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(ABSTRACT)

This dissertation aims to present detailed analysis of the small scale wind energy
conversion system (WECS) design and implementation. The dissertation will focus on
implementing a hardware prototype to be used for testing different control strategies applied to
small scale WECSs. Novel control algorithms will be proposed to the WECS and will be verified
experimentally in details.

The wind turbine aerodynamics are presented and mathematical modeling is derived
which is used then to build wind simulator using motor generator (MG) set. The motor is torque
controlled based on the turbine mathematical model and the generator is controlled using the
power electronic conversion circuits. The power converter consists of a three phase diode bridge
followed by a boost converter. The small signal modeling for the motor, generator, and power
converter are presented in details to help building the needed controllers.

The main objectives of the small scale WECS controller are discussed. This dissertation
focuses on two main regions of wind turbine operation: the maximum power point tracking
(MPPT) region operation and the stall region operation.

In this dissertation, the concept of MPPT is investigated, and a review of the most
common MPPT algorithms is presented. The advantages and disadvantaged of each method will
be clearly outlined. The practical implementation limitation will be also considered. Then, a
MPPT algorithm for small scale wind energy conversion systems will be proposed to solve the
common drawback of the conventional methods. The proposed algorithm uses the dc current as
the perturbing variable and the dc link voltage is considered as a degree of freedom that will be
utilized to enhance the performance of the proposed algorithm. The algorithm detects sudden
wind speed changes indirectly through the dc link voltage slope. The voltage slope is also used to
enhance the tracking speed of the algorithm and to prevent the generator from stalling under
rapid wind speed slow down conditions. The proposed method uses two modes of operation: A
perturb and observe (P&O) mode with adaptive step size under slow wind speed fluctuation
conditions, and a prediction mode employed under fast wind speed change conditions. The dc
link capacitor voltage slope reflects the acceleration information of the generator which is then
used to predict the next step size and direction of the current command. The proposed algorithm
shows enhanced stability and fast tracking capability under both high and low rate of change
wind speed conditions and is verified using a 1.5-kW prototype hardware setup.



This dissertation deals also with the WECS control design under over power and over
speed conditions. The main job of the controller is to maintain MPPT while the wind speed is
below rated value and to limit the electrical power and mechanical speed to be within the system
ratings when the wind speed is above the rated value.

The concept of stall region and stall control is introduced and a stability analysis for the
overall system is derived and presented. Various stall region control techniques are investigated
and a new stall controller is proposed and implemented. Two main stall control strategies are
discussed in details and implemented: the constant power stall control and the constant speed
stall control.

The WECS is expected to work optimally under different wind speed conditions. The
system should be designed to handle both MPPT control and stall region control at the same
time. Thus, the control transition between the two modes of operation is of vital interest. In this
dissertation, the light will be shed on the control transition optimization and stabilization
between different operating modes.

All controllers under different wind speed conditions and the transition controller are
designed to be blind to the system parameters pre knowledge and all are mechanical sensorless,
which highlight the advantage and cost effectiveness of the proposed control strategy. The
proposed control method is experimentally validated using the WECS prototype developed.

Finally, the proposed control strategies in different regions of operation will be
successfully applied to a battery charger application, where the constraints of the wind energy
battery charger control system will be analyzed and a stable and robust control law will be
proposed to deal with different operating scenarios.
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Chapter 1: Introduction

In today’s world, the development of societies is driven by the energy production and
consumption. A strong relation is found between the level of energy consumption and the quality
of life in modern countries. In the last two centuries, the main energy source has been the fossil
fuels and its derivatives. However, due to the exponential expansion of industries and
technology, the use on these energy sources has been explosive, leading to skyrocketing prices.
And recently, there have been serious concerns about environmental pollution because of the
CO;, emissions from the use of these conventional sources. Due to the limited reserves of the
conventional fuels, the studies showed that the current known fossil fuels resources will start to

deplete by the mid of this century [1].

The ever increasing demand on energy sources, has led the scientists to search for
alternative energy sources; the renewable ones. Aside from being environmental friendly and
sustainable; renewable energy sources are not geographically concentrated and are cheaper on

the long run as compared to the conventional ones.

In the last two decades, the technology advancements in power electronics area have led
to exploiting various possible renewable energy sources. The most important ones are: solar and

wind, with wind being the world’s fastest growing renewable energy source [2].



1.1 Wind as a Renewable Energy Source

Wind turbine technology is one of the fastest developing renewable energy technologies
nowadays [3]. The development in wind energy systems has been steady for the last three
decades leading to the existence of four to five generations of wind turbine systems [3]. The
average growth of the wind energy systems installation is 30% in the last decade. The wind
energy penetration level into the global market has been increasing more than ever. Record
installations in the United States and Europe led global installations of 44.8 GW of new wind
power globally in 2012, 10% more than was installed in 2011. Global installed capacity has now
reached 282.5 GW, a cumulative increase of almost 19%. The forecast is for a modest downturn
in 2013, however, followed by a recovery in 2014 and beyond; with global capacity growing at

an average rate of 13.7% out to 2017, and global capacity nearly doubling to 536 GW [4].

Wind as renewable energy source is characterized by its unpredictable behavior and
intermittent nature. So, wind energy systems have been used to support the conventional power
generation units, as their fluctuating nature will not affect the performance of the power system,
but at the same time, it will help to save the conventional fuel consumption. When the wind
generation systems are used as the sole or the major source of the power system, a storage
system is usually implemented to make them more reliable and continuous energy sources.
Advancements in power electronics have helped in realizing efficient, reliable and low cost
conversion and storage systems for renewable energy sources. With the increased penetration of
wind energy into conventional power systems; new regulations have been set by the grid
operators to regulate the whole generation process. And new demands are being part of the wind
energy systems implementation. That has led to increasing wind energy conversion systems

(WECYS) control functions. Fortunately, the pace of power electronics development has been fast



enough to cope with the new rising demands, and usually offered advanced and optimized

solutions to mitigate the grid connection tasks.

The development of WECS started with a few tens of kilowatt power rating and increased
gradually to wind farms of megawatt capabilities [3]. In the early stages of wind generation
systems employment, squirrel-cage induction generators directly connected to the grid are used,
where any power fluctuation because of the source nature is transmitted to the grid. However,
with increasing WECS power levels and the development of power electronics, newer systems
adapted doubly fed induction generators and more recently, directly coupled permanent magnet
synchronous generators (PMSG) are being used where advanced control functions are possible to

implement to meet the grid requirements.

Large scale wind energy farms have attained most of the attention in the last decades
resulting in their maturity, while small scale WECSs need further investigation and performance
optimization [5]. Small scale WECSs are becoming more popular and are promising to employ
in rural areas and remote places where connection to grid seems practically impossible. To offer
a reliable and stable energy source, it is common to implement a stand-alone WECS with battery
bank as a storage system [6-9]. For more robust renewable energy harnessing systems, hybrid
implementation with solar energy systems is quite common as well, taking the advantage of the

complementary profiles of the wind and solar energy sources [10].



1.2 Wind Energy Conversion Systems

The main components of a small scale wind generation system are shown in Fig. 1.1. The
gear box is not shown in the figure, because the generator is a PMSG where it eliminates the
need for a gear box set in most cases with the option to add it as needed. The auxiliary
mechanical breakers are not shown as well. The mechanical breaker is needed to protect the

system against abnormal working conditions.

3 \—@ % T \\ kL

Fig. 1.1 Main components of WECS.

Wind turbines capture the mechanical aerodynamic power from wind by the turbine
blades and convert it into rotational mechanical power acting on the shaft of the generator. The
generator converts the mechanical power into electrical form at the output of the generator. The
generated ac voltage is variable in magnitude and frequency and cannot be directly injected into
the grid or supplied to the load. The front end stage (ac-dc), is designed to rectify the ac voltage

and supply a dc bus. Depending on the application of the WECS, the load might be a battery



storage system or an inverter that is attached to the dc bus to supply a standalone load or

connected to the grid.

The most common types of electrical generators used in WECSs are the induction
generators and the synchronous generators. The induction generators with cage rotors are
employed in fixed speed WECSs due to the damping effect [11]. The magnetizing current
needed to energize the rotor is supplied using external network or parallel capacitor banks to the
generator. The problem in this connection is that the machine will suffer from instability

whenever the network is lost.

In the case of wound rotor induction generators, the rotors have copper windings and can
be energized using separate electronic interface to the ac system. With this capability, the
variable speed operation can be realized. A power converter circuit is needed to regulate the

generated power [11].

In the synchronous generator’s case, they are excited by external dc source or using
permanent magnets as in the case of permanent magnet (PM) machines. No need for direct
connection from generator to the grid in this case, rather, the connection is established via power
conversion circuits. That has created the need to use full power converters to decouple the
generator from the grid. With this configuration, the need to the gear box can be eliminated or a
low ratio gear box can be used. The use of full power converters with isolation between the
generator and the grid has led to implementing advanced controller functions to maximize the

efficiency of the conversion system.

For small scale WECS, which is the subject of this dissertation, PMSGs are favored over

the induction generators because they are smaller in size and are larger energy density machines.



PMSGs are easier to control and have lower maintenance cost as compared to other types of
machines [12, 13]. Using the PMSG in wind generation systems, the turbines can be directly
coupled to the generators and there is no need to a gear box. That helps in reducing the cost and

the mechanical maintenance overhead as well.

1.3 Power Electronic Interface for WECSs

The development of semiconductor devices has been the driving force behind the
technological advancements in many fields. Power electronics gained much of these benefits
over the course of the last 30 years, resulting in steady advancements in their applications and
the technical solutions they offered. The reliability and cost of power electronic systems is
continuously going down with the increasing levels of integration.

Early designs of WECSs which used the fixed speed induction generators with cage
rotors, have utilized the grid commutated thyristor converters with high power levels. Common
designs are the 6 and 12 pulses. With thyristor based converters, there was no ability to control
the reactive power, and the controller functions are limited.

The introduction of self-commutated semiconductor devices, like the insulated gate
bipolar junction transistors (IGBT) and the metal oxide semiconductor field effect transistors
(MOSFET), bidirectional power converters have been introduced. Typically, these converters
use the pulse width modulation (PWM) control. Advanced active and reactive power control can
be easily implemented with these types of converters [14, 15]. The high switching frequency
PWM controllers may generate harmonics in the system where they can be easily compensated
using relatively small size filters.

The performance of the WECS has been improved with advanced control strategies

applied to modern power electronic converters interface. The variable speed operation of wind



turbines is a key advantage resulted from the adaptation of PWM converters. On the contrary of
the fixed speed operation, the variable speed one reduces the power pulsation injected into the
grid which helped expanding the number of turbines that can be attached to the grid, and at the
same time, the power generation has increased valuably. On the mechanical side, the turbine’s
towers and systems have less wear due to the lower torque pulsation and the mechanical stress is
greatly reduced on the drive parts [11].

Variable speed operation is commonly implemented in synchronous generator’s systems,
where full rated power converters are responsible for delivering the power from the generator to
the grid. And in the case of synchronous generators without rotor windings, the converters
completely decouple the grid from the generator, leading to even less power pulsation effects on
the grid side because of the variable nature of the energy source. Usually a back-to-back full
rated voltage source converter (VSC) is used to attain full active and reactive power control [16-
18]. Fig. 1.2 shows the schematic of a conventional full power VSC based WECS. The generator
side converter is vector controlled and is responsible of controlling the generator speed. The
generated power is stored on the dc link capacitor which will provide power decoupling and
reduces the power pulsation. The grid side or load side inverter is controlled to maintain constant
dc link voltage level and injects clean energy into the grid. Full active and reactive power control
may be achieved with this design with the highest possible generation efficiency due to the

advanced control functions that can be implemented.
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Fig. 1.2 Schematic of full power back-to-back VSC

A simple and low cost alternative is to use an uncontrolled three phase rectifier and a
chopper circuit, where the chopper circuit is controlled such that the MPP is achieved and the
generator speed is indirectly controlled [19-22]. A schematic diagram of the WECS utilizing the
diode bridge rectifier is shown in Fig. 1.3. If the generator speed changes, the dc link voltage at
the dc-link capacitor C,;. will change accordingly. The current through the chopper circuit will
act as a machine torque which will control the speed (viz. voltage) indirectly. Being simple and
low cost implementation circuit, it is a favored solution for small scale WECSs. The harmonic
contents of the generator’s current are high in this case, and full power control cannot be
achieved as this topology is unidirectional, but still provides the power decoupling between the

generator and the grid/load.
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Fig. 1.3 WECS schematic with diode bridge rectifier



The main functionalities of the power electronic interface depend on the application and
operating region of the wind speed. But mainly, the system should be controlled to maximize the
energy capture from the wind, what is known as maximum power point tracking (MPPT). The
MPPT is achievable in variable speed systems only. By operating the generator at optimal
rotational speed as function of the wind speed, the power capture is maximized. The speed of the
generator can be directly controlled as in the case of the vector controlled VVSCs case, or indirect

speed control may be implemented through torque [18] control or current control [22].

The WECS is designed for a specific power level, which means physically limited ratings
of different system components. The operation of the WECS should not expose the system
ratings while working under normal wind speed conditions. The rated power, rated speed, and
rated mechanical and electrical stresses should be taken into consideration when designing the
system control functions and limits. The major concern is the power limit of the system. The
controller should limit the amount of power captured from the wind, and that can be done either
by stall control (the blade position is fixed but stall of the turbine appears along the blade at
higher wind speed), active stall (the blade angle is adjusted in order to create stall along the
blades), pitch control (the blades are turned out of the wind at higher wind speeds) or soft stall

(the power is limited by driving the generator to work in the stall region) [3, 23].

For grid connected WECSs, the grid requirements should be met, including the
connection/disconnection times, active and reactive power requirements, maximum total
harmonic distortion (THD) allowed, and fault ride through capability. Depending on the power

level of the WECS, some of these requirements could be compromised [15].



1.4 Research Motivation and Outline

As discussed in the previous sections of this chapter, the wind energy industry is
going under rapid growth as compared to other renewable energy sources. The small scale
WECSs are becoming more popular due to their easy installation and low cost besides their
versatile applications. The small scale WECS has not received much study in the past decades as
the attention was turned towards the large wind farms projects. The major figure of merit for any
commercial electrical generation system is cost. So, it is better to utilize advanced control
schemes that would help minimize the cost and increase the throughput of the generation system.

In this dissertation, the design, modeling, and implementation of a small scale WECS are
presented. The basics of the wind turbine aerodynamics are presented. Then a lab prototype
WECS is built. To mimic the wind, a wind simulator using MG set is designed in details and is
built in the lab for testing. The main functionalities of the WECS are discussed in this
dissertation. The first one is the MPPT. The most common MPPT algorithms in literature will be
presented and discussed, and then, a novel MPPT method is proposed. The proposed MPPT
method is completely blind to the system parameters and is totally mechanically sensorless. The
flaws of the conventional MPPT algorithms will be detailed and addressed while discussing the
proposed method. The proposed method attempts to solve these common problems using simple
and low cost technique.

Due to the limited size and power rating of the small scale WECS; a protection capability
against high wind speeds should be implemented to limit the injected aerodynamic power into
the system. In literature, most of the implemented control algorithms have addressed the MPPT
problem, while very little research has been carried out to address the protection against high

wind speed conditions, mostly because they assumed that there will be mechanical breakers to
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protect the system. The power limiting control in WECSs is called stall control. While some of
the stall control methods are active and need mechanical systems and parts, some of them are
passive and depend on the aerodynamic design of the turbine blades. However, none of these
methods is justified for small scale WECS due to the cost requirements. In this dissertation, the
concept of stall control will be presented and soft stall controller will be proposed. The proposed
method will limit the amount of the aerodynamic power pumped into the system during high
wind speeds conditions. The proposed method is completely blind to the system parameters and
is mechanically sensorless, which makes it low cost method and insensitive to parameter
variation. A full system modeling in the stall region will be derived and used to design robust
control law in the above rated wind speed region.

As it is suggested that the WECS will have different regions of operation; the MPPT and
the stall regions, then it is vital to control the transition between the two regions while the system
is under employment. The transition between the two regions of operation should be safe, fast
and as smooth as possible to guarantee continuous generation and effective dynamic response
against rapidly changing wind speed conditions. Previous reported techniques used predefined
relations to mitigate the transition task [24, 25]. The predefined relations need accurate system
parameters pre knowledge. In this work, a new control transition strategy is proposed and
verified. The proposed strategy does not need system parameters knowledge and is very simple
to implement.

Chapter two of this dissertation introduces the basics of the wind turbine aerodynamics
and presents the major components of the WECS. The design and implementation of the wind
simulator will be covered. The electrical generator selection, modeling and control will be

presented in addition to the power electronic conversion circuit detailed modeling and analysis.
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In chapter 3, the MPPT control will be covered. A literature survey about existing MPPT
algorithms will be presented and a new MPPT algorithm will be proposed based on a modified
perturb and observe (P&O) algorithms. In the proposed method, an indirect wind speed change
detection capability is proposed and used. Experimental verification will be included as well.

In chapter 4, the protection against high wind speed conditions will be discussed. A new
overall control strategy for the WECS in the stall region will be proposed. A full mathematical
modeling for the system in the stall region will be presented. A stabilization control structure will
be proposed to mitigate the system natural instability in the stall region. A close attention will be
paid to the transition scenarios between different control modes. Constant power and constant
speed stall controllers will be applied to the system.

In chapter 5, the proposed controllers in the MPPT and the stall regions will be applied to
a battery charger application. Different control demands and requirements will be detailed, and a
supervisory controller will be proposed to manage different modes of operation and to control
the transition between these modes.

In chapter 6, summary and conclusions will be drawn from this dissertation and future

work tips will be suggested as well.
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Chapter 2: Wind Energy Conversion System
Components

2.1 Introduction

The small scale WECS consists of mechanical and electrical components tied together
and controlled to harvest the wind mechanical power and convert it into useful electrical power.
In this chapter, different WECS components will be presented and detailed. First, the
aerodynamics of the wind turbine will be presented and formulated. Simulation model will be
developed to generate the wind turbine mechanical characteristics. Second; the electrical
generator configuration, selection, modeling and control will be presented and followed by the

power electronic converter interface design and control.

To be able to test the WECS, a wind simulator is designed and built using MG set. The
motor is torque controlled to generate the wind turbine profile. The motor and generator
electrical and mechanical models will be derived and detailed, and then the controller design will
be discussed. A novel position estimation algorithm using Hall Effect position sensors will be

presented and employed in the motor control.

The power electronic converter used in this work consists of a diode bridge and boost
converter, which will be controlled using single and dual control loops concept to achieve the
controller objectives. The design parameters, modeling and control will be presented at the end

of this chapter.
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2.2 Wind Turbine Aerodynamics

The energy contained in wind is kinetic and has a linear motion. The wind turbine blades
capture the linear kinetic energy and convert it into kinetic rotational energy acting on the shaft
of the generator. The generator will convert the mechanical rotational energy into electrical form.

