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Abstract

Abstract

Wind energy conversion systems (WECSs) have become the interesting topic over
recent years for the renewable electrical power source. They are a more environmentally
friendly and sustainable resource in comparison with the fossil energy resource. The
WECS using a doubly-fed induction generator (DFIG) to convert mechanical power
into electrical power has a significant advantage. This WECS requires a smaller power

converter in comparison with a squirrel cage induction generator.

Efficiency of the DFIG-WECS can be improved by a suitable control system to
maximise the output power from WECS. A maximum power point tracking (MPPT)
controller such as tip-speed ratio (TSR)control and power signal feedback (PSF) control
IS use to maximise mechanical power from wind turbine and a model-based loss
minimisation control (MBLC) is used to minimise electrical losses of the generator.
However, MPPT and MBLC require the parameters of the wind turbine and the
generator for generating the control laws like optimal generator speed reference and d-
axis rotor current reference. The Efficiencies of the MPPT and MBLC algorithms

deteriorate when wind turbine and generator parameters change from prior knowledge.

The field oriented control for a DFIG in the WECS is extended by introducing a novel
control layer generating online optimal generator speed reference and d-axis rotor
current reference in order to maximise power produced from the WECS under wind

turbine and DFIG parameter uncertainties, which is proposed.



Abstract

The single input rule modules (SIRMs) connected fuzzy inference model is applied to
the control algorithm for optimal power control for variable-speed fixed-pitch wind
turbine in the whole wind speed range by generating an online optimal speed reference

to achieve optimal power under wind turbine parameter uncertainties.

The proposed control combines a hybrid maximum power point tracking (MPPT)
controller, a constant rotational speed controller for below-rated wind speed and a
limited-power active stall regulation by rotational speed control for above-rated wind
speed. The three methods are appropriately organised via the fuzzy controller based
SIRMs connected fuzzy inference model to smooth transition control among the three

methods.

The online parameter estimation by using Kalman filter is applied to enhance model-
based loss minimisation control (MBLC). The d-axis rotor current reference of the
proposed MBLC can adapt to the accurate determination of the condition of minimum

electrical losses of the DFIG when the parameters of the DFIG are uncertain.

The proposed control algorithm has been verified by numerical simulations in
Matlab/Simulink and it has been demonstrated that the energy generated for typical
wind speed profiles is greater than that of a traditional control algorithm based on PSF

MPPT and MBLC.
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Chapter 1: Introduction

Chapter 1 Introduction

1.1 Research Background and Significance

Wind power has a large potential for power generation due to its availability, high
power density and low environmental impact. In the last two decades, the growth rate of
large wind farms has increased continuously. A wind energy conversion system
(WECS) is used to convert the kinetic energy of wind to electrical energy through a

wind turbine, a generator and a controller.

In the late 1970s, fixed-speed WECSs were developed in Denmark using squirrel cage
induction generators coupled to a fixed-speed variable-pitch (FSVP) wind turbine.
However, the efficiency of the power extracted from the wind was unsatisfactory.
Hence, variable-speed WECSs were developed to increase the amount of power
extracted from the wind. The key of this technology is a power converter that can vary

the amplitude and frequency voltage of the power supply of the electrical generator.

Doubly fed induction generators (DFIG) are attractive machines for WECS because
they require a smaller power converter in comparison with squirrel cage induction
generators (SCIG) and permanent magnet synchronous generators (PMSG) and operate
as generators at both sub-synchronous speeds and super-synchronous speeds. The
efficiency improvement of the variable-speed DFIG WECSs has become an interesting
topic. Several control techniques have been proposed in the literature to optimise the

efficiency of WECS with DFIG.
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The control system of the variable-speed DFIG WECS is designed to optimise
mechanical power extracted from the wind turbine. A maximum power point tracking
(MPPT) controller is used to regulate the generator speed to maximise the power
coefficient of the wind turbine below rated wind speed. For power limitation control,
pitch control and stall control are two types of methods to limit the power extracted

from the wind turbine above rated wind speed.

The majority of wind turbines used with variable-speed WECS are variable-speed,
variable-pitch (VSVP). Pitch angle control is used to limit the extracted power from the
turbine at its rated power to avoid damage to the blades, the generator and the power
converter. To obtain low cost and high reliablility feature, it is preferable to use a
variable-speed fixed-pitch (VSFP) wind turbine with an active stall control via speed
regulation because this wind turbine does not require the pitch angle control

mechanism.

Over recent years, MPPT controllers have been developed for variable-speed WECS,
such as tip speed ratio (TSR) control, power signal feedback (PSF) control, optimal

torque (OT) control, and perturb & observe (P&O).

Although the first three MPPT controllers give high efficiency and fast-response, all of
them require the accurate knowledge of air density and parameters of the wind turbine.
Furthermore, the air density varies with the location and the weather conditions. These
problems lead to inaccurate determination of the maximum power operating point of the

wind turbine and, hence, reduction of the electrical energy generated.



Chapter 1: Introduction

Another important aspect to improve the efficiency of WECS with DFIG is the control
of the reactive power flow into the grid, as this affects the efficiency of the electrical

generator as well as the cost of the power converter for the rotor.

The majority of the studies on reactive power flow management for DFIG set to zero
the stator reactive power reference of the control loop on the rotor side converter. This
method provided a high the copper losses on the DFIG. Model-based loss minimization
control (MBLC) is used to solve this problem by controlling the reactive power
circulating in system, resulting minimal copper losses on the DFIG. Although this
technique provides fast-tracking, MBLC relies on the accurate knowledge of the
parameters of the DFIG. Moreover, some DFIG parameters such as stator and rotor
resistances are dependent on the temperature, while the magnetizing inductance is
dependent on the level of saturation. This is a problem that affects the MBLC efficiency

when the operating conditions are variable, such as those of WECS.

In this thesis, a novel MPPT algorithm is developed by using fuzzy control for hybrid
MPPT combining PSF and P&O MPPT. The proposed MPPT algorithm is capable of
reaching the maximum power operating point under wind turbine parameter and air
density uncertainties. Also, the proposed MPPT algorithm will work well with wind

turbines with large inertia and variable wind conditions.

For optimal efficiency power control, this research aims to design a power control
algorithm for VSFP wind turbines to optimise the extracted mechanical power from the
wind turbine for the whole wind speed range. Fuzzy control based SIRM uses the

hybrid MPPT controller in a combination of PSF MPPT and P&O MPPT and active

3
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stall control via speed regulation to generate an online speed reference trajectory for a
speed control loop of the stator-flux oriented vector control on the rotor side converter.
The proposed control has the objective to optimise the extracted energy of the WECS

even in the presence of uncertainties in the wind turbine parameters.

Furthermore, the proposed controller tries to improve the electrical efficiency by
minimising the electrical losses of the generator. For the DFIG in WECS’ driven stator-
flux oriented vector control, loss minimisation can be achieved through appropriate

control of the reactive power flow through the control of the d-axis rotor current.

This research proposes a MBLC with online parameter estimation with a Kalman filter
of the stator resistance, rs, rotor resistance, r,, stator leakage inductance, L, and mutual
inductance, L. The main advantage of the Kalman filter is that it does not require test
signals to estimate the machine parameters, thereby adding adaptive capabilities to the

traditional MBLC.

1.2 Aims of the Research

The aim of the research is to study and design an optimal control algorithm to improve
the efficiency of the wind energy conversion system with DFIG for VSFP wind

turbines. This will be achieved by investigating the following objectives:

e To design an adaptive optimal power control to optimise the mechanical power
extracted from the wind turbine even in the presence of a substantial inertia of

the blades and the rotor and under wind turbine parameter uncertainties.
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To use an MPPT control to maximise the extracted power below the rated wind
speed and a soft-stall control above the rated wind speed.
To design an adaptive loss minimisation control to minimise copper losses of the

DFIG in the presence of DFIG parameter uncertainties.

1.3 Methodology of the Research

Fuzzy control based on SIRMs connected fuzzy inference model using the
hybrid MPPT and active stall control via speed regulation is simulated with
Matlab/Simulink to generate the speed reference for the vector control in DFIG
generation system connected a VSFP wind turbine. The control is tested for
realistic wind speed profiles and includes an error in the estimation of wind
turbine parameters and air density.

The simulation results are compared with those obtained by a traditional control
method based on PSF MPPT control and active stall control.

The MBLC is enhanced by online parameter estimation using the Kalman filter,
which is simulated with Matlab/Simulink to generate the d-axis rotor current
reference for the current loop of vector control. Simulations use realistic wind
speed profiles and include an error in the estimation of four parameters of the
DFIG: rs, I, Los, L.

Simulation results are compared with those obtained by the traditional MBLC.
The operation of the wind turbine controlled by the proposed optimal control

algorithm, combining the fuzzy control based SIRM and the enhanced MBLC, is
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simulated to analyse the annual extra electrical energy generated, taking into

account the typical wind speeds over a year at Plymouth, UK in 2005.

This thesis proposes an optimal control algorithm to maximise the efficiency of DFIG
wind generation system coupled with a VSPF wind turbine under DFIG and wind
turbine parameter uncertainties. The stator-flux oriented vector control on the rotor
converter side for generator speed reference, and d-axis rotor current reference will be
extended by introducing new control layer generating an online optimal generator speed
reference and d-axis rotor reference in order to optimise the energy production from the
WECS for full range of wind speed. The fuzzy control based on SIRMs connected fuzzy
inference model and enhanced MBLC by online parameter estimation using the Kalman

filter are applied to generate two adaptive references.

1.4 Research Contribution

The main contributions of this thesis are as follows:

e Introduction of adaptivity to the fuzzy control based SIRM using hybrid MPPT
control and active stall control via speed regulation. As a result, the proposed
control algorithm can search for the maximum power of the wind turbine in the
presence of uncertainties in control parameters, e.g. the air density and the wind
turbine design. The fuzzy control based SIRM gives higher performance than
traditional algorithms, such as PSF MPPT control.

e Introduction of adaptivity to the MBLC using the Kalman filter. As a result, the

control can find the minimum copper loss of the DFIG even under parameter
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uncertainties. Therefore, the proposed control algorithm gives higher
performance than traditional MBLC.

Simplification of the hardware and implementation, as the proposed control does
not require wind speed sensors, motorised blades and pitch angle controls.
Reduction of the number of rules of fuzzy control based SIRMs connected to the
fuzzy inference model. The proposed fuzzy control gives an adaptive step size
of speed reference, which leads to fast tracking.

Improvement of the control response, as the proposed controller incorporates the
PSF MPPT, which gives the correct direction to reach maximum operating point
even in the presence of large inertia of the wind turbine and/or rapid wind

change.

1.5 Organisation of the Thesis

The thesis consists of 7 chapters as follows:

Chapter 1 presents the research background and significance, the motivation of
the research, aims of the research, scope of the research, methodology in brief
and the research contribution.

Chapter 2 presents the variable-speed wind turbine wind energy conversion
systems with a doubly-fed induction generator. The basic knowledge of the
variable-speed wind turbines, the doubly-fed induction generator, the back-to-
back voltage converter are studied. Furthermore, this chapter includes the

efficiency evaluation of the variable-speed wind turbine wind energy conversion
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systems and the literature review of the optimal effective control applied for
variable-speed fixed-pitch wind turbines.

Chapter 3 focuses on the vector control methodology driving the DFIG on the
rotor side converter, the DFIG dynamic model: o model and dg model and
stator-flux oriented vector control for DFIG on the rotor side converter are
studied. In addition, this chapter includes the simulations of the stator-flux
oriented vector control driven on the DFIG by Matlab/Simulink.

Chapter 4 presents the optimum power control for variable-speed fixed pitch
wind turbines. Also, the efficiency of the power control algorithm for variable-
speed fixed pitch wind turbines under wind turbine parameter uncertainties is
analysed. The fuzzy controller based on the SIRM connected fuzzy inference
model for power control algorithm in the WECS for the fixed-pitch wind turbine
is developed. Moreover, the fuzzy controller based on SIRM for the power
control in WECS is tested under the wind turbine parameter uncertainties
through simulation based on Matlab/Simulink.

Chapter 5 presents robust copper loss minimisation control for DFIG. The
efficiency of the model-based loss minimisation control under DFIG parameter
uncertainties is analysed. Also, the basic knowledge of online parameter
estimation of DFIG using the Kalman filter method is studied. The model-based
loss minimisation control enhanced by the online parameter estimation is tested
under the DFIG parameter uncertainties via simulation based on

Matlab/Simulink.
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Chapter 6 analyses controller performance under parameter uncertainties. The
performance of the fuzzy controller based on SIRM under air density and wind
turbine parameter uncertainties and enhanced MBLC under DFIG parameter
uncertainties is analysed.

Chapter 7 concludes and presents possible future research.
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Chapter 2 Wind Energy Conversion Systems for

Variable-Speed Wind Turbines with DFIGs

2.1 Introduction

A wind energy conversion system (WECS) can is defined as a system that converts
kinetic energy in the wind to rotational mechanical power via a wind turbine, then, this
mechanical power is transformed into electrical power by an electrical generator [1],[2].
There are two kinds of WECSs: fixed-speed wind turbines (FSWT) and variable-speed
wind turbines (VSWT) [3]. For the FSWT technique, an electrical generator, normally a
squirrel cage induction generator (SCIG), is directly connected to the electrical power
grid. Therefore, the SCIG coupled with the wind turbine must run at near synchronous
speed to keep the terminal voltage of the generator at the same frequency as the power
grid at 50 Hz or 60 Hz. However, when wind speed varies, the FSWT system has
certain disadvantages such as poor efficiency of power extraction, high mechanical

stress and high power fluctuation [4],[5].

The VSWT technique had been developed to overcome the drawbacks of the FSWT by
using a back-to-back voltage converter connected between the generator and power
grid. For this technique, the rotational speed of the wind turbine is adjusted when wind
speed varies. Hence, the wind turbine can extract maximum power from the wind [6].
The VSWT technique becomes attractive in applications in the WECS. Three

generators, the squirrel cage induction generator (SCIG), doubly-fed induction

10
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generator (DFIG), and permanent magnet synchronous generator (PMSG), can be used
in a variable speed wind generation system [7]. The DFIG-based WECS are most

attractive due to using smaller power converters than other VSWT systems [8].

This chapter introduces the basic concepts of VSWT systems in terms of wind power
generation, wind turbine aerodynamic model and electrical model. Next, the
configuration of the VSWT WECS based on the DFIG is described each: DFIG; back-
to-back converter; and control system. The efficiency of the VSWT-WECS based on the
DFIG is evaluated by the active power flow. Finally, section 2.5 provides a literature
review of the optimal effective control applied for VSFP wind turbines to improve both

mechanical efficiency and electrical efficiency.

2.2 Variable-Speed Fixed-Pitch Wind Turbines

VSFP wind turbines are designed to regulate the mechanical power extracted from the
wind by using only the control of the rotational speed of the rotor. This is achieved with
a maximum power point tracking (MPPT) control and active stall control via speed

regulation.

The following sub-sections explain the basic concepts of conversion of wind kinetic
energy into mechanical energy, the wind turbine aerodynamic model and the power

control.

2.2.1 Wind Power Fundamentals

The Kkinetic energy of a certain volume of wind can be expressed as [9],[10]:

11



Chapter 2: Wind Energy Conversion Systems for VSWTs with DFIGs

E, = % mv,2 (2.1)

where m is the mass of air in the considered volume and V,, is the wind speed. Hence,

the total power in the wind is given by the rate change of the kinetic energy [9],[10]:

lvzd_m

P:
W W oGt

(2.2)

and wind can be analysed by fluid mechanics. Thus air flow is expressed in mass flow

rate [9],[10]:

— =pAV,, (2.3)

where p is the air density; and A is the surface area of the air stream. Substituting (2.3)

into (2.2), the wind power is given by [9],[10]:

Ry =~ pAViy (2.4)

Swept area = TRR

ZAN

Figure 2.1: Wind turbine swept area [9]
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2.2.2 Wind Turbine Aerodynamic Model

The swept area of the wind turbine is shown in Figure 2.1. This area can be calculated

by using the formula of the area of a circle having as a radius the length of the blades:
A=nR? (2.5)

According to wind turbine theory [11], the possible mechanical power that can be

extracted by the wind turbine is [12]:
1
P =2 PTRVCo (1) (2.6)

where R is the radius of the wind turbine, and C,, is the power coefficient of the wind
turbine. The power coefficient C, represents the efficiency of the power extraction from
the wind through the wind turbine. Theoretically, the possible maximum value of C, is
59.3% as referred by the Betz Limit [3]. For practical wind turbines, typical values of C,

are between 0.4-0.5 [3].

The coefficient C, is expressed as a function of the tip-speed ratio, A, and the pitch

angle, B [10],[13]-[15]. The tip speed ratio is defined as:

orR
A=—— .
v 27)

where ot is the wind turbine rotational speed. Typically, the pitch angle, B of the
turbine blade is defined for small angle for the maximum power output of the wind

turbine in below-rated wind speed.

13
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The power coefficient C, does not have an analytical closed-form, but its expression can
be interpolated from experimental data. One example of this approximation is given by

the following equation: [4], [7]:

C, :al(i—?—agﬁ—a4)e_a‘3/7‘i +agh (2.8)
where:
11 b,
i _ 2.9
A A+bp o 14p3 (2.9)

and the coefficients aj, a,, as, a4, as, as, b1, and b, are calculated using curve fitting

techniques.
The aerodynamic torque on the wind turbine is finally defined as [7]:

T, == L oRdvze, ) (2.10)
or 2\

2.2.3 Wind Turbine Characteristics

The power coefficient, C, and coefficients, a;-as and bi-b, in (2.8) and (2.9) are used to
characterise the wind turbine through the Cp-A curve. Figure 2.2 shows the power
coefficient, C, as a function of the tip-speed ratio for different pitch angle values. In this
example, the coefficients of the wind turbine are: a; = 0.5176, a, = 116, a3 = 0.4, a4 = 5,
as = 21, ag = 0.0068, by = 0.08 and b, = 0.035 which are derived from [4]. It can be

observed that the optimum value of A, called Ay, depends on the pitch angle. For a
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pitch angle = 0°, Aqpt is 8.1 and the maximum power coefficient, Cpmax, IS 48%. When
the pitch angle increases, the blade of the wind turbine is pitched out from the wind.

Therefore, the mechanical power extracted from the wind also reduces.

p=0-°
Cpr’nax p=5°
] B = p=10°]]
: B=20°
o= 0.4 / E
g :
o /"
© :
5 03 :
g / 5
g / :
£ 02 :
0.1 ™\
o :
0 5 10 15

Tip-speed ratio A
Figure 2.2: Characteristics of power coefficient versus tip-speed ratio for different

blade pitch angles

The mechanical power can be calculated from (2.6). For example, a wind turbine
designed for a wind speed of 10 m/s with a blade radius of 2.372 m, would generate 5
kW. If the gearbox ratio = 7, the rated generator rotational speed would be 2250 rpm (or
1.5ms, s = 1500 rpm). Using the calculations from [16] relating the length of the blades
to the power out of the wind turbine, the moment of inertia of the wind turbine would be
13.5 kg.m> Figure 2.3 shows the extracted mechanical power of the wind turbine with
respect to the generator speed for various wind speeds and a pitch angle equal to zero. It
can be observed that the maximum mechanical power is obtained by tracking the
optimal generator speed when wind speed is below the rated value. If instead the wind
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speed is above the rated value, the mechanical power must be limited to avoid damage

to the turbine. This can be achieved by either pitch angle control or stall regulation.

Mechanical power W

12000 r
5m/s
6 m/s '," “\\
10000 - 7mis ;
8 m/s , ,’
9 m/s ¢ ‘.,.---....‘
8000 - 10 m/s 4 /" s
11 m/s '/ ’ ~
———12 m/s ¢/
24 /_
6000~ ====13 m/s 14
P ted )" d
........................ mated /
4000 :
f—~
. \
2000 -~ i \ |
o — H)
] mna\\
0 t T ~— \ ™. A

0 500 1000 1500 2000

Generator speed rpm

25

o

0 3000 3500

Figure 2.3: Characteristics of mechanical power versus generator speed for different

wind speeds

2.2.4 Drive Train Model

When the wind turbine is connected to the electrical generator through a gearbox, the

speed of the turbine wr is related to the speed of the generator oy, through the gearbox

ratio, G,;. The mechanical torque, T, and machine speed, oy can be calculated as

follows[7]:

(2.11)

(2.12)
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where T, is aerodynamic torque on the wind turbine side. The drive train of the wind
turbine is modelled by the following differential equation that takes into account the

total moment of inertia [17]:

Jr  do
(s +—GT2 dtm =T ~Tom (2.13)
r

where Ten is the electromagnetic torque of the electrical generator, Jg is the inertia of

the generator, and Jy is the inertia of the wind turbine.

The block diagram of the wind turbine model can be illustrated in Figure 2.4.

1P, =%an2vv§cp

A
<

Om
—- a)rza)i _—
G 1

a -
L :al(}\—?—agﬁ—azl)e &k 1 agh
1

i
\' g

Figure 2.4: Wind turbine model block diagram
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2.2.5 Control Objective of VSFP Wind Turbines

Control of the VSWT is classified into three modes as a function of the wind speed as

shown in Figure 2.5 [18]-[20].

N .
A MPPT control ) Stall or Pitch control
°
o
Mode 1 = Mode 3
Prated f— — — i — — — — — S - .
E 3
£ . 2
5 Maximum Power, Z Rated Power
o g Control < Control
°§-’ < | Halted 5 Halted
8 v | zone 8 zone
%5 =
O =
= 5
< =
S E
%) -
Veut-in VoN Vrated Veut-out

Wind speed (m/s)

Figure 2.5: Variable speed wind turbine control [18]

1. Constant power coefficient at Cpmax
2. Constant rotational speed at its nominal value

3. Constant mechanical power at its nominal value, Pyateq

The cut-in wind speed, Veut.in, is the minimum wind speed for which the wind turbine is
capable of sustaining a continuous generation. The cut-out wind speed, Vcyt-out, 1S the
maximum wind speed that does not cause damage to the blades, the generator and other
components of the wind turbine. The rated wind speed, Viateq, IS the minimum value of
the wind speed for which the wind turbine provides the rated mechanical power, Prateq.
The value V,y is the minimum value of the wind speed for which the wind turbine

reaches the nominal rotational speed of the generator.
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In mode 1, the objective of the control is to extract the maximum mechanical power
from the wind turbine. The rotational speed is regulated to track Ao corresponding to
the maximum power coefficient, Cpmax, also known as maximum power point tracking
(MPPT) control. There are many methods for the MPPT, and the details are presented in

following sections.

In mode 2, the objective of the control is to keep a constant rotational speed of the wind
turbine at nominal value when the wind speed increase. This mode was called the
transition region [18] because it is located between the maximum power control mode
and the rated power control mode. The rotational speed reaches the nominal value while
the output power of the turbine is less than the rated power value. However, mode 2
may not exist if the nominal rotational speed and the maximum power coefficient Cpmax

meet at the rated wind speed Vyaeq as Seen in [21]

In mode 3, the objective of the control is to limit the mechanical power to the rated
value which, for fixed-pitch wind turbines, is achieved by the active stall control via

speed regulation [18].

2.3 Wind Energy Conversion Systems with DFIGs

There are three main types of generators used in wind energy conversion systems for
variable speed wind turbines: DFIG, SCIG, and PMSG [7]. The details of the generators

are explained below.

19



Chapter 2: Wind Energy Conversion Systems for VSWTs with DFIGs

2.3.1 Configuration of Wind Energy Conversion System based

DFIG-VSWT

The electrical components of variable speed WECS consist of an electrical generator, a
back-to-back converter, a control system and interconnection apparatus such as crowbar
system and passive filters. Figure 2.6(a) depicts the configuration of the VSWT of
PMSG, SCIG whereas Figure 2.6(b) indicates the configuration of DFIG [22]. The
variable speed wind turbine with full-scale power converter configuration (total
generated power to the grid through the power converter) is used with PMSG and SCIG,
and the variable speed wind turbine with partial-scale power converter configuration
(some of the total generated power to grid through the power converter) is used with

DFIG.

The control system of WECS with either PMSG, SCIG or DFIG has two control levels

as shown in Figure 2.6 [23],[24].

e Control level 1 is used to control the active and reactive power that flows
between the DFIG and the power grid using the RSC and the GSC, as explained
in the previous sections.

e Control level 2 is used to control the mechanical power in the full range of the
wind speed by generating the references for control level 1 that achieve the
maximum efficiency of the WECS. These references are the optimal speed
reference to maximise the mechanical power and the optimal reactive power

reference to minimise the electrical losses of the electrical generator.
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Figure 2.6: Configurations of the variable speed wind turbine with different generator:

(a) based on PMSG or SCIG, (b) based on DFIG [4]

For the configurations of Figure 2.6(a) the stator terminals of either the PMSG or the
SCIG are connected to the power grid through the power converter. The back-to-back
power converter can control the generator speed independently on the frequency and
voltage of power grid. Gearless concepts can also be used for this the wind turbine

system with PMSG.
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The variable speed generation system based on the PMSG or the SCIG have the

following main characteristics:

e Full speed regulation.

e Reduce maintenance costs for the absence of slip-rings and brushes.
¢ Independent control of the output active and reactive powers.

e Full scale of the power converter.

e Gearbox required in the SCIG and possibility of gearless concept in the PMSG

Figure 2.6(b) shows the configuration of the variable speed wind turbine based on the
DFIG. This configuration requires a gearbox but only a partial-scale power converter.
The stator terminals of the DFIG are directly connected to the electrical power grid,
while the rotor circuits are connected through a back-to-back power converter. The
power converter controls the magnitude and phase of the rotor currents and, hence, the
rotational speed, independently of the grid frequency and voltage. The power rating of
DFIG power converters is only required 30% of the rated power and, consequently, a

similar range of speed regulation can be obtained [22].

The variable speed generation system based on the DFIG has the following main

characteristics:

e Decoupled control of the active and reactive powers by controlling on the rotor
side converter within the rating of the power converters.
e Decoupled control of the DC-link voltage of the back-to-back converter and the

power factor by controlling on the grid side converter.
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e Speed range limited by the rating of the power converter, e.g. 0.7 — 1.3 per unit.

e Reduced converter cost and less switching losses as the power converter is rated
only for a fraction of the total power.

e Need for slip-rings and brushes.

e Gearbox required.

The majority of generators used for WECS are DFIGs, as they represent a cost-effective
solution, and reduced weight and size in comparison to other WECS [25]. Therefore, the

operation of DFIG is explored more in details in the following sections.

2.3.2 Doubly-Fed Induction Generator (DFIG)

DFIGs convert the mechanical power from the wind turbine into electrical power. This
section reviews the operating principle of DFIGs and the equations of the mathematical
model. Steady-state operations are analysed by means of the equivalent electrical
circuit. Then, the model is used to analyse the steady-state performance of the DFIG for

various operating conditions.

2.3.2.1 Fundamental principles of doubly fed induction machines: Doubly-fed
induction machines (DFIM) are characterised by a wound-rotor. The rotor windings are
connected to an external AC source via slip-rings and brushes. The stator winding is
similar to squirrel cage induction machines. Figure 2.7 shows the fundamental structure

of the DFIM.
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Figure 2.7: Configuration of doubly induction machines
The primary of operation of DFIM can be described as follows:

e The stator windings are supplied by a three-phase AC source having frequency
fs. This generates a stator magnetic field rotating at synchronous speed 2xfs/p,
being p the number of pole pairs.

e The rotor windings are supplied via slip-rings with three phase voltages of a
variable frequency and magnitude, which are dependent on the rotor mechanical
speed. This results in a rotor magnetic field in the air gap, with the same spatial
rotational speed as the stator flux.

e The stator magnetic field and the rotor magnetic field have a phase shift.
Therefore, the electromagnetic torque is generated as the magnetic fields interact
with each other.

e The synchronous speed, ns, is a function of a number of poles of the DFIM, P,
and frequency voltage supplied from the grid, fs. The expression is [7]:

n =200

= (2.14)
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e The difference between synchronous speed, ns, and rotor speed, n, which can be
calculated as a percentage of synchronous speed, is called the slip, s, as

follows[7]:

(2.15)

e Three different operations of the machine that are classified by the slip’s value
s > 0; the DFIM is called sub-synchronous mode
s < 0; the DFIM is called super-synchronous mode
s = 0; the DFIM is called synchronous mode

e The frequency of voltage and current of the rotor depends on the slip[7]
f, = sfs (2.16)

2.3.2.2 Characteristics of doubly fed induction machines: To study the behaviour of
the DFIG, one-phase steady-state equivalent circuit of the DFIM is used to discuss the

basic power and torque expression in the machine as shown in Figure 2.8 [7].

Is Is josLos josLor Ir r((1-s)/s) Vr((1-s)/s) Ir

== AN w—AN—AN—( ==

Vs T fs Tj(x)s\ys % josLm ijs\yr fs T Vr

Figure 2.8: Per-phase equivalent circuit of DFIM [7][12]
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From the diagram, the stator active power of the DFIM can be calculated by the

following expression[7]:

P, =3Re(Vs 1) (2.17)

The rotor active power is instead equal to:

P =3Re(V, 1) (2.18)

The active power losses of the machine of the stator and rotor are given by:

Py e =3 Isf (2.19)
R oL =30, (2.20)

The balancing active power equation of the DFIM can be written as follow:
Po+P =P cL+P oL +Prech (2.21)

where Ppecn IS the mechanical power. Equation (2.21) allows the calculation of the

mechanical power:

)Re(V; -1r) (2.22)

1-s 2 1-s
Frech =31 (T)|Ir| +3(T

The mechanical power is also related to the electromagnetic torque Ten and rotational

speed by the equation:
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O

Prech = Tem€m =Tem — (2-23)
The electromagnetic torque is calculated by using (2.22) and (2.23)
3rp 1- 3p 1- x
Ten == )1+ =22 Retv 1) (2.24)

O On S

Finally, simplifying (2.24) the electromagnetic torque is obtained by the following

equation:

Tem =3pLy - IM(1; - 15) (2.25)

The stator and rotor reactive powers are also expressed as:

Qs =3Im(V; - I;) (2-26)

Q =3Im(V, -Iy) (2.27)

The relation between stator active power and rotor active power is approximated by
ignoring the copper losses on the stator and rotor. Using this hypothesis, it is possible to

write that:
P =-sP, (2.28)
Therefore, the mechanical power can be expressed as:

Prech = R —sPy =(1-9)F (2.29)
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When the DFIM operates as a generator, the machine receives the mechanical power
from the shaft (Pmech < 0). In the sub-synchronous mode, the rotor receives power from
the grid, while the stator supplies power to the grid, i.e. part of the power is circulated
through the generator. Conversely, in the super-synchronous mode, both rotor and stator
supply power to the grid. In the synchronous mode, the stator supplies power to the grid

while the rotor power is zero.

