢ is the electron charge, A is the material factor of diode, K is the
Boltzmann constant, Rg is the series resistor, and T is the absolute temperature.

Environmental conditions, such as temperature and irradiation, strongly affect
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the characteristic of the PV module. Therefore, a maximum power point tracking

method is required to remain the maximum output power of the PV module. Typical

IV-curves of PV are demonstrated in Fig. 5.5.

5.3.2 MPPT Control of PV

The aforementioned issue of PV is that its output power is strongly dependent on
environmental conditions and load power. Therefore, a DC/DC converter is typically
used to remain the available maximum power of PV regardless of changes from sce-

nario. Researchers have been proposed various structures and methods for MPPT

control during the past decades [49-51].
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In this research, a Buck-Boost (BB) converter is employed to maintain the max-
imum power of PV system as shown in Fig. 5.3. Fig. 5.6 demonstrates the control
diagram for BB converter. The P&O MPPT component is very important in this
diagram. Based on the instantaneous current and voltage of PV system, this compo-
nent can point out a relevant reference voltage. In addition, the reference voltage will
be gradually modified to track the maximum power point by this component. Hence,
the BB converter is controlled to maintain the voltage of PV system similar to the
reference voltage.

The P&O MPPT algorithm is illustrated in Fig. 5.7. This algorithm is used in

this research because of the simple yet robust advantage [52].

5.4 Sensorless MPPT for Hybrid PV-DFIG

In order to track the maximum power point of PV, the information of PV voltage and
current is monitored. Therefore, current and voltage sensors are used to calculate the
PV power Ppv, as seen in Fig. 5.6. In this research, a new method is proposed to
track the MPP of PV without monitoring the PV power. In the hybrid PV-DFIG
system, the DC output of PV is connected to the DC-link of the DFIG converter.
Hence, due to balance of DC-link, exchanged powers are conserved, and the GSC and

RSC powers can be applied to estimate the PV power. In the other words, the PV
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Figure 5.7: P&O MPPT algorithm

power is measured using only available sensors of DFIG system. The power flow of
PV, GSC and RSC is illustrated in Fig. 5.8.

The power of GSC Pggc can be calculated as eq. 5.2. However, the power of RSC
Prsc is indirectly calculated using the current izsc, which is noted in Fig. 5.8. The
value of irsc is derived as eq. 5.3. The method to estimate Pgrsc is shown in Fig.

5.9.

PGSC = iga X Vgq + Z.gb X Vgp + igc X Vge (52)
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Figure 5.9: RSC power calculation
iRSC = iTa X Sq + irb X Sp + irc X S¢ (53)

where subscripts g, r, a, b and ¢ are grid side, rotor side, phase a, phase b and
phase ¢ respectively. s,, s, and s. are switching values of phase a, b and ¢ on rotor

side respectively (s = 0 when switch opens, s = 1 when switch closes).

The sensorless MPPT diagram is demonstrated in Fig. 5.10. The P&O MPPT
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Figure 5.10: Control diagram of sensorless MPPT method

block receives the estimated value of PV power to track optimal voltage. Note that
the Delay block is used to keep the reference voltage fixed until the DC-link becomes
stable. The conventional hybrid PV-DFIG can eliminate the Inverter and its sensors.

Moreover, the sensorless PV-DFIG can eliminate the PV current sensor.

5.5 Simulation Study and Discussion

In this section, the proposed MPPT method is analyzed. The estimated and measured
powers of PV system are compared in detail. Then, the coordination control capability
of three converters is investigated. One of benefits of DFIG is that it can work under
subsynchronous mode, when the wind speed is lower than synchronous speed, and
supersynchronous mode, when the wind speed is higher than synchronous speed. The

power flow of converters during these modes are varied, as shown in Fig. 5.11.

5.5.1 Feasibility of the Sensorless MPPT Method

This case study is conducted to investigate the proposed MPPT method under changes

of irradiation. As seen in Fig. 5.12, the irradiation is changed from 1pu to 0.6pu at

73



Chapter 5. Hybrid Photovoltaic-DFIG System with Sensorless Control

AA

' I:)RSC

-
-----

GSC RSC
+} +}

b----P» Sub 1 AAA
----- > Super L '

DC/DC

Figure 5.11: Power flow under various modes

irradation = 1
2os irradation = 0.8
5 irradation = 0.6
5 061 .
Boar .
02 -
9.5 2 Time (3) 25 3
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t = 2s and from 0.6pu to 0.8pu at t = 2.5s. The output power of the PV system is
remained at the maximum power points under irradiation variations, as illustrated in
Fig. 5.13. Fig. 5.14 shows the DC-link voltage which is stable at 1pu.