The basics of the wind energy transfer will be presented in this section [26].

2.2.1 Power Available in Wind

The energy in wind comes from the small particles the wind holds, with mass m and
velocity V. Assuming the front end of the wind stream is uniform, that is, all the particles have
the same speed at the time they hit the rotor blades, then, the kinetic energy exists in the wind

stream (E;,,) can be described as follows:

1
Ekin = EmV‘ﬁ (21)

The mass is the density times the volume, and the volume is the speed times the area and
time. Thus, for a circular interfacing area between the wind stream and the turbine blades with

area A, the following can be derived:
m= pV =p.V,.A.t = p.V,.m.R%.t (2.2)

Where p is the air density. t is the time. R is the radius of the circular area swiped by the turbine

blades. Substituting (2.2) back into (2.1), then (2.3) is derived.

1
Epin = 1 v,2.m.R%.t (2.3)

And the stream power (P,,;,q) can be described as:
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As can be seen from (2.4), the wind power is proportional to the cubic wind speed. Thus,
any slight change in the wind speed will lead to significant change in the power. A less sensitive
proportionality is shown against the interacting area represented by the radius R. However,
doubling the radius will increase the amount of energy by four times. That explains the early
trend of implementing large turbines in wind energy industry to reach mega-watt (MW) levels.
The other factor that affects the wind power is the air density which is variable as function of the
temperature T and elevation h of a specific site. The dependence of the air density on the

aforementioned parameters is described by (2.5) [26]:

_353.049

_ (_0.0342)
p T T

e (2.5)

The air density at sea level and at 15°C can be taken as 1.22521Kg.m™3.

The power contained in wind stream is expressed in (2.4), however the turbine extracted
power is only fraction of that. The power conversion ratio from the wind to the shaft of the
turbine is called the power coefficient C,,, and it represents the efficiency by which the turbine is
able to extract the power from the wind stream. The power coefficient or C,, value depends on
many factors and is related to the manufacturer specifications. Usually, a curve that represents
the C, is provided by the manufacturer and is used by the engineers for the sake of WECS
design. The power coefficient is defined as the ratio of the captured power by the turbine shaft to

the total wind stream power acting on the turbine blades, that is:

Pblade
Cp = 1

—_— (2.6)
7,1).7T.R2.VW3
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Where Py;.4 1S the shaft power and it represents the actual extracted mechanical power

from wind. The turbine extracted power can be written as (2.7).
1 2773
Pylage = EPFR Vw Cp (2.7)

The shaft mechanical torque T, is the ratio between the power and the rotational speed of
the shaft w,- as can be written in (2.8).

%anzV,fCP

T, (2.8)

Wy

The total theoretical torque acting on the blades of the turbine can be written as in (2.9)

[26].
1 2772
Ty = 5 PRV (2.9)

Similar to power ratio, the turbine shaft torque T, to total torque T ratio is defined as the

torque coefficient Cy.

Tin
Cr =— 2.10
P (2.10)
The power coefficient is related to the torque coefficient by the factor A.
C, =Cr.2 (2.11)

Usually C, is defined as function of the tip speed ratio A and the pitch angle 8. C, is

usually used to differentiate between one turbine and another. A numerical curve fitting of the C,
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curve can be employed to derive analytical formulation for it. A typical C, equation is shown in

2.12) [27].
1 —21%
(4, B) = 0.5176 (116/1— _0.48 — 5) +0.00682 (2.12)
i
1 1 0.035

2 A+0088 B3+1 (213)

The speed of the tip of the turbine blade relative to the wind speed plays important role in
determining the power coefficient. If the tip speed is very fast compared to the wind speed, then
some of the wind stream might get deflected by the blades and considerable portion of the wind
power will be lost and will not be translated into rotational power. On the other hand, if the tip
speed is too slow compared to the wind speed, then the wind stream will pass between the blades
without contributing to the power generation. A dynamic matching between the tip speed to the
turbine to the wind speed is required for optimum operation [28]. The tip speed ratio is the
parameter used to indicate numerical value for that matching and is defined as the ratio between

the speed of the tip of the turbine blade and the wind speed as shown in (2.14).

Rw,
= 2.14
A= (2.14)

The pitch angle g is the angle at which the blades are aligned with respect to the blades
axis. Any change in the pitch angle can control the amount of the extracted power by aligning the
blades out and into the wind depending on the operating conditions. Mechanical controllers are
used to adjust the pitch angle and are generally used in large wind turbines. In small scale
WECSs however, the pitch angle controllers are not justified due to the additional cost and

complexity. In small scale systems, the pitch angle is assumed to be zero in most cases. In this
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dissertation the pitch angle is assumed to be zero as well and pitch angle controller will not be

discussed.

By defining the pitch angle to be zero, then the typical power coefficient curve of (2.12)
is shown in Fig. 2.1. From the power coefficient curve, it can be seen that the coefficient is not
constant and it depends on the tip speed ratio. There is an optimum tip speed ration A,,, at which
the power coefficient is maximum. As will be discussed later, the WECS control target is to keep

the system working at the optimum tip speed ratio to maximize the energy harvesting.
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Fig. 2.1 Typical power coefficient as function of the tip speed ratio curve

Equations (2.7), (2.9) and (2.12) are used to generate the wind turbine power and torque

characteristics. The prototype turbine used in this dissertation has the following characteristics:

- RadiusR=1m.
- Air density p=1.205 [Kg/ m®]

- Gear Ratio G=1:1
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Fig. 2.2 shows the wind turbine power as function of the generator rotational speed at
different wind speeds. The simulated power-speed characteristic shows the cubic dependence of
the power on the wind speed. There is an optimum rotational speed at which the maximum
power generation can be achieved. The controller objective is to follow the MPPT curve during
normal wind speeds to maximize the energy harvesting. The concept of MPPT will be discussed
later in details.

Fig. 2.3 shows the turbine torque as function of the rotational speed of the generator at
different wind speeds. Like the power, the torque is function of both wind speed and rotational
speed. There is an optimum turbine torque at which the maximum power generation occurs.
These points are connected by the optimum torque curve as shown in Fig. 2.3. The right hand
side of torque curves is the stable side for the generation operation in normal conditions, for

which the torque decreases with increasing rotational speed.
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Fig. 2.2 Turbine power as function of the shaft rotating speed for different wind velocities.
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Fig. 2.3 Turbine torque as function of the shaft rotating speed for different wind velocities.

2.2.2 Classifications of Wind Turbines
Wind turbines are generally classified depending on the axis of rotation to vertical and

horizontal wind turbines.

A Horizontal Axis Wind Turbines
In HAWT, the axis of rotation is parallel to the ground and the wind stream as well. Most

of today’s wind turbines are HAWT. Fig. 2.4 shows the HAWT and its basic components.
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Fig. 2.4 Horizontal and Vertical Axis Wind Turbines [29].

The HAWT can be directly driven or connected to a gear box to match the high speed
requirements of the electrical generator. For typical MW sized turbines (Blades diameter can
reach more than 100m) the rotational speed can get as low as 16rpm [30]. Some of the

advantages of the HAWTSs are [31, 32]:

HAWTSs have the advantages of being more stable and commercially accepted designs.

They are best suited for big wind applications.

Most of them are self-starting.

Their power coefficients are higher and their efficiencies as well.
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- Can be extended to large power generation systems easily by increasing the height or the
swiping area.
Some of the common disadvantages of the HAWTSs include:
- Comparatively heavier and not suitable for turbulent winds.
- HAWT only are powered with the wind of specific direction.
- Cutin speed is about 6m/s and cut out around 25m/s.

- Difficult to transport and install especially for tall towers.

B. Vertical Axis Wind Turbines (VAWT)

In VAWT, the direction of rotation is perpendicular to the ground and is vertical to the

wind stream as shown in Fig. 2.4. The advantages of VAWT include [31, 32]:

- VAWTSs can operate at any wind direction.

- The gear box, generator and electrical parts can be placed at the bottom of the tower
leading to easier installation and maintenance.

- No need for pitch control.

- Itis suitable for small wind projects and residential applications.

- Lighter and produce well in tumultuous wind conditions.

- Generates electricity in winds as low as 2 m/s and continues to generate power in wind
speeds up to 65 m/s based on the model.

- It produces up to 50% more electricity on an annual basis versus conventional turbines
with the same swept area.
While the VAWTSs are seemingly desirable due to their numerous advantages, especially

for small scale WECSs, still they possess some disadvantages as well, to mention some:
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- Low starting torque and may require energy to start turning.
- The towers are generally low, leading to not utilizing the higher wind speeds at higher
elevations.

- The power coefficient is lower than the HAWT case and the efficiency is lower.

2.3  Wind Turbine Simulator

To run real time hardware experiments for WECSs control, a wind tunnel is usually built
to generate controlled wind speed that is used to run the WECS. However, the cost of such wind
tunnels is high and large space is required to build them. To mimic the wind, various wind
simulators have been proposed and designed in literature. The software simulators are the
simplest, but they have many restrictions on real time analysis [33]. A good solution is to
emulate the wind turbine characteristics using MG set. In which the motor is controlled to
reproduce the wind turbine profile under different wind speeds. In this section, the design,

implementation and control of the wind turbine simulator will be presented.

2.3.1 Mechanical System Modeling
Fig. 2.5 shows the mechanical dynamic model of the wind turbine in case of connection
to the actual rotor blades and in case of connection to a motor for wind turbine simulator

purposes. In Fig. 2.5 (a), the blade torque can be written as (with neglecting the friction):

dw lad
Toiaze = Us +Jo) —2 "+ Tg (2.15)

Where Tg144¢ 1S the blade developed mechanical torque. g is the inertia of the blades. J,; is the

inertia of the generator. wg;,4. 1S the rotational speed of the blades shaft and it is the same speed
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of the generator shaft since there is no gear box in the system. T is the electromechanical torque

of the generator in the opposite direction of the blades torque.

TBIade TG
) Z’ Generator
| 2
Jo

(a)
TM ;G
i / ( Generator
Je
(b)
Fig. 2.5 Mechanical model of the wind turbine using (a) Blade-generator model and (b) Motor-generator
model.

The mechanical system in Fig. 2.5 (b) is used to regenerate the blades dynamics and can

be described as in (16) (with neglecting the friction).

dw,
T, 2.1
at +1g (2.16)

Ty = (]M +]G)

where T, is the motor torque. w, is the rotational speed of the motor shaft and it should

represent the blades rotational speed. J,, is the motor inertia.
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The motor output should match the blades generated torque in steady state and during

transients. From (2.15) and (2.16) and taking into consideration that wg;,4. = @, then:

dw,
dt

Ty = Tpigde — (]B _]M) (2.17)

Ty = Tgiage — Tcomp (2-18)

So, for the MG set to match the actual turbine system, a compensation torque term T,
should be added to the motor commanded torque. The compensation torque term is in effect only
during transients, and it should not affect the steady state values of the torque as can be seen
from (2.18). It should be noted that the torque of the actual turbine will suffer from periodic
pulsation due to the tower effect [34, 35], however, this is true for HAWT only and it is small or
negligible for small scale WECSs even if it is HAWT. The ripple torque will be neglected in this

work as the objective is to target the small scale WECSs of less than 2-kW power level.

Fig. 2.6 Block diagram of motor torque calculation including inertia compensation
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Fig. 2.6 shows the block diagram of the motor torque calculation including the inertia
compensation term. The algorithm takes the blades area, air density and wind speed as inputs and
generates the torque command to the motor. The generated torque command is used by the motor

drive controller which will be discussed next.

2.3.2 Motor Drive Control
The motor in Fig. 2.5 (b) receives its torque command from the torque calculation block
shown in Fig. 2.6. The motor used is interior permanent magnet (IPM) motor. The IPM model in

dqgO rotating frame can be expressed as [36]:

di
Vy = —welLgiq + Ryiq + de—: (2.19)
di
Vy = weLaiq + weds + Rig + Ly d—t" (2.20)
3P .
Te = EE (Aflq + (Ld - Lq)/llqld) (221)

Where:
Lg,L,: Stator inductances in the dq frame.
Va, V,: Stator voltages in the dq frame.
iq, Lq- Stator currents in the dq frame.
P: Number of machine poles.

The dqO equivalent circuit model of the motor is shown in Fig. 2.7.
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Fig. 2.8 Block diagram of the wind simulator motor drive control

The decoupled vector control is used to control the output torque of the IPM machine
according to the trajectory defined using the wind turbine model. Fig. 2.8 shows the block

diagram of the wind simulator motor drive control.
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The motor is inverter fed and the d and g axis currents are controlled independently. The
torque command is generated using the wind turbine model. The dq reference currents are
generated using the maximum torque per ampere (MTPA) control strategy [37-39]. The

parameters of the machine used in the implementation are shown in Table 2.1.

Table 2.1
Parameters of the Motor

Motor VALUE [UNIT]
Power rating 11 [KW]

Poles 6

Rated Torque 65.1[N.m]
Base Speed 1800 [rpm]

Ry 90 [mQ]

Ly 2.51 [mH]

L, 6.94 [mH]

Ji 0.01[Kg.m]

To implement the MTPA control in a simple way, equation (2.22) is achieved from
(2.21).

4T

= _ (2.22)
®3P(A + (Las — Lgs)ias)

i

To achieve MTPA operating condition, the above equation is used while minimizing the

following quantity:
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A fast searching method is used to locate the optimum values of the dq currents knowing

that i, should be negative. The algorithm is shown below:

lambdaf=0.235;
Lds=2.51e-3;
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Fig. 2.9 shows the optimum dq reference currents trajectory to achieve MTPA operation
for the motor in use. As the torque command is supplied externally, the optimum currents’

curves can be expressed using curve fitting techniques as in (2.24) and (2.25).
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Fig. 2.9 Optimum dq currents for MTPA operation

ipg = 0.00061T3 — 0.015T% + T — 0.12 2.24
q

ig = 0.00027T3 — 0.018T2 + 0.0033T — 0.00074 (2.25)

Two independent current controllers are used. The currents to modulating signals transfer

functions of the IPM machine are described as follows:

ig 1 11 2.26)
Yo (S+Lr_;s>l‘qs 5145t
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L
Ty = -2 =0.0279

Ts

(2.27)

(2.28)

(2.29)

Select a cross over frequency of f. = 1.2KHz where the switching frequency of the

inverter is 20KHz. The current loop compensators were designed as follows:
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Fig. 2.10 Bode plot of the closed q axis current loop.
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Fig. 2.11 Bode plot of the closed d axis current loop.

Fig. 2.10 and Fig. 2.11 show the Bode plot of the compensated loop gain with the
designed compensators for the g and d axes respectively. The bandwidth is 1.2kHz and the phase

margin is 85° with infinite gain margin.

2.3.3 Position Estimation Using Hall-Effect Position Sensors

The IPM motor drive vector control shown in Fig. 2.8 requires accurate position
information to feed to the park’s transformation blocks and to estimate the speed of the shaft.
The shaft position can be acquired by means of an encoder, which is considered to be bulky,
expensive, and require frequent maintenance. The use of encoders is not favorable in motor drive
applications. The sensorless or encoderless techniques are more attractive due to their cheaper
implementation. And using these methods, the motor drive applications are less in weight and

size because of the elimination of the encoder.
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Position sensorless control techniques for PM machines attracted huge interest in the past
two decades; yet, there are still considerable limitations ruling the performance of these
techniques. Methods adapting back electromotive force (back-emf) have problems at low speed
due to the weak developed back-emf information [40, 41]. High frequency injection methods can
be used to detect the rotor position [42], but these methods are sensitive to parameter variation.
Recently, on the other hand, intensive work has been done to employ the low resolution position
sensors for position estimation problem. Hall-effect position sensors are used frequently in AC
machines due to their low price and reasonable performance [43]. Discrete position signals can
be extracted from the Hall-effect position sensors, which are mounted on the stator of the AC
machine. The position information resolution is low in most applications due to the limited
number of sensors that can be mounted on the machine. The accuracy of the position information
is of a major impact on the performance of the machine control system. In order to provide an
accurate position feedback; various algorithms have been developed to extract a high resolution
data from the Hall-effect sensors’ low resolution information. In this section, a novel position
estimation algorithm using Hall-Effect position sensors is proposed and developed based on a

modified vector tracking observers [44].

2.3.3.1 Position Feedback Observer Principle

A Luenberger Position Observer

In the case of low-resolution position sensors, the closed loop speed observer can be used

to build the position estimation algorithm. The mechanical model of the PM machine is given by:
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dw
T,—T, = JE + Bw,, (2.32)

Where T, is the electromagnetic torque, T}, is the load mechanical torque, J is the inertia,
wy, 1S the mechanical rotational speed, and B is the friction. In (2.32), the inertia is estimated
offline, and the friction can be neglected. The mechanical torque disturbance can be neglected
assuming that its variation is far slow compared to other state variables. Considering the
aforementioned assumptions, the mechanical model of the machine is shown in Fig. 2.12, where
the mechanical speed is replaced by the electrical speed w, by introducing the number of pole

pairs P in the block diagram.

Fig. 2.12 Block diagram of an AC machine mechanical model

In state space format, and by augmenting the states to include the load torque, the model

can be described as:

51 [0 1 07,1 [0
p p
arl=lo 0 —7||er|+|5|7. = ax+BU (2.33)
: T
Ll o o ol o

The interest is in the position state and it is the only variable that can be measured in this
context. Hence; the output matrix equation is:
0

Wy
Ty

Y=[1 0 0] =CX (2.34)
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Using the above set of system equations, the Luenberger observer can be formulated as

follows [45]:
X = AR +BU +K(Y - CX) (2.35)

Where K is the gain matrix of the observer. The observer described above can be expressed in
block diagram formulation which is well known as the feedback position observer and it is
shown in Fig. 2.13 and consists of a proportional, derivative, and integral feedback loops. The
above observer can be tuned to be stable by setting the roots of the characteristic equation in the

left half plane of the complex plane.

I<I
S
5 & @el1 | 0
+ P + e
K —bi —_ —_— >
0% Kp x i S

Fig. 2.13 Block diagram of Luenberger position observer
B. Complex Rotating Position Vectors

Hall-Effect position sensors generate discrete position information, and its resolution
depends on the number of sensors attached to the machine. For example, using three sensors will
generate discrete position information with a resolution of 60°. Signals from position sensors can
be assumed as a unit vector rotating with discrete number of angular increments per rotation A8

[46]. Fig. 2.14 shows the spatial rotating vector with increments of 60° with the actual shaft
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position represented by H located at angle 60°. The vector H rotates over N discrete points and

can be expressed as in (2.36).