The active power flow of the DFIM in generator mode is summarised in Figure 2.9.

Pmech Om Ps Pmech Qm Ps

> = = =

() (b)
Figure 2.9: Active power flow of DFIM in generator mode: (a) sub-synchronous speed

(b) super-synchronous speed [7]
2.3.3 Bidirectional Back-to-Back Voltage Source Converter

The control of the DFIG in WECS is achieved by using a back-to-back PWM voltage
source converter in the rotor circuit, using the vector control technique [7]. As the DFIG
can operate in either sub-synchronous or super-synchronous mode, a bi-directional
back-to-back converter is required to supply the rotor circuit. The bi-directional back-to-

back converter consists of two PWM voltage source converters (VSCs) connected back-
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to-back through a dc-link capacitor. Two-level converters with IGBTs are the most
widely used topologies for variable speed wind-energy generation due to the low cost

[7]. The schematic of the back-to-back converter is shown in Figure 2.10.

SR ER IR ERERS,

ﬂ} 4;* 4;* ﬂ} ﬂ} ﬂ}

Rotor Side Converter Grid Side Converter

.
Power
Grid

Rotor o
Terminal
o

DC Link
I

Figure 2.10: Schematic of back-to-back voltage source converter system [7]

The power converter connected to the rotor terminal of the DFIG is known as a rotor-
side converter (RSC), while the power converter connected to the grid power is known

as a grid-side converter (GSC).

The RSC functions to control the torque or the speed of the DFIG and also stator
reactive power by generating a variable frequency and amplitude voltage to the rotor
terminal. The RSC is usually controlled by a stator flux oriented vector control.
According to the previous section, the rotor voltage frequency and rotor voltage

amplitude can be expressed by the following equations[7]:

O =05 — O, (2.30)

V, =5V (2.31)
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The torque or speed of the DFIG and the stator reactive power are controlled by

adjusting the amplitude, frequency and phase of the rotor voltage.

The rotor voltage control is depicted in Figure 2.11.

Tem Qm v

P Qv ] ]
s

Pr Qr Ir yr fs

ﬁ { Vi Vr
Vr fr ‘

0 A Vs
Figure 2.11: DFIM rotor voltage variation control[7]

The GSC functions to control a constant DC-link voltage regarding delivering and
receiving the active rotor power. The GSC is operated at the grid frequency. In addition,

the GSC can control reactive power exchanged with the grid.

In conclusion, the power converter for VSWT WECS with DFIG has the following

properties:

¢ It handles bidirectional power flows.

e The RSC and GSC are two-level six switches converters.

e The RSC operates with low frequencies equal to the slip of the generator.

e The GSC operates with almost constant frequency equal to the grid frequency.

e The switching devices are usually insulated gate bipolar transistors (IGBT).
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e Pulse width modulation (PWM) technique is used to generate the pulse to

control the IGBTSs.

2.4 Efficiency Evaluation of VSWT WECS

This section analyses the operating factors influencing the efficiency of variable-speed
WECS with DFIG. The power losses of the WECS can be classified into three
categories: aerodynamic, mechanical and electrical losses[26]. The power flow of the

WECS is shown in Figure 2.12 [27].
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Figure 2.12: Power flow of variable-speed WECS

The aerodynamic power loss is caused by the conversion of the wind kinetic energy into
mechanical power at the turbine blades. The efficiency of the wind turbine is defined by
the power coefficient, Cp, as indicated in Eqn.(2.8). The aerodynamic power loss is the
largest proportion of losses of WECS. The aerodynamic efficiency, nr, is theoretically

limited to 59%, known as the Betz Limit [7].
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The mechanical power losses are generated in drive train and gearbox due to friction.
The mechanical power is transferred from the wind turbine shaft at a low rotational
speed to the generator shaft at a high rotational speed. The mechanical losses in WECS
consist of the gear loss, bearing loss and windage loss The mechanical efficiency, N, IS

typically of a value of 96% at the generator rated power according to [28][29].

The electrical power losses are generated in the generator and the power converter. The
generator losses consist of copper loss in stator and rotor windings, and core loss. The
power converter losses consist of switching loss and conduction loss of IGBTs and
diodes. The electrical efficiency, ne, IS typically of a value of 97% at the generator rated

power according to [29].

Therefore, the power output at the point of connection of the WECS to the grid is given

by:
I:)g =NMmNe Ry (2.32)

It is clear that the efficiency has a central part in the design and operations of WECS, as
any improvement would lead to a higher annual energy yield and, consequently, a
higher return on investment. The following chapter will explore in more detail how this

can be achieved with a suitable control technique.
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2.5 Currently Control Method and New Trends on WECS

The stator-flux oriented vector control is employed with the DFIG on RSC. The
generator speed reference, om rer, and stator reactive power reference, Qs ref, Will be
extended by introducing a new control layer generating the optimal speed reference and
stator reactive power reference in order to increase power, efficiency and reliability on

the WECS.

In [30],[31], both mechanical and electrical efficiency of the WECS are improved by
MPPT controller and minimum electric loss (MEL) controller, respectively. As a result,
the maximum extracted power from the wind turbine and the minimum copper losses of
the generator were obtained. However, the two optimal controllers require accurate
knowledge of the air density, wind turbine parameters and generator parameters for
control laws. In practical application, these parameters are obtained by the experimental
tests of the wind turbine and generator. These experimental tests will give only rough
parameters and are subject to change when the system gets older or weather conditions

change.

Promising improvements could be obtained using adaptive optimal efficiency control
algorithms, as the optimal operating conditions can be maintained by estimating the

actual values of the parameters used in the calculations of the power flow maximisation.

33



Chapter 2: Wind Energy Conversion Systems for VSWTs with DFIGs

2.5.1 Power Control Strategy for VSFP Wind Turbine

As reported in the literature [32]-[34][35], the majority of wind turbines used with
variable-speed WECS are variable-speed variable-pitch as shown in Figure 2.13 for
control desired output power from the wind turbine. When wind speed is below the
rated value, the MPPT controller tracks the optimal operating point corresponding to the
maximum output power of variable-speed wind turbine. When wind speed exceeds the
rated value, the extracted power of the wind turbine is limited at the rated power to
avoid damage to the blades, the generator and the power converter by keeping the
generator speed at the rated value via pitch angle control. However, this is expensive

and has a high maintenance cost [36].
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Figure 2.13: Variable-speed variable-pitch wind turbine control [7],[34]
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The VSFP wind turbine can be replaced VSVP wind turbine for DFIG WECS to give
more cost-effective and reliable [18]-[20]. The power limitation above rated wind speed

is controlled by an active stall control via speed regulation.
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The power control objective for a VSFP wind turbine is to maximise mechanical power
extracted from the wind turbine for any wind speed and constrain generator speed and
mechanical power of the turbine at its nominal values to prevent damage to the machine
and power converter. Therefore, speed reference trajectory according to this control
objective can be shown in a Pn-o plane for the full range of wind speed in Figure 2.14.
At the below-rated wind speed, control generates an optimal speed reference to
maximise the mechanical power extracted from the wind turbine by using the MPPT
controller. At the above-rated wind speed, control generates an optimal speed reference
to limit the mechanical power at its rated value by using the active stall regulation. A
MPPT control and a stall regulation are studied in this chapter. Details are given in the

following subsections.
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2.5.1.1 Maximum power point tracking (MPPT) control

The power coefficient of the wind turbine, C,, is expressed as a function of the tip-speed
ratio, A, and the pitch angle, B as mentioned above. The power coefficient expression is
defined by the manufacturer design. In this thesis, the power coefficient is written as

[37]:

Cp= 0.5176(1xLG —0.4-5)e VM +0.0068 (2.37)

1 1 0.035

A 40088 14+p° (2.38)

Figure 2.15 shows the relation between C, and A. It can be seen that the optimal tip-
speed ratio, Ao, corresponds to the maximum power coefficient, Cpmax, When pitch
angle B is zero. From (2.7), when the wind speed changes, the wind turbine speed also

changes, to maintain optimal tip speed ratio constant.

From (2.5), the maximum mechanical power of the wind turbine can be calculated as:

1 C
Pn_max = EP’TRS p3max (’J?n (2.39)
Aopt
1 C
where Kopt == P7R %
2 Mopt
3
Pn_max = kopt(’)m (2.40)
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Figure 2.15: C,-A characteristics of three blade wind turbine

Four main MPPT controllers, TSR MPPT[38]-[40], PSF MPPT [41],[42], OT MPPT
[43],[44] and P&O MPPT [21],[42][45], are widely used for the WECSSs to extract the
maximum output power from the wind turbine. The control methodologies of these

MPPT controllers are explained as follows:

Tip-speed ratio (TSR) MPPT control: The TSP-MPPT control needs the Aqpt-
V. curve of the wind turbine and an anemometer for measuring accurate wind speed.

The optimal speed reference can be expressed as[21]:

koptvw
R

(2.41)

Om_ref =

The block diagram of the TSR-MPPT for the WECS can be shown in Figure 2.16
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Figure 2.16: TSR-MPPT control for WECS

The technique of the TSR MPPT control is to regulate the generator speed to maintain A
at Aopt Which corresponds to maximum power extracted from the wind turbine as
referred to in (2.7). This MPPT control requires an accurate wind speed sensor and a
generator speed sensor including the design characteristics of the wind turbine at the
optimal TSR, Aqpt [21],[46]. The advantages of TSR MPPT are high efficiency and fast-
tracking, because the speed reference corresponding to the maximum power operating
point can be directly calculated from the wind speed as expressed in (2.41) [44].
However, the wind speed sensor required for the TSR MPPT causes additional cost and

reduces reliability [21].

Power signal feedback (PSF) MPPT control: the PSF-MPPT technigque can
extract the maximum mechanical power from the wind turbine by tracking the optimal
power point at & = Agp and C, = Cpmax. Thus, the optimal mechanical power reference
can be calculated from (2.39) and (2.40) [21]. The block diagram of the PSF-MPPT for

the WECS can be shown in Figure 2.17.
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Pn_ref = kopt(‘)rSn (2.42)

and the optimal speed reference can also be expressed as:

)
Om_ref =3 k_m (2.43)
\l opt

Optimal torque (OT) MPPT control: the OT-MPPT technique can extract the
maximum mechanical power from the wind turbine by tracking the optimal mechanical
torque point at A = Aoy and Cp = Cymax. Thus, the optimal mechanical torque reference

can be expressed as [21]:

P 1 C
T ref = m_max _= an5 mwrzn = kopto)ﬁ1 (2.44)
- O 2 }"gpt

The block diagram of the OT-MPPT for the WECS can be shown in Figure 2.18.
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Figure 2.17: PSF-MPPT control for WECS
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Figure 2.18: OT-MPPT control for WECS

PSF MPPT and OT MPPT control do not require a wind speed sensor. Calculation of
optimal power reference and optimal torque reference corresponding to maximum
power of the wind turbine are obtained by using as an input the wind turbine
characteristic as the optimal TSR, Ao, and the maximum power coefficient, Cpmax and

the air density where the turbine is installed [21] [47].

Although the first three MPPT controllers are widely used in the WECS because they
are simple to use, and all of them require accurate knowledge of air density and
parameters of the wind turbine. In practical applications, these parameters are only
roughly known through experimental tests and are subject to change in the long-term
[43],[23],[48],[49]. Furthermore, the air density varies with the location and the weather
conditions. These problems lead to inaccurate determination of the maximum power
operating point of the wind turbine and, hence, reduction of the electrical energy

generated.

40



Chapter 2: Wind Energy Conversion Systems for VSWTs with DFIGs

Perturb & Observe (P&O) MPPT control: P&O MPPT algorithm has been
used to overcome the drawback of the previous three MPPT controls due to its
capability to search the maximum power operating point of the wind turbine without a
wind speed sensor and an accurate knowledge of wind turbine characteristics [50].
Figure 2.19 shows the principle of the P&O-MPPT algorithm for fixed step. The block

diagram of the P&O-MPPT for the WECS can be shown in Figure 2.20.
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Figure 2.19: P&O-MPPT control principle[39]
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Figure 2.20: P&O-MPPT control for WECS[39]
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The P&O MPPT algorithm searches the peak power based on perturbing the rotating
speed in steps, such as A, and observes the change in output power, AP, to decide the
direction of the next perturbation action. Then the speed reference is updated by
iteration to reach the optimal speed reference according to maximum power from the

wind turbine:

O _ref (K+1) = _ref (K) + Ao, (2.45)

A peak point indicates when the slope becomes zero, AP/A®w = 0 [51],[52]. The
selection of the size of the step is a challenging topic for P&O MPPT algorithms. A
small step gives more accurate results but slower tracking, while a large step gives

faster tracking but fluctuates around the maximum power point.

This problem can be solved by a fuzzy logic control (FLC) applied to P&0O MPPT
[53],[54],[55],[56]. FLC does not require any mathematical model of the systems and is
suitable for nonlinear systems [21]. The fuzzy controller provides adaptive step
perturbation for P&O MPPT to search the maximum power point. Therefore, this MPPT
algorithm provides a good balance between tracking speed and an accurate control [21].
The block diagram of a fuzzy-based MPPT controller is shown in Figure 2.21. From
[53], the inputs of the fuzzy-based MPPT controller are the change of power, AP, and
change of rotational speed, Aw. The updated speed reference is received by combining
the change of speed reference, Awyes from the fuzzy controller and the previous speed,

om(k-1).
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Figure 2.21: Fuzzy-based MPPT controller for WECS

However, fuzzy based MPPT algorithms [53],[54],[55],[56] have good performance
only when the wind turbine inertia is small [57]. Additionally, a fuzzy-based MPPT
algorithm may detect the wrong direction towards the maximum power operating point

under rapid wind changes [21],[58].

Hybrid MPPT control: Hybrid MPPT algorithms have also been introduced to
mitigate the problem of traditional controllers [59]. For example, the hybrid MPPT
proposed in [59] are combined with the OT MPPT and the fixed step-size P&O MPPT.
This hybrid MPPT has been used to improve the efficiency of the algorithm in the
presence of either parameter changes, miscalculations of the OT MPPT, or wrong
direction to search the maximum power point of the fixed step size P&O MPPT.
However, the appropriate step perturbation of P&O MPPT is still difficult to design in

the fixed step size P&O MPPT [21].

An advanced MPPT has been proposed in [58] combining three modes of operation.
The training mode is used to calculate a kop via the P&O MPPT controller. When the

P&O MPPT controller reached the maximum power operating point, the maximum
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power output and optimal generator speed are measured to calculate ko as the

following equation:

P
Kopt =~ (2.46)

The recording mode is used to calculate the maximum power operating point through
PSF MPPT for constant wind speed as in (2.43); the updating mode is used to update
Kopt When the wind speed changes. This MPPT algorithm can deal with uncertainties in
air density and wind turbine parameters and has fast-tracking. However, it cannot reach
the maximum power operating point exactly as Kop is changed for different wind speeds.

In addition, it is more complex than the other MPPT algorithms.
2.5.1.2 Stall control

When the mechanical power extracted from the wind turbine exceeds the rated power in
the above-rated wind speed, stall regulation is used to maintain the power of the turbine
at its rated value, Py rated. The power coefficient, Cp, is reduced by forcing the wind
turbine into a stall operation by decreasing the tip-speed ratio, A, through the generator

speed. The optimal speed reference is given by:

P
On_ref = m%rated (2. 47)
m

where mechanical torque, T, is received from the observer algorithm which is detailed

in Fig. 2.23.
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2.5.1.3 Traditional power control for VSFP wind turbines

The overall block diagram of the traditional power control of WECS coupled with
VSFP wind turbines is shown in Figure 2.22 [20]. In the below-rated wind speed, the
PSF-MPPT controller is used to track the maximum power operating point of the wind
turbine as mentioned above. However, the mechanical power of the wind turbine cannot
be measured directly. This problem is solved by the observer design. The closed-loop
mechanical power observer structure is shown in Figure 2.23. Electromagnetic torque
and generator speed are input signals of the observer block. The estimated mechanical
torque is generated by the PI controller, adapting the estimated mechanical torque until
the estimated and real generator speed is equal. Therefore, the mechanical power is
obtained by multiplying the observed speed and observed torque. In transition region,
constant rotational speed control at rated speed is applied to the system. In this control
mode, the PSF-MPPT controller has given a larger speed reference than rated speed of
the wind turbine and the wind turbine has extracted a smaller mechanical power than the

rated value.

In the above-rated wind speed, the active stall control is used to limit the mechanical
power extracted from the wind turbine at the rated value, P raed, Dy reducing the
generator speed to the stall region. To keep the power constant at the rated value, a rated
mechanical power controller is added to the PSF-MPPT control. It provides the
compensation speed term via the Pl controller to subtract from the speed reference of

the PSF-MPPT to regulate the mechanical power at rated value [20].
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2.5.1.4 Advanced power control for VSFP wind turbines

In [18], fuzzy logic control for VSFP wind turbines has been proposed with the main
objective to optimise operations for the full range of wind speed. Figure 2.24 shows the
block diagram fuzzy-based power control for the variable-speed fixed-pitch wind
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turbine. Six inputs of the FLC in [18] consist of Epe, Eap, Ta, ATa, ¢ and Aw;. For more
detail of each input, please see [18]. In below-rated wind speed, three inputs, Epe, Ay,
and T, are used in the fuzzy logic control algorithm to generate ATy to track the optimal
torque reference that corresponds to the maximum power output of the wind turbine. In
above-rated wind speed, five inputs Eap, Ta, ATa, @; and Am¢are used in the fuzzy logic
control algorithm to generate AT, to track the optimal torque reference to limit power
output at rated value. The algorithm has fast-tracking in the below-and above-rated
wind speed and a low power fluctuation in the above-rated wind speed, because the
fuzzy controller can generate the optimal torque reference. However, the
implementation of the conventional fuzzy control has a complex software
implementation due the large number of fuzzy rules (with 140 rules in [18]), resulting in

a large memory storage of the control programme [18].
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Figure 2.24: Fuzzy-based power control wind turbine block diagram [18]

This problem can be solved by fuzzy control based on single input rule modules
(SIRMs) connected fuzzy inference model. In conventional fuzzy controllers, IF-THEN

rules for fuzzy inference model are produced by using all the input variables of the
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system to be placed in the condition of either “and” or “or” into the antecedent part of
each fuzzy rule [60]. For example, two inputs fuzzy rules of the conventional model are
shown in Table 2.1. The relationship between x; and x, for Ay can be designed fuzzy

rules for 9 rules [61].

Table 2.1: Fuzzy rules of the conventional model corresponding membership functions

N (Negative), Z (Zero) and P (Positive)[61]

A *
Y N z P
N -1.0 -1.0 0.0
X1 z -1.0 0.0 1.0
P 0.0 1.0 1.0
A “IF-THEN” fuzzy rule can be expressed as:
Rule 1 IF xiisNandx;isN  THENAy is-1.0

2

“x; IS N and x; is N” is called “antecedent” part and “Ay is -1.0” is called “consequent
part. Hence, the number of fuzzy rules and the number of parameters will increase and
the design and adjustment of fuzzy rules will become difficult work [61]. Instead, the
SIRMs connected fuzzy inference model [62],[63],[64],[65] uses a single input rule
module for each input variable. Therefore, each input rule has only one single input
variable in the antecedent part, reducing the number of fuzzy rules dramatically. In the
same case, two inputs for the SIRMs connected fuzzy inference model are shown in

Table 2.2. The fuzzy rule of x; and x, for Ay can be designed for 6 rules[61].
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Table 2.2: Fuzzy rules of SIRMs corresponding membership functions N, Z and P[61]

xi (i=1,2) Ayi (1=1,2)
N -1.0
Z 0.0
P +1.0

Fuzzy controls based on the SIRMs-connected fuzzy inference model has been widely
applied to control first and second-order dynamic systems [61], stabilisation control of
inverted pendulum systems [64], and trajectory tracking control of unconstrained

objects [66].

2.5.2 Model-Based Loss Minimisation Control (MBLC)

Another important aspect to improve the efficiency of WECS with DFIG is the control
of the reactive power flow to the grid, as this affects the efficiency of the electrical

generator as well as the cost of the power converter for the rotor.

Model-based loss minimisation controllers have been presented to derive the optimal
control law for minimising electrical losses in the WECS such as using a copper loss
model of DFIG [67],[68], an iron and copper loss model of DFIG [27], and a loss model
of DFIG, the filter and the power converter [69]. All these loss minimisation control
methods require accurate models and knowledge of the parameters of the DFIG, the

filter and the power converter for generating the optimal control law.
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On the dg model of DFIG driven stator-flux oriented vector control, the electromagnetic

torque, Ten; Stator active power, Ps; and stator reactive power, Qs can be expressed as

[7]:

3 L .
Tem :_E pL_rSnWsd'rq (2.48)
3 L .
PS :—EO)S L—r:\vsdqu (249)
3 L . Ysq
Qs =—2 05 g (irg —— (2.50)
S 5 0s L sd \r L,

where iy i the rotor current in d-axis; irq IS the rotor current in g-axis; Ly is the mutual
inductance; Ls is the total stator inductance; ws is the supply angular speed; p is the
number of pole pairs of the DFIG; g is the stator flux linkage in d-axis, assuming ysq

= || = |vs|/ms. Vs is the stator voltage [70].

It can be observed that the electromagnetic torque and the stator active power can be
controlled by the g-axis rotor current component, irq, While the stator reactive power can

be controlled by the d-axis rotor current component, iq.

For a normal control strategy, the stator reactive power, Qs, is set to zero by iy =\'Ij_—5d

m
or ig =iy [71],[67]. Thus, the stator current does not have any reactive current
component, isg = 0 [72]. The reactive power control on the grid side converter is not
active. However, this control of the reactive current causes extra copper losses in the

rotor winding [72].
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Model-based loss minimisation control (MBLC) for variable-speed DFIG WECS has
been presented in [68],[4],[67]. For this control method, the d-axis rotor current
reference is obtained by the equivalent circuit of the DFIG and its parameters for
minimum copper losses of the generator. The control law of the MBLC relies on copper

losses of the DFIG as a function of current and resistance[67]:
_ 3 .2 .2 3 .2 .2
Pss_cu —E('sd +igg) 15 +E(Ird +ipg) Iy (2.51)

where isq IS the stator current in d-axis; isq is the stator current in g-axis; rs is the stator

resistance; and r, is the rotor resistance.

Under the stator-flux oriented vector control, copper losses of the DFIG can be

expressed as[67]:

3 ern 2 3 \ng 3ysglmfs. 3 ern 2
Pss_cu =E(rr +L_§r5)qu +EL_§rS _L—§|rd +E(rr +L_§rs)|rd (2.52)

As irg and ysq have been assumed constant, the minimum copper losses as a function of

irg Can be expressed by the following equation[67]:

oP. 3Ly, 12
s-s_cu __2m sz‘l/sd +3(r, +_g]rs)|rd =0 (2.53)
Ol Ls s

and, hence, the optimal i,4 reference to minimise copper losses of the DFIG is[67]:

. Lr
Ird _ref :% (2.54)
- Lyt + sy
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The optimal stator reactive power regulated optimal copper loss level is obtained by
substituting (2.54) into (2.50) as expressed:

(M_W_Sd) (2.55)

3 L
Qs ref ==~ 05—y
S_Tré S L2mr5+L§rr I—m

2L
Substituting DFIG parameters which are provided in Appendix A to (2.54), i ref Value
corresponding to the minimum copper loss is 5.2626A referred on the stator (or
5.2626*u = 2.8418A referred on the rotor). The optimal i ref Value is proved by the

graph of relation between copper losses and ir4 from (2.52) for any constant i, as shown

in Figure 2.25.
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Figure 2.25: Copper losses on DFIG on iy refvariation a) irq =4 A b) irq =6 A.

Although this technique gives a fast-tracking, MBLC relies on the accurate knowledge
of the parameters of the DFIG. In practical applications, these parameters are only

roughly known via the no-load test and the locked rotor test [73]. Moreover, some of
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them, such as stator and rotor resistances are dependent on temperature [74], while the
magnetising inductance is dependent on the level of saturation. This is a problem that
affects the MBLC efficiency when the operating conditions are variable, such as those

of WECS.

Online parameter estimation algorithms have been used to solve the drawbacks of
MBLC. The principle of online parameter estimation is that a parameterization of the
plant model is run in parallel with the process plant model and then generating and
updating the parameter vector estimated by proposed algorithms for minimal output
error of the two plant model [75]. Many techniques of the parameter estimation of DFIG
have been reported in the literature. In [76], an online parameter estimation for the
DFIG based on recursive least square (RLS) algorithm was presented. This method was
implemented in discrete time, and the estimated parameters were recursively computed
for minimizing the quadratic error [77]. Other studies suggest a model reference
adaptive systems (MRAS) algorithm [78] for which the estimated parameter vector was

updated by an adaptive law using input and output data [77].

This research proposes a MBLC with the online parameter estimation with a Kalman
filter of the stator resistance, rs, rotor resistance, ry, stator leakage inductance, L., and
mutual inductance, L. The main advantage of the Kalman filter is that it does not
require test signals to estimate the machine parameters[73], thereby adding adaptive

capabilities to the traditional MBLC.
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2.6 Summary

This chapter has provided the basis of knowledge and background of variable speed
wind energy conversion systems. It has been reviewed how wind kinetic energy is
converted into mechanical power and different control objectives when the wind speed
is below or above the rated wind speed. The review of the state of the art and the current
diffusion for practical application suggested that focusing on DFIG would produce the
best benefit in terms of energy generated by wind. Therefore, the main components of
DFIG-based variable speed wind-energy generation were reviewed and the basic control

methods analysed.

This chapter also reviews the optimal control of the WECS with a DFIG to increase the
efficiency. The power control for VSFP wind turbine and the loss minimisation control
of the DFIG are the two topics that are reviewed. The MPPT controller and active stall
control via speed regulation were used to control power extracted from the wind turbine
in below-rated wind speed and above-rated wind speed, respectively. The objectives of
MPPT controller and active stall regulation are maximisation and limitation of extracted
power from the wind turbine. Meanwhile, the loss minimisation method was used to
minimise the electrical losses of the DFIG. However, the MPPT controllers, such as
TSR-MPPT, PSF-MPPT and OT-MPPT, and the loss minimisation control such as
MBLC require accurate knowledge of the air density, wind turbine parameters and
generator parameters for control laws. In practical application, these parameters are
obtained by the experimental test of the wind turbine and generator. These experimental

tests will give only rough parameters and are subject to change when the system gets
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older or weather conditions change. As a result, the efficiency of those MPPT
controllers, and loss minimisation control were reduced. An adaptive optimal efficiency

control algorithm will be used to solve this problem.
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Chapter 3 Converter Control of DFIG for Wind

Turbines

3.1 Introduction

In Chapter 2, the control system for DFIGs for WECS was divided into two levels.
Control level 1 regulates the power flow between the DFIG and the power grid by using
a rotor back-to-back converter. Control level 2 calculates the optimal references for

control level 1 to improve the performance of the WECS.

This chapter focuses on control level 1, for which the main control variables are shown
in Figure 3.1. The vector control of the RSC is reviewed to show how the control of the
stator reactive power and the generator speed can be decoupled. It is also shown that the
vector control of the GSC provides a decoupled control for the DC-link voltage and the
grid reactive power. As the latter is well covered in the literature [8], the GSC vector

control will not be further considered in this thesis.

Section 3.2 illustrates the three-phase dynamic model of the DFIG, which is first written
using a space vector model in the stationary and rotating reference frames. Then, the
principles of vector control are analysed with a focus on the stator flux oriented (SFO)
technique of the vector control in section 3.3. Finally, the performances of the SFO
vector control are analysed by the simulation results in the Matlab/Simulink software

package.
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Figure 3.1: Schematic diagram of DFIG-based wind energy conversion system

3.2 DFIG Dynamic Model

The dynamic model of DFIG is needed to develop control of the RSC. At steady-state,
the dynamic model of the DFIG can be represented by the equivalent circuit mentioned
in Chapter 2, which is used to explain the relationships between active powers, reactive

powers, voltages and currents for different operating conditions.
3.2.1 Basic Machine Configuration

Figure 3.2 shows the basic configuration of a three-phase DFIG. The Kirchhoff voltage
laws applied to the stator and rotor windings are given by the following set of equations
[79]:

dyg,
dt

. dy
Vsb = Islsh + dtSb (3.1)

Vsg = fslsg +

dy
- sc
Voo =Tslge +

dt
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oy
Vig = Ilrleg +
ra = lria T

. dy
Vrb = Trlep + dtrb (3.2)

dy
- rc
Vic =Tl t+

dt

where Vs, Vsp and Vs are the phase stator voltages; Vi, Vip and vy are the phase rotor
voltages; isa, Isp and is are the phase stator currents; iy, i and i are the phase rotor
currents; wsa, Wep and s are the stator flux linkages and wra, y4p and ;. are the rotor

flux linkages.

The stator equations are written in the stationary reference frame, while the rotor

equations are written in the rotating reference frame synchronous to the rotor.