The estimated and measured PV powers are demonstrated in Figs. 5.15 and 5.16.
The estimated one is approximately equal to the measured one during changes. How-
ever, it takes about 30ms for responses of the estimated power to become stable, as
seen in Fig. 5.15. The main reason is that the estimated power is based on AC
components, which have a period of 1/60s. The power-voltage curve of the estimated

one is shown in Fig. 5.16.
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Figure 5.16: Estimated and measured power

5.5.2 Dynamic Response of the Entire System

In this case study, coordinating operations of the system converters are analyzed
under different modes. As mentioned before, during various modes of DFIG system,
power flow of every converters is interchangeable. Therefore, the converters of the
entire system must be able to work harmoniously in various scenarios. Regardless of
changes of environmental conditions and control references, the relations of powers

must be balanced according to the following equations:
Subsynchronous mode 1: |Pgsc| = |Pasc| + | Ppy|
Subsynchronous mode 2: |Ppy| = |Pgsc| + | Prsc|
Supersynchronous mode: |Pgsc| = |Ppyv| + | Prsc|

Figs. 5.17 and 5.18 illustrate the operation under subsynchronous mode 1. In this
mode, the RSC converter receives the power from GSC converter and PV system. In
addition, the irradiation changes from 1pu to 0.6pu at 2.5s, so the PV power decreases.
The RSC power is maintained constant during changes, as seen in Fig. 5.17. GSC

currents are changed rapidly to compensate the power decrease of PV, as shown in

Fig. 5.18.
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the mechanical power is increased from 1.1pu to 1.15pu. All converters can work very

stable and the DC voltage is remained constant during changes of mechanical input

power, as shown in Fig. 5.22.

5.5.3 Discussions on Advantages

Employing the sensorless hybrid system, the cost is decreased because of elimination
of the inverter of PV system. It can make higher efficiency due to less power loss.

These advantages are discussed in detail as follows:

Reducing cost of system The cost of the hybrid system is reduced because the
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Figure 5.22: DC voltage, supersynchronous mode

inverter and all associated circuits are removed. In addition, the proposed
sensorless MPPT method in this research can help the cost lower than the
conventional hybrid system. The proposed method is not as complicated as
methods using observers. It simply estimate the PV power using the powers of

DFIG converters. So it can be applied to the hybrid system easily.

Reducing power loss The numbers of converters in the hybrid system are less than
the separate systems. Therefore, it can eliminate the power loss of the PV’s
inverter. The power loss of 2-level inverter is about 0.015pu [59]. This value is

considerable in case of MW-level power plants.
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Table 5.1: Sensors used in various systems

DFIG | Vpv Ipv | Inverter

SENSOrs | SENSOor | sensor SENSOrs
popatate | YES | YES | YES | YES
PI\{/YB??G YES | YES | YES | NO
S?YSEEZSS YES | YES | NO NO

Integrating to available DFIG system DFIG WTs are the most popular topol-
ogy recently. There are many available DFIG-based wind power plants. With
investigation, appropriate sites can be used to integrate new PV systems. The
PV systems with suitable rating can be connected to the available DFIG plants.
The cost of these newly-installed PV systems are much lower than the separate

PV systems.

5.6 Summary and Discussion

In this research, the sensorless MPPT method of the hybrid PV-DFIG system is
proposed. The inverter of the separate PV system is eliminated in the typical hybrid
system. In this method, the available sensors of the DFIG system are used to estimate
the PV power for MPPT. Therefore, it can remove the PV current sensor of the PV
system. Comparisons of sensor utilization are illustrated in Table 5.1.

The performance of the proposed method is demonstrated in simulation study.
The three converters can work very well to handle the power flow under various
operation scenarios, such as variations of mechanical power and irradiation, changes
of DC-link voltage. Properties of the typical hybrid system and the sensorless hybrid
system are illustrated in Table 5.2. Advantages and disadvantages of the proposed
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Table 5.2: Comparisons between typical and sensorless hybrid PV-DFIG

Typical Sensorless
hybrid PV-DFIG hybrid PV-DFIG
MPPT capability YES YES

Wind speed range | w, + 30 to ws — 30% | ws + 30 to ws, — 30%

Steady time to
measure DC-link

No delay 30ms

system are explained as follows:

Advantages:

+ The sensorless system can track the maximum power of PV without the PV
current sensor.