180° [/ 0°

Fig. 2.14 Quantized position vectors with H set at 60°.
H = /%) (2.36)

The quantized position vector H is a fixed vector over an interval equal to the angular
resolution A 6. N is the integer number of quantized position vectors in one rotation of the shaft
or 2z radians. As the resolution is increased (N increased), the vector approaches a smooth
continuous rotating vector. With the discrete nature of the rotating vector, it can be viewed as a
fundamental rotating vector with a set of harmonic vectors [47]. The fundamental component
represents the actual shaft position, which is the desired quantity to feed back. So, by separating
the harmonics from the actual fundamental component and injecting this fundamental component

as input to the observer, a smoother estimate of the actual position of the shaft can be achieved.

A general solution to analyze the rotating vector into fundamental component and a set of

rotating harmonics was done by Tesch [47]. The solution utilizes the spatial Fourier series
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analysis. It should be noted that the shaft position  can be used as the independent variable

instead of the time t. As a function of @, the spatial Fourier series is represented as:

1 e J((N-D6+0) 1 e—j((N+1)6+¢)_;e—j((ZN—l)BW),__,_(2,37)

7 — ,i(6-0) _
H=e N—1 N+ 1 2N —1

Where ¢ = % The term e/(®~?) js the fundamental component with a phase shift and is the

desired trajectory to follow and the remaining terms are the harmonics of the discretized position
vector. It was demonstrated in [48] that harmonic vectors can be decoupled from the position
feedback vector so that the observer will follow the fundamental component trajectory. Because
it is impossible to decouple all harmonics due to their infinite number, a truncation of some of
them is more practical. In [47], the linear Luenberger observer presented in the previous section
was modified to include the rotating vector model and a harmonic decoupling block is added to

decouple the rotating harmonics.

2.3.3.2 Modified Vector Tracking Observer

The Luenberger observer attains its performance according to the injected input position
signal, that is, bumps are expected at the output estimated position since the input reference
signal is discrete. The previously described vector harmonic decoupling observer aims to extract
the fundamental component of the rotating discrete position vector, thus generating a smoother
output estimate. Another way to inject a smooth position reference input is done by utilizing an
interpolated position angle instead of the discrete signal generated by the hall sensors. The

modified input reference can be described as:
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Hin == Hhall + (BAT (238)

where 6;,,, Ona1, @, and AT are the input position reference, hall sensors’ signal, estimated speed
and time difference since the last sensors’ trigger respectively. In (2.38), the input reference
position is continuously modified using the estimated speed of the machine shaft. It should be
noted that (2.38) assumes a linear operation during each sector, which might not be the case
during transients. But the difference here is that the reference signal is always reset at the
beginning of each sector favoring the position sensors’ signal which makes this approximation

reasonable.

The proposed position observer is shown in Fig. 2.15 with discrete time implementation.
The summing junction is replaced with a cross product block to generate error signal
proportional to the difference between the estimated position and the modified reference position
input. The cross product in Fig. 2.15 makes it a nonlinear topology. To be able to use existing
linear control analysis tools; an operating point model can be developed to linearize the system.

The output of the cross product can be written as:
e =sin(6;, — 0) (2.39)

The amplitude information is being unity as the interest is in the phase. To develop the
operating point model; the partial derivative is taken with respect to all states. The error signal is
the one of interest and the linearized form of this signal is of the form cos(6;, — 8). Assuming
the tracking error is small enough to get the cosine to unity, then the observer becomes
completely linear and it is in fact identical to Luenberger observer. The eigenvalues of the
system can be chosen under this assumption with linear analysis. A detailed analysis of the

stability of this kind of observers can be found in [48]. The system is stable if the feedback in

38



position estimation is negative, and because the error signal is proportional to a cosine signal,
there are multiple points will make the feedback negative. The actual error signal is proportional
to a sine function where there are multiple points will make this error signal equal to zero
without being necessarily generating a negative feedback making the system locally unstable. So
only those points driving the error signal to be zero and securing a negative feedback will

stabilize the system.

Two values for the estimated speed exist, @ being named estimated speed and &, is the

enhanced estimated speed. The estimated speed can be described as:

(s [Kps? — K;Ps
() ___ JEps” — K (2.40)
Oin(s)  Js3 +JKys? + JK,s — K;P
The enhanced estimated speed is described as:
@e(s [K;s® + JK,s? — K;Ps
e( ) _ ] d ] p i (2.41)

Oin(s) ~ Js3 + JKys2 + JK,s — K;P

Using the machine parameters shown in Table 2.1, the Bode plots for the estimated speed
and enhanced estimated speed are shown in Fig. 2.16 in discrete time domain where it can be
seen that the estimated speed is a bandpass filtering to the sensors’ signal while the enhanced
estimated speed is a highpass filtering. Thus, the estimated speed provides higher attenuation to
the harmonic contents of the sensors’ signal and is chosen to be the feedback speed in the

observer shown in Fig. 2.15.
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Fig. 2.15 Proposed vector feedback position observer.
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Fig. 2.16 Bode plot of the estimated speed and enhanced estimated speed.
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2.3.3.3 Hall-Effect Position Sensor’s Offset Compensation

Due to the mechanical installation accuracy limitation, an offset might be introduced to
the hall sensor signals which lead to a corresponding offset to the estimated position. Any small
mechanical misalignment of the hall sensors inside the machine will be amplified by the number

of pole pairs, so, it is a serious problem in high pole count machines.

Limited work on compensating for such error has been presented in literature, for
instance; in [49], an initial commissioning routine is used to correct the rising and falling edges
of the hall sensor signals to be used by the estimator. In [50], a current injection algorithm and a
flux observer are used to check for any possible position offset and it is designed for SMPM

machines and cannot be applied for IPM machines.

In this dissertation, a simple online compensation algorithm is proposed and can be
applied to both SMPM and IPM machines. Fig. 2.17 shows the block diagram of the offset
compensator proposed. A flux observer utilizing the current model and the voltage model is used
to estimate the flux and torque is implemented [51]. The estimated torque T, IS continuously
compared with the reference torque T, and the error is passed through a compensator G¢r(s).
The output is the estimated position offset that will be used to correct the estimated position from
the vector tracking observer. The current and voltage models for the IPM machine used by this

observer are shown in (2.42) and (2.43) respectively:

_Ad_ _ _Ld 0_ id_ _Af

=15 L) [l.q_ 4 _O] (2.42)
[V _ [Rs 0] Iq] s 01[2a

Vg | - | 0 R [iﬁ_ + 0 s] [lﬁ] (2.43)
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Where 1, and 4, are the flux linkages in the rotating reference frame. L, and L, are the d

and q axis inductances. iy and i, are the currents in the rotating reference frame. A is the magnet

flux linkage projected along the d axis. v, and v are the voltages in the stationary reference

frame. R is the resistance. i, and iz are the currents in the rotating reference frame. 1, and 44

are the flux linkages in the rotating reference frame. The compensator G.(s) is designed to

determine the interaction between the current and voltage models by setting a specified cross

over frequency and it is simply a proportional integrator (PI) controller. The torque can be

expressed using the rotating reference frame variables or stationary reference frame variables as

shown in (2.44) and (2.45) respectively.
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Fig. 2.17 Block diagram of the proposed offset compensation algorithm
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3P
Trer =7 (Apig + (Lg — Lg)igia) (2.44)

3P
Tobs = T (Aalﬁ - Aﬁla) (245)

When there is an offset in the estimated position, the reference torque is different from
the actual generated torque due to the misalignment of the rotating reference frame, which will
cause an increase in the current demanding to support for the same torque requirements. The
offset in the estimated position is proportional to the difference between the two torque variables

and thus will be used to correct the estimated position.

2.3.3.4 Position Estimation Experimental Results

Fig. 2.18 shows the block diagram of the IPM machine control strategy driven by three
hall-effect sensors. The test setup consists of the IPM machine whose parameters are listed in
Table 2.1. An 8196 pulse incremental encoder is utilized to allow comparison of the estimated
and actual positions. A TMS320F28335 digital signal processor is used to implement the
estimation algorithm and drive the machine through a full bridge IGBT inverter with switching
frequency of 20 KHz. The estimated position is used in the current loop controller to verify the
operation of the observer. The machine was driven at different test speeds using constant
observer gains. The currents and speed loops are compensated by simple Pl compensators. The

reference d axis and q axis currents are used to calculate the reference torque T,.r. The Hall-

Effect sensors’ signals are generated by sampling the encoder signal. The compensator G.(s) is a

Pl type with K; = 400000, K, = 1250 and G.r(s) is a simple integrator.
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Fig. 2.18 Block diagram of the IPM machine drive system with three hall-effect sensors.

Fig. 2.19 shows the experimental steady state actual position represented by the encoder
signal (6,,.), Hall-Effect sensors’ position signal (8;,4;;), estimated position (6,;) and position
estimation error at electrical speed of 15.7 rad/sec. In this Fig., the position estimation error is
almost zero at steady state with smooth and zero lag position estimation. The same setup is used
at other different speed of 500 rad/sec as shown in and Fig. 2.20. The performance of the
observer shows good performance at low and high speed operation with constant observer gains.
The estimation error remains almost zero at various operating speeds. This suggests that this type
of observation is good for wide speed range operation without the need to modify the observer
gains with different speed regions, thus making simpler implementation and reduced

computational complexity.

Fig. 2.21 shows the observer performance at startup from standstill condition to rated
speed. The Fig. shows the estimated speed and estimated position as well. The observer tries to

track the actual position once the first Hall-Effect sensor’s signal comes in, so, a small oscillation
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in the estimation is noticed at the beginning of the operation and fast convergence is achieved by
the next cycle when the position samples flow in more steadily manner. The maximum position
estimation error at startup is limited to the Hall sensor’s resolution of 60° in this case, which
means that the startup is always possible. A rotation reversal from -157 rad/sec to 157 rad/sec is
shown in Fig. 2.22. The observer follows with minimum oscillation the actual position and
sustains the stability of estimation through transition. Thus by far, the proposed observer shows a

satisfactory performance under different operating conditions and during transients.

2.5 rad/div Gese(rad) I 2.5 rad/div Oest(rad)

|

Position estimation error (rad) Position estimation error (rad)
Oenc(rad) Oenc(rad)
i / : / /| /]
/
'\ : J‘ [
ghall(rad) > . Gha"(rad)
200ms/div 10ms/div

Fig. 2.19 Experimental actual position Fig. 2.20 Experimental actual position
represented by the encoder signal, Hall-Effect represented by the encoder signal, Hall-Effect
sensor’s position signal, estimated position and ~sensor’s position signal, estimated position and
position estimation error at 15.7 rad/sec. position estimation error at 500 rad/sec.
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Fig. 2.21 Experimental estimated speed, estimated Fig. 2.22 Experimental observer estimation during
position, actual position and Hall-Effect signals rotation reversal from -157 rad/sec to 157 rad/sec
from standstill to rated speed.

To evaluate the performance of the offset compensation algorithm, an offset of 0.5 rad
electrical is introduced to the hall-effect sensors discrete signals. Fig. 2.23 shows the steady state
operation of the observer estimation at electrical speed of 62.8 rad/sec without compensation. In
this Fig., the observer follows the discrete signals coming from the hall sensors. The estimated
position is intentionally shifted upwards to view the signals. The estimated position is aligned
with the hall sensors signals and there is a constant offset from the actual position represented by
the encoder signal shown. The compensator is applied then and the result is shown in Fig. 2.24.
Now, the compensator is able to estimate the offset and correct the observer output. While the
observer suggests an estimated position 6,,s(rad), the compensated estimated position
0.s:(rad) is aligned with the actual encoder position, which validates the operation of the offset

compensator.

Fig. 2.25 shows the estimated torque T, reference torque T, torque error and the

axis reference current demand when there is an offset in the sensors’ signals and at before and
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after the compensation algorithm is applied. Before the offset compensation, there is a residual
torque error and the machine draws more current for the same speed because of the misaligned
reference frame. After applying the compensation algorithm, the torque error goes to zero and
the current needs is reduced for the same operating conditions indicating a proper alignment for

the reference frame.
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Fig. 2.23 Experimental observer estimation with offset introduced and without compensation at 62.8
rad/sec.
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Fig. 2.24 Experimental observer estimation with offset introduced and with compensation at 62.8
rad/sec.
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Fig. 2.25 Experimental torque and current demand with offset introduced before and after
compensation

2.3.4 Wind Simulator Experimental Results

A hardware system is built to test the wind simulator performance. Fig. 2.26 shows the
MG hardware set used to test the wind simulator. The motor parameters are shown in Table 2.1
and the generator parameters are shown in Table 2.2. The wind turbine characteristics are stored
in the DSP processor. The motor shaft speed is measured using the aforementioned position
estimation technique using the Hall-Effect position sensors. The wind speed is supplied by the
user or a wind profile is stored in the DSP to be recalled. Fig. 2.6 shows the torque command

generation strategy using the measured speed and the desired wind speed.
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Fig. 2.26 Wind simulator MG set

Table 2.2

Parameters of the Generator
Motor VALUE [UNIT]
Power rating 30 [KW]
Poles 8
Rated Torque 62.7[N.m]
Base Speed 4000 [rpm]
Ry 56 [mQ]
Ly 1.6 [mH]
L, 1.6 [mH]
Ji 0.02[Kg.m?]

For surface mounted permanent magnet synchronous machine (SMPMSM), the d and q

axes inductances are equal, so the torque equation in (21) becomes:
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T, = == (Aiq) (2.46)

iq = Ty (2.47)

The generator is controlled independently using a converter circuit that will be detailed in
the next section. The generator is running under speed control to span the wind power profiles.
The control block diagram of the experimental setup is shown in Fig. 2.27. The converter circuit
in the generator side is used to implement a speed loop control where the controller design and
implementation will be discussed next. The speed loop control will determine the shaft speed of
the MG set and accordingly the motor control will generate a torque command based on the

available wind speed.
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Fig. 2.27 Wind simulator MG set control diagram
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The wind speed and rotational speed are varied to reproduce the wind turbine power
curves as shown in Fig. 2.28. The wind speed is varied between 8m/s and 12m/s. A peak power
of a 1.5kW is targeted for the system at 12m/s. The rotational speed is varied and the power at
the dc link capacitor C,. is recorded. The generated wind power profile agrees closely with the
simulated one using the turbine equations. The power at the dc link capacitor does include all the
losses incurred by the two machines, inverter unit, diode rectifier, mechanical losses (friction,
shaft torsion, etc.,) and the power connectors. The output power curve will be used as a base to
test the WECS for the next chapters. The difference between the reproduced and the simulated
curves in Fig. 2.2 represents the aforementioned losses. It can be seen from the figure that there
is an optimum rotational speed for each wind speed at which, the power extracted from the wind
IS maximum, and the objective of the MPPT controller is to track this point at all times. A

detailed analysis of the MPPT control will be presented in chapter 3.
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Fig. 2.28 Experimental power-speed characteristics of the wind turbine simulator.
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Fig. 2.29 shows the experimental speed versus torque characteristics of the simulated
wind turbine. The experimental results show the torque characteristics only on the right hand
side of the curves shown in Fig. 2.3. The right hand side region of the curve is the stable region
of operation as mentioned before and it will be shown later in chapter 4 that this region can be

stabilized with voltage loop control.
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Fig. 2.29 Experimental Generator speed versus torque characteristics

2.4  Electric Generator and Power Electronic Converter Interface

The most important parts of the WECS are the electric generator that is used to convert
the mechanical power into electrical one, and the power electronic converter circuit that is used
to control the generator to achieve certain control objectives, and to regulate the generated power
and make it useful for the intended application whether it is, for instance, a battery charging

system or grid tie inverter. The selection of the electrical generator type determines the options
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left for the power converter circuit. The generator selection along with the converter circuit will
determine the overall system controllability and efficiency. So, deep understanding of the system

application is needed to help in choosing the right hardware.

2.4.1 Electric Generator

For small scale WECS, the most favorite choice for the electric generator is the PMSG
due to the benefits of its small size, large power density, low maintenance cost, and they are easy
to control [12, 18, 52]. The per phase electric generator model is shown in Fig. 2.30. Where E is
the back emf of the machine and is equal to w4y, R; is the phase stator equivalent resistance, L;
the stator equivalent inductance, I, is the stator phase current, V. is the phase terminal voltage

of the machine.

Fig. 2.30 Equivalent circuit and phase vector diagram of PMSG

The terminal per phase voltage is thus expressed as:

Vac = E — Iac(Rs +jweLs) (2-48)

The equivalent circuit of the PMSG in dg domain is shown in Fig. 2.31.
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Fig. 2.31 PMSG equivalent dq circuit

The surface mounted PMSG model in dg domain can be expressed as [6, 36, 53]:

di
Vg = welqiq — Ryiq — de—: (2.49)
di
V, = —weLgiq + weAs — Rsig — Ly d—;’ (2.50)
3P,
T, = EE(Aflq) (2.51)

From (2.49)-(2.51), it can be seen that the torque can be controlled directly by controlling
the quadrature current component i,. The control options for the generator depend on the control

objectives. Generally, speed and torque control can be implemented.

In the case of torque control, the torque loop is realized by implementing current loops
with the quadrature current directly determines the torque through equation (2.51). A direct
torque control is also possible. However, this introduces additional complexity of the controller
design as a torque observer is needed. The other option is to include a torque sensor which adds

extra cost and weight to the system. A direct torque control using current control is shown in Fig.
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2.32 with the position estimation algorithm discussed earlier is used. For speed control, the same

structure is used except that; torque command is generated using the speed loop output as shown

in Fig. 2.33.
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Fig. 2.32 Block diagram of the direct torque control of the PMSG
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Fig. 2.33 Speed loop implementation for speed controlled PMSG

In both cases of the torque and speed control implementations, the direct axis current
component i, is determined based on the control strategy used and the power converter interface
configuration. For full power active three phase PWM converter configuration, several control

strategies can be implemented like, the MTPA control, maximum efficiency control [53], and
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minimum loss control [18]. And for passive rectifier converter case, where a diode bridge
followed by a dc chopper is used as a power converter interface, the control options are limited
as the vector control cannot be implemented and the current components cannot be controlled

independently, but rather, their envelope is the control objective in this case.

The current controller design follows the same principle as the one presented for the
motor in the last section, where the current to control voltage transfer function is expressed as in
(2.52), where the time constant is defined as 5 = Lg/r;. The parameters of the generator are

listed in Table 2.2.

g ig 1 1 257
Vis Vas  Tsl+sty, (252)
The torque to speed transfer function for speed loop control design is shown in (2.53).
w(s) 1
= 2.53
T.(s) s/+B ( )

Conventional control theory is used to design controllers for the system. Usually, a Pl
controller has adequate performance to stabilize the loops. It should be mentioned that the speed
loop bandwidth is much less than the current loop bandwidth to prevent the interaction between

the two loops in case of cascaded loop design for the speed control implementation.