\ ar axis

br axis e

™ as axis

\
A}

cr axis

Figure 3.2: Three-phase DFIG winding circuit [7]

3.2.2 Space Vector Definition and Projection

The three-phase quantities of a DFIG such as voltages, currents and flux linkages, can

be represented using the space vector form [7]. The space vector of a generic guantity,
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X, can be defined by the three-phase instantaneous magnitude of the same quantity, Xsa,

Xsp and Xsc as follows:

(2n/3)

.2 i i
X = g(xSa +Xgpe +Xge8 J2n/3)) (3.3)

The space vector can be represented on the complex plane as the sum of the three
individual components, oriented along three axis forming mutual angles of 120 degrees,
For example, Figure 3.3 shows how the space vector can be obtained as a vector sum of

the three individual components.

bs axis Space
vector  xs

. .
T as axis

cs axis

Figure 3.3: Stator current space vector and projection [7]

Therefore, the DFIG dynamic model in (3.1) and (3.2) can be rearranged in space vector

form:

o dy
VS =il +— A4
S S'S dt (3 )
o dyt
Vo=l L .
r r'r dt (35)
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where V¢, i’and v are the stator voltage space vector; the stator current space vector
and the stator flux linkages space vector in the stator reference frame, respectively. vy ,

i, and | are the rotor voltage space vector; the rotor current space vector and the rotor

flux linkages space vector in the rotor reference frame, respectively.

The stator and rotor total flux linkages are dependent on the stator and rotor current

space vectors according to the following equations:

Vs = Ll + L’ (3.6)

‘H = I-miasr + errr (37)

where i is the referred rotor current space vector in the stator reference frame; i is

the referred stator current space vector in the rotor reference frame; Ls is the total stator
inductance; L, is the total rotor inductance and L, is mutual inductance. The
superscripts s and r indicate the space vectors referring to stator or rotor reference

frame.

The advantage of the space vector is that it can be transformed into the two-phase
quantities in any arbitrary complex plane. The two quantities, x4 and Xq, in the direct and

quadrature axis can be expressed as:

X4 =|Xs|CcosO
o =l (3.8)
Xq = J[%s|sin®

where 0 is the angle between the direct axis of a complex plane and space vector
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3.2.3 DFIG Model in an Arbitrary Reference Frame

br axis

.
\ craxis

cs axis

Figure 3.4: Relation between abc, of and dq reference frame [7]

As (3.1) and (3.2) are referred to different reference frames, it is useful to refer them to
the same reference frame to eliminate one of the equations from the model. There are
two types of common reference frames used to model DFIG: the stationary and the
rotating reference frames. The stationary reference frame, known as the of3 reference
frame, has angular speed equal to zero (o = 0). The a-axis is aligned with the magnetic
axis of phase a of the stator winding. The rotating reference frame, known as the dq
reference frame, forms an angular position, 6., with the a-axis, and has angular speed
equal to we. The d axis is aligned with an arbitrary space vector dependent on the chosen
control technique. Typical choices are the phase a of the rotor winding, the stator flux

linkage space vector and the rotor flux linkage space vector, as shown in Figure 3.4.
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Basically, the three-phase quantities of the stator winding are transformed into the two-
phase quantities in the stator reference frame, (af complex plane); the three-phase
quantities of the rotor winding are transformed into the two-phase quantities in the rotor
reference frame, (DQ complex plan) rotating at speed pwn Where oy, is the mechanical
rotor speed and p is the number of the pole pairs of the DFIG. Therefore, the two phase

DFIG dynamic model can be expressed in terms of space vector components as [7]:

. dyg,
Ve, =lele, +
sa = fslsa 0

d Vsp
dt

(3.9)

VSB = I’Slsﬁ +

; dvp
Vip =llip +
rD s'rD dt

dyrg
dt

(3.10)

VrQ = rsirQ +

where Vg, , Vg, sy i, Wso @Nd ygg are the stator voltages; the stator currents and the

stator flux linkages in af reference frame, respectively. vip,viq i, irg, ¥rp andy gare

the rotor voltages; the rotor currents and the rotor flux linkages in DQ reference frame,

respectively.

3.2.3.1 DFIG af3 model: In this section, the model of the DFIG is presented in the
stationary reference frame (a3 plane). Therefore, the components of space vector in the
rotor frame (DQ plane) are transformed into the components in the stator frame (a8

plane) using the rotational conversion factor €™ as follows[7]:
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Xro, _ c_os On —Sin6y, || XD (3.11)
XrB sinBp,  €osOy, || XrQ

where 0, can be calculated from:

0 = j poy, dt (3.12)

Applying (3.11), the voltages (Vip, Vig), currents (irp, irg) and flux linkages (v, Wrg) in
the rotor frame are transformed into the stator frame., Therefore the dynamic model of

the DFIG in the stationary reference frame is given by [7]:

. dy
Vso = Fslsg + dtsa
3.13
Ve = Il +—dwSB ( )
sp ~ 's'sP dt
. dy
Vrq = fslra + dtm + PORVip
3.14
dy, (3.14)
Vrﬁ = rser + dt - pmm‘l’ra
Vs = Lsise + Liirg (3.15)
\VSB = LSiSB + LmirB ’
Vra = Lmisq + Lrirg (3.16)
Vi = Linisg + Lrirg .
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The schematic of the ap model of the DFIG can be illustrated by the equivalent circuit

in Figure 3.5 [7].

pom yrp
isa r's Los Lor — rr ira
= AN w—( —AN——

Figure 3.5: Schematic of a3 model of the DFIG[7]

From the circuit in Figure 3.5, the active powers of the stator and rotor windings can be

calculated as follows [7]:

3 . .
P = E(Vsalsa +Vgpisp) (3.17)

3 . .
P =E(lem "’Vrﬁlrﬁ) (3.18)

and the reactive powers of the stator and rotor windings can be calculated as follows:
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3, . .
Q= E(Vsﬁlsa _V5a|s[3) (319)

3, . .
Qr = E(Vrﬁ'ra _Vra|rﬁ) (3-20)

The electromagnetic torque of the DFIG is expressed as a function of the rotor flux

linkages and the rotor currents as [7]:

3 . .
Tem = P P(Yrpira —Wrolrg) (3.21)

By eliminating isq, isp Ire @and iyz in (3.13) and (3.14) using (3.15) and (3.16), the state-

space dynamic equations of the DFIG in o3 frame is finally equal to [7]:

dvsy _ IsVsq + lsbmVra Y
= sal

dt ol olgL,

d\IfsB sWsg Ts Lm‘l’rﬁ
=— + + VSB
dt oly oLl
d¥rg _ hlmWsa  HVra

it oLl oL om¥mTVre (3.22)
dWrB rerWsB Vg
—L =" 4 po ——L 4y

dt oLl | PemYre T e

dop  Tem T

dt 3

where 6 = 1 - Ly2/L.L, is a coefficient that takes into account the rotor and stator
leakage flux; J is the total moment of inertia of the rotor and other equipment coupled

with rotor, and T, is the mechanical torque.
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3.2.3.2 DFIG dg model: In this section, the model of the DFIG is written in the rotating
reference frame (dqg plane). The components of space vectors in the stator frame (a8
plane) are transformed into the components in the arbitrary rotating reference frame
i0s

using the transformation factor ¢ as follows [7]:

X cosO;  sinf || X
i G (3.23)
Xsq —sinBs  cosOg || Xp

where 05 is the angular position between the direct axis of the stationary frame and

rotating frame. The components of the space vector in the rotor frame (DQ plane) are

transformed into vectors in the arbitrary rotating reference frame by [7]:

Xrd | | ©€0S(Bs —6p) sin(Bs —6p) || XD

I:qu :I ) {_Sin(es —6m)  cos(0s —6p) || XrQ (3.24
Applying to the voltages (Vsq, Vsp), currents (isq, isg) and flux linkages (ysq, wsp) of the
stator winding and to the voltages (vip, Vrg), currents (irp, irg) and flux linkages (y:p,

o) of the rotor winding, the dynamic model of the DFIG in the arbitrary rotating

frame (dq) is given by [7]:

dygg
dt —0sYgq

dy (3.25)
- S
Vsq = sisg +Tq+0’s\lfsd

Vsg =TFslsg +

dy
dtrd = (05 = Py )y g

dy (3.26)
Vrq = Tsirg +Trq+((”s — Pom)Vrg

Vid =l +
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Vsd = Lsisg + Linirg (3.27)
Ysq = Lsisq + Lmirq )
Vrd = Linisg + Lyirg (3.28)
Yrq = Linlsg + Lrirg '

The dg model of the DFIG can be represented by the equivalent circuit shown in Figure

3.6 [7].
s \Ysq (ws—pmm) yrg
isd Is » Los Lor -— I ird
/380N
Vsd T dg—tSd T % Lm T d:lj/_tm T Vrd
s Ysd (ws-pwm) yrd
isq Is < Los Lor — It irq

Figure 3.6: Schematic of dg model of the DFIG[7]

From the circuit in Figure 3.6, the active powers of the stator and rotor windings can be

calculated as follows [7]:

3, . .
R :E(Vsd'sd +Vgqlsg) (3.29)

3 . .
P = E(Vrd irg +Vrgirg) (3.30)
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and the reactive powers of the stator and rotor windings can be calculated as follows:

3, . .
Q= E(Vsq'sd —Vgglsg)

3, . .
Qr = E(qu'rd ~Vrgirg)

(3.31)

(3.32)

The electromagnetic torque of the DFIG can be expressed as a function of the stator flux

linkages and the rotor currents as [7]:

Tem =7

2

L . .
p L_m (Wsqird —Wsdirg)
s

(3.33)

The state-space dynamic equations of the DFIG in dg frame and the rotor dynamics can

be written as [7]:

dyrg _ rLmWsg Vi +(

lsWsq . sLmWrq
oLy oLl

O — PO )W g +V,
oL, s m/Wrq T Vrd

rvq
= (05 = Py )y _r_+qu
oL,

dygg __ Vs
dt ol
dygg
at = ~0sYgqg
dt olL,
dypq _ rlmVsq
dt oL L,
dop, _Tem T
dt J J
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3.3 DFIG Stator Flux Oriented Vector Control on RSC

This section shows how the equations derived in the previous section can be
manipulated to control the active and reactive powers of the DFIG independently of the

control of the RSC current.

Two techniques of the vector control on RSC have been reported in the literature: the
stator flux oriented (SFO) technique [8],[80],[81] and the stator voltage oriented (SVO)
technique [82]-[85]. In SFO vector control, the DFIG is controlled in a rotating
reference frame dq, with the d axis oriented along the stator flux space vector position.
The electromagnetic torque and stator reactive power can be controlled independently

bY irq and .

In SVO vector control, the DFIG is controlled in a rotating reference frame dq, with the
d axis oriented along the stator voltage space vector position. The electromagnetic

torque and stator reactive power can be controlled independently by irg and irg.

In this thesis, the SFO vector control principle is studied due to it being the standard
method used for control of the DFIG[86]. Three-phase voltages, currents and fluxes of
stator and rotor of the DFIG are transformed into the rotating reference frame for which
the d-axis is aligned with the stator flux space vector. Then, a cascaded control is used
for tracking the stator reactive power and the generator reference speed. The PI
controllers of these control loops generate the rotor current command to the inner
current loops. Tracking current commands are provided in inner control loops by

generating rotor voltage references to the PWM unit of the RSC, as explained below.

69



Chapter 3: Converter Control of DFIG for Wind Turbines

3.3.1 Estimation of Stator Flux Space Vector Position

Stator flux space vector position, 6;, is used to transform the space vector components in
the stator reference frame (o) and the rotor reference frame (DQ) into the space vector
components in the rotating reference frame (dq) which rotate along with the stator flux
space vector, ys. Figure 3.7 shows the space vectors of the DFIG and three reference
frames: stator (af3), rotor (DQ) and rotating (dg) frame. Under the SFO vector control,
all space vectors of the DFIG are transformed into the rotating reference frame for
which the d-axis is aligned with the stator flux space vector. The angle 65 can be

calculated by (3.35):

Figure 3.7: Space vector of DFIG and three different reference frames

0, = tar1-1:'v’—sB (3.35)
sa

In practical applications, the stator flux linkage cannot be measured directly. Therefore,
the angle 05 has to be estimated using a phase locked loop (PLL), as shown in Figure 3.8

[84]. Under the SFO vector control, when the d-axis of the rotating frame is aligned
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with stator flux linkage space vector, the stator voltage space vector, vs, is aligned with

the g-axis rotating reference frame. That means v, ~|vs| and vy 0. To get the correct

angle 6, the three-phase stator voltages measured from the DFIG are transformed into
dg coordinate system using the estimated 6s, while the vsg command is set to zero. Then,

the PLL controller modifies the estimated 65 until the actual component vsg becomes

_Vsa> Vsd _+ +
abc (IB PI s I dt A/] 0s

off dq Sy

Zero.

\J

'y

(3] o

Figure 3.8: Closed-loop PLL block diagram [7],[84]
3.3.2 Speed and Reactive Power Control

When the d-axis of the rotating reference frame is aligned to the stator flux linkage
space vector, the stator flux linkages in the dqg coordinate system are expressed as

follows:

{\Vsd = |yl (3.36)

Vsg= 0

Under the hypothesis of small stator resistance and constant magnetising current [9], the

stator voltages in dq coordinate system are obtained from (3.25):
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Vggr 0
(3.37)
Vsg ® OsWgg
For the DFIG of wind-energy systems, the stator windings are directly connected to the
grid, which can be assumed to have constant voltage. Therefore, the stator flux linkage
of the DFIG can also be assumed as a constant. Substituting (3.36) into (3.33), the

electromagnetic torque in the dq coordinate system becomes [87]:

3 L
Tem =——p-

2", Vsdlrg (3.38)

Substituting (3.36) into (3.27), the stator currents in dq coordinate system become:

iy = Yso _Lm;

S Ls Ls r

. (3.39)
sq L

under (3.37) and (3.39), the stator active and reactive power equations in (3.29) and

(3.31) become [87]:

3,

R :_E(’)s L \Vsdirq (3.40)
Qs =0y Ty lrg 220 (3.41)
251 L,

These equations show that with the stator flux oriented vector control the
electromagnetic torque and the stator reactive power can be independently controlled by

the rotor current. In particular, the electromagnetic torque and the stator active power
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can be controlled by the quadrature axis rotor current component, irq, While the stator

reactive power can be controlled by the direct axis rotor current component, iyg.

From (3.38) and (3.41), the rotor current commands for the inner current control can be
generated by two outer feedback loops as shown in Figure 3.9. In the first loop, the d-
axis rotor current reference, iqr, IS generated by a Pl regulator having as its input the
difference between the reactive power command and the actual reactive power. The g-
axis rotor current reference, iy, is instead generated by a Pl regulator having as its input

the difference between the speed command and the actual speed.

Qs_ref + + ird_ref
S [} ot
Qs

®m_ref

Qs

calculation ja—

Outer speed/reactive power control

Figure 3.9: Generator speed and reactive power outer control loops [81]
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3.3.3 Inner Current Control

For the inner current control, the plant model has the rotor voltages as inputs and the

rotor currents as outputs.

Feedback control with PI regulators can be used to generate the rotor voltage signals for

the PWM control of the RSC to track the rotor current references.

More specifically, using the stator flux oriented reference frame, (3.26) can be
rearranged as a function of i and irq by using (3.28) and (3.39). The rotor voltage
equations in the dq coordinate system become:
_ dirg _
Vg = Il +oLby T_((’Js — pop )(olyirg)
dirg (3.42)

. . L
Vrq = fsirg + 0Ly TJF((DS — POy )(oLyirg +L—r:\ysd)

A feedforward control can be used to provide a decoupled control of the direct and
quadrature axis rotor current component. Therefore, by introducing two new modified

voltages:

Uerg = Vrd + (05 — PO )(0Lrirg)

g + 5 3.43
Uerg = Vrg —(wg = popy )(olig +L_m\Vsd) ( )
S

and substituting (3.43) into (3.42), the rotor voltage equations can be written as:
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. di
Uerd = Tsirg + 0Ly d_rtd
. dirq (3.44)
Uerg = Fslrg + 0Ly e

where it can be noticed that the two equations are now decoupled. Two first-order

transfer function models of the rotor voltage equation can be obtained from (3.44):

lg(s) 1
Uerg () 1 +oLys (3.45)
|

Ry (3.46)

Uerg(s) 1 +olys

These transfer functions can be used to design the PI regulators. There are many
techniques for PI controller tuning presented in the literature, e.g. the pole placement
method[86][17][88], the Ziegler-Nichols method[89][90] and the bode plot method[91].

The inner current control is shown in Figure 3.10.

~(s-poom)(0Lirg) [—0—1 DC link
Y v b )

ird_ref + ViD* Vra* V'ral Saa
1/u o 1
O—> dq 2P > - 'k ‘ —| G

. .
Vrb - Vrh. PWM Sh,b' RSC

i ird * *
irq_ref Vg viQ = o b
Vi v scc
e n + + bQ 3P | —-[1u]—+ =
= (@=pom)oLie) ][
+(s-pom)(ysdLm/Ls) ’ . Wind turbine

. i
dg i [ op /a1l
irh i'b
<—|1/u
irc i
<—|1/u

DQ 3p

Or
0s
()<+— PLL
Inner current control SFO vector control )= f

Gearbox

Figure 3.10: Inner current control based on stator flux oriented vector control [81]
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The inner current control of the SFO vector control can be explained its operation in

following steps:

The three-phase rotor currents on terminal are referred from rotor to stator by
turn ratio between stator and rotor windings, called the u factor.

The three-phase rotor currents referred on the stator are transformed into DQ-
coordinate system in the rotor reference frame.

The DQ rotor currents are transformed into dg-coordinate system in the stator
flux rotating reference frame by using the different position value between rotor
and stator flux rotating reference frame, ..

The rotor voltages in direct and quadrature axis (vi4, Viq) are generated
independently by the feedback control for tracking the current command in the
PI controller manner.

The rotor voltages in the dqg coordinate system are added with the cancellation
terms for a decoupled control of the active and reactive rotor current (irg, irg).
The dq rotor voltages are inversely transformed into a DQ-coordinate system in
the rotor reference frame by 6.

The DQ rotor voltages are transformed into the three-phase rotor voltages

The three-phase rotor voltages are referred from the stator to the rotor by u
factor.

The three-phase rotor voltages are reference signal in the PWM for generating a

switching signal to the RSC.
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Finally, the complete vector control of the DFIG is shown in Figure 3.11 combining the

outer and inner control loops.

In order to obtain suitable operations of the controller, the current loops should be faster
than the outer loop. The rotor current control design and the generator speed/stator
reactive power design can be undertaken separately if the following assumptions are
satisfied.

e The current control is sufficiently fast that the generator speed and stator
reactive power can be considered constant for the design of the current
regulators.

e For the design of the generator speed and stator reactive power controller it can

be considered that the currents instantaneously track the commands.

ysdlLm ~(ws-pom)(oLirg) It DClink
+ i T * * * - .
Qs_ref ird_ref Vrd VD Vra: V'ra Saa
e Do o I e Ry S oy e T B e
+ Qs Ll . I Vrib* V'rp* Sbb'
o i = ira " " Ol b PWM (2 RSC
®m_ref ™ Irq_ref ™ Viq VIQ o o
n O DQ ap LV 7] vt | Soc
+ n + a + {1 >
on . (@pom)ioLia) ||
+(ws-pom)(ysdLm/Ls) ’ : ; Wind turbine
. ra ra
dq in_[op /{1l
i i'b
i - 1/u -
DQ 3p Irc I I'rc
[
Gearbox
Outer control SFO Inner current control SFO or =
PLL
vector control vector control 0 DFIG
> calculation Vea ~—T
Vsa Ve
v Vsc
1/ 3p .
isa | 2P =2
Qs Equation isb
q
3.19 - isc
1/ sp

Power grid

Figure 3.11: Stator flux oriented vector control for rotor side converter [81]
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Cancelation term

(05 = POy )olring | | (05 = poy )oLrirg |

ird _ref
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Plant

Cancelation term

| (05 — Poy)olripg | | (05 = poy )oLrirg
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(o5 — pmm)TmWsd (o5 — pwm)im‘usd
S [

{_Cancelationterm | P T E oy

Figure 3.12: Current control loops of DFIG RSC [92]

3.3.4 PI Controller Design on DFIG RSC

This subsection shows how to select the appropriate gains of the PI controllers for the

RSC of the DFIG.

3.3.3.1 PI controller design for the inner current control loop: Using (3.42), the

closed loop current control can be represented by the block diagrams in Figure 3.12.

Taking the Laplace transforms of the quantities in the figure, the closed loop transfer

function of the two inner current control loops can be expressed as:

78



Chapter 3: Converter Control of DFIG for Wind Turbines

Kps  K;
7+7
lq4(s lrq(S) oL, ol
[ IrcI()(s)zl : ) o, (K r+r)Sr Ki (3.47)
rd _ref rq_ref 82+ p-r L
oL, ol,

where K, is the proportional gain and K; is the integral gain of the PI controllers. The
transfer function in (3.47) can be equal as a standard second-order system by assuming

K, << K;, then [92]:

Ki
g (5 lrq (5) ol o
e K r R TP (3.48)
Irg ref (5)  Trq_ret (S) 32+( p"'rr)s_l_ﬁ 5% + 2, S + o
oL, ol

where ¢ is the damping ratio and wn is the natural frequency of the transfer function. In
general, the performance of the closed-loop control of the second-order system can be
evaluated from the transient response by determining the percent overshoot, %0S, and

the settling time, t;. The percent overshoot and the settling time can be calculated by

[93],[86]:
%05 =100-exp| ——=~ (3.49)
1-¢?
4
e (3.50)

For a second-order system, the percent overshoot should be less than 25% which can be
only determined via C as seen in (3.49). In general, an optimal damping ratio of the

standard second-order system is designed to be 0.707, which the percent overshoot is
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less than 5% with suitable settling time [94]. In addition, the settling time requires the
time of transient response to reach and remain within 2% of the steady-state value
which can be determined though £ and ®, as seen in (3.50) [92]. The value of ®,
impacts the settling time, such that a high o, gives a fast response. However, the gains
of the PI controller are also increasing with ,, reducing the stability of the closed-loop
system. One method to obtain specified performance from the system is to design the

gains of the PI controller of the current control loop through the pole placement method:

K, =2Co,(ol,)-T,
S (3.51)
K; = op(oLy)
In this thesis, the damping ratio in current control is selected as { = 1 for the critically
damped system, which returns a percent overshoot lower than 5% due to two poles of

the system being real numbers. The optimal w, can be calculated from (3.50) as a

function of the settling time t; and damping ratio C.

Once the value o, has been designed from the desired dynamic performance of the
current control loops, the optimal gains of the PI controller are tuned by using (3.51)

according to the desired percent overshoot and settling time.
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Figure 3.13: Stator reactive power and speed loops of DFIG RSC [92]

3.3.3.2 PI controller design for outer control loop: As indicated previously, the
design of the outer loop assumes that the current control loops can track the constant
commands of the outer loops. In practical applications, the stator reactive power and
generator speed control loops are at least four times slower than the current control
loops. Hence, when outer control loops are in progress, the actual currents of inner
control loop are assumed to be equal their reference suddenly as irq_ret = irg aNd irq_ref = irq
[92],[86]. The closed-loop control of the reactive power and generator speed are shown

in the block diagram in Figure 3.13.

Taking the Laplace transform of the quantities indicated in Figure 3.13, the transfer

function of the stator reactive power is:
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Kps
Qs(s) Ki "
= 3.52
Qs_ref (5) (i+K—P)s+l ( )

Note that the transfer function of the reactive power in (3.52) can be approximated to

the standard first-order system by assuming K, << K;, then [92]:

Qs (s)

1
Qs_ ref (S) ) K - (3:53)

1. %
—+—-)s+1
Gt

Therefore, the time constant of the stator reactive power control only depends on K;.

Then, K| of the stator reactive power control loop can be designed as follows:

1

Ki=e = .
bot-Kp /K (3.54)
On the other hand, the transfer function of the generator speed is:
K,Ss+K;
on(8) _TpitH (3.55)

On_ref (5)  s20+ Kps+K;

The transfer function in (3.55) can be reduced to a standard second-order system by

assuming K, << K;:

i 2
ol _ 3 o (3.56)
O _ref (S) §2 +E+ﬁ s2 + 205+ 02 '
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Therefore, the gains of the PI controller of the speed control loop can be designed again

through the pole placement method:

Kp = (2Coy)

3.57
K; = (@3) (3:57)

The gains of the PI controller are tuned in the same way of the inner current control
loop, although the settling time of the speed control loop should be larger than the inner

control loop at least 4 times [92].

3.3.5 Limitation of Current and Voltage References

The current and voltage references from the PI controllers are limited within the rated
values to avoid damage to the DFIG and power converter from overcurrent and
overvoltage in the rotor [7]. The limitations of the current and voltage references are

defined by:

. 2 . 2 .
\/('rd Cref) ('rq_ ref )" <(r rated phase \/E)

. . (3.58)
\/ (Vrd _ref )"+ (qu _ref )" < (Vr _rated _ phase \/5)

From (3.58), the space vector of the current and voltage reference are manipulated in
terms of their magnitude within the nominal value. The priority limitation method is
provided when the space vector of the current reference exceeds the nominal value. For
instance, the speed tracking is much more important than stator reactive power tracking,
Ird_ref IS reduced first to keep current reference space vector at the nominal value, and if

the current reference space vector is still exceeded, irq refiS reduced later.
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Figure 3.14 shows block diagram of PI stator reactive power controller and Pl speed
controller that generates irg rerand irq rer. The references in direct and quadrature axis are
maintained within the rated current value by the current reference limitation block. In
addition, the anti-windup is provided in Pl controllers through limited integrator when

the actuators are saturated [95]

7 ird_ref

B[

b

. Irq_ref

Ira_ref | Current reference
limitation

ird KI_/_
ird_ref —
+
Kp Vrd_ref
g Vrd_ref
B
. d
Vrq_ref
irq_ref K'_/— Vvra_ref [ \/oltage reference
- limitation
+_
. Kp
Irq

Figure 3.15: Voltage reference limitation and anti-windup

Similarly, Figure 3.15 shows the block diagram of Pl current controllers that generate

Vrd_ref @Nd Vrg ref. The references in direct and quadrature axis are maintained within the
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rated rotor voltage value by the voltage reference limitation block before supplying their

rotor voltage to the power converter.

3.4 Performance of RSC Vector Control for DFIG

In this section, the SFO vector control of the RSC has been verified by numerical
simulations in Matlab/Simulink. The control system diagram used for the simulation is

shown in Figure 3.11.

The characteristics of the 5-kW DFIG used for the simulations are reported in Appendix

A. The values of all parameters and quantities are referred to the stator winding.
3.4.1 DFIG Model Simulation

The numerical simulator uses the two-phase DFIG a8 model developed in section
3.2.3.1. This machine model has as inputs the stator voltages, Vs, and vss the rotor
voltages, Vi, and vz and the mechanical torque, Tm; the outputs are the stator flux
linkages, s, and wsg, the rotor flux linkages, yr, and g, and the mechanical speed,
om. The electromagnetic torque in (3.21) can be rearranged as a function of stator and

rotor flux linkages by [7]:

3 L
Tem = 2 GLser p(‘l’ra‘l’sﬁ _‘VrB‘Vs(x) (3.59)

The stator and rotor currents can be rearranged from (3.15) and (3.16) as a function of

stator and rotor flux linkages[7]:
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_Ysa | LnWro

|
" olg oLl

Vsp N Lm‘l’rB

= 5L oL,
(3.60)

_Yro LinVsa
ol, olLlL;
Vrp N Lm\l’sﬁ

iy =
P ol oLl

II’OL

The o3 DFIG model in (3.22) can be provided to be compatible with the real three-

phase system as shown in Figure 3.16. Transformation blocks are required.

ap DFIG model
Vsa dysg i
—> V, R RsL, i sa
Ve 3P sa > - (ss‘ll:sa N sGLm‘Il_’ra Vg, dt Zi‘: . I;"L:j[a s, | 2P _Ib>
S| S ST T S|
— - "
v Vsp dwsﬁ Isp i
sC »l/ 2P _ Rowsp N RsLmVrp v dt Vg R LnVrp 3P| sey,
v Sm# ols olsly 9 ol oLl
=3 /]“g [0Q /] Vra, Vg o
v RL R dt Vo Lov i _
RiCEEN " v ] T Lm\lfsa _ r‘::ru — POV g %+% i o ira
Vie ZP_'Q> Bi| obsty Sbr ol olL, ol ap /10| 2p />
> * dyrp iy
Ry Lm‘l’sﬁ Rr‘Vr[} dlrl Vg Lm‘UsB ir[; irQ 4
| ———+ po, - +V, > | i
oLl POmYrg ol, B oL, + oLl DQ 3p |l
) 3 L, Tem O
> P(WroWsp —WrpWsa) —VO >
2 ol,L, ;i
q
T |

Figure 3.16: DFIG model simulation block diagram [7]

Suitable transformation blocks, described in section 3.4.2, allow the transformation of

the variables from the stationary to the rotating reference frame and vice versa.

3.4.2 Transformation Block

Transformation blocks are used to represent the space vector notation of voltages,

currents and fluxes of the DFIG in two-phase magnitude in different reference frames.

86



Chapter 3: Converter Control of DFIG for Wind Turbines

The reference frames used for the simulation are the stator reference frame (o), the
rotor reference frame (DQ) and the synchronous reference frame (dqg). The components
of a generic space vector, X in the o, DQ and dq reference frames can be calculated as

shown in Figure 3.17 [7].

Figure 3.17: Space vector in three reference frame [7]

3.4.2.1 3P to 2P transformation block: this block is used to transform the real three-
phase components into the two-phase components in the same reference frame. The
projections, the transformation blocks and simulations of the stator and the rotor frame

are shown in Figure 3.18. The two-phase components can be calculated by [7]:

(3.61)
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Figure 3.19: 2-phase to 3-phase transformations [7]
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3.4.2.2 2P to 3P transformation block: this block is used to transform the two-phase
components into the three-phase components in the same reference frame. The
projections, the transformation blocks and simulations of the stator and the rotor frame

are shown in Figure 3.19. The real three-phase components can be calculated by [7]:

[ ]
) 1 0
@ 1 B3| %
=5 % {XJ (3.62)
AR RE]
L2 2]

3.4.2.3 DQ to af transformation block: this block is used to transform the two-phase
components into the DQ reference frame to the o reference frame. 6y, is the position
between the aff reference frame and the DQ reference frame as shown in Figure 3.17.

Therefore, the transformation equation is:

X cos6,, —sin® X
ol S el P (3.63)
Xg sinBy,  cosOp, || X

The projections, the transformation blocks and simulations are shown in Figure 3.20.