+ The sensorless method does not affect the dynamic responses of the entire
hybrid system. The system responses are very stable under changes of irradiation,
mechanical power and DC-link voltage.

Disadvantages:

+ It takes about 30ms (1/60hz) for the estimation value to be steady.

With the capabilities of MPPT and fast responses, the sensorless hybrid system

can be a cost-effective alternative of the two separate systems.
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Module-based Power Systems and

Experiments

6.1 Module-based Experiment Systems

6.1.1 Introduction

Since the revolution of electricity in the end of the nineteenth century, electric power
has become a crucial foundation to develop human society. The electric power in-
dustry shapes and underpins every aspects of life. The electric consumption has
grown more and more in the entire world [60]. In addition to the development of
the electric infrastructure, the development of human source in power engineering is
very important. Electric power experts, engineers and technicians are required not
only in industry but also in academy. In order to fulfill the demand, experimental
models are important for students to learn and for new engineers to experience and
practice. In education, experiments in lab are necessary for students in several main
learning methods, such as lecture-based learning and project-based learning [61, 62].

In research, researchers and graduate students also need well-prepared experimental
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systems to test and realize their ideas.

Experimental models must be similar to equipments in the field and familiar with
theoretical diagrams in books and technical reports. Therefore, experimental systems
for training and research are often considered in every lab of universities carefully. In
literature, some systems are designed for particular parts of a power system for study
and education. Experiments in [63] are used to understand the whole design process of
transformers, including design, construction, modeling and analysis. A voltage flicker
training facility is presented to provide practical concepts of electric power quality
in [64]. In [65], an electricity market simulator can help to figure out pool-based
electric markets and the role of power producers. In [66], a machinery laboratory
with industrial equipments are also introduced. Conventionally, there are three types
of experimental models, such as commercial products, on-demand products and self-
made products. These products have disadvantages of high-cost and incapability of

customization. These disadvantages will be discussed in detail in next section.

In this research, a new approach of experimental systems is proposed and devel-
oped. The proposed system is based on module concepts. Every functional parts of
the experimental system are designed into separate modules. Each module represents
a small model and can be used for many systems. The modules are easy to handle
and arrange, so they can be used in labs and classrooms with small space. In order to
demonstrate, this chapter introduces three module-based projects in Power System
Lab, Shibaura Institute of Technology: Transmission system and compensation, Hy-
dropower system and Grid-connected inverter for distributed generation (DG). These
systems are fundamental but important for research groups to study and analyze.
They also can be applied to help users to experience and figure out many practical

aspects of the modern power system.
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Figure 6.1: Commercial training system (Takahashi Industry)

6.1.2 Traditional Lab Models for Experiments

Experimental models are often employed to instruct electrical students or to train
electrical engineers and technicians. There are common three types of training models:
commercial products, on-demand products and self-made products. Figs. 6.1 and
6.2 show the commercial and on-demand products respectively. These products are
expensive and difficult to update. When faults occur, they cause a lot of troubles
due to unclear structures inside. The self-made model is illustrated in Fig. 6.3. This
model is easy to check, but its control-interface is inconvenient for users to handle
and figure out. Also, users cannot imagine the specific diagram of system, which
they learnt from books, when using the self-made model. Moreover, these models
have fixed configuration. It is very difficult to customize the structures for various

projects.

6.1.3 Development of Module-based Systems

As mentioned before, every functional part of experimental system is built into a

separate module. This method can make the experimental system more flexible and
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Figure 6.2: On-demand system (Shibaura Institute of Technology)

Figure 6.3: Self-made model (Shibaura Institute of Technology)

customizable. A basic module is shown in Fig. 6.4. The module has a small transpar-
ent window on the front-panel and handles on both sides. Moreover, a specification
sheet is attached on a side of module. The specification sheet can help students
or users understand the function and basic values of the module, as illustrated in

Fig. 6.4.

Examples of constructed modules are shown in Fig. 6.5. There are many kinds

85



Chapter 6. Module-based Power Systems and Experiments

Handle
Module Name %
O ; O
O : ©)
O O
@ O
. . 300mm
............................. N T
\ / 5 #’300mm
. \ M"
v
_~300mm Specification = aouean
Window Sheet _Specification sheet

Figure 6.4: Module concept and specification sheet

of modules: transmission lines, transformers, protection devices, generators, motors
etc. They are fundamental parts to build various structures of power systems. All
modules have the same power terminals, except particular terminals. Hence, it is very
convenient to connect them and configure new structures. More types of modules can

be referred in [67,68].