2.4.2 Power Electronic Converter
The power electronic converter interface used to control the generator plays a major role
in the overall system performance. The type of the used converter directly affects the system

level application. As mentioned in chapter one, common power electronic converter interfaces
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are the full power VSC (will be called active interface in this dissertation) [16-18] and the diode

bridge followed by the dc chopper (will be called passive interface) [19-22].

The active PWM VSC offers full controllability over the active and reactive power of the
generator, and thus, it offers the capability of power factor correction operation which will
increase the system efficiency and enhance the utilization of the generator. In addition to that, the
ability to perform complex control tasks using the vector control of such types of converters. The
consequences of utilizing these full power converters include the added cost and control
implementation complexity. The converter should be rated to the maximum power of the
generator to be able to offer full power control. Size and weight are common issues when using

the full power converters for small scale WECS.

The passive power converter interface including the uncontrolled diode bridge rectifier
followed by a boost chopper is a common practice for small scale WECS, where it provides
simple and cost effective solution. The target of this dissertation is to present simple and low cost
WECS, so0, the passive power converter interface will be considered here. The schematic diagram

of the power converter interface is shown in Fig. 2.34.
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Fig. 2.34 Schematic diagram of the power converter interface
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The diode bridge is assumed to be ideal and the commutation angles are neglected. The
output of the bridge is 6 peaks rectified three phase voltage. The load current is assumed to be
heavy so that the boost will work under continuous conduction mode (CCM). The capacitor C .
is used to smooth the voltage ripples caused by the diode bridge commutations. The boost
inductor is desired to be as high as possible to reduce the current ripple. Small current ripple will
cause less oscillation of the machine torque. The output capacitor is chosen to achieve minimum
voltage ripple at the load side. The load used here is a resistance. However, it can be replaced by
a unity power factor inverter or a battery bank depending on the application. The switch Q is an

IGBT that is controlled using the PWM signal dq.

The output of the diode bridge rectifier is a related to the peak amplitude of the input ac

voltage and can be expressed as in (2.54) [54].

3v3

Vac = TVac—amp = KvVac—amp (2.54)

where V,._qmp is the ac side voltage peak. The ac side voltage of the PM machine can be written

as [36]:
Vac = E — Iac(Rs +jweLs) (2.55)

where Rg and Lg are the stator resistance and inductance, respectively. I,. is the ac side phase

current, E is the back electromotive force of the machine and is equal to:

where w, is the electrical angular speed and A is the flux linkage of the magnets. From (2.54)-

(2.56), it can be seen that the input voltage to the boost converter which is V,. or V, is
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proportional to the speed of the generator. The speed of the generator is related to the mechanical
state variables of the machine which is far slower than the electrical state variables of the boost
circuit. So, for modeling purposes, the input voltage of the boost converter can be assumed
constant within the bandwidth of the boost current control loop. This will simplify the modeling

task of the system and makes it the same as the conventional boost dc-dc converter.

To derive a control law for the boost chopper, it is important to develop the small signal
model for the circuit. Conventional averaging techniques are used in this context to derive the

plant transfer functions. The interest is in the duty to input current transfer function (:(%) If the

output voltage needs to be controlled, then it is important to derive the input current to output

Vo(S)
ir(s)

voltage transfer function ( ) The state equation that describes the boost converter stage is

shown in (2.57).

- 1-d
_ L -

dv, _ll—d 1 ‘[vo]+ 6 Vin (2.57)

dt Co R,C,

To develop the small signal model, a perturbation is introduced into the system variable

as follows:

ip=1,+1, Vp=Vin+0n v,=V,+7, d=D+d (2.58)

After substituting (2.58) in (2.57), equating both dc variables and ac variables, and
canceling the higher order terms and retaining only the first order ones, the steady state and small

signal models can be derived as in (2.59) and (2.60) respectively.
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V=, g = (2.59)
& =[1_D “L] | 1 |d+ 2|7 (2.60)
dt . C,  R,C, _C_ 0

Taking the Laplace transformation and arranging terms results in the following transfer

functions that describe the plant in the frequency domain.

iL(s) _ C,V,s + 2(1 — D)IL
) Le,s? + 45 + (1 D2
o

(2.61)

vo(s)  (1—=D)V,+LIs
i(s) C,V,s+2(1-D)I,

(2.62)

The boost converter parameters are shown in Table 2.3.

Table 2.3
Boost Converter Design Parameters

Boost Converter | Value [Unit]
L 700 [pH]
Cac 3.6 [MF]

c, 400 [WF]

R, 27 [Q]

£, 10 [KHZ]

For now, the interest is in implementing a current loop control, while the voltage control

will be considered in later chapters. The transfer function of the boost in (2.61) is operating point
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dependent. To design a robust controller, the worst case scenario is considered. A practical
realistic upper limit on the conversion ratio of the boost converter is 5 times. That leads to an
upper limit of the duty cycle to 0.8. A conservative value of D=0.9 will be selected for the
controller design. The input voltage of the boost depends on the generator speed which is
determined based on the operating wind speed conditions, the generator specifications and the
boost duty cycle. The minimum possible voltage is considered as the worst case operating point.
The minimum voltage is found to be around 10V. Below this voltage, it means that the generator
IS running very slow and not achieving the optimum power extraction of the generator. So, the

selection of 10V is still considered to be conservative for the design.

The control signal to inductor current transfer function based on the above parameters is:

IL(s) _ 0.04s + 7.407

= 2.
d(s)  2.8x1077s2+ 2.593 x 10-5s 4 0.01 (2.63)
A Pl compensator as in (2.64) is designed.
1+ 0.022s
G.(s) = 2.047 x — (2.64)

Fig. 2.35 shows the bode plot of the compensated current loop. The loop bandwidth is

close 1kHz and enough phase margin of around 90°.
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Open-Loop Bode Editor for Open Loop 1 (OL1)
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Fig. 2.35 Bode plot of the compensated current loop with Pl compensator in (2.64).

2.5 Summary

In this chapter, the basic components of the small scale WECS were presented along with
a detailed description of each one. The wind turbine aerodynamics can be described using
analytical and numerical relations. Based on the aerodynamic model of the wind turbine, a wind
turbine simulator using MG set is designed and built. The generated wind profile characteristics
closely match the theoretical one and they will be used to test various control objectives in the

subsequent chapters.

The most favorable choice for the wind electric generator is the PMSG, especially for
small scale applications. The dynamic model of the PMSG in the rotating reference frame is

presented and will be used to design system level controllers.
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A diode bridge rectifier followed by a boost converter is a cheap and reliable power
converter interface for small scale WECSs. The advantages and dynamics of the power converter

were presented and a current control loop is designed accordingly.

In summary, this chapter presented the hardware configuration, modeling and control.
The aforementioned analysis provides a generic approach to understand the basic concepts
behind the WECS and explains a systematic way to build a lab prototype for testing purposes.
The basic WECS functionalities, including the MPPT control, stall region control and protection
will be tested using the test bed described in this chapter and they will be detailed in the

following chapters starting by the MPPT control.
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Chapter 3: Maximum Power Point Tracking

3.1 Introduction

Due to the aerodynamic properties of the wind turbines, the extracted power from wind
may vary based on the wind speed and the generator shaft speed. For given wind speed, there is
an optimum rotational speed at which the maximum power is achieved. The WECS controller
should track this optimum point by continuously monitoring the operating conditions and

according to certain control algorithms that would allow this process.

In this chapter, the concept of MPPT is investigated, and a review of the most common
MPPT algorithms is presented. The advantages and disadvantaged of each method will be clearly
outlined. The practical implementation limitation will be also considered. Then, a new MPPT
algorithm for small scale WECSs will be proposed to solve the common drawback of the
conventional MPPT methods. The proposed algorithm uses the dc current as the perturbing
variable. The algorithm detects sudden wind speed changes indirectly through the dc link voltage
slope information. The voltage slope is also used to enhance the tracking speed of the algorithm
and to prevent the generator from stalling under rapid wind speed slow down conditions. The
proposed method uses two modes of operation: A perturb and observe (P&O) mode with
adaptive step size under slow wind speed fluctuation conditions, and a prediction mode

employed under fast wind speed change conditions. The dc link capacitor voltage slope reflects
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the acceleration information of the generator which is then used to predict the next step size and
direction of the current command. The proposed algorithm shows enhanced stability and fast
tracking capability under both high and low rate of change wind speed conditions and is verified

using a 1.5-kW prototype hardware setup.

3.2 Concept of MPPT and Current MPPT Algorithms

The basic concept of the MPPT control can be described using the wind turbine
aerodynamic characteristics explained in chapter 2 and they will be revisited here. Fig. 3.1 shows
typical power coefficient characteristics of a wind turbine. The power coefficient C, represents
the efficiency at which the turbine is extracting power from the wind stream. To maximize the
energy capture, C,, needs to be at its maximum at all times. The tip speed ratio represents a ratio
between the wind speed and the generator rotational speed. As the wind speed fluctuates, the
rotational speed should be varied as well to maintain optimum tip speed ratio that will guarantee

maximum Cp. That leads to the importance of variable speed implementation of the WECS.
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Fig. 3.1 Typical power coefficient as function of the tip speed ratio curve
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Fig. 3.2 shows the power-speed characteristics of the wind turbine and it shows that there
is an optimum speed at which the MPP is achieved. The controller objective is to follow the MPP
trajectory represented by the MPPT curve shown. In Fig. 3.3, it can be seen that the MPP does
not mean a maximum torque point rather than an optimum torque point. It should be noted also
that the stable region for the generator operation is where the torque decreases with increasing
shaft speed [55], which is the region to the right hand side of the maximum torque curve shown

in Fig. 3.3.

At a specific wind speed, there is a maximum shaft speed (at zero torque loads) beyond
which the generation theoretically stops and the power curve goes into the negative region. In
speed controlled WECS; the generation system will be stable as long as the commanded speed is
less than that maximum speed. Generally, a speed loop will generate a torque command which
will be translated into current commands to the machine control system [53]. The outer speed
loop will ensure that the generator torque will not exceed the maximum available torque from the
wind, thus ensuring continuous generation and maintaining system stability. In direct torque
controlled WECS, special attention must be paid to the commanded generator torque, because if
the generator torque is for some reason more than the maximum available turbine torque, the
system will decelerate and the generation will stop at the end. Thus the generator torque should
be maintained below the maximum wind turbine torque at all wind speeds. In the proposed
MPPT algorithm in this chapter, the MPP is tracked by directly adjusting the inductor current,
which directly corresponds to the generator torque as will be shown in later sections. Thus, it will
have the same limitation as direct torque controlled systems. That is, the commanded current
should not exceed a certain maximum value for a specific wind speed to protect the generation

system from deceleration and stopping. The proposed algorithm utilizes the dc link voltage slope
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information to keep the generator torque at its optimum value and below the maximum torque

point at all times which ensures continuous generation and system stability.
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Fig. 3.2 Turbine power as function of the shaft rotating speed for different wind velocities.
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Fig. 3.3 Turbine torque as function of the shaft rotating speed for different wind velocities.
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3.3 Current MPPT Algorithms

To operate the WECS at an optimum power extraction point, a MPPT algorithm should
be implemented. Several MPPT algorithms have been proposed in literature [18, 20, 53, 56-62].
Generally, the MPPT algorithms can be classified into three major types: tip speed ratio (TSR)

control, perturb and observe (P&O) control, and optimum relation based (ORB) control.

In TSR control, the turbine shaft speed is directly controlled to maintain the optimal TSR
computed using measured wind and turbine shaft speeds [4, 6]. Although this method is simple
and intuitive, it relies highly on the accuracy of the wind speed measurements (or estimation)

which is a challenge for such methods.

In the case of ORB control, the MPP is tracked with the aid of a convex or optimum
relation between different system variables. The power versus the shaft speed is used in [53, 60,
62]. The power versus the torque is used in [18, 63] . The authors in [19] and [64] proposed the
use of the power versus the rectified dc link voltage curve for MPP tracking. Other indirect
formulations of the optimum relation have been reported in literature. In [27] and [65], an
optimum relation between the dc link voltage and the dc side current was found, which simplifies
the control even more. In [66], the power and the shaft speed are expressed as functions of an
intermediate variable g which is calculated using the mechanical specifications of the wind
turbine. The authors showed that the MPP is ensured by keeping £ constant irrespective of the
wind speed. In general, in ORB techniques, there is no need for wind speed measurements, and
the response to wind speed change is fast. ORB algorithms have good dynamic response and
simple implementation. The main drawback of such methods is the need for prior knowledge of

accurate system parameters which can vary from one system to another and may even change
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with system aging. Since the performance of the MPPT relies on accurately knowing these

parameters, continuous update via simulations and lab testing is needed.

Once the optimum relation is defined for a system, it can be used by P&O control
algorithms to track the MPP by continuously changing the maximizing variable and observing
the power captured. Based on the power measurements variation with the perturbation
introduced, the next perturbation size and direction may be determined until the algorithm
reaches the MPP. Most of the work done for MPPT using P&O has used the power-speed
relation of the wind turbine [67], but recently, many authors showed the possibility of using
other system variables as control inputs for the MPPT, like the dc link voltage and the duty cycle
[68]. This in turn will reduce system cost and increase reliability by removing the need for shaft
speed sensing. Wind speed measurements are not needed for P&O algorithms; this reduces the
cost even further. Prior knowledge of the system parameters is not needed for the algorithm to
work, making this method more reliable and less complex. The main disadvantages of P&O
methods include its slow response to rapidly changing wind speed, especially for high inertia
systems. The efficiency of the MPPT algorithm depends on the step size of the algorithm
because the operating point will always oscillate around the MPP point. Adaptive step size P&O
control has been proposed in literature to offer enhanced tracking capabilities. The constant step
size is replaced by a scaled measure of the slope of the power with respect to the perturbing
variable [20, 69, 70]. However, adaptive step size algorithms suffer from inherent problems such
as direction misleading under changing wind speed conditions and non-uniform power increment
with respect to the perturbing variable making a limitation on the tuning of the step size scaling
factor. The flaws of the conventional and adaptive step size P&O algorithms will be discussed in

more details in the next section.
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To gain the benefits of the ORB and the P&O methods, some hybrid algorithms have
been reported in literature. In [20], the angle between the dc current and the square of the dc link
voltage (0) is defined and used to maximize the captured power. The technique searches for the
optimum relationship of the output rectified dc voltage and current in a short time during a
training mode using P&O then the defined relation is used in ORB control. In [71], the cubic
optimal power curve is detected online and then used for P&O routine with variable step size

perturbation.

In this chapter, a novel MPPT algorithm using the dc link voltage rate of change under
quickly changing wind speed conditions is proposed. The dc link voltage slope information is
used to enhance the algorithm tracking speed and most importantly, to prevent the system from
stalling under rapid wind speed slow-down scenarios. The proposed algorithm defines the
adaptive step size by scaling the measured voltage slope rather than using the power increment.
This will be shown to be more effective and to overcome the limitations associated with the
power slope measurement. The proposed algorithm uses two modes of operation, namely;
normal P&O mode during slow wind speed variations and prediction mode, where rapidly
changing wind speed conditions are assumed. An indirect wind speed change detection
capability is implemented using the rate of change of the rectified dc link voltage to differentiate
between the two modes. As the voltage slope change reflects the acceleration/deceleration
information of the machine, it will be shown that it can be used to predict the change in the
turbine torque under wind speed change. The torque prediction will help the algorithm to rapidly
track the wind fluctuations and to move the operating point next to the MPP. Extensive

experimental work has been carried out to validate the proposed algorithm, where a significant
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enhancement in the tracking speed is achieved, and a stable operation of the algorithm is proven

under different wind speed changing conditions.

3.4 Problems in the Conventional P&O Algorithms

The conventional P&O control algorithms are the simplest form of sensorless MPPT
algorithms presented in literature. The step direction of the perturbation depends on the observed
power change with the perturbation variable. However, for the conventional implementation of
the fixed step size P&O algorithms, there are two problems that deteriorates its performance
[71]: A large perturbation step size increases the speed of convergence but decreases the
efficiency of the MPPT algorithm as the oscillations around the MPP will be bigger. A small step
size enhances the efficiency but slows the convergence speed; this is unsuitable under rapid wind

speed fluctuations. Both cases are illustrated in Fig. 3.4 (a,b).

To solve this problem and avoid the tradeoff between the efficiency and the convergence
speed in conventional P&O algorithms, an adaptive step size control is suggested to enhance the
tracking capabilities of the MPPT algorithms [72, 73], where the step size is scaled by the slope
of the power with respect to the perturbation variable. The step size is expected to be larger when
the operating point is away from the MPP due to the large slope of the power curve in that
region, and small step size is enforced when getting close to the MPP as the power curve tends to
flatten near the MPP indicating lower slope. However, in this kind of control implementation,
there are two major problems: When the operating point jumps from one power curve to another
for different wind speeds, the desired step size depends on the operating point location along the
curve resulting in unnecessary small or large step [69]. Moreover, the power difference between
successive MPPs is not uniform; that is to say that Aw/AP is not uniform; it is more for low

wind speeds and less for high wind speeds as can be seen in Fig. 3.5 (a), thus the tuning of the
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scaling factor will be limited to the lowest Aw/AP to avoid overshooting the operating point at

high wind speeds.

The other problem, which is of more concern, is that the next perturbation direction can
be misled owing to the fact that the P&O algorithm is blind to the wind speed change. This

scenario is shown in Fig. 3.5 (b) as an example.