Q —axis  —axis

sb —axis A% )
Q\{ Fo —axis | xg, [pQ /] X [ Xq Xp €080 — Xo SiN Oy |
0 | > |
e \ B—» sa—axis | « . |
¢ a-axis Q, By el _ X5
l ap I Xp $iN O, + Xg COS Oy f—
[ I

SC —axis

Figure 3.20: DQ frame to o frame transformations [7]
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3.4.2.4 ap to DQ transformation block: this block is used to transform the two-phase
components into the o3 reference frame to the DQ reference frame. 0, is the position
between the off reference frame and the DQ reference frame. Therefore, the

transformation equation is [7]:

X c0s6,, sin6, || X
Pl 70 Tm )t (3.64)
XQ —sin6p, cosOp, || X
The projections, the transformation blocks and simulations are shown in Figure 3.21.
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% —axis L% o, 1% X
a | /oo | —* ) Q
Q —Xq, SiN By + X5 COS Oy |—-
I I

SC —axis

Figure 3.21: aff frame to DQ frame transformations [7]

For other transformations that refer to the position in Figure 3.17, the transformation
from o coordinates to dq coordinates can be conducted in the same way as above, by
using 6 and the transformation from DQ coordinates to dg coordinates can be done by

using Oy, respectively.

3.4.3 Position Calculation Block

This section reviews how the rotor position and the stator flux linkage position can be

calculated.

90



Chapter 3: Converter Control of DFIG for Wind Turbines

3.4.3.1 Electrical angular position of the rotor, 0,: The 0, can be calculated from
(3.12). The block diagram of the 6y, calculation is shown in Figure 3.22. The 6, value is
denoted between 0 and 2x. The practical measurement of the rotor position requires
either a position or a speed sensor with sufficient resolution. Typical sensors used are
rotary incremental encoders or resolvers[96]. For the simulation in this thesis, the

sensing delays of sensors are neglected.

\

m Om
—|:>—>1
S

Om Position

Figure 3.22: Electrical angular position of the rotor simulation [7]

3.4.3.2 Stator flux space vector position, 0s (PLL): Under assumptions of stator flux
oriented vector control, the stator voltage, vsg, in d-axis is zero as indicated by (3.37).
The PLL estimate 65 by tracking the quantity vsg using the aff to dg transformation

block as shown in Figure 3.23.

0s Position Vg ap

0s |

A

dq Vsd

\ KX

Figure 3.23: Stator flux linkage space vector calculation block diagram [7]
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Therefore, the position of the stator flux linkage space vector in the rotor reference

frame is 6, = 05 - Oy, as shown in Figure 3.24.

Sy vy

V.
o = 6 4] ¢
S [
v~ Posif >+
—»| Position |
OM —p] 9_""_ = L] > i or
Position >l >=0
>+ — »—
+
+ || Switch

Or Position —

Figure 3.24: 0, position calculation block diagram
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Figure 3.25: Two-level three-phase converter simulation

3.4.4 Two-Level Three-Phase PWM Converter Block

A model of the two-level three-phase RSC has been built and simulated in
Matlab/Simulink, assuming, for simplicity, a constant DC link voltage, as shown in

Figure 3.25, The reference voltages obtained from the current control are used for a
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pulse-width modulation (PWM) block to generate the gate signals of the converter
switches.. The three-phase reference voltages are normalised in a range of [-1 1] and
compared with a triangular carrier to generate the switching signals for phases a, b and
C: Sa, Sp and S¢. The switching signals fed the two-level converter block to generate

PWM voltages to the rotor terminals of the DFIG.

3.4.5 Simulation Results on the Control Performance of DFIGs

The simulation results of the control of the DFIG are used to validate the performance
of the SFO vector control on the sample case of a 5 kW generator. The 5-kW DFIG
parameters are provided in Appendix A. All gains of the PI controller are designed by
section 3.3.3. For the current control loops, the settling time at 2% is defined as t; = 3.5
which should be less than the time constant of model in (3.45) for four times and
damping ratio is { = 1. o, is calculated via (3.50) to be 1143 rad/s. Pl gains of the
current control loop is calculated by (3.51) to be Kprg = Kprg= 25 and Kjg = Kirqg = 14671
[V/A]. PI gains of the speed control loop can be calculated fort; = 0.4s,{ =1 and o, =
10 rad/s via (3.50) to be Kp,, = 6.08 and K,, = 30.40 [Nm/rad.s™]. PI gains of the stator
reactive power control loop can be calculated for T = 0.1 and Kp/K; = 0.01 via (3.54) to
be Kpg = 0.1111 and Kigo = 11.11 [A/Var]. The mechanical torque for the DFIG has
been set constant as -0.2*Tem_rated. All the P1 gains obtained above are used as beginning
values for control system. However, Pl gains are retuned in appropriate values for better

performance for both steady-state and dynamic responses.
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The simulations have been repeated for different generator speed and stator reactive
power references. The control performance of the DFIG is evaluated on the basis of the
tracking effectiveness of the generator speed and stator reactive power both for steady-

state and dynamic responses.

3.4.5.1 Ideal vector control: Initially, the vector control on the RSC has been tested
without the three-phase PWM converter block. Therefore, the three-phase output
voltages from the SFO vector control are supplied directly to the rotor terminals of the

DFIG using ideal voltage sources.
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Figure 3.26: SFO control performance for DFIG in generator speed tracking and stator

reactive power tracking (Qs = 0)

Figure 3.26 shows a simulation where the generator speed reference is varied from 110
to 204 rad/s, which is equivalent to a rotor slip variation from 30% to -30%, while the

stator reactive power reference is set at zero. As the torque is constant, the diagram of
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the speed also represents the diagram of the mechanical power input, scaled by the

value of the torque.

Figure 3.26(a) shows that the stator reactive power settles to the reference signal in
around 1.5 seconds. It looks like a slow response due to i is limited at rated rotor
current in start-up state. This start-up state in which stator of DFIG was connected to the
grid gave the large transient of current and electromagnetic torque and should not be
used in reality. The start-up state of the wind turbine system has been simplified in these
simulations by ignoring the stator overcurrent occurring during the first few cycles. The
generator speed reference steps up at below 30% of synchronous speed, 110 rad/s, until
t = 4, and then is gradually increased to 204 rad/s at t = 8 to reach 30% above the
synchronous speed. At 12 seconds, the reference is linearly decreased to 110 rad/s.
Figure 3.26(c) shows that the actual speed follows the reference quite well. The rotor
currents and their references in the rotating reference frame are shown in Figure 3.26(b)
and (d), respectively. The d-axis rotor current reference is generated by the stator
reactive power control loop and the g-axis rotor current reference is produced by the
speed control loop. When the start-up state is ignored, the speed response gave 20% of
the percent overshoot, 0.7 seconds of settling time, no steady-state error and good
speed-tracking. For stator reactive power response, it gave a high control performance
when i4 is below the rated rotor current and vice versa. It can be seen that the stator
reactive power and generator speed can be controlled independently by using irq and iy,

respectively.
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Figures 3.27 and 3.28 show the voltages and currents of the stator and the rotor winding

when the speed reference varies according to Figure 3.26(c) and the stator reactive

power reference is set to zero.
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Figure 3.27: SFO control performance for DFIG of stator voltages and stator currents in

generator speed tracking and stator reactive power tracking (Qs = 0)
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Figure 3.27(a) shows the three-phase stator voltages, which have constant amplitude of
380 Vms phase-to-phase and frequency of 50 Hz. A zoomed figure of the voltage is
shown in Figure 3.27(b). Figure 3.27(c) shows the three-phase stator currents, whose
amplitude varies according to the active power supplied to the grid. The phase angle
between the stator voltage and stator current is equal to 180 degrees as better shown in
Figure 3.27(d), which means that the stator reactive is equal to 0. When iy is zero, the

stator flux linkage is produced by i only, as predicted by (3.25).

Figure 3.28 shows the three-phase rotor voltages and currents of the RSC. The rotor
voltage and zoomed rotor voltage are shown in Figures 3.28(a) and (b), respectively.
Figure 3.28(c) shows the rotor current. The phase angle of voltage and current in the
rotor is shown in Figure 3.28(d). The figures show that the magnitude and frequency of

the required rotor voltages vary according to the slip of the DFIG.
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Figure 3.29: SFO control performance for DFIG in torque, reactive power and active

power in generator speed tracking and stator reactive power tracking (Qs = 0)
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The mechanical torque, Tn, and electromagnetic torque, Tem, are shown in Figure
3.29(a). The mechanical torque is constant at -7 Nm.(0.2*T,aeq). The electromagnetic
torque is equal to the mechanical torque value only at the steady-state and is within the
limits when the rotor speed has to be modified. The stator reactive power, Qs, and rotor
reactive power, Q;, are shown in Figure 3.29(b). The stator reactive power Qs is
maintained at zero while the rotor reactive power Q, varies with the generator speed. It
can be seen that the rotor active power P, varies from positive to negative between sub-
synchronous and super-synchronous operations. Then, the phase sequence of the rotor
current is reversed when the generator speed crosses the synchronous speed. As a result,
the rotor reactive power Q, change from positive to negative and vice versa. Figure
3.29(c) shows the stator active power, Ps, the rotor active power, P, and the copper
losses, Pqy. For sub-synchronous speed operations, the stator generates active power, but
a fraction of it is recirculated by the rotor. In super-synchronous speed operations, both
the stator and rotor generate active power to the electrical grid. The copper losses are
always positive as a function of currents and resistances in the stator and rotor. The
copper losses affect the DFIG efficiency from Ps+P, = P, +Pp,. Finally, the mechanical
power, Py and total electrical active power produced from the DFIG, P, =P+P, are
shown in Figure 3.29(d). In steady-state, the electrical active power P, of the DFIG
increases according to the generator speed because the rotor active power P, changes
from positive to negative between sub-synchronous and super-synchronous operations,

while the stator active power Ps is constant in whole operations with constant torque.
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In the transient state, during the acceleration of the rotor, the mechanical power
extracted from the wind turbine Py, is higher than the electrical power from the DFIG
Pe. The difference in power between Py, and Pe is used to increase kinetic energy in the
wind turbine. In contrast, the kinetic energy is restored during the deceleration of the
rotor. Consequently, the electrical power from the DFIG P is higher than the

mechanical power Py, [97].

In the following simulation, the generator speed reference is the same as Figure 3.26,

but the reactive power reference has a step-change at 12 seconds from 0 to 2000 Var.
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Figure 3.30: SFO control performance for DFIG in speed tracking and stator reactive

power tracking (Qs = step-changing)

Figure 3.30 shows that the actual stator reactive power is tracked within 0.7 seconds in
agreement with the control specifications. The same performance is observed for the d-

axis rotor current, the generator speed and the g-axis rotor current. The simulation
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proves that the stator reactive power and generator speed can be independently

controlled using irq and irq even when both references change simultaneously.
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Figure 3.31: SFO control performance for DFIG of stator voltages and stator currents in

speed tracking and stator reactive power tracking (Qs = step-changing)
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Figure 3.32: SFO control performance for DFIG in torque, reactive power and active

power in speed tracking and stator reactive power tracking (Qs = step-changing)
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Figure 3.31 shows the three-phase voltages and currents in the stator terminals of the
DFIG under stator-flux oriented vector control. The voltages, zoomed voltages and
currents are shown in Figure 3.31(a), (b) and (c), respectively. It can be observed that
the power factor on the stator changes from unity at time = 12 seconds because the

stator reactive power changes from 0 to 2000 Var.

Figure 3.32 shows the quantities of torque, active power and reactive power of the
DFIG in stator flux oriented control when a speed reference varies from sub-
synchronous speed to super-synchronous speed and stator reactive power reference is
applied with step-changing. It can be observed that, while the torque and the reactive
power diagrams remain substantially unchanged, the variation of the reactive power
reference has an influence on copper losses. In comparison with Fig. 3.28, the copper
losses decrease from 164 to 88 W. This means that a suitable choice of the reactive
power reference increases the efficiency of the DFIG. The simulations have been
repeated for various references, and the optimal value has been found to be equal to
2800 Var. That means that the efficiency increases by 13.53 %, from 606 to 688 W,

compared to the simple case of setting the reactive power reference to 0.

3.4.5.2 Vector control with three-phase PWM converter: The vector control of the
RSC has been tested with the two-level three-phase PWM converter block. The
switching frequency of the converter and DC link voltage have been set to 1 kHz and
550 V, respectively. The PI gains of inner control loop and outer control loop and other

parameters are defined as the same as the previous case.
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The simulation results are performed to compare between the ideal SFO vector control
to the DFIG and the SFO vector control with three-phase PWM converter to DFIG. The
vector control and the power converter were tested with the same speed diagram and

mechanical torque input.

Figure 3.33 to 3.39 show the control performance of the stator reactive power tracking,
the generator speed tracking, the stator voltage, the stator current, the rotor voltage, the
rotor current, the electromagnetic torque and the active power in the stator and rotor

generated by the two methods, respectively.

It can be seen that the ideal vector control generates pure sinusoidal voltage waveforms
for the rotor terminals as shown in Figure 3.36(a) and (c). Therefore, the rotor and stator

currents are also sinusoidal waveforms and the electromagnetic torque is smooth.

The vector control with power converter is instead shown for comparison in Figure
3.36(b) and 3.36(d). The figures 3.35(d) and 3.37(d) show a ripple for both the stator
current and rotor current equal to 83.82% and 14.93%, respectively. The
electromagnetic torque in the machine is settled around -7 Nm and varies between -9
and -3.3 Nm. Therefore, the electromagnetic torque has a ripple of 81.42%, as shown in
Figure 3.38(d) although it does not substantially affect the effectiveness of the control

loops.
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These simulations give confidence that the simplification of using an ideal converter
does not substantially alter the validity of the results of the various methods of
controlling the wind turbine with the objective of maximising the energy extracted from
the wind, which is the ultimate goal of this thesis. The main advantage of using an ideal
converter is the possibility of using a larger time step of the simulation, which then
enables significantly longer simulation times with the same computational resource. For
these reasons, in this thesis, the vector control is simulated with an ideal power
converter for the simulations of Chapter 4, 5 and 6 focusing on the analysis of the

efficiency of the wind energy conversion system over a long time period.

Vector control DFIG without converter Vector control DFIG with converter
T T T T

2000 ‘( — Qg Actual ss=ssas Q, Reference |1 2000 ‘F — Qg Actual ==rsess Qg Reference

1000 1000

star
o
star
o

-1000 -1000
-2000 -2000
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time s (a) Time s (b)
Vector control DFIG without converter Vector control DFIG with converter
20 T T T T 20 3 T 3
ird Actual sssasss ird Reference { ird Actual sesseas ird Reference
15 15
5 5
0 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time s (c) Time s (d)

Figure 3.33: Comparison of SFO control performance for DFIG in stator reactive

power tracking with and without a converter in the system
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Figure 3.34: Comparison of SFO control performance for DFIG in generator speed

tracking with and without a converter in the system
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in the system

104



Chapter 3:

Converter Control of DFIG for Wind Turbines

VrAabc v

v V zoom
bc

r-al

Figure 3.36: Comparison of SFO control performance for DFIG of rotor voltage in

generator speed tracking and stator reactive power tracking with and without a converter

r-abc

A zoom

r-abc

Figure 3.37: Comparison of SFO control performance for DFIG of rotor current in

generator speed tracking and stator reactive power tracking with and without a converter

500

600
400

200

-200

-400

Vector control DFIG without converter

F T F F

Vector control DFIG with converter

>
8
?
S
500 r r r r r
0 2 4 6 8 10 12
Time s (a) Time s (b)
Vector control DFIG without converter Vector control DFIG with converter
T T T 800 T T T
[ [
‘ Vra Vb Ve f 600 Vra Vib rc
£
=}
o
N
>U
7 N g
3 3 3 3
2 2.02 2.04 2.06 2.08 2.1 2 2.02 2.04 2.06 2.08 2.1
Time s (c) Time s (d)

Vector control DFIG without converter

in the system

in the system

105

Vector control DFIG with converter

20 20
10 10
<
0 .-; 0
-10 -10
-20 -20
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time s (a) Time s (b)
Vector control DFIG without converter Vector control DFIG with converter
40 3 40
ira irb .rc ira irb irc
20 20 i
g ‘
o
- S
I —— < e
©
20 " 20
-40 -40
2 2.02 2.04 2.06 2.08 21 2 2.02 2.04 2.06 2.08 21
Time s (c) Time s (d)



Chapter 3: Converter Control of DFIG for Wind Turbines

Vector control DFIG without converter Vector control DFIG with converter
T T T T T T T T
250 ‘[ o Actual sxerees o, Reference {, 250 ‘[ ® Actual =xeeree o, Reference {.
£ 200 £ 200
B B
£ £
® 1850 % ® 180 /
100 100
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time s (a) Time s (b)
Vector control DFIG without converter Vector control DFIG with converter
20
£ £
5 ° [~ 5
- -
-20
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time s (c) Time s (d)

Figure 3.38: Comparison of SFO control performance for DFIG of electromagnetic
torque in generator speed tracking and stator reactive power tracking with and without a

converter in the system
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Figure 3.39: Comparison of SFO control performance for DFIG of stator active power
and rotor active power in generator speed tracking and stator reactive power tracking

with and without a converter in the system
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3.4.6 Validation of the Simulation Model

In this section, the SFO vector control for the DFIG is simulated with a 7.5 kW DFIG to
validate the experimental results in [98]. The parameters of the 7.5kW DFIG used in the
experiment in [98] are shown in Table 3.1. The DC link voltage and the switching
frequency of the converter are set at 500 V and 1 kHz, respectively. The PI gains of the
inner control loop and the outer control loop have been tuned to match the dynamic

performance of the DFIG of [13].

In the first simulation, the vector control and the converter were tested by running the
DFIG at the sub-synchronous speed of 109.9 rad/s with a load drawing 2 kW at unity
power factor. The vector control performance of the generator speed tracking and the

stator reactive power tracking are shown in Figure 3.40.
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Figure 3.40: Control performance of generator speed at sub-synchronous speed

(1050 rpm) and stator reactive power (unity power factor)

107



Chapter 3: Converter Control of DFIG for Wind Turbines

The simulation results have been validated with the experimental results shown in
Figure 3.41 and 3.42. Figure 3.41 shows the stator voltage and stator current of phase a
under the stated condition. It can be seen that the results of the simulation from the
proposed model and the experiments are in good agreement. Figure 3.42 shows the rotor
current of phase a in the simulation result and experimental result from [98]. It can be
seen that both results produce a rotor current frequency of 15 Hz and a peak value of
around 18 A. The waveform of the simulation does not present any distortion because

the ideal converter model has been used.
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Figure 3.41: Control performance validation of stator voltage and stator current of

phase a at sub-synchronous speed a) Simulation result. b) Experimental result [98]
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Figure 3.42: Control performance validation of rotor current of phase a at sub-

synchronous speed a) Simulation result. b) Experimental result [98]

In a second comparison, the simulated vector control has been tested with a speed ramp
including a transition from sub-synchronous to super-synchronous speed. Figure 3.43
shows the simulation result and experimental result of [98] of the generator speed and
the phase a of the rotor current. Both the simulation and experimental results are in very
good agreement. It can be observed that the frequency of the rotor current is reduced to

zero when the speed is close to the synchronous speed.
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Figure 3.43: Control performance validation of variation of DFIG speed from sub-
synchronous to super-synchronous speed. a) Simulation result. b) Experimental

result[98]

From the comparison, it can be concluded that the model developed in this thesis is an
accurate representation of a DFIG for a wind turbine and, hence, the control strategies

proposed in Chapter 4 and 5 can be successfully implemented on a practical system.
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Table 3.1: DFIG characteristics used in the experiment in [98]

Characteristics Value Unit
Power 7.5 kW
Rated speed 1425 rpm
Stator voltage 220/380 \%
Rate stator current 28.2/16.3 A
Rotor voltage 180 \Y
Rated rotor current 27 A
Frequency 50 Hz
Number of poles 4 poles
Stator : Rotor turns ratio 21:1 -
Stator connection AIY -
Rotor connection Y -
rs 0.60 Q
r 0.164 Q
Ls 97 mH
L, (refer to stator) 21.8 mH
Lo (refer to stator) 43.6 mH

3.5 Summary

This chapter dealt with the dynamic modelling and control of the RSC of the DFIG. The
mathematical model is written in terms of space vectors, and it has been shown how the
stator and rotor equations can be written in three different reference frames, i.e. the
stationary reference frame (o), the rotor reference frame (DQ), and the rotating

reference frame (dq).
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The SFO vector control technique is chosen in the thesis, so the control of stator
reactive power and generator speed can be decoupled by controlling the direct and
quadrature components of the rotor current. The transfer functions of the controllers of
the stator reactive power and generator speed have been analytically derived. It has been
shown that these transfer functions can be used for the design of the PI regulator once

specific performance levels have been set.

The SFO vector control of the RSC has been simulated in Matlab/Simulink to verify
that the transient response and the steady-state errors of the stator reactive power and
generator speed are within the limits given by the design. In addition, it has been
verified that the ideal model of the RSC does not affect significantly the control

performance compared to the case of an accurate model of the RSC.

Finally, the SFO vector control model has been fully validated by comparing the

simulation results with the experimental results presented in [98].
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Chapter 4 Optimal Power Control for VSFP Wind

Turbines

4.1 Introduction

The stator-flux oriented vector control is used to control the DFIG through the RSC in
the WECS, as it provides a decoupled control of the generator speed and the stator
reactive power. The generator speed is adjusted to the optimal point according to the
any wind speed to maximise the mechanical power extracted from the wind turbine.
This chapter focusses on the design of the control strategy to optimise the power output

of the wind turbine.

In particular, section 4.2 summarises the control performance and limits in terms of
efficiency of traditional power control methods for VSFP wind turbines [99] when wind

turbine parameter uncertainties are taken into account.

Section 4.3 proposed a new fuzzy controller based on single input rule modules
(SIRMs) that could overcome the main shortcoming of traditional controllers. The
proposed fuzzy controller is designed to track the maximum power point of the wind
turbine for the below-rated wind speed and the rated power for the above-rated wind

speed even if the knowledge of the system parameters is not accurate.
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Simulation results are shown in section 4.4 using the validated software simulated
presented in Chapter 3 to compare the control performance between the SIRM-based

fuzzy controller and the traditional power control using realistic wind speed profiles.

4.2 Efficiency of Traditional Power Control Considering

Wind Turbine Parameter Uncertainties

In this section, the efficiency of the traditional power control for VSFP wind turbine is
analysed both in terms of maximisation of extracted mechanical power by the MPPT
controller and the limitation of the power by active stall control. The study specifically

considers the effect of uncertainty on the knowledge of air density, p, and C,-A curve

via A in (2.9) [57],[100],[101].
4.2.1 Typical Problems of PSF-MPPT Control

The efficiency of the traditional MPPT control, using a PSF-MPPT method, is
negatively affected when the air density and the C,-A curve are different from those
obtained via experimental tests [57], as the control scheme does not adapt to changes of

the wind turbine parameters.

Generally, the air density according to the ideal gas law is varied by the atmospheric

pressure and temperature as following expression[102]:
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(4.1)

where p is the absolute pressure in Pa, R is the specific gas constant for dry air, 287.058

J/(kg.K), and T is the absolute temperature in °K.
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The reference value of the air density is 1.225 kg/m® at 101,325 Pa and 15 °C.
According to (4.1), the air density is increased by 20%, if the pressure increases by 10%
and the temperature decreases by 10%. Figure 4.1 shows the influence of the air density
on the mechanical power curve. When the air density increases by 20% of its nominal
value, the maximum mechanical power calculated from (2.5) is significantly larger than

the real power and the maximum power point is shifted by 20% of the nominal value.

The C,-A curve of this thesis is derived from (2.37) and (2.38). When the pitch angle is
equal to zero, Comax and Aoy are 0.48 and 8.1, respectively. The power coefficient
charateristic is derived from the wind turbine manufacturers. To analyse the effect of the
Cp-A curve uncertainty, A; has been increased by 20% of its nominal value [57], shifting
the estimated power curves to the left side of the real power curves. Hence, its
maximum power curve (dashed line) also is shifted from the real maximum power curve

as shown in Figure 4.2.

For this analysis, it can be seen that the use of (2.43) for the calculation of the speed
reference can lead to substantial errors in the individuation of the correct speed and,
hence, reduced efficiency of the MPPT algorithm and the energy generated by the wind

turbine.
4.2.2 Simulation Results

The DFIG-WECS for a VSFP wind turbine, shown in Figure 2.22, has been analysed by
numerical simulation in Matlab/Simulink environment to evaluate the performance of

the system. The wind energy generation consists of a 5-kW DFIG and a 5-kW wind
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turbine. The parameters of the DFIG and the wind turbine used for the simulations are
given in Appendix A. In this thesis, the three reference parameters of the wind turbine
via experimental tests are p = 1.225, Aopt = 8.11 and Cymax = 0.48, then Kqpe = 0.1186.
The pitch angle is B = 0° for all the simulations to satisfy the requirement of a fixed

pitch.

The wind turbine model and the DFIG model driven by the stator-flux oriented vector
control were simulated according to the block diagram in Chapter 2 and Chapter 3,

respectively, and the hypotheses on the power converters of Chapter 3.

The first simulation shows the control performance of the ideal MPPT control compared
to the traditional power control based on PSF MPPT and active stall under uncertain
aerodynamic conditions, i.e. the air density and C,-A curve by A;. The generation system

is tested under a step-change of the wind speed.

The DFIG is always regulated in generation mode in the simulation. With this control
strategy, during the acceleration of the rotor, the electromagnetic torque, Ten of the
DFIG is limited at maximum value, Tem = 0, while the electromagnetic torque is limited

at the minimum value, Tem = —Traeeq during deceleration.
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Figure 4.3 to 4.5 show the dynamic response of the system with a step-change of the
wind speed from 5 to 8 m/s and then from 8 to 12 m/s produced by the ideal control
applying small the inertia as 0.024 kg.m? and the traditional control applying inertia of
the turbine referred to generator side and inertia of the DFIG as 0.304 kg.m?. Figure 4.3
to 4.5 report the following diagrams: the wind speed, V., the generator speed, oy, the
magnitude of the stator current, is, the magnitude of the rotor current, i, the
electromagnetic torque, Tem, the mechanical power extracted from the turbine, P, the

power coefficient, C, and the generated electrical energy.

Remark: the start-up state of the wind turbine system has been simplified in these
simulations by ignoring the stator overcurrent occurring during the first few cycles. This
is because the verification of the start-up of the generator is beyond the scope of this
thesis. A practical DFIG would include a correct start-up procedure using one of the
various methods useful to reduce the initial overcurrent, i.e. connection of a stator

reactor, reduction of the stator voltage using a VARIAC or a TRIAC, etc.

Figure 4.3 shows the case with no errors. The PSF MPPT control generates speed
references of 121.8 rad/s (0.775 p.u.) and 194.9 rad/s (1.241 p.u.) when the wind speed
is 5 and 8 m/s, respectively. That corresponds to a maximum power coefficient, Cpmax Of
0.48 (1 p.u.).The traditional power control has a slightly slower response than the ideal
control due to the inertia of the wind turbine which Ten reaches to zero under
acceleration for 2 seconds. When the wind speed changes from 8 to 12 m/s, the power
limitation Kkicks in, as the wind speed is higher than the rated value of 10 m/s. The

traditional power control generates speed references of 194.9 rad/s (1.241 p.u.) and
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184.9 rad/s (1.177 p.u.). The last speed reference corresponds to the rated power point

of the wind turbine, i.e., 5 kKW.

As the limitation of current and voltage references are provided for Pl controller in
section 3.3.5, the current of the rotor converter and the stator winding have been plotted

to verify that they do not exceed its nominal value.

The delay of the controller in reaching the optimal speed leads to a reduction of the
electrical energy generated compared to the ideal control. In the case of perfect
knowledge of the aerodynamic parameters, the energy generated is 0.85% less than the

ideal case.

Figure 4.4 shows the dynamic response of the same 5-kW WECS when the estimation
of the air density has an error of +20% of its nominal value, while A; has no error.
Considering the error, the real kqp changes from the nominal value of 0.1186 to 0.1418
(+20%). Therefore the PSF MPPT cannot generate the correct speed reference when the
wind speed is below the rated value. Specifically, the actual value of C, achievable by
the controller achieves decreases to 0.475. Therefore, the electrical energy generated
when the speed is lower than the rated value decreases by 1.48% compared to the ideal
power control. When wind speed is above the rated wind speed, the traditional power
control generates the correct speed reference that gives the rated mechanical power by
the active stall control. The rated power, Pp raed @nd observed power, Py ops are used in
the power limitation process. The air density does not affect power control in this region

and, hence, there is no reduction of the energy generated.
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Figure 4.5 show again the dynamic response when the estimation of A; has an error of
+20% of its nominal value, while the air density has no error. In this case, Kopt Changes
from 0.1186 to 0.1750 (+47.55%). The PSF MPPT control cannot generate the correct
speed reference also for this situation and the power coefficient, Cp, decreases to 0.45.
Therefore, the electrical energy when the wind speed is below the rated value is 3.88%
lower than the ideal control. The traditional power control can still generate the correct
speed reference when the wind speed is above the rated value, as the active stall

regulation is not affected by the estimation of A;.

Under the assumptions of the DFIG operation in this thesis, the electromagnetic torque,
Tem, the mechanical power extracted from the turbine, Py, and the generated electrical
energy are given negative sign to define the operation of the machine as a generator in
simulation results. The machine receives the mechanical power through the shaft and

supplies the electrical enregy to the power grid.