The above modules can offer many relevant usages. Advantages of modules for

experimental systems will be stated as follow:

- The modules are designed in small-scale, so that they can be set up in small
room. As seen in Fig. 6.6, module-based systems can be placed on a table. It is very
convenient to handle the modules as well. Therefore, the module-based system can
be used in labs, classrooms and training areas. A group of people can work together

around the on-table system, so they can practice group-working skills.

- The module-based system is highly customized due to separate and compact
modules. As explained before, the modules are designed in such a way that they

can be connected and disconnected to each other quickly. Hence, it is very simple to
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Figure 6.5: Various types of modules

Figure 6.6: Module-based system on a table

construct different structures of power systems using some basic modules. For exam-
ple, as illustrated in Fig. 6.7 the module IM-SG (Induction motor and Synchronous
generator) can be utilized in various projects: Motor system, Hydropower system
and Wind power system. This capability makes the module-based system affordable

for many projects. Various structures can be built without buying new experimental
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Figure 6.7: One module for various projects

products.

- The module-based system is suitable for visual learning. Users or students can
figure out the function of a module because of its informative front-panel and speci-
fication sheet. Moreover, small images of front-panels can be applied for discussing.
Fig. 6.8 demonstrates the schematic diagram of a basic power system in terms of
modules on a whiteboard. Researchers can make these diagrams to explain and dis-
cuss theoretical ideas with each others. After understanding these diagrams on the
whiteboard, users are almost able to set up the respective experimental system using

available modules.

6.2 Demonstration of Power Systems

based on Modules

There are various projects which are conducted in Power System Lab, Shibaura Insti-
tute of Technology. These projects are based on practical power systems and will be
designed into functional modules. In this section, three projects are demonstrated:
Transmission system, Hydropower system and Grid-connected inverter system. The

module-based projects are suitable for undergraduate and graduate students to study
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Figure 6.8: Theoretical ideas using modules

and experience. In addition, the projects are planned for Project-based Learning
(PBL) programs in future. Particularly, the Transmission system project is applied
as a lesson of experimental subject for 3th-grade students in Electrical Engineering

Department, Shibaura Institute of Technology.

6.2.1 Transmission System and Compensation

Transmission system is a very fundamental part of a power system. There is com-
mon capacitance compensation at the receiving end of the transmission line. The
compensators are to compensate the reactive power consumed by inductive loads,
such as motors. This experiment provides comprehensive understanding of voltage
stabilization using mechanically-switched compensators.

The basic transmission system is shown in Fig. 6.9. In this diagram, two induction
motors are connected to the receiving side as induction loads. Two capacitors are
also used as compensators. Fig. 6.10 shows the module-based transmission system.
In the present, this system is used to teach students as a lesson in experimental class

at Shibaura Institute of Technology. Using the system students can learn functions
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Figure 6.9: Diagram of transmission system
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Figure 6.10: Transmission system based on modules

of every components in a practical transmission system.

Table 6.1 shows measured results of voltages, currents and powers of sending and
receiving sides in 8 cases. The sending side voltage is maintained at constant 200V.
When the motors are running, the receiving side voltage is decreased, and when the
capacitors are switched on, the receiving voltage is increased. The measured data
will be used to calculate other basic metrics of transmission line, for example power

factor, transmission loss, voltage fluctuation rate etc.

6.2.2 Hydropower System

Hydropower plants have been main generation system in the world from the beginning

of electricity era. Although they are not popularly used in developed countries today,
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Table 6.1: Experimental Results of Transmission System

Case | Inductive Load | Compensator Sending Recelving
I[A] | P[W] | VIV] | T[A] | P[W]
1 IM1 NO 0.75 | 45 158 | 0.78 | 35
2 IM1 C1 0.27 | 60 185 | 0.28 | 50
3 IM1 C2 022 | 70 200 | 0.2 65
4 IM1 Cl + C2 0.84 | 130 | 235 | 0.81 | 120
5 IM1 + IM2 NO 1.23 | 62 133 | 1.25 | 48
6 IM1 + IM2 C1 0.89 | 75 152 | 0.89 | 65
7 IM1 + IM2 C2 0.7 85 162 | 0.71 | 75
8 IM1 + IM2 Cl + C2 037 | 118 | 188 | 0.36 | 109

they are still main power sources in many developing countries, such as China, Brazil
etc. In a hydropower system, a synchronous generator is a main generation unit. Two
controllers including speed governor (GOV) and automatic voltage regulator (AVR)
are used to regulate the frequency and the voltage of the generator respectively. This
experiment helps users to understand principles and behaviors of main components
in the hydropower system: Synchronous generator, GOV and AVR.