Unlike the conventional adaptive P&O algorithms, the proposed method uses the dc link
voltage slope information to scale the step size during sudden wind speed change conditions. It
will be shown later in this chapter that the dc link voltage slope variation with the wind speed
changes is relatively independent of the operating point location along the power curve, and is
constant for the same magnitude of wind speed increase or decrease. Thus, scaling factor in this
case is easier to tune and is optimized for the whole operating range and for different wind speed
regions. The direction misleading problem is also removed in the proposed method as the sign of
the voltage slope always follows the change in the wind speed; positive slope with increasing

wind speed and negative slope with decreasing one.
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3.5 Proposed MPPT Algorithm

In this section, the proposed MPPT algorithm will be discussed. The mathematical
modeling of the electrical conversion system will be detailed and a simplified implementation
procedure will be presented. The WECS where the MPPT algorithm will be applied is shown in

Fig. 3.6.
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Fig. 3.6 Schematic of the WECS generator side converter

3.5.1 Electrical Characteristics of the WECS

The wind turbine aerodynamic model equations described in chapter 2 are listed here

again for referral:

1 2173
Pyina = E.DT[R Vw (3.1)
1 2173
Poiage = 5 TRy Cp(A) (3.2)
1 —21/%
Cpr(A4,B8) =0.5176 (1161— —0.4p — 5) + 0.00684 (3.3)

l
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1 1 0.035

= — 4

A A+0.0838 p32+1 34D

A=Rw,/V, (3.5)
1

Tin = EpﬂRZVVE'Cp(/l)/wr (3.6)

The rectified dc link voltage at the output of the rectifier shown in Fig. 3.6 can be

expressed as [54]:

3v/3

Vac = TVac—amp = Kv%c—amp (3.7)

where V_amyp i the ac side voltage peak. The ac side voltage of the PM machine can be written

as [36]:
Vac = E — Iac(Rs +jweLs) (3-8)

where Rg and Lg are the stator resistance and inductance, respectively. I,. is the ac side phase

current, E is the back emf of the machine and is equal to:

where w, is the electrical angular speed and A is the flux linkage of the magnets. The ac side
peak voltage is speed dependent as can be seen from (3.8). To express this quantity as function

of the machine dq voltages, the dg model of the PM machine is derived as follows [36]:

. . dig
Vd = (,l)eLdlq - Rsld - Ldﬁ (310)
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di,
dt

Vg = —welgiqg + weds — Rgig — L
T =52 (i)
where:
Lq,Lg: Stator inductances in the dq axes.
Va, Vg Stator voltages in the dq axes.
iq, L4- Stator currents in the dq axes.

P: Number of machine poles.

The peak ac side voltage can be expressed in the dg domain as:

Vs = ’de + qu = V:zc—amp

Then, the rectified dc link voltage can be written as:

The inductor current i; is formed as (3.15):

i _Vdc
==
ch

where Z,. is the input impedance of the boost converter and is described as [60]:

Zgc = (1 - d)zRL

where d is the duty cycle. From Fig. 3.2, the MPP is characterized by the points where

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)
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P

i 17
70 =0 (3.17)

The MPP as described by (3.17) can be projected into an optimum inductor current value,

which is then can be used to track the MPP. To prove that, the chain rule is used as in (3.18):

dP  dP di, dVu dV,

= = — d
dow di;dVy; dV; dw (3.18)
Using (3.15):
a, _ 1. (3.19)
dVdc ch .
From (3.14):
AV
=K 2
av. , #0 (3.20)
From (3.10), (3.11) and (3.13):
dV, Va(—=Lgi, )+ V,(Lgig + A
s _ a(~Lalq) +Vy(Lala f);eo (3.21)

d
“ /de + V7

So, if dP/dw must equal O at the MPP, then dP/di;, must be zero at the very same point

according to (3.15)-(3.21).

dP P

w=0 =0 (3.22)

According to (3.22), the function P(i;) has a MPP that coincides with the MPP of P(w).

Then, by adjusting the inductor current towards its optimum value, the MPP can be achieved.
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Previous work showed the possibility of controlling the dc link voltage to achieve the
MPP [19]. However, in this thesis, the current is controlled and the dc link voltage variations are
monitored to enhance the MPPT algorithm performance as will be clearly shown later.
Controlling the current is effectively controlling the generator torque. The dc side current, which

is the inductor current in this case, can be written as (3.23) [19].

. T
lp = mlac—peak (3.23)

where Ioc_peqr 1S the peak value of the ac side line current, and can be written in terms of the

machine dq current components as [36, 74]:

T
i, =——=I 3.24
L 2\/§ q ( )
And this will render the following generator electrical torque equation:
3V3P
Te = Ti/lflL (325)

The torque commanded by the inductor current (3.25) should not exceed the maximum
available turbine torque (3.6) for the system to continue generation. The mechanical system can

be described by the following equation with neglecting the friction:
dw
T — T, =JE (3.26)

where ] is the system inertia. If T, is less than T;,,, the generator will accelerate. While the speed
is increasing during acceleration, the turbine torque will decrease as can be seen from Fig. 3.3

until it matches the generator torque and then the system will be in a stable operating point which
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will be the MPP if T, equals an optimum torque point. If T, is greater than T,,, the generator will
decelerate and the speed decreases, thus, the turbine torque will increase until it matches the
generator torque and stabilizes the system. If T, is greater than the maximum turbine torque
(maximum torque curve in Fig. 3.3 shows these points), the system will never stop decelerating
and the generation will eventually stop. Thus, the generator torque should be kept below the

maximum turbine torque for a specific wind speed to prevent the generation from stopping.

For P&O algorithms, and under sudden wind speed change, specifically wind speed slow
down scenarios, it is likely that the system will go into this operating condition. In this case, a
fast adjustment of the generator torque should be done to match the turbine torque. A
conventional P&O algorithm may fail under this operational condition due to its slow response to
fast wind speed change conditions. In the proposed algorithm, the sudden wind speed change is
projected into dc link voltage slope change which will be detected by the algorithm. When a
sudden dc link voltage slope exceeds a certain threshold, wind speed is said to be changing
rapidly. Hence, a corresponding adjustment of the inductor current (and therefore, generator
torque) is commanded to prevent the machine from stopping and to continue generation with
MPPT control. This is an advantage of the proposed algorithm over conventional P&O

algorithms.

3.5.2 Indirect Detection of Wind Speed Change
As pointed in the previous section, the generator will accelerate or decelerate based on
the torque difference applied to its input and output (3.26). The power electronic interface is

current controlled, which is translated to torque on the machine side. The MPP algorithm will
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continuously change the current command to reach the MPP. Changing the current, and hence
the torque applied to the generator, will change the acceleration properties of the machine.
Another cause that can change the acceleration properties of the machine is the change in the
wind speed itself. It is important to distinguish between the two cases, where the difference
between them will be utilized to enhance the MPPT algorithm tracking speed and stability. The
acceleration information will be projected into the dc link voltage slope. The higher the
acceleration/deceleration is, the steeper the rate of change of the dc link voltage is. Knowledge of
the slope of the dc link voltage then, in addition to that of the dc current, can be used to
determine roughly how much electrical torque should be applied to the generator to match the

turbine torque and stabilize the system. That is, from (3.7) — (3.9):

Ve & W, (3.27)
Then:
dVdC da)e
2
FTERT: (3.28)

From (3.26) and (3.28):

dVdc o (Tm - Te)
dt Ji

(3.29)

Incorporating (3.6) and (3.25) for the mechanical and electromechanical torque equations and

using (3.29):

1
2PTR*VICr (D) 3y3Pp
Wy T 27l

dVac
dt ]

(3.30)

80



From (3.30), we can conclude (3.31) and (3.32):

Ve o

et (3.31)
dVy,

dtc < —i; (3.32)

Clearly, the dc link voltage slope shows much higher sensitivity to the wind speed change
than to the inductor current change since the slope is proportional to the cubic wind speed and

linear proportionality is shown to the inductor current change.

If the MPPT algorithm steps the current command up or down, the corresponding slope
of the dc link voltage will be small since the step size of the current will be small for fine
tracking. On the other hand; when the wind speed changes; even by a small value, the dc link
voltage slope will be large. This will be verified experimentally in later sections. Through the dc
link voltage slope information, any possible wind speed change during the operation of the
conversion system can be detected. If the wind speed fluctuation is small in magnitude and slow,
the slope will be small and less than certain threshold, while in the case of large magnitude fast
fluctuations, the slope will be steeper and will give the algorithm the capability of extracting the

wind speed change information.

3.5.3 MPPT Algorithm
The MPPT algorithm proposed in this paper makes use of (3.22) to track the MPP by
continuously adjusting the inductor current to reach the MPP. The dc link voltage is not

controlled, thus it will be monitored and the natural behavior of the dc voltage during wind speed

81



change will be used to enhance the tracking speed of the algorithm. The flow chart for the
proposed algorithm is shown in Fig. 3.7. The algorithm works in two distinct modes: The normal
P&O mode under slow wind fluctuation conditions in which an adaptive step size is employed
with the power increment used as a scaling variable. The second mode is the prediction mode
under sudden wind speed change conditions; this mode is responsible for bringing the operating
point to the vicinity of the MPP during fast wind speed change, and it will help prevent the
generator from stalling by rapidly adjusting the generator torque in response to sudden drops in
wind speed. In this mode, the dc link voltage slope is used as a scaling variable and is used also
to determine the next perturbation direction. The wind speed change detection through the dc

link voltage slope described earlier will be used to differentiate between the two modes.

First, the system variables are initialized and samples from the dc link voltage and the dc
current (inductor current) are taken. The samples of the voltage and current (and hence the
power) are taken at a rate that depends on the system response time. When the MPPT algorithm
decides to increase the current command, which means more load torque, the system decelerates
and reaches a new operating point. The rectified dc link voltage will change according to the
change of the speed. A new dc link voltage level with the new inductor current will give a new
dc power operating point that will be used inside the algorithm calculations. However, the
generator speed cannot be changed instantly as it is limited by the system inertia, thus, when the
current is step changed, the dc link voltage across the dc link capacitor Cq. will be changed
slowly. So, usually, the sampling interval for the MPPT will be at least four to five times larger

than the time constant of the system.

The algorithm is designed to continuously monitor the slope variation of the dc link

voltage. The slope is measured at instants different from the sampling times designed for the
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MPPT algorithm. Thus, if there is an abrupt change in the wind speed; a very steep slope will be
noticed on the dc link voltage. Additionally, if the wind speed is going down, the available
torque will be much less than the commanded torque to the generator. Thus, in a very short time,
the generator will lose the energy stored in the system inertia and will stop if the generator torque
is not adjusted. So, faster monitoring of the dc link voltage slope is needed to rapidly adjust the

current command in response to a sudden wind speed change.

If the slope of the dc link voltage is found to be higher than certain threshold value Kq
(because of the wind speed change), then the MPPT algorithm will generate an interrupt and go
into the prediction mode in which a sudden change in the current command will be introduced to
compensate for the wind speed change. The amount of the current added or subtracted from the

current reference depends on the slope measured according to the following:

Ai T = K, x (slope) (3.33)

where Aizef is the reference inductor current step size in the next execution cycle. In fact, (3.33)

is a prediction of the amount of the available torque from wind. The slope will determine the sign
of the compensating current command, and K, is a factor determined based on the system

characteristics. Experimental tuning of K, will be advised in this dissertation.

While the slope of the dc link voltage remains within the threshold, the normal P&O
mode with adaptive step size is executed. In this mode, the power at the current cycle Py is

calculated and compared with the previous one; Py _;:
AP = PK - PK—l (334)

and then, the reference inductor current of the current cycle is compared with the previous one:
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Ai, = i, (K) — iy (K — 1) (3.35)

Based on these two comparisons, the next step size and direction are determined

according to the following:

If (AP x Aij > 0) > Aij = K,AP

If (AP x Aij < 0) > Ai]* = —K,AP
where K; is a factor determined judiciously.

After running the algorithm, the step size and direction will be determined from either the

normal P&O mode or the prediction mode and will be applied to the next cycle:
K+ 1) =i K) + A (3.36)

In summary, the proposed MPPT algorithm will run as normal adaptive step size P&O
algorithm unless a wind speed change causes the system to rapidly accelerate or decelerate. In
this case, the system will counteract the acceleration/deceleration by changing the reference
current appropriately and moving the operating point much closer to the new MPP. Then the

algorithm will resume normal P&O mode.

This method results in a noticeable tracking speed enhancement. More importantly, the
system is prevented from sudden stalling during sudden wind speed reductions, a rarely

addressed point in literature for P&O algorithms.
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Fig. 3.7 Flow chart of the proposed MPPT algorithm.
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3.6 Implementation Considerations

The proposed algorithm flow chart in the previous section shows a simplified way to
implement the algorithm. However, in practice, some design considerations should be taken care
of to optimize the performance of the tracking algorithm. Mainly, the selection of the rate at

which the samples are taken by the algorithm and the tuning of the scaling factors K; and K.

3.6.1 Sampling Time Selection
In the proposed algorithm shown in Fig. 3.7, there are two different sampling times: the
first one is the rate at which the dc link voltage slope is measured and the second one is the

power increment update rate.

The power is updated at a rate that depends on the system response time. The main
control parameter of the algorithm is the dc current which reflects the generator torque. Through
controlling the torque, the generator speed is indirectly controlled, and the objective is to drive
the generator at its optimum speed. Changing the torque will not cause the speed to change
instantly, as it is limited by the system inertia, thus, when the current is step changed; the dc-link
voltage across the dc capacitor C,;. changes slowly. Fig. 3.8 shows an illustration of this case. In
Fig. 3.8, the system is assumed to be working on the right hand side of the optimum torque curve
in Fig. 3.2. By increasing the current, the torque is increased which decreases the speed and the
total power increases as a result. At ti, the MPPT algorithm steps up the current command to
track the MPP. The speed is slowly changing after then, ruled by the system inertia, which
causes increase in the power calculation at point B in Fig. 3.8. The system continues deceleration
and the speed decreases. The change in the dc-link voltage follows the speed change and the

power level reaches point C. After a little bump at point C, the system goes into the steady state
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at point D. If the power is calculated during the transient, the power calculation can be
misleading for the MPPT algorithm as the algorithm will recognize the power readings as an
increase (around point B) and then a decrease (around point C), then an increase (around point
D), causing the algorithm to oscillate. To avoid this scenario, the power calculations are taken
after the system settles down at point D and fed to the algorithm. Based on this analysis, each
sampling period consists of two parts. The first part is a dead-time given to the system to reach
its local steady state point and during the second part; the measured quantities are averaged and
used for power calculations. In general, the time needed for the system to settle down to its local
steady state point is about four to five time the system time constant which can be measured

experimentally as will be shown in the next section as well.

Fig. 3.8 Demonstration of the transients in V,. and P, due to a change in i;.

The other rate to be defined is the rate at which the dc link voltage slope is measured, and
this rate is different from the previous one because of the fact that this sampling time needs to be
short enough to detect any possible abnormal change in voltage slope. As discussed earlier, the

slope will be monitored all the time, and when its absolute value goes above certain threshold,

87



the wind speed is judged to be rapidly changing. If the wind speed slow down condition is
considered, the available turbine torque will be decreasing causing the system to decelerate and a
negative voltage slope appears on the dc link capacitor. If the negative slope is not detected fast
enough, the system will not have enough time to respond to the wind speed slow down scenario
and the generator may fall into the stall condition and the generation may stop. So, the rate at
which the dc link voltage is monitored should be fast to accommodate this scenario. This rate can
be defined experimentally and it depends on both the system inertia and the size of the dc link
capacitor Cy.. Larger system inertia will slow down the generator deceleration under wind speed
slow down condition. And bigger dc link capacitor will act the same way as the larger inertia
case as it will have larger power capacity to support the boost during transients before its voltage

is drained out by the current controlled boost converter.

3.6.2 Scaling Factors Tuning

Two scaling factors are used by the algorithm to define the size of the next perturbation
step. During normal P&O mode, the factor K; is used to scale the power increment and during
prediction mode, K, is used to scale the measured slope. The selection of these factors
determines the stability and the convergence speed of the tracking process. Conservative
selection of these factors should be considered to guarantee optimized performance of the

algorithm.

K; is tuned experimentally by starting with very small value for K; and for constant wind
speed. The MPPT algotithm is tested and the dynamic performance is monitored. Then, K; is
slowly increased till the best response is achieved. K; will be set at the value that gives the best

performance. The experiment is done again for different wind speeds and for each wind speed,
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the optimum K; is selected. Among all these tuned values, the minimum value for optimum K is

chosen to avoid operation overshoot as described in section 3.4.

Aip,
slope

In the case of K,, it is tuned to be ( ) where Ai; is the step change in the current

AI.L
slope

needed to move the operating point to the next MPP. The variable ( ) is measured between

different MPPs and the average of the measured values is chosen as the scaling factor K.

3.7 Experimental Verification and Discussion

The schematic diagram for the designed WECS is shown in Fig. 3.9. The wind simulator
design and operation are discussed in chapter 2. A commercial inverter unit is used to control the
IPM motor. The PM generator (G) is coupled to the motor and a three phase diode bridge is used
to rectify the generated ac voltage. The dc link capacitor Cy .. is used to smooth the voltage ripple
caused by the diode bridge commutations. A current controlled dc boost converter is used to
boost the voltage and capture the MPP. The parameters of the machines, power electronic

interface and wind turbine are listed in chapter 2.
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Fig. 3.9 Schematic for the designed WECS with the proposed MPPT
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In Fig. 3.10, the inductor current is varied in fine steps and the dc power is monitored for
different wind speeds. The current versus power curves clearly show that the MPP can be tracked
by optimally adjusting the inductor current. As shown in Fig. 3.10, there is a maximum current
where beyond that value the generation stops, and that point represents the maximum torque
point of the wind turbine. The current command for a specific wind speed shouldn’t exceed the

maximum current curve to continue generation.
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Fig. 3.10 Experimental boost inductor current vs. dc electrical power of the WECS.

As pointed out before, the power calculations plays a major rule in the
performance of the MPP algorithm. In the proposed algorithm, the power is the product of the
dc-link voltage and current. When the MPPT algorithm step change the current up or down,
temporary overshoot or undershoot is observed in the power as can be seen in Fig. 3.11. The
overshoot for instance, is caused because for short time after stepping up the current, the voltage
across the dc-link capacitor remains the same as the time constant is large, thus, the calculated
power increases with the current increase. The capacitor will take time to discharge and reduce

the voltage level, after then, the calculated power will settle down to its steady state value. The
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overshoot regions shown in Fig. 3.11 should be excluded from the power calculation as they

would mislead the MPPT algorithm.

The power sampling time is divided into two portions: the first portion is nothing but a
dead time to give to the system to settle down and reach the steady state. That time depends on
the system design parameters. In the current system, the dead time is around 0.8 seconds as can
be judged from Fig. 3.11. The second portion is used to average the dc power and use it for the

second iteration.
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Fig. 3.11 Power calculation response to step change in the reference current

The change in the dc-link voltage can be caused by changing the current command
through the MPPT algorithm or because of a wind speed change. It is important to differentiate
between the two cases to help the algorithm to determine the step size and direction of the next

perturbation which will enhance the tracking speed of the algorithm.

Fig. 3.12 (a) shows the variation of the dc link voltage under step change in the wind

speed from 9m/s to 10m/s and back. The slope in this case is noticeably steeper than the slope

when the wind speed held constant and the current command izef is stepped as shown in Fig.
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3.12 (b), where a step change of 2A is introduced to the current. The slope is linearly
proportional to the current (3.32). The slope in the lateral case is small enough to be
differentiated from the formal case. Detection of steep slope in the dc link voltage will tell the
MPPT algorithm that there is a wind speed change and hence a large step in the current should be
commanded to track the fast change. The steeper the slope is, the larger the wind speed change is
and hence, the larger the step size for the next iteration should be. The slope is measured and
scaled by a factor K, to determine the size of the next current step. The sign of the next step is
the same as the sign of the measured slope as the slope will always follow the change in the wind

speed as stated earlier.
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Fig. 3.12 Experimental rectified dc-link voltage and inductor current under (a) wind speed step
change (b) reference current step change. i, (5A/div), V, (10V/div).