The second simulation shows the performance of PSF MPPT control for realistic wind
speed profiles with uncertain aerodynamic conditions. In this thesis, wind speed model
is used to generate different real-wind speed profiles for the wind turbine which can
generate easily by simulation. The realistic wind speed model consists of a linear
combination of a slowly varying mean value, v,,, and a turbulent component composed
of a finite number of sinusoidal terms within the typical frequency range of fast wind

variations [103]. These sinusoidal terms are characterised by amplitude, A, at each

discrete frequency, o; , and by random phases, ¢; [57]:
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N
Vi (1) =\7W+ZA cos(wit +¢;) (4.2)

i=0

The amplitudes, A, are based on a spectral density function, S(w;), which is fitted to the

wind turbulence. In this thesis, the von Karman distribution [57],[104] is used to express

the spectral density function with the following equation:

2 —
(o) = 0.4756%(L /7,

- 4.3
[L+ (o L/ %,) 21" #3)

where v, is the mean wind speed, L is the roughness of the surrounding landscape and o

is the standard deviation of the wind speed distribution. All parameters can be obtained
from on-site measured data to calibrate the spectral density function. In this thesis, L =

180 and ¢ = 0.25* v, have chosen for application in this thesis [57]. Hence, the
amplitudes A can be calculated for each discrete frequency o; from the area under the

spectral density function over a certain interval of frequency, for example every 0.0065

rad/s (0 to 6.5 rad/s) [57]:

A@) =2 (5(@)+ SO (011 -0 (4.4)
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the estimation of air density and A;
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For the location selected, the average wind speed is v,,= 6 m/s. The simulations have

been then repeated for the same types of uncertainties of the air density and A; and the
results are shown in Figure 4.6 to 4.8. The diagrams in the simulations are the same as

those of the previous figures.

Figure 4.6 shows the case where there is no error in the estimation of the parameter. The

wind speed varies in practice between 4 and 8 m/s and has an average of v,,= 6 m/s.

The PSF MPPT control does not have difficulty in tracking the correct optimal

rotational speed, and the small difference is only due to the inertia of the wind turbine.

Figure 4.7 shows the dynamic response when the estimated air density is +20% larger
than its nominal value, while A; is correctly identified. As the maximum estimated
power coefficient is lower than the actual one, the PSF MPPT control generated 1.83

Wh less than the ideal control (-3.16%).

Figure 4.8 shows the dynamic response when the estimation on A; has an error of +20%
of its nominal value, while the air density has no error. Consequently, the correct speed
reference cannot be identified and, as the difference is more substantial, the PSF MPPT

control generated 5.02 Wh less electrical energy than the ideal control (-8.68%).

The impact of the error in the estimation of the air density and A; on the PSF MPPT
efficiency has been analysed by Table 4.1 and 4.2, respectively. The analysis of the

tables reveals that the error on the estimation of A; has a much larger impact than the
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error on the air density. Due to the non-linearity of the power curve, the loss of energy

IS not symmetric for a positive and negative error.

Table 4.1: Electrical energy decrease in WECS with an error in the estimation of p for a

simulation of 3 minutes, withv,, = 6 m/s (comparison with ideal control: -57.82 Wh.)

Estimation error of p Kopt Electrical Loss energy of
from its nominal value | estimation | energy (Wh) PSF MPPT
-20% 0.0945 -55.75 -3.58%
-10% 0.1063 -56.50 -2.28%
0% 0.1186 -56.74 -1.87%
+10% 0.1300 -56.55 -2.20%
+20% 0.1418 -55.99 -3.16%

Table 4.2: Electrical energy decrease in WECS with an error in the estimation of A; for

a simulation of 3 minutes, withv,, = 6 m/s (comparison with ideal control: -57.82 Wh.)

Estimation error of A Kopt Electrical Loss energy of
from its nominal value | estimation | energy (Wh) PSF MPPT
-20% 0.0754 -53.17 -8.04%
-10% 0.0952 -55.81 -3.48%
0% 0.1186 -56.74 -1.87%
+10% 0.1447 -55.80 -3.49%
+20% 0.1750 -52.80 -8.68%
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4.3 Fuzzy Control based SIRM for VSFP Wind Turbines

Fuzzy logic control has received significant attention over the last few years for WECS
due to its capabilities of effectively controlling non-linear systems, providing robust
control against parameter uncertainties and providing fast-tracking [105]. In [50], an
MPPT algorithm is built upon a fuzzy controller where the change of power and
rotational speed are the two inputs used to construct the set of 25 fuzzy rules for
generating the desired rotational speed step change. This fuzzy-based MPPT relies on
P&O MPPT to find operating point given the maximum output power of the turbine
below rated wind speed. However, the disadvantage of this MPPT is that its
performance is decreased during rapid wind variation [21],[58] because it maybe gave

the wrong direction of speed reference to the maximum power point.

In [18], PSF MPPT control and active stall regulation for a VSFP wind turbine are built
upon a fuzzy logic controller having six inputs to create the set of 140 fuzzy rules for
generating the reference torque step change. However, the results of these papers have
shown that the presence of a large number of fuzzy rules leads to slow dynamic
response of the controller due to the high computational burden of the four stages
present in a fuzzy algorithm [106]. Also, its MPPT efficiency is decreased under the

wind turbine parameter uncertainties as shown in the simulation results above.

The hybrid MPPT combining between PSF MPPT and P&O MPPT has been used to
solve the two problems above. The advantage of one MPPT overcomes the

disadvantages of the other as mentioned in Chapter 2.
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For ambition of thesis, the hybrid MPPT control and active stall control for a VSFP
wind turbine are built upon a fuzzy logic control. As a result, the number of input of the
fuzzy system is increased. For a conventional fuzzy inference model, all inputs are
placed into the antecedent part of each fuzzy rule. If number of input variables of the
fuzzy controller is increased, the number of fuzzy rules also exponentially increase

which lead to the problem of designing the fuzzy rules in the large system [61].

A SIRMs connected fuzzy inference model has been used to overcome the drawback of
the conventional fuzzy inference model. Each input of the new fuzzy controller consists
of a SIRM and a dynamic importance degree (DID). When each SIRM required only
one input, each fuzzy rule in SIRM uses one input in the antecedent part. As a result, the
number of fuzzy rules in the proposed fuzzy controller is strongly reduced and design of
the fuzzy rules becomes easy [61],[63],[64]. The example had shown in chapter 2
already. Also, the dynamic importance degree is used to indicate the significance of

each input and changes automatically with control conditions.

4.3.1 SIRMs Connected Fuzzy Inference Model

In this subsection, the fuzzy controller based on a SIRMs connected fuzzy inference

model is explained in order to understand the basic concepts of the control.
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Figure 4.9: SIRM fuzzy control structure

The fuzzy controller based on the SIRM connected fuzzy inference model is a system
with n input variables and one output variable, as shown by the block diagram in Figure
4.9. Each input, X1, X2, Xn, Of the fuzzy controller based SIRM is normalised in a range
of [-1.0, +1.0] called the universe of discourse by their scaling factor and feed to the
SIRM of each input, SIRM-1, SIRM-2..., SIRM-n. The fuzzy rules of each SIRM are

expressed as follows [107]:

SIRM -1 : {R} :if % = A then u; =C/}T,
SIRM -2 : {RJ:if x, = A then u, :Czj}rj.“i1 (45)

SIRM —n - {Rd:if x, = AJ then u, =Cl}T",
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where SIRM-i is the SIRM of i input variable, R} is the j™ fuzzy rule in the SIRM-i, x;
is the i™ input variable put into the antecedent part of the SIRM, u; is the i™ output

variable as consequent part of fuzzy rules, Alis the membership functions of x; in the j

rule of the SIRM-i, Cij is the membership function of u; in the j" rule of the SIRM-i.

Further,i=1, 2, ..., nis the index number of the SIRMs, and j =1, 2, ..., m; is the index

number of the rules in the SIRM-i [64].

The fuzzy inference result,u?, of the consequent variable, u;, is calculated by using the

simplified fuzzy reasoning method [108]. Since the membership function of the
consequent variable is defined as a singleton, the expression of the fuzzy inference

result of each the SIRM is given by [61]:

S A x)c
0_j=

W= (4.6)
D A )
j=L
Generally, each input variable has a different impact on the system performance. Some
input variables strongly contribute to it while the others are weakly correlated.
Therefore, if all variable are considered of the same importance, the control may lead to
reduced performance of the system [61],[64]. To avoid that, each input variable of a
SIRM based fuzzy control is defined with a different weight according to the experience

of the control designer. A dynamic importance degree (DID), w" , is introduced to

determine the significance level of each input variable according to its contribution to
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the system performance. The dynamic importance degree of each input variable can be

expressed as [64]:

WiD =W + Bi XAWiO (47)

where w; is called the base value: B;xAw? is called dynamic value: B; is the breadth

value and AW is the fuzzy inference result from the dynamic variable Aw;. The base

value w; and the breadth value B; are constant values derived from experimental tests.

The dynamic variable Aw; can be obtained by fuzzy rules defined like SIRM in (4.5).

The output signal, u, of the SIRM based fuzzy control is obtained from the summation
of the products of the fuzzy inference result of each SIRM and the dynamic importance

degree [64]:
u= ZWiDuiO (4.8)

where n is number of the input variables. The control signal in (4.8) operates on the
range of the universe of discourse which does not necessarily match the practical range
of the inputs to control the real system. An output scale factor (OSF) is used to adjust

the magnitude of the output signals to levels compatible with the real system.

It can be summarised that each fuzzy rule in the SIRM and DID corresponds to an input

on a “IF-THEN” form.
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4.3.2 SIRM Fuzzy Controller Design for VSFP Wind Turbines

The SIRM-based fuzzy control algorithm has been applied to the WECS with DFIG to
optimise the output power in the presence of uncertainties of wind turbine parameters

and during rapid wind variation.

The fuzzy controller based on SIRM algorithm is used to generate the optimal speed
reference to maximise the extracted power of the wind turbine in the full range of wind

speed.

4.3.2.1 Maximum power point tracking zone: At below-rated wind speeds, the hybrid
MPPT strategy structure consists of the PSF and adaptive P&O MPPT is applied for
tracking the maximum output power of the wind turbine from the mechanical power

versus generator speed characteristics.

The PSF MPPT strategy requires the knowledge of the wind turbine especially Cpmax

and Aqpt to calculate the generator speed reference as follows:

1 _5Cpmax 3 3
Pn_max = PR p3 O = Kopt®m (4.9)
2 kopt
P
O ref =3 Km (4.10)
opt

The adaptive P&O MPPT strategy uses the perturb and observe method to track the
maximum power point without the knowledge of the wind turbine characteristics and

the presence of a wind speed sensor. The input variables of the adaptive P&O MPPT are
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the generator speed change, Aom, and the mechanical power change, APn; the output
variable is the reference speed change, Awm_rer at the k™ iteration, as shown in (4.11),
(4.12), and (4.13). The maximum power point of the adaptive P&O is identified by the

derivative of the AP/Awrn = 0. The speed reference is updated by (4.14):
Aoy (K) = oy (K) — o (k-1) (4.11)
AR, (k) =Ry (k)—By (k-1 (4.12)

APp (k)

b
Awn?_ ref (K) =M Ao (K)
m

(4.13)

O et (K+1) =0 e (K) +AGE 1ef (K) (4.14)

where M is the positive definite gain. In the proposed SIRM fuzzy model, the four input
variables are the error between the speed reference of the PSF MPPT and the actual
speed, called x;, the change of xi, called x,, the derivative of AP/Awm, called X3, and
the change of xs, called x4. The dynamic importance degree (DID) is used to define the
relative significance of the PSF MPPT and the adaptive P&O MPPT, which
automatically change depending on the actual situation. The main objective of the
design of the dynamic importance degree (DID) is to set priority the advantage of the
P&O MPPT to find the maximum output power without any knowledge of the system,
with the advantage of PSF MPPT to correct the direction of change of the rotational

speed for a sudden change of the wind speed.
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4.3.2.2 Rated power point tracking zone: At above-rated wind speed, the active stall
control structure is used to limit the mechanical power of the wind turbine at its rated

value. The speed reference in rated power control zone can be calculated by:

P
b m_rated
0J%Jef === (4.15)
Tm

The fuzzy controller for limiting the output power of the wind turbine at its rated value
is also based on the SIRMs connected fuzzy inference model. The two input variables
are the error between the speed reference of the active stall control and actual speed,

called xs, and the change of xs, called X.

The last input of the fuzzy system is the observed mechanical power, P, called x; as

shown in Figure 2.23. This input is used as the dynamic importance degree (DID) is to
set significance between the hybrid MPPT control below rated wind speed zone and the

active stall control above rated wind speed zone.

4.3.2.3 Fuzzy controller based SIRMs rules: Considering that the two main objectives
of the control design are the maximum power tracking at below-rated wind speeds and
the rated power tracking at above-rated wind speeds, seven input variables of the fuzzy

controller based on the SIRMs are:

o Xxy(Kk) is the error between the speed reference of the PSF MPPT from (4.10) and
the actual speed at the sampling time k defined in (4.16). The mechanical

power, Pp, is derived by the observer.
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x (k) = (*)m ref (K) — o (k) (4.16)

X2(K) is the variation of the error x;(k), and it is defined as:

Xo (K) = x1 (k) =¥y (k 1) (4.17)

x3(K) is a derivative of the mechanical power with respect to o, and, according

to the adaptive P&O MPPT algorithm, it is defined as:

P (k) = Fn (k =1)

X3 (k) = 4.18
30 o (K) — o (k1) (4.18)

X4(K) is a variation of the error x3(k), and it is defined as:
X4(k) = x3(k) —x3(k —1) (4.19)

xs(k) is an error between the speed reference of the rated power control zone,

given by (4.15), and the actual speed and it is defined as:

X5 (K) = of_ret ()~ (K) (4.20)

Xs(K) 1s the variation of the error xs(k), and it is defined as:

X6 (K) = x5 (k) = x5 (k =1) (4.21)

x7(K) is the mechanical power which is received by an observer as defined by:

X (K) =Py (4.22)
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The output variable is the change of speed reference, Aom ref(K). The fuzzy rules of the
SIRM of each input variable can be summarised according to Table 4.3. For the fuzzy
rules of each SIRM, a corresponding input variable xi(k) (i = 1, 2, 3, 4, 5, 6) is placed
into the antecedent part and Amim_ref(K) is its consequent part. The membership functions
of input are defined as triangular and trapezoidal membership functions in the range of
[-1.0, +1.0]. The fuzzy sets of input are defined in linguistic terms: negative big (NB),
negative small (NS), zero (ZE), positive small (PS) and positive big (PB) as shown in
Figure 4.10. The consequent variables of fuzzy rules are defined as singleton
membership functions, which is suitable to the simplified fuzzy reasoning inference as

shown in Figure 4.11. The membership function, p of each fuzzy set is between 0 to 1.

p(xi)

ZE

-1.0 -0.5 0.0 +0.5 +1.0

Figure 4.10: Inputs membership functions of SIRM

AV (Ammfrefii)

NB NS PS PB
1.0 |ZE

D U 1 —» Aom_ref i

-1.0 -0.5 0.0 +0.5 +1.0

Figure 4.11: Output membership function of SIRM
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Table 4.3: SIRM of each input variable

Antecedent Variable Consequent Variable
Xi(K) A®m_ref i
NB -1.0
NS -0.5
ZE 0.0
PS 0.5
PB 1.0

Therefore, the fuzzy rules of six SIRMs which are defined by the inputs and output

membership functions in Figure 4.10 and 4.11 can be expressed as follows:

SIRM-1:  Rulel IF x,=NB THEN Awm er1=-1.0
Rule2 IF x;=NS THEN Awm e 1=-0.5
Rule3 IF x,=ZE THEN Awm 1= 0.0
Rule4 IF x,=PS THEN Awm ref1=+05
Rule5 IF x,=PB  THEN Awpm ref 1 = +1.0
SIRM-2:  Rule6 IF x,=NB THEN Ao ref2=-1.0
Rule7 IF X,=NS THEN Awn rf2=-0.5
Rule8 IF x,=ZE THEN Awm 2= 0.0
Rule9 IF X,=PS THEN Awpm rf2=+05

Rule1l0 IF x,=PB THEN A®m ref2=+1.0
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SIRM-3:  Rulell IF x3=NB THEN Awn ref3=-1.0
Rule12 IF x3=NS THEN Aom refs=-0.5
Rule13 IF xs=ZE THEN Awm 3= 0.0
Rule14 IF x3=PS THEN Aom refs=+0.5
Rule15 IF x3=PB THEN Aom refs=+1.0
SIRM-4:  Rule16 IF x4=NB THEN Awy ref4=-1.0
Rule17 IF x4=NS THEN Awm ref4=-0.5
Rule18 IF x4=ZE THEN Aom refs= 0.0
Rule19 IF x4=PS THEN Awm ref4=+0.5
Rule20 IF x4=PB THEN A®m ref4=+1.0
SIRM-5:  Rule2l IF xs=NB THEN Awm rf5=-1.0
Rule22 IF Xs=NS THEN Aom ref5=-0.5
Rule23 IF xs=ZE THEN Awm 5= 0.0
Rule24 IF Xs=PS THEN A®m ref5=+0.5
Rule25 IF Xs=PB THEN Aom ref5=+1.0
SIRM-6:  Rule26 IF x¢=NB THEN Awm ref6=-1.0
Rule27 IF xs=NS THEN Ao ref6=-0.5
Rule28 IF X¢=ZE THEN A®m refs= 0.0
Rule29 IF X6=PS THEN Aom ref 6= +0.5

Rule30 IF X6=PB THEN A®m refs=+1.0
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4.3.2.4 Dynamic importance degree: the optimal power control of VSFP wind turbine
for full range of wind speed is controlled by using the SIRMs and DIDs in (4.8). The
roles of the input variables are weighted according to the difference control situations to
achieve a high dynamic performance of the control. The dynamic importance degree in

(4.7) is applied with the SIRM to weight each input variable.

In the maximum power control zone, the PSF MPPT controller and P&O MPPT
controller are used to tracking the maximum power operating point of the turbine. As
appropriate hybrid MPPT control, if wind speed changes suddenly, the PSF MPPT
should have a higher priority than the P&O MPPT to give the correct direction of speed
reference, and the P&O MPPT should be done after the speed reference has moved
towards the correct direction to search accurately for the maximum power point. The
amplitude of the dynamic importance degrees is used to set significance each SIRM of

PSF MPPT and P&O MPPT in different control conditions.

The priority order of the PSF MPPT controller relies on the two dynamic importance
degrees of x; and x, and priority order of the P&O MPPT controller relies on the two
dynamic importance degrees of x3 and x4. The dynamic variable Aw; from (4.7) is

derived from the fuzzy rules.

|X1] is used to set priority order of the hybrid MPPT controller. If |x4| is large, the PSF
MPPT controller has domination over the P&0O MPPT controller. The P&O MPPT
controller has domination over the PSF MPPT controller when |xy| is small. The fuzzy

rules of the dynamic variable Aw; are considered only |x;| in the antecedent part. The

membership functions of input of each dynamic variable (Awi, Aw,, Aws, Aw,) are
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defined as trapezoidal membership functions in the range of [0.0, +1.0]. The fuzzy sets
of input are defined in linguistic terms: PSF MPPT controller (PSF) and P&O MPPT
controller (P&O) as shown in Figure 4.12. The consequent variables of fuzzy rules are

defined as singleton membership functions as a real number: 0.0 and 1.0.

A H(x2)
P&O PSF
1.0
0.0 | ; } » X1
+0.2 +0.3 +1.0

Figure 4.12: Inputs membership functions of dynamic importance degree

The fuzzy rules of the dynamic variable in dynamic importance degrees for x; and x; are
shown in Table 4.4, and the fuzzy rules of the dynamic variable in dynamic importance
degrees for x3 and x4 are shown in Table 4.5. When |xy| is big located in PSF fuzzy set in
Figure 4.12, Aw;, and Aw, is 1.0 and Aws and Awy is 0.0. As a result, the PSF MPPT

controller has domination over the P&0O MPPT controller and vice versa.

Table 4.4: Rules for dynamic variable of x; and x;

Antecedent Variable Consequent Variable
X4 Awi(i = 1,2)
P&O 0.0
PSF 1.0
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Table 4.5: Rules for dynamic variable of x3 and x4

Antecedent Variable Consequent Variable
[Xa] Aw;i(i = 3,4)
P&O 1.0
PSF 0.0

Therefore, the fuzzy rules of the dynamic variable according to Table 4.4 and 4.5 can be

expressed as follows:

DID-1: Rulel IF |xy=P&OTHEN Aw;=0.0
Rule2  IF |xy=PSF THEN Aw;=1.0
DID-2: Rule3  IF |xy=P&OTHEN Aw,=0.0
Rule4  IF |xy=PSF THEN Aw,=1.0
DID-3: Rule5 IF |xy=P&OTHEN Aws;=1.0
Rule6  IF |xy=PSF THEN Aws;=0.0
DID-4: Rule7  IF |xy=P&OTHEN Aw,=1.0

Rule 8 IF |x4 =PSF THEN Aw,;=0.0

However, the dynamic variables provided by the fuzzy rules above are insufficient to
complete the control priority of the hybrid MPPT. Each dynamic importance degree
also consists of control parameters: base value and breadth. The optimal base values w;

and breadth values B; can be tuned by trial and error and are reported in Table 4.6.
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Table 4.6: Base value and breadth value of input variable

Input variable Base value Breadth value
X1 0.0 1.00
X2 0.0 0.45
X3 0.0 1.00
Xa 0.0 0.40

When the mechanical power extracted from the wind turbine exceed the rated value, the
power control of the wind turbine will switch from the hybrid MPPT controller to the
active stall controller. The dynamic importance degree is required to define the weight
of the input variable as xi, X2, X3, X4, X5 and xg for exchange between the hybrid MPPT

controller and the active stall controller.

|X7| is used to set priority order of the hybrid MPPT controller and active stall controller.
If |x7] is small, the hybrid MPPT controller has domination over the active stall
controller, giving the maximum power operating point of the speed reference. The
active stall controller has domination over the hybrid MPPT controller when |x7| is large,
giving the rated power operating point of the speed reference. The fuzzy rules of the
dynamic variable are considered for |x;] in the antecedent part. The membership
functions of input of each dynamic variable (Awwmppr and Awsrr) are defined as
trapezoidal membership functions in the range of [0.0, +1.0]. The fuzzy sets of input
are defined in linguistic terms: hybrid MPPT controller (MPPT) and active stall
controller (STR) as shown in Figure 4.13. The consequent variables of fuzzy rules are

defined as singleton membership functions as real number: 0.0 and 1.0.
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A H(X7)

1.0

MPPT STR

0.0

Figure 4.13: Inputs membership functions of dynamic importance degree

The fuzzy rules of the dynamic variable in dynamic importance degrees for Xi, Xz, X3,

and x4 are shown in Table 4.7, and the fuzzy rules of the dynamic variable in dynamic

importance degrees for xs and xg are shown in Table 4.8. When |x;| is less than 0.8

located in MPPT fuzzy set in Figure 4.13, Awyppr is 1.0 and Awsrg is 0.0. As a result,

the hybrid MPPT controller has domination over the active stall controller and vice

Versa.

Table 4.7: Rules for dynamic variable of X3, X2, X3 and X4

Antecedent Variable

Consequent Variable

x| AWnppT
MPPT 1.0
STR 0.0

Table 4.8: Rules for dynamic variable of x5 and X

Antecedent Variable

Consequent Variable

X7| AwsTr
MPPT 0.0
STR 1.0
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Therefore, the fuzzy rules of the dynamic variable, according to Table 4.7 and 4.8 can

be expressed as follows:

DID-MPPT: Rulel IF |x/=MPPT THEN AWppr = 1.0
Rule2 IF [x7=STR  THEN Awyppr = 0.0
DID-STR1: Rule3  IF |x;/=MPPT THEN Awsrg; = 0.0
Rule4 IF |[x7=STR  THEN Awstr: = 1.0
DID-STR2: Rule5  IF |x;/=MPPT THEN Awsrg, = 0.0
Rule6 IF [x7=STR  THEN Awstro = 1.0

The optimal base w; values and breadth values B;, tuned by trial and error according to

[61], are given in Table 4.9.

Table 4.9: Base value and breadth value of input variable

Input variable Base value Breadth value
X1,X2,X3, X4 0.0 1.00
X5 0.0 1.00
Xs 0.0 0.40

4.3.2.5 Fuzzy inference with simplified fuzzy reasoning method: the simplified fuzzy
reasoning method has been proposed by [108]. This method is less complex than the
product-sum-gravity method [109] as demonstrated in [108]. Initially, the fuzzy rules

for the simplified fuzzy reasoning method can be obtained as follows:

Rule1: A;and Bjthenz;

Rule 2: A, and B, then z,
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.................................... (4.23)
Rulen: A, and B, then z,

where A; and B; are the fuzzy sets of inputs placed into the antecedent part of fuzzy rules
represented in triangular membership functions and z; are fuzzy sets in the consequent
part of fuzzy rules represented in singleton membership functions. x, and y, are the
input variables in the antecedent part of fuzzy rules, and z, is the output derived from
the proposed fuzzy inference result. The fuzzy inference with the simplified fuzzy
reasoning method can be visually described by Figure 4.14. The degree of fitness, h;,
can be calculated by multiplying the degree of the membership function of X, in the

fuzzy set, Ai np (%) and the degree of the membership function of y in the fuzzy set, B;

Hg (Yo) as follows:

hi =up (X0) - (Yo) (4.24)
A
+1.01
At/ O\ a B1
\ b hi=ab
00 N
X0 yo z1
A
+1.01
B2
0.0 /
22
h1 h2
71 * 72

Figure 4.14: Simplified fuzzy reasoning method [108]
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For n fuzzy rules, the proposed fuzzy inference result, zo, is calculated by using the
weighted average as [108]:

_I']1'21+h2'22+...+hn'2n

hy+ 1y +.. 4+, (4.25)

Zy

where h; is the degree of fitness derived from the input X, and yo from fuzzy rule 1 and
z; is the output from fuzzy rule 1, and h,,..., hy and z,,..., z, are derived from rule 2 to

rule n, respectively.

The simplified fuzzy reasoning method is employed for the fuzzy controller based the
SIRM. For each SIRM, only one input variable is taken into the antecedent part of each
fuzzy rule, therefore, the degree of fitness, h;, is simply expressed as the degree of the
membership function of the input each fuzzy rule. For example, the change of the speed
reference, Awm_ref 1, Of the SIRM-1 which x; is an only input variable can be expressed

by five fuzzy rules indicated below:

SIRM-1:  Rulel IF x,=NB THEN Awm er1=-1.0
Rule2 IF x;=NS THEN Awm e 1=-0.5
Rule3 IF x;=ZE THEN Aom ref1=-0.0
Rule4 IF x;=PS THEN Awm ref1=+0.5

Rule5 IF x;=PB THEN A®m ref1=+1.0

From fuzzy rules above, the fuzzy sets of input are defined in linguistic terms: negative

big (NB), negative small (NS), zero (ZE), positive small (PS) and positive big (PB) with
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triangular and trapezoidal membership functions. The output is defined by singleton

membership functions as shown in Figure 4.15.

A H(xi) A H(A®m_ref i)
NB NS ZE PS PB NB NS ZE PS PB
hs5=0.75
h4=0.25
P h1=0.0] h2=0.0 | h3=0.0 -

-1.0 -0.5 0.0 +0.5 +1.0 -1.0 -0.5 0.0 +0.5 +1.0

X1

Figure 4.15: Simplified fuzzy reasoning method in SIRM

From Figure 4.15, when input x; is equal to 0.9, in rule 1, p(x) of fuzzy set NB is 0, hy =
0.0, in rule 2 u(x)of fuzzy set NS is 0, h, = 0.0, in rule 3, u(x) of fuzzy set ZE is, h; =
0.0, inrule 4, u(x) of fuzzy set PS is 0.25, hy = 0.25 and in rule 5u(x) of fuzzy set PB is
0.75, hs = 0.75. Thus, the final change of the speed reference, Aoa?n_ref _1 is obtained by

the fuzzy inference result with the simplified fuzzy reasoning from (4.25) as follows:

hy Ao ref11+ hy A0 ref12 + hg Aom ref13+ hy A0 ref14t h ‘A0 ref15

b +hy +hg +hy +hg

0
Aom ref 1=

4.26)

0.0-(~1.0)+0.0-(=0.5) + 0.0+ (0.0) + 0.25- (0.5) + 0.75- (1.0)
0.0+0.0+0.0+0.25+0.75

AOY et 1= =0.875

From (4.26), the fuzzy inference result obtained by the simplified fuzzy reasoning
method is simple. Therefore, this fuzzy inference is employed in the fuzzy controller

based on the SIRM for the simulations of this thesis.
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4.4 Numerical Simulation of SIRM-Based Fuzzy Controller

for VSFP Wind Turbines

4.4.1 Block Diagram of SIRM-Based Fuzzy Controller

The block diagram of the SIRM-based fuzzy controller for a VSFP wind turbine is
shown in Figure 4.16. The voltages, currents and the generator speed are measured from
the DFIG, then sent to the power observer to estimate the mechanical power extracted
from the wind turbine. The seven inputs of the SIRM-based fuzzy controller have been
discussed in the previous sections. All inputs fed to the SIRM-based fuzzy controller are

normalised in a range of [-1.0,+1.0] by suitable scaling factor.

The input variables x; (i = 1, 2, 3, 4, 5, 6) are fed to the SIRM-i block to generate the
output variable Awm ref j Using a base of 30 rules. The absolute value of the input x; is
fed to the dynamic importance degree block: DID-1, DID-2, DID-3, and DID-4 to
generate the weight of X3, X2, X3 and x4 in the hybrid MPPT algorithm with a base of 8
rules. The absolute value of the input x7 is fed to the dynamic importance degree block,
MPPT, STR1, and STR2, to generate the weight of the input of the maximum power
control as X, X2, X3 and X4 and the rated power control as xs and xs with a base of 6 rules.
Each output and weight of the SIRM block and the dynamic importance degree block
are obtained by the simplified fuzzy reasoning method. The change of speed reference,
Ao et Of the fuzzy controller can be defined by (4.27) as the summation of the
products of the output of each SIRM block and dynamic importance degree block. The

output scaling factor (OSF) block is used to adjust the manipulated variable of the fuzzy
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controller based SIRM to the actual speed reference. The updated speed reference, wm_ref
can be calculated by (4.28). The speed reference generated by the SIRM-based fuzzy

controller is limited at the nominal value, omy as 1.5*ws.