The schematic diagram of the hydropower system is illustrated in Fig. 6.11. The
synchronous generator is driven by a hydro-turbine, and its torque is supplied by
water flow. The GOV control the speed of the generator by adjusting the water
vane. Meanwhile, the AVR adjusts the DC current of the field winding to control
the output voltage of the generator. In order to build the experimental model, a
driving motor and an inverter are used as hydro-turbine and vane-controlled water
flow. PIC microcontrollers are applied as both GOV and AVR. In addition, small-
scale synchronous generator and induction motor are designed and ordered to make
them suitable for module-size. The complete hydropower system based on modules
is shown in Fig. 6.12. This on-table system can be set up in experimental room and

classroom to train and research.
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Figure 6.11: Diagram of hydropower system

The system is connected to a varied load. This experiment is conducted to validate
the control capability of GOV and AVR. The generator speed and output voltage are
controlled at 1pu and 0.8pu respectively. Meanwhile, the load power is changed
from 0.3pu to 0.6pu, as seen in Fig. 6.13. GOV and AVR can maintain the speed and
voltage stable under variations of load power. Moreover, using this system researchers
can conduct more test and analysis for their study, for instance power quality of the
system and transient phenomena of synchronous generator under three-phase short-
circuit. Note that due to low rating the synchronous generator has high internal

resistance. Hence, it can safely operate in three-phase short-circuit fault.

6.2.3 Grid-connected Inverter System

In the past decades, renewable energy has been considered as a main solution for
sustainable development of human society. Distributed generation (DG) sources, such
as wind turbines, photovoltaic (PV) systems and storage systems, play an important
role in structures of renewable energy systems. Particularly, PV and storage systems
need a power electronics interface of inverter to inject powers to the grid. Therefore,

an experimental model of grid-connected inverter is very necessary to understand
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Figure 6.13: Experimental results of hydropower system

PV and storage systems. This experiment is designed to provide basic foundation to

study voltage-control and power-control modes of the grid-connected inverter system.

Fig. 6.14 illustrates the schematic diagram of the constructed system. The vari-
able AC source is utilized as the input power. An inverter from Myway company is
employed in this system, and a DSP-equipped PE-Board of Myway is used as con-

troller as well. Besides, over-current relay is placed between the inverter and the

93



Chapter 6. Module-based Power Systems and Experiments

Variable = I_"Y(_er_t(_?r_'\flc_xiu_lf 2 Svnch Qe Delta-wye
ACSource | : YREARQsEORE Relay Transformer
|
, v
1 A EA s |
|
|

CONTROL

Sensor

Figure 6.14: Diagram of grid-connected inverter system

grid for protection. The entire grid-connected inverter based on modules is shown in
Fig. 6.15. Every module is identical to a functional part in the schematic diagram.
The voltage control mode is conducted for synchronizing before grid-connection.
As seen in Fig. 6.16, the inverter voltage (after RL) and grid voltage are similar in
terms of magnitude and phase. The phase angles are also stated. After connection,
the inverter is switched into power control mode. In this mode, the reference power is
set with four different values, which are 0.05pu (50W), 0.1pu (100W), 0.15pu (150W),
and 0.2pu (200W). It can be seen that the power control works well by providing the
output power according to the given reference values, as shown in Fig. 6.17. Moreover,
the grid-connected inverter system can be used to research droop-control methods. In
that case, the infinite bus on the grid side is replaced by the synchronous generator,

or IM-SG module in Fig. 6.15.

6.3 Wind Power System based on Modules

Wind energy has become more and more important in renewable projects in the world.
Hence, knowledge and understanding on Wind Energy Conversion Systems (WECS)

are very necessary. In order to investigate and experience a practical WECS, students
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Figure 6.17: Experimental results: power control

and researchers need the system which can simulate the wind speed variations in a

region, different types of generators and various strategies of WECS control. In this
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Figure 6.18: Wind energy conversion system and respective modules

ongoing project, a compact module-based system is built to imitate a practical WECS,
as demonstrated in Fig. 6.18.