The use of the dc link voltage slope information is beneficial in detecting wind speed
change and it is used as the scaling variable. It has better characteristics than the AP commonly

used in adaptive step size algorithms [67]. Fig. 3.13 (a) shows the variation of both, power
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increment AP, and dc link voltage slope when the wind speed jumps from 9m/s to 10m/s at
different operating point locations along the power curve. Different operating point locations
mean different current levels. At each current level, the wind is jumped and both AP and voltage
slope are recorded and plotted in Fig. 3.13 (a). As previously discussed, AP is not uniform and it
changes with the operating point location along the power curve. However, we can see that the
slope of the dc link voltage is fairly constant irrespective of the operating point location or the

wind speed range as long as the change in the wind speed is the same for all operating points.
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Fig. 3.13 (a) Variation of dc link voltage slope (V/s) and AP (W) as function of the operating
point when the wind speed jumps from 9m/s to 10m/s at different current levels. (b) Variation of
AP and dc link voltage slope as the operating point jumps between successive MPPs for wind
speeds of 8m/s to 12m/s.
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To be able to tune the scaling factors K;, K,, the variation of the power with respect to the
variation of the current AP /Ai, between different MPPs is calculated and plotted in Fig. 3.13 (b).
The horizontal axis points represent the steps between different MPPs shown in circled numbers
in Fig. 3.10. At each step, the wind speed is changed and the power difference AP between the
two MPPs is divided by Ai; and is plotted in Fig. 3.13 (b). At the same time, when changing the
wind speed, the slope of the dc link voltage is measured and plotted in the figure as well. It can
be seen from the figure that the voltage slope is almost flat while the slope of the power
increment with respect to the change in the current is variable. Thus, when tuning the scaling
factor K, using the voltage slope information, it will be optimum for all wind speed and
operating point ranges, while, if the power increment AP is used as the scaling variable, the
desired value of the scaling factor K; will not be the same for different wind speed ranges or for
different operating points, which will introduce a limitation to use the lowest value of K; to
prevent operating point overshooting at high wind speeds [67]. This is a clear advantage of the

proposed algorithm over the conventional adaptive step size ones.

K; is tuned experimentally as discussed earlier in the previous section. And K5, is tuned

Aij,
slope

to be ( L ) Fig. 3.14 shows the value (

Slelpe ) between different MPPs. The horizontal axis is
the same as in Fig. 3.13 (b). The curve is fairly flat suggesting using the average value for K. If
K, was too small or zero, then it has no effect on the MPPT and the algorithm will be similar to
the conventional P&O MPPT. If K, is too larger than the average value, the algorithm will be
unstable as the step size will be unnecessarily large enough to cause system stalling. However in
the practical implementation, a slightly higher value for K, of 0.09 is selected. And that is to

make sure that during wind speed slow down; the resulting step size is enough to avoid stalling

and to move the operating point to the left hand side of the power-current curve.
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The voltage slope is flat irrespective of the wind speed region or operating point location
along the power curve as shown in Fig. 3.13 (a,b). And that can be explained using the torque-
speed characteristics as shown in Fig. 3.15. For constant current command, the generator torque
is constant and is represented by the horizontal lines in the figure as an example. Take the case

where the generator torque is constant and equal to T; meaning constant inductor current.

When the wind speed changes with the same increment of 1m/s; the operating point
jumps from point A to point B ... to point E. The change in the generator rotating speed is almost
the same for different wind speed levels, that’s Aw/AV,, is constant for the same torque.
Moreover, Aw is the same for different torque levels when the wind speed jumps between the
same two wind speeds as can be seen form the points A and B in comparison with points 1 and 2.
As the dc link voltage depends mainly on the speed w, it will always see the same step change
Aw when the wind speed varies with the same amount (1m/s in this case) regardless of the
torque level or wind speed region (high or low). Thus, the acceleration properties will be
preserved and will be constant under these operating scenarios. It should be mentioned that the

generator efficiency is not considered in this paper for the MPPT design as the proposed
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algorithm performance is not affected by the generator efficiency; however, it might affect the

scaling factors optimization and system level design in terms of system rating and sizing.
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Fig. 3.15 Experimental Generator speed versus torque characteristics.

Fig. 3.16 shows the performance of the proposed algorithm under fast changing wind
profile comparable to used wind profiles in literature [66, 74, 75]. The system starts with wind
speed of 8m/s. The algorithm is commanding the optimum current and hence achieving the MPP.
The dc link voltage and load voltage are shown in the figure as well. At time t;, the wind speed
ramps up with a slope of 4m/s?. During this fast wind speed increase, the dc link voltage slope
increases. The algorithm detects the slope increase and goes into the prediction mode where it
responds by commanding larger current steps to follow the wind speed change. At t;, the wind
speed settles at 12m/s and the dc link voltage slope decreases, which triggers the normal P&O
mode in the MPPT algorithm and the prediction mode flag is cleared. The system continues
operating in this mode till the wind speed starts falling down at t3, where the steep slope at the dc

link voltage sets the prediction mode flag active again and the algorithm starts decreasing the
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current command with steps that are scaled by the measured slope. When the wind speed settles
again at 9m/s at t4, the normal P&O mode is activated again driven by small variation of the dc

link voltage slope.
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Fig. 3.16 Experimental performance of the proposed MPPT algorithm under sudden wind speed
change. i, (10A/div), Vg (20V/div), V, (50V/div), Pyc(375W/div).

A faster wind fluctuation scenario is started at t5. Fig. 3.17 is used for explanation. At ts
the system is working at point A in Fig. 3.17 and achieving the MPP for wind speed of 9m/s.

Then a step increase in the wind speed to 11m/s causes a voltage slope to rise quickly. After a

97



very short time, the algorithm detects the slope increase and applies a large current step based on
the measured slope to compensate for the wind speed increase and moves the system closer to
the new MPP at point C which is the MPP for wind speed of 11m/s. However, for conventional
P&O methods, the system would have moved the operating point to point B and slowly goes to
point C driven by the step size applied. At tg, the wind speed steps down to 9m/s again. At that
moment, if the current command is not adjusted fast enough, then the system will go to point D
and stalls. In the proposed method case, the algorithm will detect the deceleration through the
voltage slope and go into the prediction mode where it will reduce the current command to

maintain the generation and ensures working in the vicinity of the new MPP near point A again.
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Fig. 3.17 MPPT for wind speed change from 8m/s to 12m/s and back to 10m/s.
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Fig. 3.18 shows the performance of the proposed MPPT algorithm under mixed wind
profile with slow and fast variation. The current command will follow the MPP during slow wind
variation where normal P&O mode is in charge and will abruptly change to follow fast wind
speed changes as well through the prediction mode. Overall performance of the proposed
algorithm shows fast tracking capabilities with minimum calculation required making it
competitive and simple implementation algorithm. The proposed algorithm prevents the
generator from stalling under fast wind speed change by utilizing the wind speed change

detection capability through the dc link voltage information.
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Fig. 3.18 Experimental performance of the proposed MPPT under variable wind speed conditions. i,
(5A/div), V4 (20V/div), V, (50V/div), P4(500W/div).
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3.8 Summary

In this chapter, a new MPPT algorithm for small scale WECS has been proposed. The
algorithm uses the dc side current as the perturbing variable while the dc link voltage slope
information are utilized to detect fast wind speed change. Based on the wind conditions, the
algorithm works on one of two modes of operation: normal P&O mode under slow varying wind
speed conditions. In this mode, the algorithm finely tune to the MPP as long as the wind speed is
slowly varying or steady. The other mode of operation is the prediction mode under fast wind
speed change conditions. And this mode is responsible of bringing the operating point near the
MPP whenever the wind speed rapidly changes in speed or direction. This proposed mode of
operation prevents the generator from stalling under sudden wind speed slow down scenario as
well, where conventional P&O methods may fail under this scenario due to their slow response.
The step size of the perturbing variable is chosen to be a scaled measure of the voltage slope

while in the prediction mode and of the power increment while in the normal P&O mode.

Compared to the conventional P&O methods, the proposed one does not have the
direction misleading problem and the adaptive step size scaling factor tuning is optimum
irrespective of the loading conditions or the wind speed range. Yet, like other methods, the
proposed algorithm does not need anemometer or generator speed measurements. Experimental

verification showed the effectiveness of the proposed method using 1.5-kW hardware prototype.
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Chapter 4: Control of WECS in MPPT and Stall
Regions with Mode Transfer Control

4.1 Introduction

The MPPT control introduced in the previous chapter aims to operate the WECS at the
MPP as long as the power extracted is within the system ratings. However, due to the
unpredictable nature of the wind speed conditions, the maximum available power from the wind
stream may be excessive and more than the WECS power rating. Thus, over power operation is
possible under wind gusts and high wind speed conditions if the MPPT is still active. That adds
extra functionality for the system controller which is limiting the system power to meet the

design specifications.

This chapter deals with the WECS control design under over power and over speed
conditions. The main job of the controller is to maintain MPPT while the wind speed is below
rated value and to limit the electrical power and mechanical speed to be within the system ratings

when the wind speed is above the rated value.

The concept of stall region and stall control is introduced in this chapter and a stability
analysis for the overall system is derived and presented. Various stall region control techniques

are investigated and a new stall controller is proposed and implemented. Two main stall control
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strategies are discussed in details and implemented: the constant power stall control and the

constant speed stall control.

The WECS is expected to work optimally under different wind speed conditions. The
system should be designed to handle both MPPT control and stall region control at the same
time, thus, the control transition between the two modes of operation is of vital interest. In this
chapter, the light will be shed on the control transition optimization and stabilization between

different operating modes.

All controllers under different wind speed conditions and the transition controller are
designed to be blind to the system parameters pre knowledge and all are mechanically sensorless,
which highlight the advantages and cost effectiveness of the proposed control strategy. The

proposed control method is experimentally validated using the WECS prototype developed.

4.2  Current Over-Power Protection Control Schemes

Different control theories and algorithms have been applied to the WECSs. The control
objective depends on the application and operating conditions. Fig. 4.1 shows the ideal
aerodynamic wind power as function of the wind speed [73]. Below the cut-in speed V,,;,, the
generation is halted because there is not enough power to drive the generation system. In region
l, between V,,,;,, and Vj,, the MPPT operation should be realized where the maximum power
captured in that region is less than the system rated power. Between V}, and V4, (region I1), the
maximum aerodynamic power exceeds the system rating, and thus, the controller should limit the

power captured by either using aerodynamic controller or soft control technique. Above 1,
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which is the cut-off speed, the wind power and speed are very high, demanding to shut off the

wind turbine by mechanical means to protect the mechanical parts.

According to published literature [13, 18, 19, 53, 56, 61, 64, 67, 68, 70, 76-80], most
control strategies have been developed to realize MPPT control in region I, while few research
has been carried out to implement the control in region Il [5, 24, 25, 73, 81-85] and even fewer
effort has been carried out to control the transition between these two regions during changing

wind speed conditions.
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Fig. 4.1 Ideal power versus wind speed trajectory.

As the MPPT control is important to increase the system throughput while the wind speed
is in normal conditions and below the rated value (), it is vital as well to realize the control
objectives in the above rated wind speed operating conditions. In region Il, the available
aerodynamic power is excessive if the MPPT algorithm is set to action. So, to protect the system
hardware, the power should be limited below rated. For large wind turbines, aerodynamic control

is used to limit the turbine power. Blades pitch control is usually implemented to reduce the
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turbine power coefficient C,, and hence; limit the power and speed of the turbine [11, 25, 70, 86,
87]. Pitch control increases the system complexity and cost and is only justified for large wind
turbines applications, while small-scale wind turbine systems are in favor of using simpler and
lower cost solutions. Soft stall control has been proposed for small scale WECSs to regulate the
shaft speed and power in the above rated wind speed conditions [24, 73, 80, 84, 88]. The
objective of the controller is to reduce the rotor speed in the high wind speed conditions and
stalling the turbine, where the power and speed will be limited. Another method to limit the
excessive power of being transmitted to the generation system is to use a resistor bank to dump
the excessive power [89, 90], while this method is passive and simple; it however, introduces
additional cost to the system and cannot limit the generator rotational speed which will increase
the mechanical stresses on the shaft. Constant speed soft stalling is introduced as a control
solution [80, 88], but the problem with this method is that even the power is limited, it still
increases with increasing wind speeds and the system should be rated accordingly. On the other
hand, soft stalling with power regulation can limit the speed and the power at the same time by

driving the generator into the deep stall region [24, 25, 73].

The intended purpose of this chapter is to propose a new overall control strategy for small
scale WECSs in a wide wind speed range, and to emphasize the difficulty in optimizing the
control transition between different operating regions without pre-knowledge of the system
parameters [23]. In region (I), the MPPT operation is realized by a modified P&O control
algorithm [22]. In region (1), the power is regulated using cascaded loop design concept while
ensuring that the WECS is driven to work in the stall region. Two stall controllers will be
considered in this chapter: the first one is the constant power stall in region (Il). The second

controller will consider a constant speed region before the wind speed reaches its maximum.
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This later control mode is used by certain loads to regulate the voltage to a constant value and to
relief the controller design [84]. Due to the nonlinear speed-power characteristics, the system
dynamics are unstable in the stall region. In this chapter, the stall region is investigated and a
modeling approach is presented, then a stable controller design is accordingly derived. The
proposed control strategy also deals with the control mode transfer between the MPPT and the
stall region control. A mode transfer structure is proposed to ensure continuous generation and
effective dynamic response against fast wind speed changing conditions without the need to a
previous knowledge of the system parameters. Finally, the proposed control strategy is verified

experimentally using a 1 — KW hardware prototype.

4.3  Stall Region Control

Due to the size and power limitations of the small scale WECS, it is important for their
control to protect them against high wind speed conditions. Following a typical power-speed
characteristics of the wind turbine as shown in Fig. 4.2, the MPPT is ensured by a variable speed
operation. The MPPT control would increase the rotational speed for increasing wind speeds to
keep tracking of the MPP following the path A-E. However, after the system reaches its power
rating limit at point D (Assuming the rated power is 1kW), the captured power should be limited
and this can be done by two ways; first: increasing the rotational speed well above the MPP
speed following the path D-H, thus converting the excessive wind energy into kinetic energy and
reducing the pumped power into the converter circuit. This would cause the problem of over
speeding the generator and increasing the mechanical stresses. So, it is not a favorable solution.
The second option to limit the power is to decrease the speed to the left half side of the curve to

ensure reduced rotational speed for increasing wind speeds and maintaining constant level of
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power following the path D-F. This operation is called soft stalling. By doing so, the power and

speed limits of the generator unit will be met.
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Fig. 4.2 Experimental power as function of the shaft rotating speed for different wind velocities.

4.3.1 Previous Soft Stall Control Algorithms

Soft stall control has been proposed in literature to limit the power in the above rated
wind speed region [13, 25], and is called constant power stall. In this control, the MPP is tracked
till the power exceeds the system ratings. After that, the stall control is activated to limit the
power. A little over shoot in the system response is expected. Other soft stall control strategies
considered a constant speed region between the MPP and the constant power regions [22, 24]. In
one hand, it is required for some loads and on the other one, it reliefs the controller
implementation [84]. The transition between the MPPT control and the stall control in these
reported methods is easy to implement and is theoretically seamless, as the control trajectory is
predefined. For example, in [25], the optimum current command as function of the dc link
voltage is known for the controller, and in [54], the optimum voltage command in the MPP and

stall regions, including the constant speed region is obtained first and then used by the controller.
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All what the controller needs to do is to track the optimum relation stored in the form of lockup
tables or curves. Accurate system parameters knowledge is required to implement these methods
which make them sensitive to parameters’ variation. The MPPT technique used in these methods
also uses the optimum relation defined for the controller. The P&O MPPT algorithms were not
reported to be used with these methods because it is not easy to secure a safe and fast transition

between the MPPT and the stall regions without prior knowledge of the system parameters.

As far as the P&0O MPPT algorithm is desired for its simplicity and its independence of
the system parameters, this dissertation focuses on implementing a soft stall control strategy in
conjunction with the P&O algorithm in the MPP region. The problem of control mode transfer
between MPPT and stall regions is addressed. The system parameters knowledge is not required
in the proposed method to realize the control mode transfer which is a key advantage over the

reported methods in literature.

4.3.2 Stall Region Modeling
To control the system in the stall region, it is important to derive the dynamics of the
system in that region to help in designing robust control law. Using Taylor series analysis, the

linearized mechanical (3.6) and electromechanical (3.12) torque equations can be described as:

0T, _ ]

T, = _6' i, = T.(s) =Kriy(s) (4.1)
lr

- T, ~ aT,,

T, =——V —® 4.2
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Tn() = 5% [36,30) = AolpUa)lu(s) + "5 [10y () = )]s

= 5, (5) + yr(s) (43)
Where : C, = ~pmR®. From (3.12), (4.1) and (4.3):

Tn(s) = Te(s) = Jsw(s) (4.4)

From (4.1)-(4.4), (4.5) is obtained.

C,VwoR ¢ .
a)(s) S] - /1—2 [Aocp(/lo) - Cp (/10)]
, CoVwo : ~
= _KT lL(S) + 1 [SCp(/lo) - Aocp(/lo)]vw(s) (45)

From (4.5), the current to rotor speed transfer function (4.6) and the wind speed to rotor

speed transfer function (4.7) are derived.

(w(s)) _ Kr - (4.6)
i1 (s) vy (s)=0 s] — COKV;OR [Aoc‘p (A0) — Cp (/10)] -y |

vy, () Ao s] — COZMZZOR [Aon(lo) - CP (/10)]

(w(s)) _ CoVwo [3C,(10) — 2,C,(2)]
ir.(s)=0

COVWO [3Cp(lo) - Aoép(lo)]

== pyp (4.7)
CoVwoR [ .
== (16 (10) = G (30)] (4-8)
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And it is assumed that v,;. = K,w [24], so (4.9) is derived.

vdc(s) _ KTKU
i,(s) B s]—vy

(4.9)

where A, is the tip speed ratio at the operating point and C'p(/lo) is the slope of the power
coefficient curve at the operating point. From (4.9), it can be seen that the system has a pole
at s = y/J, where y is positive in the left hand side of the power coefficient curve as can be seen
in Fig. 4.3. The pole in the right half plane makes the system dynamics unstable under current

control. So, the voltage loop should be closed to stabilize the system dynamics.
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Fig. 4.3 y as function of A.
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Nyquist Diagram
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Fig. 4.4 Nyquist plot of the loop gain of the closed voltage loop. Operating point at A =
4.22,V,, = 15m/s.