0 .D..0  D..0 D..D . Dy.D 0 .D 0 .D
Ao ref (K) = (Uf -Wg~ +U7 -W7 +U3 -W3" +Ug -Wg )-Wyppt + (Us - WsTRy +Ug - WsTR2) (4.27)

Om _ ref (k)= O ref (k _1)+A(Dm_ref (k) (4.28)

Dm_ref

o Fn 4>| N
L rm
Kopt be o |_

O Norm
4>| Norm I m_ref
(O Norm
™ ~: P _rated X5
Div -—»é>—4>| Norm |—>|SIRM»5
™ T “’%{ref
STR-2
X6
(O»{ Norm |—>|SIRM—6
U
3

» Norm l— X7

-

Figure 4.16: Block diagram of SIRM-based fuzzy controller for VSFP wind turbine

It can be seen that since each of SIRM block and dynamic importance degree block has
only 1 input and 1 output, the proposed fuzzy controller is simpler than traditional fuzzy

controllers and, as such, it has an easier hardware implementation.
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4.4.2 Simulation Results

The SIRM-based fuzzy controller has been verified with the 5-kW DFIG-WECS with
fixed-pitch shown in Figure 2.22 using the membership functions, fuzzy rules of
SIRMs, and dynamic importance degree given in subsection 4.3.2. Therefore, for all

simulations, it has been assumed that 3 = 0°.

The wind turbine model and the DFIG model driven by the stator-flux oriented vector
control were simulated according to the block diagram of Chapter 2 and Chapter 3,

respectively with the same parameters of the wind turbine

In the first simulation, the ideal MPPT controller and the SIRM-based fuzzy controller

have been compared considering uncertain aerodynamic conditions as a step.

Figure 4.17 to 4.19 show the dynamic responses when the wind speed changes as a step

from 5 to 8 m/s and then from 8 to 12 m/s.
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Figure 4.17: WECS performance for step-changing wind speed with no error on the

estimation of air density and A;
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Figure 4.18: WECS performance for step-changing wind speed with an error of +20%

on the estimation of air density
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Figure 4.19: WECS performance for step-changing wind speed with an error of +20%

on the estimation of A;
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Figure 4.17 shows the case where the estimation on the air density and A; has no error.
The SIRM-based fuzzy controller generates the correct speed references of 0.775 p.u.
and 1.241 p.u. when the wind speed is 5 and 8 m/s, respectively, corresponding to the
maximum power coefficient, Cymax Of 0.48. The fuzzy controller has a slightly slower
response than the ideal control due to the inertia of the wind turbine which T, reaches
to zero under acceleration for 2.2 seconds. Similarly, the fuzzy controller generates the
correct speed reference of 1.177 p.u. when wind speed changes to 12 m/s, which
corresponds to the rated power of the wind turbine. The generator speed cannot decrease
quickly to the value required for the active stall mode, because the electromagnetic

torque reaches to —Tyateq Under deceleration for 0.8 seconds.

The simulations show that SIRM-based fuzzy controllers have a fast response and
accurate steady-state estimation of the maximum power thanks to their adaptive step

size.

Figure 4.18 shows the transient response when the estimation of air density has an error
of +20% of its nominal value, while A; has no error. This means that the actual
parameter Ko changes from 0.1186 to 0.1418 (+20%). The SIRM-based fuzzy
controller adapts itself to generate the optimal speed reference corresponding to the
actual maximum power coefficient, Cpmax Of 0.48 even in the presence of this error
regardless of the wind speed value and for operations below and above the rated wind

speed.
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Figure 4.19 shows the dynamic response when the estimation on A; has an error of
+20% of its nominal value, while the air density has no error. In this case, the parameter
Kopt increases from 0.1186 to 0.1750 (+47.55%). Also, in this case, the SIRM-based
fuzzy controller generates the correct speed reference, and there is no error in tracking

the maximum power point below and above the rated wind speed.

In the second simulation, the SIRM-based fuzzy controller has been tested with the

wind speed diagram presented in the previous sections.

The simulation tests have considered the same case studies of uncertainty on the air
density and uncertainty of C,-A curve affected by the knowledge of the value A;. The
simulations have been repeated for three different average speeds, corresponding to a
scenario of low, medium and high wind. The levels of wind are classified by the

average wind speed, v,,, as 4 to 6 m/s for low wind, 7 to 10 m/s for medium wind, and

11 to 14 m/s for high wind [110].

Case study 1: uncertainty of air density

In this case study, the error of the estimation of the air density has been varied between -
20% and +20% of the nominal value [57], while Cymax and Aoyt are correctly estimated.

Consequently, the parameter kqp: Of the PSF MPPT varies between 0.0945 and 0.1418.
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Figure 4.20: WECS performance for realistic wind speed of v,,= 6 m/s with an error of

+20% on the estimation of air density
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Figure 4.20 shows the dynamic response of the 5-kW WECS controlled by both the
SIRM-based fuzzy controller and the ideal power controller with an average wind speed
V, = 6 m/s. The actual wind speed varies between 4 and 8 m/s, so the two power
control algorithms operate in the maximum power control mode. The diagrams of the
figures show the wind speed, V,, the generator speed, oy, the magnitude stator current,

is, the magnitude rotor current, i,, the electromagnetic torque, Tem, the mechanical

power, Py, the power coefficient, C, and the electrical energy generated by the DFIG

The fuzzy controller based on SIRM is capable of tracking the optimal speed reference

to a value close to the ideal power control.

Table 4.10: Electrical energy decrease in WECS with fuzzy controller based SIRM

with an error in the estimation of p for a simulation of 3 minutes, withv,, = 6 m/s

(comparison with ideal control: -57.82 Wh.)

Error in estimation p Kopt Electrical Loss energy of
of its nominal value | estimation | energy (Wh) | proposed control
-20% 0.0945 -56.00 -3.13%
-10% 0.1063 -56.06 -3.04%
0% 0.1186 -56.03 -3.09%
+10% 0.1300 -56.01 -3.13%
+20% 0.1418 -55.99 -3.16%
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Table 4.10 shows the impact of the electrical energy generated by the DFIG by the
SIRM-base fuzzy logic controller for various errors in the estimation of the air density

and average wind speed v,, = 6 m/s. It can be seen that the algorithm is not substantially

affected by this error and the slightly lower energy produced compared to the ideal case
is only due to the inertia of the turbine. For comparison, the loss of energy of the fuzzy
controller based SIRM is -3.13% when the error is -20% and -3.16% when the error is

+20%.

Figure 4.21 shows the dynamic response for an average wind speed v,, = 8 m/s when

the estimation of the air density is +20% of the nominal value, respectively. The actual
wind speed changes between 6 and 10 m/s, so it is always below the rated value. The
SIRM-based fuzzy control is capable of satisfactorily tracking the maximum power
point of the wind turbine also in this situation, although the speed difference compared

to the ideal case increases to 4.35% at time = 100 second.

The proposed power control can produce less electrical energy from the DFIG than the

ideal power control around 2.45% over a period of 3 minutes.
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Figure 4.21: WECS performance for realistic wind speed of v,,= 8 m/s with an error of

+20% on the estimation of air density
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Table 4.11: Electrical energy decrease in WECS with fuzzy controller based SIRM

with an error in the estimation of p for a simulation of 3 minutes, withv,, =8 m/s

(comparison with ideal control: -138.8 Wh.)

Error in estimation p Kopt Electrical Loss energy of
of its nominal value estimation | energy (Wh) | proposed control
-20% 0.0945 -135.3 -2.52%
-10% 0.1063 -135.3 -2.52%
0% 0.1186 -135.1 -2.66%
+10% 0.1300 -135.3 -2.52%
+20% 0.1418 -135.4 -2.45%

Table 4.11 shows the electrical energy generated by the DFIG in this case, and again the

difference from the ideal case is less than 2.66%.
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Figure 4.22: WECS performance for realistic wind speed of v,,= 11 m/s with an error

of +20% on the estimation of air density
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Figure 4.22 shows the transient response for an average wind speed v, = 11 m/s when

the error on the estimation of the air density is +20% of its nominal value. The diagram
of the wind speed shows in this case operations both below and above the rated speed.
Therefore, the SIRM-based fuzzy logic controller switches from the MPPT to the
limitation of the mechanical power with active stall controller. In particular, for the
transition from the MPPT control to active stall regulation, the generator speed cannot
decrease quickly because the electromagnetic torque is limited to the rated value of the
DFIG. Therefore, the mechanical power is temporarily over-rated power, The rated
power, P rated, In this thesis is defined as 5 KW so that this DFIG can produce sufficient
electromagnetic torque under deceleration to the stall. In [8], the DFIG having over-
torque capability is provided to overcome this problem. The rotor current is kept not to
exceed the rated value in over-rated power to save the power converter as seen in Figure
4.22. The higher mechanical power input also means that the DFIG generates more
electrical energy than the ideal power control, as shown in Figure 4.22(b). It can be
observed that the SIRM-based fuzzy controller also gives a smooth speed reference
trajectory in the transition between the MPPT and active stall control due to the fuzzy
set of the dynamic importance degree which weights roles both controllers via the

observed mechanical power.

Table 4.12 shows the impact of the electrical energy generated by the DFIG for errors
on the estimation of the air density variable between -20% and +20% of the rated value

when the average wind speed is v, = 11 m/s.
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It can be seen that for all the situations, the proposed control produces less electrical

energy than the ideal power control of around 0.69% over a period of 3 minutes.

Table 4.12: Electrical energy decrease in WECS with fuzzy controller based SIRM

with an error in the estimation of p for a simulation of 3 minutes, withv,, = 11 m/s

(comparison with ideal control: -232.4 Wh.)

Error in estimation p Kopt Electrical Loss energy of
of its nominal value estimation | energy (Wh) | proposed control
-20% 0.0945 -230.8 -0.69%
-10% 0.1063 -230.8 -0.69%
0% 0.1186 -230.8 -0.69%
+10% 0.1300 -230.8 -0.69%
+20% 0.1418 -230.8 -0.69%

Case study 2: uncertainty of C,-A curve via A;

In this case, an error in the estimation of the A; has been assumed and varied between -
20% and +20% of the nominal value [57], while the air density has been considered
constant and equal to the nominal value. Consequently, the Koy of the PSF MPPT

corresponding to A; changes between 0.0754 and 0.1750.

Figure 4.23 to 4.25 show the transient response for an average wind speed ofv, =6
m/s, 8m/s and 11 m/s when the estimation of A; has an error of +20% of its nominal

value.
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+20% on the estimation of A;
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+20% on the estimation of A;
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of +20% on the estimation of X;
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The proposed control provides good adaptation capabilities against the uncertainties of

Ai when the wind speed is always below the rated value

When instead the average wind speed is 11 m/s, the proposed power control gives a
slower response than the ideal power control due to the inertia of the wind turbine.
Consequently, the proposed control generates less electrical energy than the ideal power
control below the rated wind speed and more electrical energy above the rated wind
speed. Also, in this case, it is necessary to consider the DFIG having overtorque ability
to overcome the large torque of the turbine during wind speed variation from the MPPT
to stall control. However, the overtorque will result in increased drive train fatigue

which an issue will merit investigation.

The effect on the error on the estimation of A; has been analysed in Table 4.13 and 4.14
for the low and medium average wind speeds of v, = 6 and 8 m/s, respectively. It can
be observed that the proposed control can generate the same energy value around 56 Wh
for low wind speed and 135 Wh for medium wind speed when the error in the
estimation of A; between -20% and +20% of the nominal value, with a different smaller

than 3.15% compared to the ideal situation.
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Table 4.13: Electrical energy decrease in WECS with fuzzy controller based SIRM

with an error in the estimation of A; for a simulation of 3 minutes, withv,, = 6 m/s

(comparison with ideal control: -57.82 Wh.)

Error in estimation A; Kopt Electrical Loss energy of
of its nominal value estimation | energy (Wh) | proposed control
-20% 0.0754 -56.08 -3.01%
-10% 0.0952 -56.01 -3.13%
0% 0.1186 -56.03 -3.10%
+10% 0.1447 -56.00 -3.15%
+20% 0.1750 -56.01 -3.13%

Table 4.14: Electrical energy decrease in WECS with fuzzy controller based SIRM

with an error in the estimation of A; for a simulation of 3 minutes, withv,, =8 m/s

(comparison with ideal control: -138.8 Wh.)

Error in estimation A; Kopt Electrical Loss energy of
of its nominal value estimation | energy (Wh) | proposed control
-20% 0.0754 -135.6 -2.31%
-10% 0.0952 -135.4 -2.45%
0% 0.1186 -135.1 -2.67%
+10% 0.1447 -135.4 -2.45%
+20% 0.1750 -135.7 -2.23%

Table 4.15 reports the energy generated for an average wind speed of v, = 11 m/s. It

can be seen that the proposed control produces less electrical power than the ideal

power control around 0.69% over a period of 3 minutes.
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Table 4.15: Electrical energy decrease in WECS with fuzzy controller based SIRM

with an error in the estimation of A; for a simulation of 3 minutes, withv,, = 11 m/s

(comparison with ideal control: -232.4 Wh.)

Error in estimation A; Kopt Electrical Loss energy of
of its nominal value estimation | energy (Wh) | proposed control
-20% 0.0754 -230.8 -0.69%
-10% 0.0952 -230.8 -0.69%
0% 0.1186 -230.8 -0.69%
+10% 0.1447 -230.8 -0.69%
+20% 0.1750 -230.8 -0.69%

4.5 Summary

This chapter has presented the main characteristics of SIRM-based fuzzy controllers for
WECS with VSFP wind turbines and DFIGs. The main advantage of this control is the
capabilities of compensating for errors in the estimation of the turbine parameters. The
new fuzzy controller is constructed as a SIRM for each input variable. Therefore, the
proposed fuzzy controller has a smaller number of rules and parameters compared with
a conventional fuzzy control. For this thesis, the fuzzy controller based SIRM is
designed with 30 fuzzy rules for six SIRMs and 14 fuzzy rules for the dynamic

importance degree.

The simulation results have shown that the control reacts well to uncertainties on the
estimation of the air density and the parameter A; even when the wind changes as a

stochastic process and for various average wind speeds. Critical operations have been
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found in the transition across the rated wind speed, for which the power limitation has a
response slower than the ideal case due to the inertia of the wind turbine and the
limitation on the resistant torque offered by the DFIG. This situation leads to a
temporary exceeding rated power of the turbine, although the nominal power is defined
for 5 kW so that 5-kW DFIG can produce sufficient electromagnetic torque to decrease
speed in the active stall control. Therefore, the Ve out 1S determined at 14 m/s to limit
instantaneous torque of the wind turbine less than the available electromagnetic torque
of the DFIG. It has been seen that there is no overload on the power converter, which is

instead much more sensitive than the machine.
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Chapter 5 Robust Loss Minimisation Control for

DFIG

5.1 Introduction

Chapter 4 has presented the optimal power control for a VSFP wind turbine based on a
hybrid MPPT. This chapter focusses on the control strategy to minimise the copper

losses of the DFIG using the model-based loss minimisation control (MBLC).

The basic concept of traditional MBLC for minimising DFIG copper losses and the
impact of parameter uncertainties are studied in section 5.2. The online parameter
estimation with a Kalman filter is explained in section 5.3, where an enhanced MBLC is
proposed. The simulation results based on Matlab/Simulink aimed at comparing the

performance between the standard and the enhanced MBLC as shown in section 5.4.

5.2 Traditional MBLC for DFIG and its Efficiency

5.2.1 Problem of Model-Based Loss Minimisation Control

A MBLC generates an optimal d-axis rotor current, iq, reference to the vector control
on the rotor-side converter to regulate the reactive power to reach the condition for

which power losses are minimum.

As in can be seen from (2.54), the MBLC relies on the accurate knowledge of the

parameters of the DFIG for generating the optimal control law. If the parameters are not
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exactly known, the algorithm forces the DFIG to operate in a point different from the

actual minimum of copper losses. This problem is happening in practice because:

e The parameters of the DFIG are only roughly known by using the no-load test
and the locked rotor test [73]. Often, the leakage inductance and the resistances
are assumed to be equal as there is no easy way to split them accurately,
unavoidably leading to errors. Therefore, obtaining parameters with a higher
degree of accuracy is difficult.

e During operations, some of the parameters may change their value due to the

influence of environmental and operational conditions as shown in Figure 5.1[7].

is rs(T,ws) Los(]|ls|, ws) Lor(]lt], wr) re(T,or) ir

——A/\— T W—AN——

% Lin(lin], o9

Figure 5.1: Parameter variation of DFIG steady-state model

1. Stator resistance, rs: its value may change due to temperature (T) and stator current

frequency (®s) [7]:

s = f(T, o) (5.1)

A resistance value (Q2) can be expressed with a function of a temperature variation (°C)

as follows:
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1+kCy)
(1+kCy)

=Ty (5.2)

where ry is the known resistance value at temperature Cy and rr is the corrected
resistance value at temperature Cr and Kk is the temperature coefficient of resistivity (a
typical value for copper at 0 °C may be 0.00427 2/Q°C). For example, The effect of the
resistance of the DFIG with the winding temperature is shown in Figure 5.2.
Considering that for typical insulation classes of DFIGs are F or H, the maximum
temperature is between 145°C and 180°C, so the rotor resistance, which at 35 °C is

assumed equal to 0.75 Q, it would increase at 180 °C by 53.86%.
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Figure 5.2: Rotor resistance variation as a function of winding temperature

The variation of the stator resistance with the frequency is instead much more modest,

as the grid frequency can diverge only up to 0.1% of the nominal value.
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2. Rotor resistance, r,: the behaviour of rotor resistance is similar to the stator resistor.

Its value may change due to temperature (T) and rotor current frequency (c,) that flows

[7]:
=0 (5.3)

In [111], The rotor resistance may increase by 50% with the winding temperature rise.
The variation with the frequency is instead more evident, as the distribution of the
current is uniform when the slip is zero and begins to be more and more asymmetric
when the slip increases with the skin effect. The skin effect caused by increasing slip

affects the rotor resistance variation around 2-3 times of the nominal value [111].

3. Stator leakage inductance, L Its value may change due to the amplitude and

frequency of the stator current [7]:
Los = Tl 15 |, 005) (5.4)

The variation with stator current, is can be expressed as follows [112]:
Kos(is) Los 15 2 issat

L L
L. (i) :{ os Is <lgsat (5.5)

where s IS the threshold of the stator current which can change the stator leakage
inductance from its nominal value. It is defined as 1.8is rawed [113]. Kgs IS the saturation

coefficient which can be calculated by [112]:
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s <lgsat

KGS (is) = (56)

alsn -

(arcsin(=2L) 1 0.5sin(2arcsin(S2))) i > iy
Is s

According to (5.5) and (5.6), Ls is decreased from its nominal value when is is above
Issat, CaUSINg the leakage flux saturation [112]. In practical application on WECS, the L

is nearly constant because the stator current is maintained not to exceed its nominal

value.

4. Rotor Leakage inductance, L4 the behavior of rotor leakage inductance is similar
to the stator leakage inductance. Its value may change due to the amplitude and

frequency of the rotor current that flows [7]:
Lor = f( 1y | 0o) (5-7)

5. Mutual inductance, Ly Its value may change due to the amplitude and frequency of
the magnetising current due to the saturation of the main magnetic circuit of the

machine [7]:
Lin = (1 |, o05) (5.8)
The variation with the magnetising current, i, can be expressed as follows [112]:

{Lm im <imsat (5.9)

Kms (im) ’ I-m im 2 imsat
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where insat IS the threshold of the magnetising current which can change the mutual
inductance from its nominal value. It is defined as 0.7is_rated [113]. Kns IS the saturation

coefficient which can be calculated by [112]:

1

Im <Imsat

K (i) = i i
ms () =1 2 cresingmsaty 4  seinaarcsingmsalyy) i i

T Im m

(5.10)

According to (5.9) and (5.10), Ly, is decreased from its nominal value when i, is above
imsat, causing the mutual flux saturation [112]. For wind energy generation with the
DFIG, the stator terminals of the machine are directly connected to a power grid with
substantially constant voltage amplitude and frequency. It means that the L. is

maintained nearly constant in normal operation.

5.2.2 Simulation Results on the Impact of Parameter Uncertainty

on MBLC

Wind turbine

Transformer
Grid
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-

[
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Figure 5.3: Block diagram of MBLC for WECS
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To study the influence on the error in the estimation of DFIG parameters on the MBLC,
the model of DFIG-WECS presented in Chapter 2 and shown in Figure 5.3 has been
used. From Figure 5.3; the generator speed reference is provided by the fuzzy controller
based SIRM while the iy reference is generated by the traditional MBLC method. The
wind speed has been assumed constant at 6 m/s and the error in the estimation of rs, r,

L, and L, between -50% and +50% of the nominal values.

Considering an error of -50% for rs, 1y, Lss and Ly, Figure 5.4-5.8 show the dynamic
response of the following quantities: d-axis rotor current reference, irqrer; the electrical

power generated by the DFIG, Pe, and the extracted electrical energy in Wh from the

DFIG.
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Figure 5.4: WECS dynamic response controlled by the traditional MBLC for constant

wind speed 6 m/s with no error in estimation of DFIG parameters: rs, I, Lo and L,
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Figure 5.7: WECS dynamic response controlled by the traditional MBLC for constant

wind speed 6 m/s with error in estimation of L of -50%
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Figure 5.8: WECS dynamic response controlled by the traditional MBLC for constant

wind speed 6 m/s with error in estimation of L, of -50%
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Figure 5.4 shows the reference case when there is no error. The traditional MBLC
provides a reference for iy Of 2.84 A, corresponding to the minimum copper loss
operating point referred to control law (2.54). The electrical energy generated by the

WECS is 49.15 Wh over a period of 3 minutes.

It can be seen that the traditional MBLC method can give high performance for tracking
accurate determination of minimum loss condition when the DFIG parameters used in

control law of the traditional MBLC method are exactly known.

Figure 5.5 shows the dynamic response when the estimation on the stator resistance, rs,
has an error of -50% of its nominal value. Under this uncertain condition, i,y reference
provided by the traditional MBLC method changes from 2.842 A to 1.842 A (-35.19%).

Therefore, the total electrical energy generated reduces by 0.39 Wh (-0.79%).

Figure 5.6 shows the dynamic response when the estimation on the rotor resistance, ry,
has an error of -50% of its nominal value. irq reference changes from 2.842 to 3.900 A,

(+37.23%). The electrical energy reduces by 0.38 Wh (-0.77%).

Figure 5.7 shows the dynamic response when the estimation on the stator leakage
inductance, L., has an error of -50% of its nominal value. The i, reference changes
from 2.842 to 2.941 A, (+3.48%). The electrical energy generated does not have any

measurable change.
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Figure 5.8 shows the dynamic response when the estimation on mutual inductance, L,
has an error of -50% of its nominal value. The i.q reference changes from 2.842 to 5.307

A (+86.73%). The electrical energy reduces by 2.13 Wh (-4.33%).

The influence on the error in the estimation of rs, 1, L and Ly, for finding the minimum
DFIG loss operating point of the MBLC method has been analysed in Table 5.1-5.4,
respectively for various level of error of the parameters. It can be seen that the error on
the estimation of L has the highest impact in the efficiency in the MBLC method.
However, this is a situation hardly occurring in practice as the value of Ly, is usually

overestimated for the presence of saturation of the magnetic circuits of the machine

Table 5.1: Electrical energy decrease in WECS controlled by traditional MBLC with an

error in the estimation of r for a simulation of 3 minutes for wind speed 6 m/s

Estimation error of rs Irdref Electrical Loss energy of
from its nominal value | estimation | energy (Wh) MBLC
-50% 1.842 A -48.76 -0.79%
-30% 2.305 A -49.03 -0.24%
-10% 2.680 A -49.14 -0.02%
0% 2.842 A -49.15 0.00%
+10% 2.989 A -49.14 -0.02%
+30% 3.248 A -49.10 -0.10%
+50% 3.469 A -49.02 -0.26%

184



Chapter 5: Robust Loss Minimisation Control for DFIG

Table 5.2: Electrical energy decrease in WECS controlled by traditional MBLC with an

error in the estimation of r, for a simulation of 3 minutes for wind speed 6 m/s

Estimation error of r, Irdref Electrical Loss energy of
from its nominal value | estimation | energy (Wh) MBLC
-50% 3.900 A -48.77 -0.77%
-30% 3.394 A -49.05 -0.20%
-10% 3.005 A -49.14 -0.02%
0% 2.842 A -49.15 0.00%
+10% 2.695 A -49.14 -0.02%
+30% 2444 A -49.08 -0.14%
+50% 2.235A -49.00 -0.31%

Table 5.3: Electrical energy decrease in WECS controlled by traditional MBLC with an

error in the estimation of L for a simulation of 3 minutes for wind speed 6 m/s

Estimation error of Lgs Irdref Electrical Loss energy of
from its nominal value | estimation | energy (Wh) MBLC
-50% 2941 A -49.15 0.00%
-30% 2901 A -49.15 0.00%
-10% 2.861 A -49.15 0.00%
0% 2.842 A -49.15 0.00%
+10% 2.822 A -49.15 0.00%
+30% 2.784 A -49.15 0.00%
+50% 2.746 A -49.14 -0.02%
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Table 5.4: Electrical energy decrease in WECS controlled by traditional MBLC with an

error in the estimation of L, for a simulation of 3 minutes for wind speed 6 m/s

Estimation error of L, Irdref Electrical Loss energy of
from its nominal value | estimation | energy (Wh) MBLC
-50% 5.307 A -47.02 -4.33%
-30% 3.942 A -48.74 -0.83%
-10% 3.133A -49.13 -0.04%
0% 2.842 A -49.15 0.00%
+10% 2.599 A -49.12 -0.06%
+30% 2.221 A -48.99 -0.33%
+50% 1.938 A -48.83 -0.65%

5.3 Online Parameter Estimation of DFIG by using Kalman

Filter Method

Generally, the basic concept of online parameter estimation is that a process plant model
is run in parallel with parameterisation of the plant model which has the same structure
as the process model with the same input and, then an estimator algorithm generates and

updates the estimated parameters until the output of parameterised plant model, y(t)

approaches the actual output of the system, y(t).
5.3.1 Parameterisation of Plant Model of DFIG

The dynamic model of the DFIG in the dq reference frame can be rearranged to create

the parameterisation of the plant model as:
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. d\v d
Vg = slgg +d—ts_“)s\|’sq

. d\Vsq
Vsq =Fslsq +T+ (O
5.11)
. dy (
Vrd = Trled + dtrd — (05 = PO )V
d

. WYr
Vg = Irlrg "’Tq"' (05 = Pom)yrg

Vsd = Lsisg + Linirg
Vsq = Lslsg + Linirg

; ; 5.12
Vrd = Lmlsg +Lrlrg (5.12)
Vrq = Linisg + Lrirg
Substituting (5.12) into (5.11), the model of the DFIG becomes:
_ y ] i
rs+Lsa -0l Lma — gLy |
Ysd d d Isd
Vg | osls s + L pm o5l L p iy
rd Ly — —(0g = poy)Ly N +L—  —(0s-poy)L, rd
Vig dt dt irq
d
_(ms = Pop)Lp L m (05— pop)Ly I+l at

A general form of the dynamic model for the parameter estimation can be expressed as

follows [114]:

y(t) =@ (1)6(t) (5.14)

The matrix form of (5.14) can be written as:
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V)] [y @ . o Dy [64(1)
Yo(®) | | @o1 Do - - Doy || 02(1)
-|. - (5.15)

_yn(t)_ _CDnl ‘Dnz Lo (Dnm__em(t)_

where y(t) is the measured output variable of the dynamic model, ®(t) is the observation
vector measured from the dynamic model and 6(t) is the parameter variables to be

estimated. In this thesis, the parameters of the DFIG to estimate are rs, ry, Lo, Lor and

L. Hence, the estimated parameter vector of the DFIG can be written as:
0=[r i Los Lor Lm]T (5.16)

The measured output vector y(t) is the stator and rotor voltages in the dq reference

frame. The vector form can be written by:
y=[sg Vsq Vrd Viq I (5.17)

Rearranging (5.13) to (5.15), the parameterised plant model can be expressed as

follows:
_. dld . dld dld . 1
isg 0 Tst_‘”s'sq 0 d78t Trt_@s (i +irg) .
Vs dig di, di
iy 0 —3 @iy 0 T o (g +i n
Veg |_|'s g st ot gr s Usd +ira) Lr (5.18)
|1 ig O m—fd—(ws—pmm)im Oli7“’+0"75d—((Ds—mm)(irq+isq) L:
Vrg dt dt o dt .
0 iy O d'ﬁ—(m - poy)i d'ﬂ+d'ﬂ+(@ = oy )ig +isg) "
| rq dt S m/'rd dt dt S m/\lrd T sd |

The parameterised plant model in discrete time can be obtained as follows:
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To decrease the complication of the online parameter estimation, the stator leakage
inductance, L., and the rotor leakage inductance, L., are assumed to be equal. Hence,

the estimated parameter vector of the DFIG can be written by:

0=[r, r Ly Lyl" (5.20)

And, the dynamic model for the parameter estimation can be expressed as follows

w0 0 2880 wig B8 B8, i () +irg (K
Vsg (K) Aigg (k Aigy (k) Aiyg (k rs (k)
| [0 0 T o 00 ) Bl o s 00y ) 0
L0017 Airg (K) . Airg (k) Aigg (K) o LK)
B B R e (UL DO RN

i) i) M)
000~ 0,0~ pon (g0 2+ 000 pon (K (K +isg(K) |
(5.21)

5.3.2 Kalman Filter Estimation Algorithm

The parameter estimation using Kalman filter is implemented in the discrete time. The
linear state space model of the parameterised plant model in (5.21) can be expressed as

[114]:
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{e(k +1) = (k) + AO(K) 5.22)

y(k) = T (k)B(k) +w(k)

The algorithms of the online parameter estimation by using Kalman filter can be

expressed following steps [114]:

1. Initial condition: when k = 0, the initialisation of the online parameter estimation

by using Kalman filter is defined as:

{é(o) = einit (523)

P(0) = Rnit
where 0;,; is the initial parameter estimation and R, is the initial error covariance.