Mechanical input power P,, from the wind turbine is given by the general cube

law equation:

1
P, = 5p,au/;’;cg, (6.1)

Where p is density of air, A is area swept by blades, V,, is wind speed and C, is
power coefficient.

In order to implement input power based on wind characteristics, a driving motor
is employed. As seen in Fig. 6.19, a controller estimates the torque reference in respect
with wind speed and rotor speed (feedback). An inverter is used to control torque.
Therefore, the driving motor can drive the synchronous generator as the same way

as wind aerodynamic system.

The complete modules are shown in Fig. 6.20. This system is very compact and on-
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Figure 6.19: Control diagram to simulate wind aerodynamyc system

table size, so it is very convenient for research, education and training. All combined
devices are explained in detail as following:

+ Aerodynamic Module (Left): Toshiba inverter VF-AS1 is used to control the
demand torque of driving motor according to wind aerodynamics.

+ Generation Module (Middle): The induction motor is used to drive the syn-
chronous generator. An tachometer is also integrated to measure rotor speed. The
speed signal is fed to controller.

+ Power Converter Module (Right): A diode-bridge rectifier and a 6-switch in-
verter are utilized to convert the output power and supply to load or a grid in this
research. The DSP-equipped PE-Board from Myway company is also integrated in
this module.

+ Computer for monitoring and programming.

6.4 Future Development

A lab-scale smartgrid is a long-term provision. The concept of smartgrid is recently
developed, and traditional grids are gradually improved to become smartgrids in many

countries. A lab-scale model can be a necessary model to study many concepts of
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Figure 6.20: Complete system of modules

smartgrids, such as power management and wireless communication.

Eco-Power meter (Panasonic KW1M-R) is used for monitoring and communicat-
ing. This device can measure a variety of values: voltage, current, frequency, power
factor, power consumption and so on. It is capable of wireless communication. In
addition, there are two types: a master and a slave. Modules of the master and
slave are shown in Fig. 6.21. The master can receive data coming from several slaves.
Moreover, the master can be connected with a computer via Data Logger Light (DLL)
by using Ethernet or USB cable. Therefore, it is possible to collect real-time data
from many slaves and plot waveforms on the computer.

The Eco-power meter modules are simply integrated in every module-based sys-
tem, as illustrated in Fig. 6.22. Many available systems, such as Hydropower system,
Wind power system and Grid-connected inverter, can be combined to formulate the
lab-scale smartgrid, as shown in Fig. 6.23. Note that this module-based smartgrid is

very flexible. It can be re-structured into various configurations.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In this research, several aspects of DFIG-based wind power system are addressed.
These aspects are very important for DFIG studies, namely control method and
structures. This research comes up with several ideas to improve them. The nonlinear
control method is proposed to stabilize the DFIG system under several scenarios, as
changes of machine parameters and voltage disturbances. As illustrated in simulation
study, the proposed method can overcome the issues of a traditional PI-controller
for DFIG under these scenarios. The research also introduces a low-cost structure of
DFIG. In this structure, a simplified converter is employed to replace GSC. Therefore,
it can reduce the cost of the conventional DFIG system. Especially, to maintain the
power quality in the simplified structure, the concept of Self-compensating DFIG is
proposed and analyzed. The low-cost system is compared with the traditional DFIG
system in detail. In addition, the new sensorless MPPT method is presented for the
hybrid PV-DFIG system. The hybrid system is introduced in previous research to
combine PV and DFIG and reduce the number of converters. The proposed MPPT
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method can also reduce the number of PV sensors. Hence, with the sensorless control,
the cost of the hybrid system can become cheaper.

Moreover, the module-based experimental systems are demonstrated. These sys-
tems are very necessary in modern power system. The author is mainly involved in
projects of the Hydropower system and Wind power system. Also, an overview of
flicker issues and flicker mitigation methods in Wind power system is presented in
Appendix A. It provides fundamental understanding on classical and new mitigation

methods.