Fig. 4.4 shows the Nyquist plot for the designed loop gain of the closed voltage loop. The
designed compensator is Pl with gains (Kp = —83.6, K; = —880). As can be seen in the figure,
the number of encirclements of the (—1 + j0) point is one in the counter clockwise direction;
and the system has one pole in the RHP, meaning a stable system. The phase margin is directly
measured at the plot and is more than 72 degrees. Moreover, with the increase of the system
gain, the Nyquist plot will just expand radially without changing the number of encirclements
meaning an infinite gain margin system. With closing the voltage loop, the system is stabilizable

and the RHP pole dynamics are compensated.

To regulate the power generated, the dynamic relations associated with power command

are derived as well. The output power can be described as:
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P(s)  Kil,w(s)

- =— + K;w, 4.10
L) - e e (10
Bl __ ke, + Kw (4.11)
WOy Lol 2,6, 000) - ()]
—KZI, + K;w, (s] - COV R 2,6, - ¢ (/10)])
Fo(s) _ 4.12)
i (5) Co WO '
L s/ — [A Cp (o) = Cp(20)]
In case of regulating the output power through the dc link voltage, then the plant would be:
K; .
Py(s) = KilLw(s) + Kiwoi (s) = K_ILvdc(S) + Kiwoi () (4.13)
v
PO(S) KL' KiwoiL(S)
o7 ¢t _ 4.14
v2e® Kot () 1%
From (4.6):
w(s)) Vqc(s)
- = 4.15
<mwwmﬂ Koiz (5) (+15)
vdc(s) — _ KvKi (4 16)
By - el 0,6, - 6, 0)]
Then, from (4.14) and reciprocal of (4.16) and using (4.14):
Po(s) _ K; Wo COVWO
TR <s] ool 12,6 (Ae) — C (/10)]) (4.17)
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The power loop has a RHP zero leading to non-minimum phase system. The power loop can
be stabilized with only integrator controller. Fig. 4.5 shows the bode plot of the power loop gain

with integrator compensator of gain K; = 0.013.

The outer power loop has very slow dynamics compared to the internal voltage loop, and that
is acceptable for the WECS as the power control is associated with mechanical state variables.
The internal current loop is much faster than the power and voltage loops and hence, its
dynamics can be neglected when considering the slow dynamics variables and the current can be

assumed equal to its reference at all times.
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Fig. 4.5 Frequency response of the closed power loop.

4.4  Proposed Control Strategy

The proposed overall control strategy block diagram is shown in Fig. 4.6. The plant has
two inputs, the wind speed and the electromechanical torque represented by the dc side current.

The internal current dynamics are much faster than the rest of the system dynamics, so they are
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neglected in the figure. The voltage loop is activated only in the stall region. Two soft stall

controllers will be considered in this paper, the constant power stall and the constant speed stall:
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Fig. 4.6 Proposed overall control strategy schematic diagram

4.4.1 Constant Power Stall Control
In this mode, the controller will try to follow the ideal wind power curve shown in Fig.

4.1, where the constant speed regulation is not used.

Whenever the wind speed is below rated value, the MPPT control is activated and the
current reference is supplied by the MPPT block. During this operating condition, the power loop
compensator G.,(s) is saturated to its maximum limit named vp,q,. The limit v,,,, represents

the maximum rated speed that is allowed. When vgif is set to v,4,, the voltage loop

compensator is saturated at its maximum limit named i,,,,. When the wind speed rises above
rated value, the dc power is more than B,,,,. The decision block decides to shift to stall control

and passes the current reference coming from the cascaded power and voltage loops. At the
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instant of the transition, the immediate current reference will be the saturated value i,,,, (high
torque value) which will force the system to go into the stall region and force the speed to be
reduced. During this operation, the captured power is reduced and the compensators start to
desaturate and power regulation takes place while in the stall region to ensure reduced speed
operation. When the wind speed comes back below rated maximum, the decision block detects
the negative difference between the commanded power PB,,, and the captured power P,. and
decides to break the voltage loop and bypasses the output of the power loop compensator
through the gain block K, where Ky is a large gain that helps to discharge the compensator
integrator very fast, resulting in a very small current reference. This small or nearly zero current
reference will release the torque from the output of the generator and will let it to accelerate
under the effect of the turbine torque only. While the generator speed increases, it will leave the
stall region and go back to the stable side (MPPT region) at minimal time. At the time the
generator picks up speed, the dc link voltage rises and the decision block break the transition

control loop and return to MPPT operation again.

In the proposed control strategy in this paper, the MPP is tracked by utilizing the dc link
voltage slope information while the system is in the MPPT mode. However, the same concept
can be used when the system is coming back from the stall region. Take the case in Fig. 4.7 as an
example. When the system is working under stall control at point F, and a sudden drop of the
wind speed to 9m/s is assumed, the operating point tends to move to point x while the desired
one is point B. In this operating condition and according to the described strategy above, the
electromechanical torque is released from the generator shaft allowing the generator to accelerate

under the effect of the turbine torque only. Thus, it can be assumed that:
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dVdc (Tm)

From (4.18), the dc link voltage slope will follow the turbine torque characteristics in the
stall region as can be seen in the left hand side of the torque characteristics in Fig. 3.3. The slope
will increase with increasing turbine torque, and once the voltage slope starts to decrease, the
system is judged to be out of the stall region. At that moment, the MPPT control mode is
activated. And to move the operating point rapidly to the new MPP (point B), a current step is
applied. The current step is proportional to the measured dc link voltage slope. Higher slope
means higher turbine torque (4.18), requiring higher electromechanical torque to match the

turbine torque which can be achieved by applying higher current step.

As described in the above discussion, the proposed control strategy manages to operate
the system with MPPT control while the wind speed is below rated. Once it is above rated, the
system will go into the stall region and the power is regulated to the maximum rated value. In the
case when the wind speed comes back below rated; the MPPT control is activated with an

adaptive current step to ensure the system operates near the new MPP.
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Fig. 4.7 Operating point trajectory at different wind speeds.
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4.4.2 Constant Speed Stall Control

The other stall control strategy to be considered in this paper is the constant speed stall
control, which means constant voltage regulation at the rectifier output. Constant voltage
regulation is needed by some loads. For example, when the boost converter is used to charge a
battery, the input voltage should not exceed the battery voltage to ensure converter stability.
And it is needed to protect the generator from over speeding. Constant voltage regulation is
realized by inserting a constant speed region between the MPPT and the constant power regions.

The ideal wind power curve in this case looks as in Fig. 4.8 [24].
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Fig. 4.8 Ideal power versus wind speed trajectory with constant speed region

In the proposed controller, the voltage loop can be used to regulate the voltage to a
constant level in region Il. It is required by the controller to know the power levels B,,,, and P,
to activate the proper controller in each region. B,,, comes usually from the turbine
manufacturer. However, P, where the constant speed region begins can be defined by prior lab
testing before installation or can be supplied from the manufacturer. However, P, at which the
upper speed limit is hit, is not constant during the course of the turbine employment in the field,

because of several reasons, such as the variable losses with aging, and parameter variation due to
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environmental conditions. So, in this paper it is suggested to implement a completely blind
controller to the manufacturer specifications and at the same time insensitive to parameter

variation.

The speed limit of the generator corresponds to a voltage limit at the output of the
rectifier. An auxiliary algorithm is implemented such that it will record the power level at every
time the voltage hits its limit V., the recorded power is P;. P; is updated only whenever the
recorded value exceeds the previous stored one, so the auxiliary algorithm will keep
tracking of the power limit P, making the controller independent of the turbine parameters’ prior

knowledge and adaptive to any changes.
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Fig. 4.9 Flow chart of the proposed controller transition strategy.
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Fig. 4.9 shows the proposed controller strategy for determining which controller to
activate under different wind speed conditions. When the wind speed is below rated, the MPPT
controller is activated. In this region, the generator speed increases for increasing wind speed and
eventually the rectified dc link voltage will increase as well. When the rectified voltage hits its
limit (V4..), the voltage loop is activated, and voltage regulation takes place throughout region
Il. The extracted power in this region increases with increasing wind speed as well, however,
when the power reaches its maximum B, the power loop is activated to drive the generator
into the stall region and regulate the power to a constant level. In this region, the generator speed
and hence, the dc voltage is decreased with increasing wind speed to maintain constant power

level.

While the wind speed is increasing, transitioning the control from the region I to region 1l
is done by detecting the voltage limit V,.,. And from region Il to region Ill, by detecting the
power limit B,,,,. When the wind speed is decreasing on the other hand; moving from region Ill
back to region Il is held by detecting when the power falls below B,,,, . However, the transition
from region Il back to region I, cannot be done using the voltage limit V;.,. The power limit
P, is used instead as this paper proposes. Whenever the power falls below the power limit P, the
MPPT control is activated again with the same transition controller strategy proposed for
constant power stall controller. Previous literature in the stall control used the predefined
relations to mitigate the controller transitioning task. However, in this paper, the transition is

completely blind to any predefined relation.
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4.5 Experimental Results and Discussion
The schematic diagram for the designed WECS is shown in Fig. 4.10. The wind turbine is
emulated by using an IPM motor driven by a commercial inverter unit. The wind speed and shaft

speed are taken as inputs and the reference torque is generated as control input to the IPM motor.
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Fig. 4.10 Schematic for the designed WECS with the proposed controller strategy

The PM generator (G) is coupled to the motor and a three phase diode bridge is used to rectify
the generated ac voltage. A current controlled dc boost converter is used to boost the voltage and
capture the MPP. The parameters of the machines, power electronic interface and wind turbine

are listed in Table I.

Fig. 4.11 shows the performance of the MPPT algorithm under fast rate step changing
wind profile. When the wind speed is steady or has slow rate of change, the normal P&O mode is

activated and fine tracking to the actual MPP takes place. When the wind speed changes rapidly
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(step change in the figure), the prediction mode is activated and a large current step is applied to
compensate for the changing turbine torque. The prediction mode is responsible of bringing the
operating point near the MPP and to prevent the generator from stalling under fast wind speed

slow down scenario.

8m/s | 1lm/s | 9m/s | 10m/s i 7m/s

Wind Speed

Fig. 4.11 MPPT control performance under variable wind speed conditions. i; (5A/div), vg.
(20V/div), v, (50V/div), P, (375W/div), t (1s/div).

Fig. 4.12 shows the experimental verification of the proposed constant power stall control
strategy. In region 1, the wind speed is 8m/s and the MPPT control is active resulting in
maximum power capture. In region 2, the wind speed is raised to 10m/s while the MPPT control
is still active resulting in higher power capture. The wind speed is raised to 12m/s in region 3.
The captured power momentarily increases, and the stall region controller is activated because
the captured power is more than the maximum pre-set value of 1000W. The current limit i},

is applied, which means large torque on the machine, forcing the generator to slow down and
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enters the stall region, after that, the power loop starts to regulate the captured power to the pre-
set value of 1000W while keeping the speed and hence the voltage, at low levels as can be seen
in the figure. In region 4, the wind speed goes higher to 13m/s, and accordingly the controller
drives the generator deeper in the stall region. In this region, the voltage decreases and the
current increases while the power is kept regulated at its maximum. In region 5, the wind speed
is stepped down to 10m/s. At that region, the transition controller is activated and sends a nearly
zero current command (which means zero torque command to the generator). The generator
starts accelerating with the absence of the load torque and leaves the stall region. The decision
block detects when the voltage slope starts to decrease knowing by which that the system has left
the stall region and entered the right half side of the torque-speed curve. Then it activates the
MPPT control in region 6 and starts with a current command that is proportional to the slope of
the dc link voltage to bring the operating point close to the MPP. By comparing region 6 with
region 2, it shows that the transition controller is able to move fast to the MPP whenever the

wind speed comes down below the rated value.
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Fig. 4.12 Performance of the overall proposed controller strategy under MPPT and stall region
control modes. i; (10A/div), v, (20V/div), v, (50V/div), P,;. (375W/div), t (2s/div).

Fig. 4.13 shows the performance of the other stall control strategy that includes the
constant speed (viz. voltage) operation. The maximum voltage limit is set to 50V and the
maximum power to 1000W. In region 1, the wind speed is 9m/s, and the converter is working in
the MPPT region. The power and voltage are below rated values. The wind speed rises to 10m/s
in region 2. While the converter is attempting to follow the MPP, the voltage limit is hit and thus
the voltage loop is activated to regulate the voltage at its maximum. In region 3, the wind speed
goes higher to 11m/s. The constant voltage stall still in action, so the voltage remains regulated
while the captured power increases. In region 4, the wind speed further increased to 13m/s.
While the controller is trying to regulate the voltage not to exceed its limit by increasing the

current, the power limit of the system is reached. The constant power controller is triggered and
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starts to drive the generator deeper into the stall region to maintain the power below its limit. The
speed goes down and hence the voltage as well. In region 5, the power captured is reduced as a
result of wind speed slow down to 10m/s. The power captured is less than the system limit B,
but more than the power limit P;, so the controller decides to activate the constant voltage
regulation controller again. It starts by decreasing the current (viz. torque) considerably to let the
generator accelerates till the voltage reaches its limit and then starts the regulation. In region 6,
the wind speed goes up again and constant power control takes place again similar to region 4. In
region 7, the wind speed stepped down to 8m/s. the captured power in this case goes below P,
and the controller decides to go back to the MPPT control. Similar transition to that shown in

Fig. 4.12 takes place to get the generator rapidly to the new MPP.
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Fig. 4.13 Performance of the overall proposed controller strategy under MPPT and stall region
control modes with constant voltage stall employed. i; (10A/div), V4. (10V/div), V, (100V/div),
P, (375W/div), t (2s/div).
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46 Summary

In this chapter, a new overall control strategy for small scale WECS has been proposed.
The proposed strategy controls the system under MPPT mode while the wind speed is below the

rated value, and employs soft stalling control while the wind speed is above rated.

In the MPPT region, the conventional P&O technique is modified and adopted. In the
above rated wind speed conditions, two stall controllers have been considered and implemented:
the constant power and constant voltage stall. The proposed strategy uses the cascaded loop
control concept to regulate the captured power. The stall region has been analyzed and the
dynamics have been derived. The proposed control structure compensates for the instability
associated with the stall region. A control mode transfer structure is proposed to effectively
control the transition between the MPPT and stall regions. The dc link voltage slope information
are utilized during mode transfer to rapidly move the operating point near the new MPP location

when the operating point moves from the stall mode to the MPP mode.

A lab hardware test setup has been built to verify the proposed strategy, and various
testing conditions have been applied. The experimental results show the effectiveness of the
proposed controller under various operating conditions. The advantages of the proposed strategy
include the simplicity and easy implementation. The mechanical sensors are totally avoided
which helps reducing the system cost. And the reliability is a key advantage of the proposed

controller as it is independent of the system parameter variation.
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Chapter 5: Design and Control of a Wind Energy
Battery Charger

5.1 Introduction

In the previous chapters of this dissertation, the focus was on designing, implementing
and testing a new overall control method for small scale WECSs. The load side was assumed to
be resistive just to verify different controller objectives in the MPPT and stall regions. However,
the WECS is supposed to have a real world application where the generated power can be
usefully consumed. And this chapter is discussing one application of the WECS which is a

battery charger system.

Because of the intermittent nature of the wind, the harvested power is expected to be
unpredictable and cannot be used to supply a load directly. Thus, a supporting power supply is
needed in case that the load power is more than the available wind power. The battery storage is
commonly used to support the WECSs’ loads where the battery bank will store power during
high wind speeds and it will help supplying the load at times where the wind power is scarce.
Moreover, the use of the battery as a power source buffer between the wind system and the load

side will help in increasing the stiffness of the power source, especially against load transients
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and failures. The addition of the battery bank into the WECS will enhance the reliability of the

power source and makes it attractive.

In this chapter, a wind energy battery charger system will be presented. The converter
power stage is modified to suite the battery charging needs and to offer necessary hardware
protection against wind gusts. The proposed control topology for the battery charger will
consider the MPPT and stall region operations. The control constraints imposed by the battery
voltage on the system will be discussed and detailed. A full control strategy is proposed and a
detailed design process is presented. Finally, an experimental setup is used to verify the proposed

control objectives.
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5.2 Modified Power Converter Configuration

The boost converter can be used to directly charge a battery [10, 91-94] and usually the
charging current is controlled by controlling the boost inductor current. However, some
limitations exist in the conventional boost converters when used as battery chargers, mainly the
discontinuous output current [95, 96]. The undesired effects of the charging ripple current
include the battery overheating, deteriorating the battery performance and reducing the battery
life. The heating of the Lithium-lon batteries is caused by the interaction between the ripple
current and the internal AC impedance of the battery. As a result, the degradation of the battery
is accelerated and the efficiency of the battery is decreased resulting in lower available current

from the battery to draw when is fully charged [97].

To mitigate some of the conventional boost converter limitations as a battery charger, a
modified boost converter with output inductor has been proposed and used [95-97]. The
modified boost converter schematic diagram is shown in Fig. 5.1. The output inductor L, is
added to smooth the output battery current and to ensure continuous charging current during the
switching actions of the boost converter. The output inductor is selected to be much smaller than
the input boost inductor L because its main function is not to store the converter energy rather

than it is used to shape the output current and to enhance the current flow through the battery.
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Fig. 5.1 Schematic of WECS Battery Charger with protection diode.

The other modification of the conventional boost converter to suit it for the wind energy
battery charger application is the addition of the Schottky diode D¢ [92]. The role of this diode is
to channel the current from input to output, should the input voltage exceeds the battery voltage
during wind gusts and sudden increase in the generator rotational speed. When the diode Dy is
conducting, the control of the boost is deactivated temporarily till normal operating conditions
are recovered back. So, D, serves as hardware protection against abnormal wind speed

conditions.

5.3  Modeling of the Converter Stage and Controller Design

To help implementing a stable current and voltage loop controllers for the battery
charger, it is important to derive the small signal model of the modified boost converter with the
output inductor. The diode D is neglected in the modeling process as it is used as hardware
protection and will not affect the system dynamics during normal operating conditions of the
converter. The battery is modeled as a series RC circuit representing the equivalent battery series

resistance and equivalent battery capacitance as shown in Fig. 5.2 [95].
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Fig. 5.2 Schematic of WECS Battery Charger with battery modeled as a series R-C circuit.

The average modeling approach is used to derive the dynamics of the converter. The
large signal model of the battery charger converter is shown in Fig. 5.3 [98]. In Fig. 5.3, the
switch is modeled as a current-dependent current source and the diode is modeled as a voltage-
dependent voltage source [98]. The large signal model can be divided into a dc model that
reveals the steady state operating point and a small signal ac model which can be used to derive

the dynamics of the converter. The small signal ac model is shown in Fig. 5.4.

i L DVco Dve, dVe Lo
‘ <><>

Fig. 5.3 Large signal model of the modified boost converter stage.
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Fig. 5.4 Small signal ac model of the modified boost converter stage.