2. Prediction step: when k > 0, the recursion of the online parameter estimation by

using Kalman filter is started in the prediction step as follow:
J(k) =" (k)O(k —1) (5.24)

3. Correction step: the correction step can be calculated after the prediction step as:

K(K) = —— =0 (5.25)

@' (k)P(k-1)D(k)+R
0(k) = 8(k -1) + K (k)(y(k) - §(K)) (5.26)
P(k) = P(k —1)—K(k)<l>T KPk-D+Q (5.27)
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where K is the Kalman filter gain, R is the measurement noise covariance; E(w(k)w' (k))

and Q is the process noise covariance; E(A8(k)A8" (k)) . The prediction and correction

steps are recursively computed to adapt the estimated parameters of the DFIG

approaching the accurate value.

Figure 5.9 shows the general block diagram of DFIG parameter estimation by using the
Kalman filter algorithm in discrete time. The output error received from the comparison
between the DFIG and DFIG parameterised model is used to update the estimated DFIG
parameters by the Kalman filter algorithm in the correction step, then, these estimated
DFIG parameters are used to update the estimated output via DFIG parameterised
model. The estimated DFIG parameters are updated for minimal error between
measured output and estimated output. As the Kalman filter is implemented in the

recursive algorithm, it can work well in real time applications[73].

Vsd, Vsq, Vrd, Vrq Isd, Isq, Ird, Irg, s, om
(measured) (measured)
> DFIG >
(actual)
I— Kalman filter algorithm

|
I Precictionstep g I
| DFIG parameterised | o | |
l |

Figure 5.9: Block diagram for DFIG parameter estimation by Kalman filter algorithm
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To test the performance of the parameter estimation of the DFIG in the WECS by using
the Kalman filter method, The simulation is performed with a 5kW DFIG where r =
0.72 Q, r, = 0.75 Q, Lss = Lo = 0.0058 H and L, = 0.858 H. From Figure 5.9, the
generator speed, measured voltages and measured currents in dq coordinate of the DFIG
are fed to the Kalman filter estimator. The estimated voltages of the DFIG can be
calculated by using (5.21). The Kalman filter algorithm adapts the estimated parameters

of the DFIG. The error between the estimated voltages y(t) and the actual voltage y(t)

gets close to zero as t = oo.

The guidelines for defining the measurement noise covariance, R, and the process noise
covariance, Q, are indicated in [115]. The initial values of the parameters and the noise

covariance are given by:

6(0) =[0.02 0.02 0.02 0.02]"

P(0)=10°-diag([1 1 1 1]) (5.28)
Q=10"" -diag([L 1 1 1))
R=1-diag([2 2 2 2])

The proposed online parameter estimation was simulated in Matlab/Simulink, initially

for a constant wind speed of 6 m/s.
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Figure 5.10: DFIG parameter estimation in WECS controlled by fuzzy controller based

SIRM for constant wind speed 6 m/s
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Figure 5.11: DFIG parameter estimation under r, variation in WECS controlled by

fuzzy controller based SIRM for constant wind speed 6 m/s
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Figure 5.12: DFIG parameter estimation in WECS controlled by fuzzy controller based

SIRM for step-changing wind speed from 6 to 8 m/s
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Figure 5.13: DFIG parameter estimation under r, variation in WECS controlled by

fuzzy controller based SIRM for step-changing wind speed from 6 to 8 m/s
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Figure 5.10 shows the performance of the online Kalman filter estimator with constant
DFIG parameters. The corrected estimation of the DFIG parameters is completed within

2 seconds, as shown in Figure 5.10(b).

Figure 5.11 shows the Kalman filter response for a dynamic variation of r. due to a
temperature change. The estimation of the DFIG parameter can track the actual value of

r- with a good performance also in this case, as shown in Figure 5.11(b).

Figure 5.12 shows the case of wind speed changing as a step from 6 to 8 m/s but with
DFIG parameters unchanged. It can be seen that the Kalman filter reacts quite well to
the disturbance and re-estimate the parameters correctly within 2 seconds. It is worth
noting that the most sensitive parameters also have the least deviation after the

disturbance, evidencing the appropriateness of the algorithm proposed.

Figure 5.13 shows the performance of the online DFIG parameter estimation by using
Kalman filter in the WECS controlled by the fuzzy controller based on SIRM for step-
changing wind speed from 6 to 8 m/s under condition of no change parameter and

change of the parameter, respectively.

Under the fuzzy controller based SIRM, the DFIG operates with 146.2 rad/s and 194.9
rad/s in the MPPT control mode as shown in Figure 5.12(a) and 5.13(a). It can be seen
that the proposed online DFIG parameter estimation can reach near the actual value

very fast in the beginning and track the actual value of r, in changing from 0.75 to 1.125
Q with a good performance as shown in Figure 5.12(b) and 5.13(b). However, the

estimation of L gave transient instability under rapid wind speed variation because the
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online DFIG parameter estimation using Kalman filter was operated under rapid

variation of measured currents and rotational speed of the DFIG.

Table 5.5: Online parameter estimation of the DFIG by using Kalman filter for constant

wind speed 6 m/s

DFIG Parameter Actual value Estimated value %Error
s (Q) 0.72 0.7276 1.05
re (Q) 0.75 0.7493 -0.09
Los (H) 0.0058 0.00575 -0.86
Lm (H) 0.0858 0.08583 0.03

Table 5.5 shows the estimated parameters of the DFIG in the WECS when operates

under constant wind speed 6 m/s.

5.4 Performance Analysis of the Enhanced MBLC with

Online Parameter Estimation

The block diagram of the enhanced MBLC for VSFP wind turbines is shown in Figure
5.14. The enhanced MBLC generates the optimal i,4 reference to the vector control on
the rotor-side converter for minimising the copper losses of the DFIG in the WECS. The
advantage of the enhanced MBLC is that the control law as i.4 reference can adapt itself
when the parameters of the DFIG change due to temperature or magnetic saturation.
Therefore, the operation of the system at the optimum operating point, corresponding to

minimum copper losses, is not affected by parameter uncertainties.
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Figure 5.14: Block diagram of enhanced MBLC for WECS

5.4.1 Simulation Results

The simulation results based on the Matlab/Simulink have been used to compare the
performance of traditional and enhanced MBLC methods. The efficiency of the two loss
minimisation control methods will be compared by measuring the electrical energy
generated by the DFIG for the same external condition and the identical SIRM-based

fuzzy controller.

Figure 5.15 and 5.16 show the for a constant wind speed of 6 m/s, assuming for rs an
error of +30% and L, an error of -50%. Section (a) of the figure shows the online DFIG
parameter estimation of r, rr, L, and Ly, by using a Kalman filter in comparison with
the actual values. Section (b) of the figures shows the wind speed 6 m/s, the d-axis rotor
current reference, i, the extracted electrical power from the DFIG, P, and the

extracted electrical energy in Wh from the DFIG.
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Figure 5.15 shows the WECS performance when the actual values of DFIG parameters
do not change during operation. The proposed online parameter estimation return
correct estimated values of the parameters in 5 seconds. Therefore, the enhanced MBLC
generates the optimal i reference of 2.842 A. On the contrary, the traditional MBLC
method generates a constant i,y reference of 6.116 A. As a result, in 2 minutes the
enhanced MBLC method extracts 2.50 Wh more electrical energy than the traditional

MBLC method (+8.31%), i.e. 1,800 Wh/day extra.

Figure 5.16 shows the WECS performance when r, changes during operation. The
proposed online parameter estimation can track the actual value of r, with a good
performance. Similarly to the previous case, the enhanced MBLC method extracts 3.16
Wh electrical energy more than the traditional MBLC method in 2 minutes (+10.82%) ,

i.e. 2,275 Wh/day extra.
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Figure 5.15: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for constant wind speed 6 m/s
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Figure 5.16: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for constant wind speed 6 m/s under r, variation
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Figure 5.17 and 5.18 show the dynamic response with a step-change of the wind speed
from 6 to 8 m/s, assuming for rs an error of +30% and Ly, an error of -50%. In this
scenario, the fuzzy controller based on SIRM has generated an optimal speed reference

of 146.2 and 194.9 rad/s after the step change, respectively.

Figure 5.17 shows the WECS performance when the actual values of the DFIG
parameters do not change during operation. The proposed online parameter estimation
can reach the actual values very fast and is insensitive to the wind speed step, as shown
in Figure 5.17 (a). Therefore, the enhanced MBLC generates the correct optimal iy
reference. As a consequence, the enhanced MBLC method extracts 2.49 Wh more

electrical energy than the traditional MBLC method in 2 minutes (+4.66%).

Figure 5.18 shows the WECS performance when r, changes during operation. The
estimator works quite well also in this case, as shown in Figure 5.18 (a). It can be seen
that the enhanced MBLC method can extract more electrical energy than the traditional

MBLC method by 3.14 Wh in 2 minutes (+5.98%).

203



Chapter 5: Robust Loss Minimisation Control for DFIG

2 T T
{ Actual ==== Estimated {
G
hw 1
0
0 20 40 60 80 100 120
2 T 3
Actual ==== Estimated
G 1
0
0 20 40 60 80 100 120
0.1 T T
Actual ==== Estimated
T
¢ 0.05
-
0
0 20 40 60 80 100 120
0.15 T T
Actual ==== Estimated
r 01
_E
0.05
0
0 20 40 60 80 100 120
Time s
(a)
10
@
€
z 5
>
0
0 20 40 60 80 100 120
15 14 14 14 14
5 Traditional MBLC = === Enhanced MBLC [
= 1
©
5 05poccomemm=m=m===== s R S
0
0 20 40 60 80 100 120
r 13 13 13 13
_ 1 Traditional MBLC ==== Enhanced MBLC f
2 o0 :
ﬂ_w
-1
0 20 40 60 80 100 120
=
; F F F F
> 20 "
= Traditional MBLC ==== Enhanced MBLC[
Q
c
Q
5 2 Bt
g -40
3 60
w 0 20 40 60 80 100 120

Time s

(b)
Figure 5.17: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for step-changing wind speed
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Figure 5.18: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for step-changing wind speed 6 m/s under r, variation
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Figure 5.19 and 5.20 show the dynamic response for variable wind speed with an

average v,,= 6 m/s, assuming same errors again for rs and Lp,.

Figure 5.19 shows the WECS performance when the actual values of the DFIG
parameter do not change during operation. It can be seen that the parameters estimated
are now affected by a small noise due to the continuously changing wind conditions, but
the tracking is substantially satisfactory as the variation is within 40% of the average
estimated value. This also means that the iy reference is correctly assigned. On the
contrary; the traditional MBLC method does not have any adaptation features. As a
consequence, the enhanced MBLC method extracts 2.30 Wh more electrical energy than

the traditional MBLC method in 2 minutes (+7.21%).

Figure 5.20 shows the WECS performance when the r, of DFIG parameter changes
during operation. The simulation shows that the estimator is not affected by
simultaneous variation of the wind speed and the DFIG parameters. In this scenario, the
enhanced MBLC method can extract 3.02 Wh more electrical energy than the traditional

MBLC method in 2 minutes (+9.75%).

For cases of variable wind speed, the iq reference of the standard MBLC method is
decreased from 6.116 A by the current reference limitation to keep rotor current space

vector of two components: i,q reference and i.q reference at its nominal value.
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Figure 5.19: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for realistic wind speed
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Figure 5.20: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for realistic wind speed 6 m/s under r, variation
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5.5 Summary

This chapter has investigated how the control of the rotor current can be used to
minimise DFIG copper losses. Copper loss minimisation control is used to generate the
optimal i command to manage the reactive power flow and reduce losses, but its

efficacy is dependent on the accuracy of the knowledge of machine parameters.

An enhanced MBLC method has been proposed in this chapter to address this problem
using an online Kalman filter parameter estimator. The filter operation and performance
have been validated by a large number of simulations under various profiles of wind
speed and error in the estimation of the DFIG parameters. The results have proven that
the enhanced MBLC provides strong robustness against parameter uncertainty and,
hence, correct determination of the rotor current reference for copper losses

minimisation.
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Chapter 6 Performance Analysis of the Proposed

Controller

6.1 Introduction

This chapter analyses the performance of the WECS for a VSFP wind turbine controlled
simultaneously by the SIRM-based fuzzy control and the enhanced MBLC. The
performance of the SIRM-based fuzzy control with errors in the estimation of the wind
turbine parameters is analysed in section 6.2. Next, the performance of the enhanced
MBLC with errors in the estimation of the DFIG parameters is analysed in section 6.3.
Finally, section 6.4 focusses on the prediction of the annual extra electrical energy that
can be generated in practice with the proposed controller taking into account the

Weibull wind speed distribution.

6.2 Performance Analysis of SIRM-Based Fuzzy Controller

In this section, the SIRM-based fuzzy controller has been compared with the traditional
power control technique described in section 2.5.1.3. Figure 6.1 shows that the
generator speed reference is provided by the fuzzy SIRM-based controller, while the iq
reference is generated by the traditional MBLC. The dynamic performances of the
WECS are tested using a wind speed profile with a step-change and a randomly variable

wind speed profile. It has been assumed that the parameters p and A; are uncertain and
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varying between -20% and +20% of their nominal value. Table 6.1 outlines the seven

conditions for the air density p and A; used for the testing.

Wind turbine

Transformer
Grid
<$} ous

Pg - Qg
Vbus -~

Vector control| |Vector control

ir*| om* Vbus*T TQg*
be ab 5
rs,Ir,Los,Lm Om_ref 1 Om_ref » Pm» O
:> Lin'sWsd Fuzzy controller <:

L?n’s + Lg'r based SIRM

MBLC

PSF MPPT & PI
e active stall
controller

Figure 6.1: Structure of a DFIG WECS controlled by two power control and MBLC

Table 6.1: Study case of error in estimation of p and A; for performance analysis of both

power control systems

Case study Estimation error of p | Estimation error of A;
of its nominal value of its nominal value
1 0% 0%
2 0% ~20%
3 0% +20%
4 -20% 0%
5 +20% 0%
6 -20% 0%
! +20% 120%
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The simulation study has covered all the seven cases indicated above in Table 6.1.
However, for brevity, only the figures referring to cases 1 and 2 have been reported in

this chapter, while the other cases are shown in Appendix B.

6.2.1 Constant Wind Speed with Step-Changes

In these tests, it has been assumed that the wind speed is constant, but it changes as a
step at certain instants, namely from 5 to 8 m/s at t = 60 sec. and then from 8 to 12 m/s
at t = 120 sec. In particular, the second step involves a transition from MPPT to power
limitation control using the active stall control. The quantities shown in the figures are
the wind speed, Vy, the generator speed, mn, the magnitude of stator current, is, the
magnitude of rotor current, i, the electromagnetic torque, Tem, the mechanical power

extracted from the turbine, Py, the power coefficient, C, and the electrical energy.

Figure 6.2 shows the dynamic response of the system with the two controllers when the
estimation on the air density and A; have no errors. The traditional control and the
SIRM-based fuzzy controller can generate optimal speed reference from 121.8 rad/s (or
121.8/157 = 0.775 p.u.) to 194.9 rad/s (or 194.9/157 = 1.241 p.u.) that corresponds to
the maximum power coefficient, Cymax Of the wind turbine of 0.48 when wind speed
steps from 5 to 8 m/s. When wind speed changes up from 8 to 12 m/s at t = 120 sec,
which is above the rated wind speed of 10 m/s, the two control systems can generate the
speed reference from 194.9 rad/s to 184.9 rad/s (or 1.177 p.u.) that corresponds to the
rated power point of the wind turbine of 5 kW (or 1 p.u.). The two electrical energies

generated by the DFIG give the same value around 127.6 Wh. It can be seen that the
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SIRM-based fuzzy controller gives the same performance as the traditional control in

both steady state and dynamic response.

Figure 6.3 shows the example dynamic response for an error in the estimation of A; of
-20%. The traditional power control based on PSF MPPT cannot generate the correct
speed reference corresponding to the maximum power coefficient, Cpmax 0f 0.48. On the
contrary, the SIRM-based fuzzy controller can still generate the optimal speed
reference, hence, produces more electrical energy than the traditional power control.
When wind speed is above the rated wind speed, the two control systems work well and

in similar way.
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Figure 6.2: WECS dynamic response controlled by the traditional power control and
the SIRM-based fuzzy controller for step-up-changing wind speed with no error on the

estimation of air density and A; (case 1)

214



Chapter 6: Performance Analysis of the Proposed Controller

160

180

T

T

= === Traditional control P

0 r r
0 20 40 60 80 100 120 140 160 180
2 T T T T T T
== Fuzzy SIRM control ====== Traditional control
=
ht 1 T
0
0 20 40 60 80 100 120 140 160 180
2 T T T T 14 14
=== Fuzzy SIRM control ===== Traditional control
S
g 1 =
—_ . 1
0
0 20 40 60 80 100 120 140 160 180
Time s
1 T T T T T T
{ === Fuzzy SIRM control ======= Traditional control
= I
i 0% o P
£ T
@ [ L
1 7
0 20 40 60 80 100 120 140 160 180
1 T 14 14 T 14 T
=== Fuzzy SIRM control ======= Traditional control
=]
=%
D_E
-1 7
0 20 40 60 80 100 120 140 160 180
r T T T T T 4
15 ‘ === Fuzzy SIRM control ======= Traditional control ﬁ
3- 1 pr=m=mmmee __.'r___ L "
e LY
© o5
0
0 20 40 60 80 100 120 140 160 180
<
; r E F F F F E
& 50 ‘ Fuzzy SIRM control = === Traditional control %
g o
5 -
§ -50
‘£ -100
3
[} 0 20 40 60 80 100 120 140 160 180
Time s

Figure 6.3: WECS dynamic response controlled by the traditional power control and
the SIRM-based fuzzy controller for step-up-changing wind speed with estimating of A;
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Table 6.2: Energy generated by the DFIG in WECS of proposed power control in

comparison with a traditional power control with the estimation of p and A; in 3 minutes

under the step-changing wind speed from 5 to 8 m/s and the 8 to 12 m/s

DFIG energy | DFIG energy
Kopt i Extra energy
_ traditional proposed
Case study | calculation from proposed
power power
PSF MPPT power control
control (Wh) | control (Wh)
1 0.1186 -127.6 -127.7 +0.08%
2 0.0754 -126.4 -127.7 +1.03%
3 0.1750 -123.6 -127.7 +3.32%
4 0.0945 -127.3 -127.7 +0.95%
5 0.1418 -126.6 -127.7 +0.31%
6 0.0603 -126.1 -127.7 +1.27%
7 0.2100 -118.6 -127.7 +7.67%

The different cases of Table 6.1 have been analysed in similar way and the figures are
not shown in this thesis. However, Table 6.2 reports the difference in the amount of

electrical energy generated in comparison with the traditional control.
6.2.2 Randomly Variable Wind Speed

The performances of the two control systems have been then compared using a realistic
wind speed profile described in Chapter 4 for the uncertain aerodynamic conditions of

Table 6.1. Tests have been repeated for low wind speed for which v,,value is between 4
and 6 m/s, medium wind speed for which v, value is between 7 and 10 m/s, and high

wind speed for which v, value is between 11 and 14 m/s, respectively.
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Figure 6.4 and 6.5 show the dynamic response for the two controllers with low wind
speed, initially with no error on the estimation of the air density and A; and then with an

error of -20% on A; with randomly variable wind speed profile of v,, =6 m/s.

For Figure 6.4, as the wind speed changes in practice between 4 and 8 m/s, the
operations of the wind turbine are always below the rated wind speed. The traditional
control and the SIRM-based fuzzy controller attempt to generate optimal speed
reference that corresponds to the maximum power operating point of the wind turbine
according to wind speed between 320W. (or 320/5000 = 0.064 p.u.) to 2561W. (or
2561/5000 = -0.512 p.u.). The power coefficient, C, of the wind turbine reaches near the
maximum value of 0.48 for all wind speed profiles. It can be observed that the
traditional control can extract more mechanical power than the SIRM-based fuzzy
controller and it generates 0.69% more electrical energy the period of 3 minutes. This is
because the continuous variation of the wind speed influences the estimation of the
optimal speed reference, which oscillates slightly more than the traditional controller,

which is instead not affected by it.
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Figure 6.4: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for low real wind speed profile (v, = 6 m/s) with no

error on the estimation of air density and A; (case 1)
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Figure 6.5: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for low real wind speed profile (v,,= 6 m/s) with

estimating of A; in error of -20% (case 2)
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Figure 6.5 shows the dynamic response when there is an error of -20% on A;. The error
in the estimation of ; affects the MPPT efficiency of the PSF method because Kop: is

different from the maximum power of wind turbine condition of 0.1186.

The SIRM-based fuzzy controller can instead correctly identify the maximum power
point and, as a result, it generates 6.13% more electrical energy than the traditional

power control over a period of 3 minutes.

Table 6.3: Energy generated by the DFIG in WECS of proposed power control in
comparison with a traditional power control with the estimation of p and A; in 3 minutes

under the low real wind speed profile (v,,= 6 m/s)

DFIG energy | DFIG energy
Kopt - Extra energy
) traditional proposed
Case study | calculation from proposed
power power
PSF MPPT power control
control (Wh) | control (Wh)
1 0.1186 -56.57 -56.18 +0.69%
2 0.0754 -53.02 -56.27 +6.13%
3 0.1750 -52.12 -56.12 +6.65%
4 0.0945 -55.59 -56.18 +1.06%
5 0.1418 -55.82 -56.15 +0.59%
6 0.0603 -49.45 -56.26 +13.77%
7 0.2100 -47.05 -56.22 +19.49%

The simulations have been repeated for all the other conditions, and the summary of the
results is reported in Table 6.3. The efficiency of the traditional MPPT is reduced when

the kopt iIs moved from the maximum operating point by error in the estimation of p and
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Ai. It can be seen that the error in the estimation of A; makes a much more influence in
MPPT efficiency than the error in p. The traditional MPPT with an error of +20% on A;
(case 3) and an error of +20% in p (case 5) generate 7.87% and 1.33% less energy than
no error in case 1. The SIRM-based fuzzy controller has provided an adaptive control
which can find the maximum power point under the error of A; and p. Therefore, the
proposed control can extract more energy than the traditional control. For example, in
case of an error of +20% in the estimation of A; and p, the SIRM-based fuzzy controller
generates 19.49% more electrical energy than the traditional power control over a

period of 3 minutes.

Figure 6.6 shows the case of an average wind speed v,, =8 m/s. The wind speed profile
varies between 6 to 10 m/s, which means that the operations are below the rated wind
speed. Similarly to the previous case, the traditional control extracts more mechanical
power than the SIRM-based fuzzy controller if there are no errors in the estimation of

the parameters and it generates 0.88% more electrical energy.

Figure 6.7 shows the dynamic response with an error of -20% in the estimation of A;. It
is evident that the PSF method is not capable of tracking the optimal speed reference
correctly and, hence, the power coefficient is less than the maximum. The SIRM-based
fuzzy controller tracks the optimal reference speed correctly and, hence, produces more
extracted mechanical power and hence 3.75% more generated electrical energy than the

traditional power control.
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Figure 6.6: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for medium real wind speed profile (v,,= 8 m/s) with

no error on the estimation of air density and A; (case 1)
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Figure 6.7: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for medium real wind speed profile (v, = 8 m/s) with

estimating of A; in error of -20% (case 2)
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Table 6.4: Energy generated by the DFIG in WECS of proposed power control in
comparison with a traditional power control with the estimation of p and A; in 3 minutes

under the medium real wind speed profile (v,,= 8 m/s)

DFIG energy | DFIG energy
Kopt o Extra energy
_ traditional proposed
Case study | calculation from proposed
power power
PSF MPPT power control
control (Wh) | control (Wh)
1 0.1186 -136.3 -135.1 -0.88%
2 0.0754 -130.8 -135.7 +3.75%
3 0.1750 -126.7 -135.7 +7.10%
4 0.0945 -134.7 -135.4 +0.52%
5 0.1418 -134.2 -135.3 +0.82%
6 0.0603 -127.0 -135.4 +6.61%
7 0.2100 -113.6 -135.8 +19.54%

Table 6.4 shows the performance of the SIRM-based fuzzy controller and the traditional
power control in the DFIG wind-energy generation for tracking maximum operating
point with the error in the estimation of p and A; for the cases 1-7 in Table 6.1. The
performance of the proposed control algorithm applied medium real wind speed profile

(v,,= 8 m/s) gives a similar trend compared with low real wind speed profile (v,= 6

m/s).
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Figure 6.8: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for high real wind speed profile (v, = 11 m/s) with no

error on the estimation of air density and A; (case 1)
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Figure 6.9: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for high real wind speed profile (v,,= 11 m/s) with

estimating of A; in error of -20% (case 2)
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Figure 6.8 shows the dynamic response for high wind speed (Vv,= 11 m/s) which
features frequent transitions of the rated wind speed and, hence, it involves two different
operating modes of the wind turbine. Similar to the previous cases, the traditional
control operates better if there are no estimation errors. However, it can be seen that the
SIRM-based fuzzy control gives more mechanical power than the traditional power
control below the rated wind speed when A; has an error of -20%, while both power

controls have a similar response above the rated wind speed as shown in Figure 6.9.

The various curves have been analysed, and the results have been summarised in

Table 6.5.

Table 6.5: Energy generated by the DFIG in WECS of proposed power control in
comparison with a traditional power control with the estimation of p and A; in 3 minutes

under the high real wind speed profile (v,,= 11 m/s)

DFIG energy | DFIG energy
Kopt o Extra energy
_ traditional proposed
Case study | calculation from proposed
power power
PSF MPPT power control
control (Wh) | control (Wh)
1 0.1186 -229.1 -230.1 +0.44%
2 0.0754 -229.4 -230.4 +0.44%
3 0.1750 -223.4 -230.3 +3.09%
4 0.0945 -229.5 -230.4 +0.39%
5 0.1418 -227.4 -230.0 +1.14%
6 0.0603 -229.4 -230.4 +0.44%
7 0.2100 -214.9 -230.3 +7.17%
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6.3 Performance Analysis of the Enhanced MBLC

This section compares the performance of the enhanced MBLC and the traditional
MBLC. From Figure 6.10, the optimal i,4 reference was provided by the enhanced
MBLC and the traditional MBLC while the generator speed reference was generated by
the fuzzy controller based on SIRM. To test the dynamic performance of the WECS
controller by the two loss minimisation algorithms, the wind speed profile has been
changed in steps and with a random distribution using various errors in the estimation of

the DFIG parameters.

Table 6.6: Study case of error in estimation of rg, ry, L, and Ly,

Variation of rs | Variation of r, | Variation of | Variation of
Case study | from nominal | from nominal L s from Lm from
value value nominal value | nominal value
1 0% 0% 0% 0%
2 +50% 0% 0% 0%
3 -50% 0% 0% 0%
4 0% +50% 0% 0%
5 0% -50% 0% 0%
6 0% 0% +50% 0%
7 0% 0% -50% 0%
8 0% 0% 0% +50%
9 0% 0% 0% -50%
10 0% -50% 0% -50%
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6.3.1 Wind Speed Changing with Fixed Steps
To test the dynamic of the WECS controlled by the two loss minimisation control, step-

changing wind speed is applied under uncertain DFIG parameters in Table 6.6.

Wind turbine
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( ) :I Bus
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LZ 2 o
mfs +Lsry

MBLC
Figure 6.10: Structure of a DFIG WECS controlled by two loss minimisation and fuzzy

control based SIRM

Figure 6.11 shows the dynamic response without error on the estimation of the
parameters rs, Iy, Los and Ly, Figure 6.12 shows instead the response in case the stator
resistance r is affected by an error of +50%. The other figures are not shown and

reported in Appendix B.
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Figure 6.11: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with no error on the estimation of rs,

rr, Los and Ly, (case 1)
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Figure 6.12: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with error in estimation

rs of +50%, r, of 0%, L of 0% and L, of 0% (case 2)
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Table 6.7: Energy generated by the DFIG in WECS of enhanced MBLC in comparison
with MBLC under the estimation of rs, r, L, and Ly in 3 minutes under the step-

changing wind speed from 5 to 8 m/s and the 8 to 12 m/s

Ird_ref DFIG energy | Extraenergy
- DFIG energy
Case study | calculation enhanced from enhanced
MBLC (Wh)
MBLC (A) MBLC (Wh) MBLC
1 2.842 -127.5 -127.5 +0.00%
2 3.469 -127.5 -127.5 +0.00%
3 1.842 -127.3 -127.5 +0.16%
4 2.235 -127.5 -127.5 +0.00%
5 3.900 -127.2 -127.5 +0.24%
6 2.746 -127.5 -127.5 +0.00%
7 2.941 -127.5 -127.5 +0.00%
8 1.938 -127.3 -127.5 +0.16%
9 5.307 -125.5 -127.5 +1.60%
10 7.438 -123.3 -127.5 +3.41%

The various curves have been analysed, and the results have been summarised in
Table 6.7. The efficiency of the traditional MBLC is deteriorated because the control
law, irg reference, from (2.54) cannot keep an accurate determination of the minimum
loss condition, causing the error in estimation of r, rr, Lo and Ly. The analysis from
Table 6.7 shows that the parameter of the DFIG mostly affecting the efficiency in the
MBLC method is Ln,. The traditional MBLC with an error of -50% on Ly produces
1.60% less electrical energy than the case of no error in 3 minutes. The enhanced

MBLC can adapt itself the control law for the minimum loss condition by the online
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parameter estimation. Therefore, the enhanced MBLC can extract more electrical

energy than the traditional MBLC when the parameters of the DFIG change.

6.3.2 Randomly Variable Wind Speed

The tests have been repeated with randomly variable wind speed and, specifically, for

the low, medium and high average wind defined in the previous sections.

As an example, Figure 6.13 shows the dynamic response for low wind and no error,
while Figure 6.14 shows the response for the same wind for error of +50 % on the stator

resistance.
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Figure 6.13: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for low real wind speed profile (v, = 6 m/s) with no error on the

estimation of r, ry, L and Ly, (case 1)
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Figure 6.14: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for low real wind speed profile (v, = 6 m/s) with error in estimation

rs of +50%, r, of 0%, L of 0% and L, of 0% (case 2)

235



Chapter 6: Performance Analysis of the Proposed Controller

The results of the simulations are summarised in Table. 6.8. As can be seen from the
table, the performance of the enhanced MBLC method applied low real wind speed

profile (v,,= 6 m/s) gives a similar trend compared with step-changing wind speed from

5to 8 m/s and the 8 to 12 m/s.