7.2 Future Work

These studies are considering and conducting;:

e The wind power system based on modules is also ongoing. Further experiments
are conducting. The expectation is to implement the practical wind data and

to analyze influences on power quality.

e Labview hardwares are considered. Next plan is possibly to apply them for

energy management of the module-based systems.

e Research on a new flicker mitigation method will be developed. The charac-
teristics of flicker perception is considered to apply in the proposed control

diagram.
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Flicker Mitigation Control of DFIG

A.1 Introduction

Stable control method is very important for operation of power converters in DFIG
WTs, as stated in chapter 3. The control under various scenarios of electrical parts
in DFIG WTs is considered carefully. However, the influence of mechanical parts in
DFIG WTS on power quality is necessary as well. In this appendix, flicker effect due
to wind power fluctuation is presented. Moreover, the state of the art in methods of

flicker mitigation control is reviewed and discussed.

A.1.1 History

Flickering lights are one of the most perceivable consequence of voltage disturbances
to customers. The influence of lamp characteristics on design of the ac electrical
power system dates back to the early days of the electric industry [69].

In 1891, due to visible flicker prevention, power industry pioneers select the stan-
dard frequencies as 60Hz and 50Hz in North America and Europe respectively. Dif-

ference of frequency is because of that various types of arc lamps are used, open-type
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in North America and closed-type in Europe. Later, General Electric published ”GE
Flicker Curve”, which became the voltage flicker design standard in North America,
in 1925. In 1964, the standard curve from GE was revised to include periodic and
non-periodic pulsations. This is also published in IEEE Standard. In 1994, EPRI

published the influence of electronic and compact fluorescent lighting on flicker.

A.1.2 Flicker Definition and Analysis

Voltage flicker is the amplitude modulation of the fundamental frequency voltage
waveform by one or more frequencies, typically in the 0 to 30 Hz range. Usually,
magnitudes about 0.5% in electric networks can cause visual perception of voltage
flicker.

There are some methods of frequency flicker calculation [69, 70]:

1) Single frequency flicker calculation: the flicker magnitude in a waveform with

only one modulating frequency is estimated as:

ﬂ o ‘/Zpk - ‘/lpk

= x 100% Al
V' Vape + Vipe ’ (A1)

percent voltage flicker =

where Vi, and V5, are the minimum positive peak and the maximum positive
peak respectively.

2) Weighted flicker average calculation: this quantity is an RMS type of measure-
ment for voltage flicker over a given period. It is similar to the THD index calculation

for harmonics.

W=Crox | (%)2 (A.2)

n

where W is weighted average flicker level, n is frequency increment, F;, is measured

flicker magnitude at the n'” frequency increment, Cro is lowest flicker level on the
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Figure A.1: Flicker Meter Diagram

perceptible flicker curve and C), is flicker value of the perceptible flicker curve at the

n'* frequency increment.

A.2 Flicker Meter

In this section, a diagram of flicker meter in accordance with IEC standard is pre-
sented [71]. This diagram is used to estimate the short-term flicker severity Py. As
demonstrated in Fig. A.1, it can be divided into two parts, which have the main
functions as:

1) standardize the input signal and simulation of the lamp-eye-brain response

2) online statistical analysis of the flicker severity

Block 1 standardizes the input voltage according to reference level. Block 2 de-
modulates the envelope of voltage fluctuation by squaring the input voltage. There
are two filters in Block 3. The first filter is bandwidth filter. This filter incorporates
a first order high-pass (suggested 3 dB cut-off frequency at about 0.05 Hz) and a 6th
order Butterworth low-pass (suggested 3 dB cut-off frequency at about 35 Hz in 50
Hz system and 40 Hz in 60 Hz system). The second filter is a weighting filter that
simulates the frequency response of lamp to sinusoidal voltage fluctuations combined
with the human visual system. Block 4 includes a squaring multiplier and a first order
low-pass filter to simulate non-linearity and memorizing of human brain respectively.

The output from Block 4 represents the instantaneous flicker level Pj,q;.
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Figure A.2: Grid-connected wind turbine diagram

Block 5 performs an on-line analysis of the flicker level. At first, the cumulative
probability function of the flicker levels is derived. Then the short-term flicker severity

P, can be calculated according to IEC standard [71].

A.3 Flicker Emission from Wind Turbines

Fig. A.2 shows a simplified single-line diagram illustrating a wind generator (WG)
connected to the grid via the equivalent impedance of a distribution line. The injection
of active power into the network can affect the output voltage as in eq. A.3. The
voltage level fluctuates at the PCC can be derived as a function of the active and

reactive power flows at the PCC eqs. A.4 and A.5 [77].