Table 6.8: Energy generated by the DFIG in WECS of an enhanced MBLC in
comparison with a MBLC with the estimation of rs, ry, Lss and Ly, in 3 minutes under the

low real wind speed profile (v,,= 6 m/s)

Ird_ref DFIG energy | Extraenergy
- DFIG energy
Case study | calculation enhanced from enhanced
MBLC (Wh)
MBLC (A) MBLC (Wh) MBLC
1 2.845 -56.12 -56.03 -0.16%
2 3.469 -55.98 -56.01 +0.05%
3 1.842 -55.78 -56.12 +0.61%
4 2.235 -56.00 -56.09 +0.16%
5 3.900 -55.71 -56.01 +0.54%
6 2.746 -56.13 -56.11 -0.04%
7 2.941 -56.11 -56.09 -0.04%
8 1.938 -55.82 -56.14 +0.57%
9 5.307 -53.98 -56.10 +3.93%
10 7.438 -50.40 -56.15 +11.41%
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Table 6.7 and Table 6.8 show that the error in the estimation of L, produces the most
influence in loss minimisation control efficiency in comparison on rs, r,and L. In case
of an error of -50% in the estimation r;, and L, the enhanced MBLC generates 3.14%
and 11.41% more electrical energy from the DFIG than the traditional MBLC in 3
minutes length under step wind speed and real wind speed, respectively. The key of the
enhanced MBLC method is that the parameters of DFIG can estimate online through the
Kalman filter method. Therefore, the enhanced MBLC method can find the minimum
copper loss operating point of the DFIG under uncertainties of DFIG parameters. The

proposed algorithm gives higher performance than the traditional MBLC method.

6.4 Long-Term Estimation of Annual Energy Production

In this section, the annual electrical energy generation of the DFIG wind energy
conversion system for a VSFP wind turbine by using the optimal control is analysed. To
investigate the extra annual energy yield obtained from using the proposed control, it is
necessary to know the probability density distribution of the wind speed for a specific
site. The structure of the WECS controlled by the optimal control algorithm using the
SIRM-based fuzzy controller and the enhanced MBLC and the traditional control
algorithm using the traditional power control and the standard MBLC is shown in

Figure 6.15.
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The annual energy produced by the WECS station is a function of wind speed which is
presented by a Weibull distribution function [116]. The Weibull distribution is used to
calculate number of hours at any wind speed per year. The Weibull function can be

expressed as follows:
f () = (et exp{—(—vw )k} (7.1)
c C C

where k is shape factor and c is scale factor. f(v,) denotes a probability density

distribution function of wind speed, .

In this thesis, the wind speed data was taken from the weather stations of Plymouth, UK
for the year 2005 which the mean wind speed for the whole year = 7.5 m/s and the
standard deviation = 3.9 m/s[117]. The information above is used for calculating the
shape factor and scale factor to fit the Weibull distribution with Matlab software in
(7.1). Therefore, the wind speed distribution of Plymouth can be represented as in
Figure 6.16. The histogram shows the frequency of the different hourly wind speed
from 1 to 30 m/s for a year-long simulation using the above-defined Weibull
distribution. From this Figure, it has been calculated in Table 6.9 the number of hours

for each wind speed for one year.
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Table 6.9: Number of hours of wind speed per year

Wind speed Frequency Wind speed Frequency
(m/s) (hours) (m/s) (hours)
0.1-1.0 371 15.1-16.0 97
1.1-2.0 562 16.1-17.0 77
2.1-3.0 728 17.1-18.0 33
3.1-4.0 833 18.1-19.0 32
4.1-5.0 909 19.1-20.0 15
5.1-6.0 906 20.1-21.0 8
6.1-7.0 864 21.1-22.0 6
7.1-8.0 786 22.1-23.0 2
8.1-9.0 638 23.1-24.0 1
9.1-10.0 571 24.1-25.0 1
10.1-11.0 445 25.1-26.0 0
11.1-12.0 306 26.1-27.0 0
12.1-13.0 258 27.0-28.0 0
13.1-14.0 174 28.1-29.0 0
14.1-15.0 137 29.1-30.0 0

A number of tests with the above indicated average wind speeds have been conducted to
estimate the yearly production of electrical energy with the proposed algorithm
compared to the traditional power control. It has been assumed that the parameter A; and
p is 20% larger than the nominal value and that Ly, is 50% lower than the nominal value.
The result of each simulation, whose diagrams are similar to those shown in the

previous chapters, is then multiplied by the number of hours shown in Table 6.9.
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Table 6.10: Electrical energy increase of the optimal control algorithm with the Weibull
distribution account in comparison with the traditional control algorithm for estimating

of A and p in error of +20% and L, in error of -50%

Wind speed | % increase in 3 Electrical energy Annual electrical

(m/s) minutes increase per hour (Wh) | energy increase (kWh)
5 28.60% 166.6 151.44
6 25.03% 224.8 203.67
7 23.05% 334.8 289.27
8 21.33% 476.0 374.14
9 19.83% 522.0 333.03
10 13.90% 490.0 279.79
11 7.82% 334.0 148.63
12 2.09% 96.0 29.37
13 1.08% 50.0 12.9

The results of this analysis have been reported in Table 6.10 for some values of the
average wind speed. The table shows that the optimal control can give more electrical
energy than the traditional control. Considering the difference for each wind speed and
their relative weight in terms of hours of occurrence, it can be concluded that the
optimal control algorithm can produce around 1822.24 kWh more energy than the

traditional control algorithm per year or increase by 14.53%.

Another set of simulations have been carried out for an error of +20% on p and +50%
on rs. The results, summarised in Table 6.11, shows that in this case, the optimal control
algorithm can produce around 118.62 kWh more energy than the traditional control

algorithm per year or increase by 0.83%. It is therefore evident that an error on these

241



Chapter 6: Performance Analysis of the Proposed Controller

parameters is much less sensitive than the error on A; and L, although the increase of

electrical energy is still considerable.

Table 6.11: Electrical energy increase of the optimal control algorithm with the Weibull
distribution account in comparison with the traditional control algorithm for estimating

of p in error of +20% and rs in error of +50%

Wind speed | % increase in 3 Electrical energy Annual electrical
(m/s) minutes increase per hour (Wh) | energy increase (kWh)
5 0.83% 6.2 5.63
6 0.74% 8.2 7.43
7 0.86% 13.2 13.13
8 0.97% 26.0 20.44
9 0.57% 18.0 11.48
10 0.85% 34.0 19.42
11 1.23% 56.0 24.92
12 0.77% 36.0 11.01
13 0.43% 20.0 5.16

6.5 Summary

This chapter has compared the performance of the SIRM-base fuzzy logic control with
enhanced MBLC with the traditional MPPT control in the presence of uncertainties of

aerodynamic and electrical parameters.

A number of case studies have been analysed to investigate the difference of the
electrical energy generated by the two algorithms and evaluate which parameter affects

most the generation of electrical power. The simulations, undertaken for various wind
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speed profiles and various errors in the knowledge of parameters, has shown that the

two most important parameters are the coefficient A; and the parameter Lp,.

Then, the analysis has been extended to predict the annual energy yield taking into
account that the wind average speed changes according to a Weibull distribution and,
hence, the frequency of each average speed is different in a year. It has been shown that,
depending on the level of uncertainty and the type of parameter affected by the error,
the difference in the electrical energy generated can be from 118.62 to 1822.24 kWh per

year.
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Chapter 7 Conclusion and Future Works

7.1 Conclusion

In this thesis, a new optimal control algorithm for a DFIG-based wind generation
system with a VSFP wind turbine has been presented. The advantage of VSFP wind
turbine is that it can produce the optimal mechanical power for the full range of the
wind speed by using only the generator speed control. Without a mechanism of the pitch
angle control system, the WECS coupled with a VSFP wind turbine gives much more
reliability than the variable-pitch wind turbines. Hence, this wind turbine has a low
maintenance cost because it does not require the pitch angle control for limiting the

extracted mechanical power.

The proposed control algorithm provides the maximum efficiency of the DFIG-based
wind generation system with fixed-pitch wind turbines using the adaptation feature for
tracking maximum power extracted of the wind turbine and minimum copper losses of
the DFIG which compensates with the uncertainties of the wind turbine and DFIG
parameters. Therefore, the proposed control algorithm can give more electrical energy
in comparison with the traditional methods of MPPT control and MBLC, which have
difficulty in identifying accurate operating points under parameter changes. The new
control algorithm does not require a wind speed sensor and also gives more electrical

energy without modifying the hardware.
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This research work explored the control of a well-consolidated DFIG WECS topology
having the stator terminals of the DFIG directly connected to the constant frequency and
amplitude voltage power grid and the rotor terminals connected to the power grid
through a back-to-back converter consisting of a RSC and a GSC. With this
configuration, there are two degrees of freedom to optimise the performance of the
system that have been selected as the direct and quadrature component of the rotor

current in the rotating reference frame.

The equations of the model have shown that is it possible to find optimal references for
these two components, which can be successfully tracked using appropriate current
regulators for the control of the RSC. It has also been found that the optimal condition
depends on the level of the wind speed and separate algorithms are needed when the
speed is below and above the rated wind speed. This is because in the first case it is
desired to maximise the mechanical power available from the wind, whereas in the
second case it is desired to limit the mechanical power to the maximum level
sustainable by the WECS. However, these optimal references are dependent on a

number of aerodynamic, mechanical and electrical parameters of the WECS.

The investigation on suitable control technique for WECS under parameter uncertainty
has led to the development of a new fuzzy controller based on a SIRMs connected fuzzy
inference model. The proposed fuzzy controller has seven SIRMs according to input
variable generating from the hybrid MPPT control and the active stall regulation. The
dynamic importance degrees in the hybrid MPPT control are designed that the P&O

MPPT is active after the speed reference has the same direction from as the PSF MPPT.
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Moreover, others dynamic importance degrees are designed that the hybrid MPPT
controls have higher priority than the active stall regulation when the observed
mechanical power is less than its rated power. The main advantages of the fuzzy control
based SIRM is that the number of fuzzy rules is reduced in comparison with the
conventional fuzzy inference method and fuzzy rules can be designed easily. From the
simulation results in section 6.2, at below-rated wind speed, the fuzzy control based
SIRM gives better performance regarding the robustness and produces more electrical
energy from the DFIG than the PSF MPPT control when the wind turbine parameters
have errors. The proposed control based on the hybrid MPPT can give the correct
direction of the optimal speed reference to the maximum power point during rapid wind
variation, as it combines the quick response of PSF with the adaptive feature of fuzzy
controller. At above-rated wind speed, the fuzzy control based SIRM can decrease the
speed reference to the stall region to limit power at its rated value. The proposed control
gives smooth speed reference trajectory in the transition between the MPPT and the
active stall control because both controllers are constructed of SIRM-based fuzzy
controller and weighted by the fuzzy set of dynamic importance degree according to

control situations.

The problem of improving the efficiency of DFIGs has been tackled by introducing an
enhanced MBLC to generate the optimal i.4 reference corresponding to the minimum
copper loss. The proposed control overcomes the limitation of traditional MBLC that
cannot change the control law corresponding to the condition of minimum DFIG losses
when the estimation of DFIG parameters from the experimental test is not infinitely
accurate. The key novelty of the enhanced MBLC is that the parameters of DFIG are
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obtained from an online estimation through the Kalman filter method. The work on the
design of the online parameter estimation has proven that the proposed Kalman filter
returns a fast-tracking response which is suitable for variable wind speed condition. To
achieve this, a good adjustment was required between the precision of the Kalman filter
and the response time, as continuously variable wind speeds affect the algorithm and
produce a continuing small oscillation of the parameter estimation. Therefore, the i
reference generated from the enhanced MBLC leads to the accurate determination of the
condition of minimum copper losses of the DFIG. From the simulation results in section
6.3, the enhanced MBLC gives the higher performance regarding adaptation of the
control law and produces more electrical energy from the DFIG than the MBLC when

the DFIG parameters are errors.

The optimal control algorithm provides the advantages of robustness of the control that

deal with uncertainties on the parameters of the wind turbine and the DFIG.

The simulation study on the optimal control algorithm, combining both the fuzzy
control based SIRM and the enhanced MBLC, has then demonstrated an improvement

of the efficiency of the WECS for all the simulated conditions.

Furthermore, it has been estimated that for a typical year, the energy yield of the WECS
with the proposed control can be higher than a traditional control, supporting the

theoretical hypotheses of this work.

247



Chapter 7: Conclusion and Future Works

7.2 Future Works

The research work of this thesis can be continued in the following areas.

7.2.1 Experimental Verification in the Laboratory

The simulation study has predicted a substantial increase of the electrical energy
generated by the DFIG with the proposed control. A demonstration on a scale model of
a WECS would further support this result and give a more detailed insight into the real
influence of power losses on the different components. The experimental simulator
should include the DFIG, back-to-back PWM converter, DC link, speed sensor, DSP
microcontrollers and wind turbine simulator set and gives further recommendations on
the control performance which maybe gives some difference between experimental
results and simulation results, causing operating properties of sensor, power electronic

devices, DSP microcontroller and so on.

7.2.2 Study on Minimum Total Loss Control in DFIG Circuit

The thesis has focused only on the copper loss minimisation control for the DFIG in the
WECS. From [29], It revealed that the copper loss is greater than the power converter
loss. The analysis can be extended to include in loss of the back-to-back converter and
the filter to develop new algorithm to the total loss minimisation control of the DFIG
WECS. The new control will generate the optimal i reference based on of the loss

model of DFIG, filter and power converters.
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7.2.3 Optimal Use of the Torque Available from the DFIG

In this thesis, it has been assumed that the torque of the DFIG generator is never
positive, i.e., the machine is never motoring. However, this could be helpful to
accelerate the rotor to reach the speed of the maximum power point quickly. A more
detailed study would be devoted to understanding for which condition this is more
convenient compared to the case of leaving the wind only to accelerate the rotor or any
intermediate situation. Further work on the analysis of the control strategy for variable
wind speeds, where the torque of the generator could be optimised to improve the

dynamical response of the speed control will be investigated.
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Appendix A: DFIG and Wind Turbine Characteristics

Table A. 1: DFIG characteristics

Characteristics Value Unit
Synchronous speed 1500 rpm
Rated power 5 kwW
Rated line-to-line stator voltage 380 Vims
Rate stator current 8.36 Arms
Rated torque 31.8 Nm
Stator connection Star -
Number of pole pairs of DFIG (p) 2 -
Rated line-to-line rotor voltage 705 Vims
Stator-rotor turns ratio (u) 0.54 -
Stator resistance (rs) 720 mQ
Stator leakage inductance (Ls) 5.8 mH
Mutual inductance (L) 85.8 mH
Rotor resistance referred to the stator (r;) 750 mQ
Rotor leakage inductance referred to the stator (L) 6 mH
Inertia of DFIG (Jg) 0.024 kg.m*
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Table A. 2: Wind turbine characteristics

Characteristics Value Unit
Power 5 kw
Blade radius (R) 2.327 m
Gearbox ratio (G) 7 -
Rated wind speed (Vrated) 10 m/s
Cut-in wind speed (Veut-in) 4 m/s
Cut-out wind speed (Vcut-out) 14 m/s
Maximum power coefficient (Cpmax) 0.48 -
Optimal tip speed ratio (Aopt) 8.1

Inertia of wind turbine(Jr) 13.5 kg.m?
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Appendix B: Additional Results

The WECS dynamic responses controlled by the traditional power control and the
SIRM-based fuzzy controller for the step-up-changing wind speed in different cases of

Table 6.1 are shown in Figure B.1 to B.5.

The WECS dynamic response controlled by the traditional power control and the

SIRM-based fuzzy controller for the low real wind speed profile (v, = 6 m/s) in

different cases of Table 6.1 are shown in Figure B.6 to B.10.

The WECS dynamic response controlled by the traditional power control and the

SIRM-based fuzzy controller for the medium real wind speed profile (v,= 8 m/s) in

different cases of Table 6.1 are shown in Figure B.11 to B.15.

The WECS dynamic response controlled by the traditional power control and the

SIRM-based fuzzy controller for the high real wind speed profile (v, = 11 m/s) in

different cases of Table 6.1 are shown in Figure B.16 to B.20.

The WECS dynamic response controlled by the traditional MBLC and the enhanced
MBLC for the step-up-changing wind speed in different cases of Table 6.6 are shown in

Figure B.21 to B.28.

The WECS dynamic response controlled by the traditional MBLC and the enhanced

MBLC for the low real wind speed profile (v, = 6 m/s) in different cases of Table 6.6

are shown in Figure B.29 to B.36.
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Figure B.1: WECS dynamic response controlled by the traditional power control and
the SIRM-based fuzzy controller for step-up-changing wind speed with estimating of A;

in error of +20% (case 3)
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Figure B.2: WECS dynamic response controlled by the traditional power control and
the SIRM-based fuzzy controller for step-up-changing wind speed with estimating of air

density in error of -20% (case 4)
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Figure B.3: WECS dynamic response controlled by the traditional power control and
the SIRM-based fuzzy controller for step-up-changing wind speed with estimating of air

density in error of +20% (case 5)
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Figure B.4: WECS dynamic response con

trolled by the traditional power control and

the SIRM-based fuzzy controller for step-up-changing wind speed with estimating of A;

and air density in error of -20% and -20%, respectively (case 6)

273



Appendix B: Additional Results

15
£ 10
S
2
> 5
0
0 20 40 60 80 100 120 140 160 180
T T T T T T
2 ‘[ Fuzzy SIRM control ==== Traditional control P
= T
2 T
£
e ! ---—---—-—-Q‘i
0 r
0 20 40 60 80 100 120 140 160 180
2 T T T T 14 14
{ == Fuzzy SIRM control ==="= Traditional control
S
a 1 )
-
0
0 20 40 60 80 100 120 140 160 180
2 T T T T T T
{ == Fuzzy SIRM control ====== Traditional control
S
a 1 b
0
0 20 40 60 80 100 120 140 160 180
Time s
1 T T T T T T
{ === Fuzzy SIRM control ==== Traditional control
=)
0
D.E E ‘
o ]
-1 4
0 20 40 60 80 100 120 140 160 180
1 T T T T T T
=== Fuzzy SIRM control ===== Traditional control
S 0
=% P I p——
£
o -1
0 20 40 60 80 100 120 140 160 180
r T T T T T T
) 15 ‘ === Fuzzy SIRM control ===== Traditional control ﬁ
5 T
a [ Ay sy mpp—— | w—p—————— np——
UCL
0 r
0 20 40 60 80 100 120 140 160 180
<
; r T T T T T T
& 50 | = Fuzzy SIRM control ===+ Traditional control %
[}
0
I.IC.I —--.-..-
s 50 C
£ -100 Sy
3]
(5]
w 0 20 40 60 80 100 120 140 160 180
Time s

Figure B.5: WECS dynamic response controlled by the traditional power control and
the SIRM-based fuzzy controller for step-up-changing wind speed with estimating of A;

and air density in error of +20% and +20%, respectively (case 7)
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Figure B.6: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for low real wind speed profile (v, = 6 m/s) with

estimating of A; in error of +20% (case 3)
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Figure B.7: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for low real wind speed profile (v, = 6 m/s) with

estimating of air density in error of -20% (case 4)
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Figure B.8: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for low real wind speed profile (v, = 6 m/s) with

estimating of air density in error of +20% (case 5)
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Figure B.9: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for low real wind speed profile (v, = 6 m/s) with

estimating of A;and air density in error of -20%
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Figure B.10: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for low real wind speed profile (v,,= 6 m/s) with

estimating of A;and air density in error of +20% and +20%, respectively (case 7)
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Figure B.11: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for medium real wind speed profile (v, = 8 m/s) with

estimating of A; in error of +20% (case 3)

280



Appendix B: Additional Results

3
LA
» |
£ Powr?! A
>§ \A‘f
)
4
0 20 40 60 80 100 120 140 160 180
T T T T T T
2 ‘[ = Fuzzy SIRM control ======= Traditional control L
=} T | I
4 Va Mw
ISR AVt SRR A L A, N Y SA R A
s f
0
0 20 40 60 80 100 120 140 160 180
2 r r r r r r
= Fuzzy SIRM control ======= Traditional control {
-
0 20 40 60 80 100 120 140 160 180
2 T T T T T T
== Fuzzy SIRM control ======= Traditional control {
5 T T T T T T
[=%

0 20

120 140 160 180

100 120 140 161 180
l T T T T T T
) { === Fuzzy SIRM control ===== Traditional control
2 0 3
a |
e A\ AN an A
Stk WLV oo o ~—y
v ¥ | v
".
0 20 40 60 80 100 120 140 160 180
F F F F E F
15 [— —_—— it
) ‘ Fuzzy SIRM control Traditional control
=
g 1 L 4 A3 e i
O o5
0
0 20 40 60 80 100 120 140 160 180
<
2 50 T T T T T T
6 0 ‘{ Fuzzy SIRM control ==== Traditional control L
2 i
S -50
©
S -100 ——
s P ———
g -150
w 0 20 40 60 80 100 120 140 160 180
Time s

Figure B.12: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for medium real wind speed profile (v, = 8 m/s) with

estimating of air density in error of -20% (case 4)

281



Appendix B: Additional Results

V. m/s
w

S
a \ |
£ 1|4 Y\ AR ﬁg‘ A MM“
<] 1 v v d
0 :
0 20 40 60 80 100 120 140 160 180
2 T T T 15 T T

=== Fuzzy SIRM control ======= Traditional control {

0 20 40 60 80 100 120 140 160 180

2 r r r T r r
= Fuzzy SIRM control ======= Traditional control

i p.u.
P
N

140 160 180

0 20 40 60 80 100 120

0 20 40 60 80 100 120 140 160 180
1 T T T T 14 T
) { == Fuzzy SIRM control ===== Traditional control
2 0 :
[=1 |
1 ¥ —V
r r
0 20 40 60 80 100 120 140 160 180
|3 |3 E |3 |3 E
1.5 — —— .
‘ Fuzzy SIRM control Traditional control
S
s 1 ‘. Y -
o
© 05
0
0 20 40 60 80 100 120 140 160 180
<
2 50 T T T T T T
3 o ‘{ Fuzzy SIRM control ==== Traditional control L
@ T ——
5 -50
©
S -100
2 e ————
g -150
w 0 20 40 60 80 100 120 140 160 180

Time s

Figure B.13: WECS dynamic response controlled by the traditional power control and
the SIRM-based fuzzy controller for medium real wind speed profile (v,,= 8 m/s) with

estimating of air density in error of +20% (case 5)
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Figure B.14: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for medium real wind speed profile (v,,= 8 m/s) with

estimating of A;and air density in error of -20% and -20%, respectively (case 6)
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Figure B.15: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for medium real wind speed profile (v,,= 8 m/s) with

estimating of A;and air density in error of +20% and +20%, respectively (case 7)
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Figure B.16: WECS dynamic response controlled by the traditional power control the

SIRM-based fuzzy controller for high real wind speed profile (v,,= 11 m/s) with

estimating of A; in error of +20% (case 3)
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Figure B.17: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for high real wind speed profile (v,,= 11 m/s) with

estimating of air density in error of -20% (case 4)

286



Appendix B: Additional Results

14 E
2 1AM *W A
I |
z 10 A n 'A A /Wn
> v v v ’ v
8
0 20 40 60 80 100 120 140 160 180
F F F F F E
2 [ = Fuzzy SIRM control ======= Traditional control L
= I | I
a | | |
£ o L MNP ANANNN AN I
)
0
0 20 40 60 80 100 120 140 160 180
2 T T T T T r
= Fuzzy SIRM control ======= Traditional control (
5 T T T T I T
[}
._II)
0 20 40 60 80 100 120 140 160 180
2 r r r r r r
=== Fuzzy SIRM control ======= Traditional control
5 T T T T T T
[}

20

40 60 80 100 140 160 180

Time s

‘ ‘ !
0 20 40 60 80 100 120 140 160 180
1 T T T T T 15
o { === Fuzzy SIRM control ===== Traditional control [
=) T T
=\ N
CLE 1 n._‘n_‘@r_ A ‘v-ﬁﬁj —_ ,,
5
0 20 40 60 80 100 120 140 160 180
r r r r r r
1.5 — —— »
) ‘ Fuzzy SIRM control Traditional control
> |
a 1 r\[‘ M W‘\
(=X
O o5 FM'{J v
0 '
0 20 40 60 80 100 120 140 160 180
<
; T T T T E T
3 l- Fuzzy SIRM control = === Traditional control L
Y 100
£ -200
(7}
w 0 20 40 60 80 100 120 140 160 180
Time s

Figure B.18: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for high real wind speed profile (v,,= 11 m/s) with

estimating of air density in error of +20% (case 5)
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Figure B.19: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for high real wind speed profile (v,,= 11 m/s) with
estimating of A;and air density in error of -20% and -20%, respectively (case 6)
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Figure B.20: WECS dynamic response controlled by the traditional power control and

the SIRM-based fuzzy controller for high real wind speed profile (v,,= 11 m/s) with

estimating of A;and air density in error of +20% and +20%, respectively (case 7)
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Figure B.21: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with error in estimation

rs of -50%, r, of 0%, L, of 0% and L, of 0% (case 3)
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Figure B.22: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with error in estimation

rs of 0%, r, of +50%, L of 0% and L, of 0% (case 4)
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Figure B.23: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with error in estimation

rs of 0%, r. of -50%, L s of 0% and L, of 0% (case 5)
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Figure B.24: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with error in estimation

rs of 0%, r, of 0%, L of +50% and L, of 0% (case 6)

293



Appendix B: Additional Results

15
£ 10
€
>* 5
0
0 20 40 60 80 100 120 140 160 180
F F F
) 2 ‘[ Fuzzy SIRM control %
2
I3
g 1
0
0 20 40 60 80 100 120 140 160 180
1 14 14 14
=== Fuzzy SIRM control [
s 0
[}
u.E -1
-2
0 20 40 60 80 100 120 140 160 180
r 13 13 13
15 | = Fuzzy SIRM control f
S
= 1
o
O o5
0
0 20 40 60 80 100 120 140 160 180
Time s
l L 4 4
=== Fuzzy SIRM control
=)
s 0
A i
[
-1
0 20 40 60 80 100 120 140 160 180
E 13 13 13 13
< 10 [ Enhanced MBLC = === MBLCL
®
T 5
0
0 20 40 60 80 100 120 140 160 180
E F F F F
1 \ Enhanced MBLC = === MBch
=)
QO) 0 q
o
-1
0 20 40 60 80 100 120 140 160 180
<
; - 13 14 14 14 14
g X Enhanced MBLC ==== MBLC||
[ 0
5 ——,
= -50
o
£ -100
3
w 0 20 40 60 80 100 120 140 160 180
Time s

Figure B.25: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with error in estimation

rs of 0%, r, of 0%, L of -50% and L, of 0% (case 7)
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Figure B.26: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with error in estimation

rs of 0%, r, of 0%, L, of 0% and L, of +50% (case 8)
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Figure B.27: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for step-up-changing wind speed with error in estimation
rs of 0%, r, of 0%, L, of 0% and L, of -50% (case 9)
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Figure B.28: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for step-up-changing wind speed with error in estimation

rs of 0%, r, of -50%, L, of 0% and L, of -50% (case 10)
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Figure B.29: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for low real wind speed profile (v,,= 6 m/s) with error in estimation
rs of -50%, r, of 0%, L s of 0% and L, of 0% (case 3)

298



Appendix B: Additional Results

10
g s
E 4 ) A A
2, v \/ W
2
0 20 40 60 80 100 120 140 160 180
r r r r
) 2 ‘ === Fuzzy SIRM control f
=}
Q'E 1 P A\ \MAA
s WM \/' e d
0
0 20 40 60 80 100 120 140 160 180
1 T T 14
) { === Fuzzy SIRM control {
=
s 0
/A e
CLE "\J\ NM-A!\NM
-1
0 20 40 60 80 100 120 140 160 180
r T T T
15 | = Fuzzy SIRM control ﬁ
3 1
QQ [ b o
© 05
0
0 20 40 60 80 100 120 140 160 180
Time s
1 L 13 L
. === Fuzzy SIRM control
=) T T T
s 0 '
5
=
-1 |
L
0 20 40 60 80 100 120 140 160 180
F E F E F
< 10 | Enhanced MBLC == === MBLCL
®
= 5
0 ! ! ' ' : '
0 20 40 60 80 100 120 140 160 180
T T T T T
1 r
) ‘ Enhanced MBLC ==== MBLC f
g_ 0 T T T 7 7
D-ﬂ.) Y
1 ! 4 R A Saiad
r r r r r 4
0 20 40 60 80 100 120 140 160 180
=
2 20 T T T T T
3 o | ‘[ Enhanced MBLC = === MBLCL
2 20 e —
5 - -
8 .40
L T Tee
g8 60 —
w 0 20 40 60 80 100 120 140 160 180
Time s

Figure B.30: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for low real wind speed profile (v, = 6 m/s) with error in estimation

rs of 0%, r, of +50%, L of 0% and L, of 0% (case 4)
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Figure B.31: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for low real wind speed profile (v, = 6 m/s) with error in estimation
rs of 0%, r. of -50%, L s of 0% and L, of 0% (case 5)
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Figure B.32: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for low real wind speed profile (v, = 6 m/s) with error in estimation
rs of 0%, r, of 0%, L, of +50% and L, of 0% (case 6)
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Figure B.33: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for low real wind speed profile (v, = 6 m/s) with error in estimation

rs of 0%, r, of 0%, L, of -50% and L, of 0% (case 7)
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Figure B.34: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for low real wind speed profile (v, = 6 m/s) with error in estimation
rs of 0%, r, of 0%, L. of 0% and L, of +50% (case 8)
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Figure B.35: WECS dynamic response controlled by the traditional MBLC and the
enhanced MBLC for low real wind speed profile (v, = 6 m/s) with error in estimation
rs of 0%, r, of 0%, L, of 0% and L, of -50% (case 9)
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Figure B.36: WECS dynamic response controlled by the traditional MBLC and the

enhanced MBLC for low real wind speed profile (v, = 6 m/s) with error in estimation
rs of 0%, r, of -50%, L, of 0% and L, of -50% (case 10)
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