VPCC:V;,—FIX (R+]X) (AS)
P—j |
Ve — V, = WJQXGHVX) (A4)
PCC

_PRQX  PX-QR

AV
Voo Voo
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Figure A.3: Reactive power control by monitoring output voltage

where V, is the grid voltage, Vpce is the voltage at the PCC, I is the line current,
P and Q are the active and reactive power flows at the PCC, respectively, X and R
are the equivalent line reactance and resistance, respectively, and AV is a change in
voltage that varies in magnitude and frequency as a function of the injected wind

active power and corresponding reactive power flow.

A.4 Review of Flicker Mitigation Method

Flicker mitigation in WECS is conventionally based on reactive power compensa-
tion at the PCC. Handling the reactive power is the general method to mitigate
flicker effect from wind source in distribution networks. There are also approaches of

smoothing the active power output in order to suppress the flicker.

In literature, there are two popular methods of reactive power compensation.
The first method is monitoring output voltages directly, as seen in Fig. A.3. This
method can keep the voltage constant to reduce flicker emissions. The second method
applies the relation of powers and voltage fluctuations. As demonstrated in Fig.
A.4, the output power is used to calculate the compensated reactive power. In this
section, three structures of flicker mitigation method for WTs are stated: STATCOM

integration, Synchronous generator structure and DFIG structure.
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Figure A.4: Reactive power control by monitoring output power
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A.4.1 STATCOM Integration

The most widely used flicker mitigation implementation by conventional installations

is the STATCOM that is capable of controlling the flow of reactive power at the

PCC [73].

absorb reactive power at the PCC. The STATCOM can be used for every constructed
structures of WTs, for example Fixed-speed or Variable-speed. Fig. A.5 illustrates
the diagram of the flicker mitigation method using STATCOM.
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Figure A.7: Flicker Mitigation using DC-link capacitor’s energy

A.4.2 Power Electronics Interface of SG

A structure of SG-based WTs consists of a bidirectional power converter. The grid-
side converter of this structure can regulate the reactive power to the grid. Taking
advantage of this capability, the power electronics interface of SG can be used for
flicker mitigation without additional installations [74]. A basic diagram of flicker
mitigation using this structure is shown in Fig. A.6. The Block of flicker mitigation
method in this diagram is similar to the ones in Figs. A.3 and A.4. In addition,
to make the mitigation method more effective, the DC-link energy can be used to

smooth the output power [75]. As shown in Fig. A.7, the stored energy of capacitor
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Figure A.9: Decoupling reactive power control for flicker mitigation

is applied to compensate the variations of output power.

A.4.3 Power Electronics Interface of DFIG

Recently, the structure of DFIG WTs can be employed to mitigate flicker emissions
effectively [76,77]. In particular, the DFIG structure can be generate reactive power

with two ways: stator of DFIG and GSC of the converter. The coordinated control
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method of stator-side and grid-side to regulate the reactive power is illustrated in
Fig. A.8. Moreover, a decoupled reactive power control of DFIG structure is pro-
posed in Fig. A.9. This method divides the output power into two components: the
flicker-caused component, which is in high-frequency range, and the non fliker-caused

component, which is in low-frequency range [78].
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System Parameters
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Table B.1: DFIG System Parameters

Rated Power 1MW
Rated Stator Voltage 0.69kV
Rated Frequency 60H z
Pair of poles 1
Stator, Rotor Resistance (Rs, R;) 0.0175pu
Stator, Rotor Leakage Inductance (L, Ly;) 0.25pu
Magnetizing Inductance L,, 5.5pu
Inertia 0.75pu
Rated DC-link voltage 1200V
Inductance of Filter 0.5mH
DC-link Capacitor 5000 F
9.11m/s

Rated Wind Speed

Table B.2: DFIG System Parameters (small power for

PV-DFIG research)

Rated Power SEW
Rated Stator Voltage 460V
Rated Frequency 60H 2z
Pair of poles 1
Inductance of Filter 10mH
Stator, Rotor Resistance (R, R,.) 0.02pu
Stator, Rotor Leakage Inductance (L, L) 0.06pu
Magnetizing Inductance L,, 1.5pu
Inertia 0.04kgm?
Rated DC-link voltage 200V
DC-link Capacitor 500uF
Rated Wind Speed 9.11m/s
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Table B.3: PV System Parameters

Open Voltage 100V
Short-circuit Current 25A
Maximum Power 1.8kW
Number of parallel modules 5)
Number of series modules )
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