Using KVL and KCL, the output voltage and inductor current loops transfer functions

can be derived as follows:

Define the following impedances:

Zy =sL, Z, =sL,, Zs =%, Z, =%
From KCL:
i;=Di,+dI, +1i
Where:
_ Ve
Zs

Zs=(Z;+ Ry +27Z4)/ /23
From (5.1) and (5.2):

. . Ve
lL(l —D) = dlL + Z

5
vco == lL(l - D)ZS - dILZS
From KVL:

ZliL - DUCD - dVCo + vCo = O

(5.1)

(5.2)

(5.3)

(5.4)
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vco(l - D) == dVCo - ZliL

dVCO - ZliL

vCo = 1 — D (55)
By equating (5.4) to (5.5), the following is derived:
. dVe, — Z4i;,
lL(l - D)Z5 - dILZ5 = ?
i, Ve +(1-D)I,Z
b Ye ( ) Zs (5.6)

d (1-D)2Zs+7,
Then by substituting Z; through Z in (5.6) and doing mathematical manipulation, the final

control to current transfer function can be derived as in (5.7).

iL(s)
Gia(s) = a5
_ CpCoLoVe,s® +5%(Cp(1 = D) Lo + C,CoR,Ve, ) + 5(Cp(1 = D)L Ry, + (Cy + C,)Ve, ) + (1 = D),
B (1—-D)2+ Cy,R,(1—D)2s + (L(C, + Cp) + CpL,(1 — D)2)s2 + C,C,LR,s3 + C,C,LL,s*

o (5.7)

Reformulating (5.4) and (5.5), (5.8) and (5.9) are derived respectively:

=Y db (5.8)
7 (@-D)zs (1-D) '
vco(l - D) dVCO
lL - - Z1 + Zl (59)
Equating (5.8) with (5.9):
vCO + dIL _ vco(l - D) + dVCO
(1-D)zs (1-D) Z Zy
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-1 (1-D) Ve, I
Veo <(1—D)Z5 Tz > - d(zl N (1—0))

(Vco _ IL
vCO _ Z1 (1 — D)
7 —( —1 +(1—D)> (5.10)
(1-D)zs Zy
Referring to Fig. 5.4, the following equation can be written:
v 1
Vo = Vg — Ly =y, (1 - Zz.—) (5.11)
° Zo+Ry+ 27, 0 Zo+Ry+ 27,

By incorporating (5.11) into (5.10), the control to output voltage transfer function is derived in

(5.12).

v

v, (1 t 2277 Rl,, +Z4) (Z_Cl_ a I—LD))

% - 25 (5.12)
((1 —D)Zs * Zy )

Substituting the impedances in the above equation and collecting the terms, the control input to

output voltage transfer function is shown in (5.13).

V()
—d(s)

Gvd

_ (1-D)V, + (—I,L + C,(1 — D)RyV¢,)s — (CpILLRy)s?
~ (1=D)2+ C,R,(1 = D)2s + (L(C, + C}) + CyLy(1 — D)2)s% + C,CoLR,S3 + C,CoLL,s*
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The desired control topology is to implement current control during conditions where the
battery is not fully charged such that the MPPT algorithm is executed. At the time the battery is
fully charged, the controller will switch to output voltage regulation. In most battery
applications, single loop control is implemented as the voltage loop bandwidth requirements are
not high. The battery voltage regulation would be fine with very small bandwidth voltage
control. However, in the presented control methodology, the current loop and current command
are required to perform other control objectives, mainly to stabilize the system under different
modes of wind turbine operation, named the active mode and stall mode. So, in the presented
control method in this chapter, when the battery is fully charged, the controller will switch to
cascaded loop control with voltage control in the outer loop and inner current loop control. Then,
there is a need to derive the transfer function of the inductor current to output voltage. From

(5.5):

ve (1—D) Zji
q = Lo 4 21l

14
Ve, Ve, (5.14)
Using (5.4) and (5.14):
, ve,(1—D) Zji
ve, =i, (1 —=D)Zs — < Ve, + VlCOL 1Zs
1-D)I,Z 1,Z,Z
Ve, <1 + %) = <(1 —D)Z5 — =+ 5) (5.15)
Co VCo
Using (5.11) into (5.15):
v 1-D)I,Z | FYAVA
o 1+( )LS =l.L (1_D)ZS_L15
(1-2 ;) v, ve,
2Z,+Ry+Z,
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_ _LZiZs\(, _, 1
<(1 D)zs — =4 )(1 ZZ'ZZ+Rb+Z4)

Y _ 0 (5.16)
i, (1 4 (1 —Vlz)ll.zs)

o

By substituting the impedances into (5.16), the final transfer function from is shown in (5.17).

AQ)
ir(s)

Gyi(s) =

B (=14 D)V, + (ILL + Co(—1+ D)R,V¢,)s + CpI LR,s?
(=D, + (Cy(1 = D)LRy + CpVe, + CoVe,)s + (Co(1 — DLy + CpCoRyVe, )52 + CpCoLoVe, 53

It can be seen that the plants in (5.7) and (5.13) have a right half plane (RHP) zero which
puts a limitation on the crossover frequency of the control loop. The crossover frequency is
recommended to be less than one third of the RHP zero frequency to mitigate the ripple [99,
100]. The RHP zero location can be derived from (5.7) and (5.13) as:

Ry

frHP—ze70 = m 1- D)Z (5.18)

To control the charging process, the inductor current and battery voltage should be
controlled based on the battery state of charge. When the battery is not fully charged, the
inductor current is controlled to achieve the MPP and the boost converter will deliver the
maximum power to the battery. The battery current will be regulated if the inductor current is
regulated, and the output inductor will help to reduce the charging current ripple. If the battery is
fully charged, the control is switched to regulate the battery voltage. During voltage mode

control, the MPPT is lost and the generator will work naturally under high rotational speed
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scenario to keep the power level pumped into the battery just enough to maintain the battery
charge. This might be a problem in fact when using the boost as a battery charger. In the next
section more details will be discussed to reflect this fact. Now, the voltage and current
controllers are developed. To derive the operating point, the steady state model in Fig. 5.5 is

used.

Fig. 5.5 Steady state model of the modified boost converter circuit.

In steady state operating condition, the average inductor voltage drop and the capacitor
current are zeros. Based on that and referring to Fig. 5.5, the following steady state equations are

derived.

Vae = =DV, + Ve, = (1= D)V, (5.19)
Ve, =V (5.20)

I, =DI, +1,
L(1-D) =1, (5.21)

The operating conditions are taken based on 1kW system design. The battery voltage is
100V. The nominal input voltage is 50V. The duty cycle D = 0.5, and the inductor current is

20A. The design parameters of the boost stage are shown in Table 2.3.
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The bode plot of the control-to-current transfer function G;;(s) is shown in Fig. 5.6 and

the current to output voltage in Fig. 5.7. The voltage loop shows extremely low bandwidth and

that’s acceptable for battery charger application.
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Table 5.1
Boost Converter Design Parameters
Boost Converter | Value [Unit]
L 700 [pH]
L, 50 [MH]
Cac 3.6 [MF]
c, 400 [MF]
Cy 9000 [F]
R, 0.3[Q]
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Fig. 5.6 Bode plot of the transfer function G;;4(s).
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Fig. 5.7 Bode plot of the transfer function G,,;(s).

The current loop is compensated using the Pl compensator designed in 5.22 and the loop
bode plot is shown in Fig. 5.8. The voltage loop is compensated using the compensator designed

in (5.23) and the compensated loop bode plot is shown in Fig. 5.9.

1+ 0.0026 s
Gei(s) = 18.276 ————— (5.22)
1+ 0.00043 s
Ges(s) = 81187 ————— (5.23)
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Open-Loop Bode Editor for Open Loop 1 (OL1)
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Fig. 5.8 Bode plot of the compensated current loop.
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Fig. 5.9 Bode plot of the compensated voltage loop.

5.4 Wind Energy Battery Charger Control Constraints
The imposed voltage of the battery on the converter circuit adds extra limitation the
system has to deal with. When used as a battery charger, the WECS should be stable during

different operating conditions that will be certainly affected by the battery voltage level. In this
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section, different operating scenarios of the WECS at different power levels and different battery
voltage conditions will be presented with the proper control methodology to mitigate different

requirements and to help building an overall supervisory control system.

1. In normal operating conditions, the wind speed is below the rated maximum value
and the battery voltage is not fully charged. In this case, the normal MPPT control is
taking action over the system as described in previous chapters.

2. Because the battery represents a stiff voltage source at the output of the boost
converter, and to guarantee the stability of the boost charger operation, the input
voltage to the boost V;. should not exceed the battery instantaneous voltage at all
times. That puts a constraint on the maximum allowable speed of the generator. For
this reason, a constant speed stall control is activated whenever the dc link voltage
V. approaches the battery voltage.

3. If the battery is not fully charged and the MPPT control is activated, then whenever
the input power exceeds the normal converter ratings, the constant power stall control
is activated to limit the aerodynamic power.

4. One of the most important points to discuss here is the transition from MPPT control
during normal conditions when the battery is not fully charged to the voltage
regulation mode when the battery gets its full charge. Normally, for battery charging
implementations using dc-dc converters, the voltage mode controller will take the
lead and starts commanding lower current or duty such that the charging current will
go down and it will settle at a very small level, just enough to maintain the battery
charge, ideally zero current. However, in the WECS battery charger case, at the time

the battery is fully charged, if the control switches to voltage mode directly and
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reduces the current, the generator will accelerate and moves into the high speed
region where most of the wind power will be translated into kinetic energy and
smaller amount of power is left just to maintain the battery charge. That will cause
undesirable operating scenario in terms of added mechanical stresses and it might
drive the converter into the instability region, as the dc link voltage will increase
according to the rotational speed increase, and might exceed the battery voltage, an
operating condition that should be avoided. The solution to that is to drive the
generator into the stall region and limit the power there. That can be handled by
increasing the current command momentarily at the time of the transition. More
current means more torque, which will force the generator to decelerate and enter the
stall region where the voltage and power will be limited. In this way of control,
stability will be guaranteed and mechanical stresses will be avoided.

If there is a load connected to the battery at all times (e.g., an inverter connected to
the grid or in standalone mode) or if there is a load power demand, then the WECS
should be controlled in the MPPT mode while the battery is not fully charged and in
the constant power regulation mode when it is fully charged. And in this case as well,
if the load power demand happens to be more than the instantaneous wind power
available, then the power difference should be supplied by the battery, and when the
wind power comes back to higher level, the controller should switch to constant
power regulation mode again. That means, the controller should be able to handle
these frequent mode transitions properly.

The transition between the stall region to the MPPT region is controlled as described

in the chapter 4. However, because the transition starts with clearing the torque from
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the generator shaft, which will cause the generator to accelerate very fast under the
turbine torque effect only, that might cause the dc link voltage at the input of the
boost to rise momentarily above the battery voltage and here comes the role of the
Schottky diode where it will maneuver the excessive voltage from input to output and
the boost converter will be inactive momentarily, however the duty command to the
boost should be kept to maximum (meaning high inductor current command value) to
retrieve control as fast as possible. The high current command will make the boost
converter to absorb energy from the dc link capacitor to fulfill the current control
requirements. Thus, the dc link voltage will fall and the diode D, will turn off while
the boost converter is back active.

Depending on the application, one or more of the mentioned scenarios above apply. The
wind energy battery charger supervisory controller should be modified according to the system
needs. In the next section, one scenario is chosen to be verified experimentally using the
experimental setup developed in previous chapters with slight modification to suit the battery

charger application.

5.5 Experimental Results and Discussion

Based on the analysis in the previous sections, the wind energy battery charger operation
is verified experimentally in this section. Fig. 5.10 shows the schematic diagram of the
experimental setup and the controller topology. Instead of a battery, an electronic load (E-load) is
used with variable resistance profile to imitate the battery charging profile. The resistance of the

E-load is programed to follow an ascending profile and then stays flat representing a battery
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voltage profile in the charging process. A dc power supply is used at the input at the dc link

capacitor point, where it will represent the rectified voltage of the diode bridge.
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Fig. 5.10 Schematic diagram of the experimental setup of the wind energy battery charger.

The transition between different modes of operation and different control modes is
governed by the supervisory control unit. The state-of-charge of the battery and the wind
conditions determine the control mode of operation. The MPPT control and the stall control were
verified in chapter 4. The focus in this section is to validate the controller action during the

transition of the battery voltage from under charged to fully charged state.

Fig. 5.11 shows the experimental result of the wind energy battery charger controller
performance during different conditions of the battery’s state-of-charge. Before the time t,, the

input voltage it tuned at 50V representing the nominal operating voltage of the converter. The
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current is commanded to be 5A and the E-Load resistance is fixed. The current is regulated
representing the MPPT control algorithm action. Between t, and t;, the E-Load resistance is
gradually increased while the current command is kept constant. As a result, the load voltage
(viz. battery voltage) is increasing following the programmed profile that represents the charging
process case. At t;, the load voltage hits 100V limit, which is the preset battery voltage limit.
The battery voltage control loop compensator is saturated to its maximum limit before that
instant, and when the supervisory control unit decides to shift to battery voltage regulation
control, the control command starts by sending high current level (the saturation limit). The high
current control between t; and t, will introduce high torque on the generator shaft to drive it into
the stall region and limit the speed of the generator. While the generator speed is going down, the
input power and voltage are limited and the voltage loop will desaturate and start regulation by
lowering the current command and preserving constant voltage level at the battery side (100V in
this case). The output voltage rise between t; and t, is because the battery is imitated as variable
resistance, but in real battery case, the output voltage is quiet stiff and the battery will absorb the
current jJump without causing a sharp increase in the voltage like presented here. However, the
current increase in this time slot and voltage control regulation after that validates the controller
action against the battery’s state-of-charge change. It should be noted in Fig. 5.11 as well that the
output current demand is reduced in the constant voltage regulation mode and that represents

lower power demand from the battery side to maintain its voltage level.
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Fig. 5.11 Experimental tracing of the battery voltage V,(20V /div), Inductor current i; (24/div ), and
output current i, (14/div).

5.6 Summary

In this chapter, the developed control strategy for the WECS in the MPPT and stall
regions is adopted for the battery charger application. Because of the needs of smooth charging
current, an output inductor was added to help smooth the current ripple resulted from the
converter switching. The existence of a battery at the converter output has added a constraint to
the controller because of the imposed voltage on the converter. The topology was modified to
provide protection against high wind speed gusts to guarantee the converter stability by the
addition of the forward Schottky diode. A full modeling approach was presented and small signal

dynamics were derived based on the average modeling technique.

Different control scenarios were presented and discussed and some of them were
experimentally verified where feasible. The different control modes of operation are determined
based on the battery’s state-of-charge, wind speed conditions and power electronics ratings. A
supervisory control system was developed and tested to validate different operating conditions

requirements.
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Chapter 6: Conclusions and Future Work

6.1 Conclusions

This dissertation investigated the design, modeling, and implementation of a small scale
WECS. The concept of wind energy conversion has been introduced with the emphasis on the
power conditioning circuitry implementation and control. The aerodynamics of the wind turbine
were presented and the governing equations are put into use for constructing a complete
mathematical model of the wind turbine characteristics. A full power electronic conversion
system was built and tested according to the proposed control strategies in this dissertation. The
performance of the proposed control strategy was shown to satisfy all the control requirements.
An extensive experimental procedure was held to highlight the detailed actions of the controller

during different wind speed conditions.

In chapter two, a wind simulator using MG set was completely detailed and implemented.
The wind turbine aerodynamics are emulated using torque control for the motor with inertia
compensation term added to the controller. The motor is controlled using MTPA control strategy
and a novel algorithm was developed to estimate the motor shaft position using Hall-Effect
position sensors’ signals. The position estimation algorithm is based on the rotating vector
tracking observers, and a mechanical misalignment compensation algorithm was proposed and
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implemented. Using the discrete signals from the Hall-Effect sensors only, the algorithm was
able to generate smooth and continuous shaft position information with very high accuracy and
for wide range of speed operation. The developed wind turbine characteristics match the real
turbine data very closely. The power conditioning circuit consisted of a three phase diode bridge
followed by a boost converter. The modeling and control of the converter was presented in

details.

The main theme of this dissertation is to discuss different aspects of small scale WECS
implementation and control. The main functionalities that should be in the WECS control system

are the MPPT control and protection against high wind speeds.

In chapter three, the MPPT algorithms were surveyed and compared in terms of
performance and implementation complexity and cost. The P&O algorithm was chosen for its

simplicity and low cost. However, it has common drawbacks that affect the system performance.

In this dissertation, a new MPPT algorithm for small scale WECS has been proposed.
The algorithm uses the dc side current as the perturbing variable while the dc link voltage slope
information were utilized to detect fast wind speed change conditions. The proposed tracking
algorithm differs from the conventional P&O algorithms by adopting two modes of operation.
Under normal wind speed conditions, meaning the wind speed is steady or has very slow rate of
change, the normal P&O algorithm with adaptive step size is used. Most of the conventional
P&O algorithms’ drawbacks happen under fast wind speed a change condition, which is
happening frequently in real wind energy systems, where the wind fluctuation in terms of speed
and direction is high. To overcome these drawbacks, another mode of operation was introduced

and called the prediction mode. The main idea behind it is to control the boost inductor current
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and leave the rectified dc link voltage uncontrolled. Doing so, the dc link voltage represents a
degree of freedom for the controller, as it can actually read the fast wind speed change
conditions. Based on that fact, a new, simple, and very effective indirect wind speed change
detection method was developed without the need for any extra sensors or anemometers. The
developed wind speed change detection strategy depends on the variation of the dc link voltage
slope. During fast wind gusts, the slope of the dc link voltage varies proportionally, telling the
controller to shift to prediction mode where it can compensate for the fast change in the wind
speed by adjusting the current command considerably in the right direction and by the proper
magnitude. Compared to the conventional P&O methods, the proposed one does not have the
direction misleading problem, and the adaptive step size scaling factor tuning is optimum
irrespective of the loading conditions or the wind speed range. Moreover, the proposed algorithm
does not need an anemometer or generator speed measurements. The experimental verification
for the proposed algorithm showed a very satisfactory performance under different intense wind
speed profiles. While most of the P&O algorithms fail under fast wind speed change conditions,
the proposed control strategy showed enhanced performance and is able to ride the fast wind
speed fluctuations to the advantage of the system, where the experimental results showed
improved tracking capabilities and enhanced system stability even under very fast wind speed

fluctuations.

In chapter four, the other functionality of the WECS that was investigated is the
protection of the WECS against high wind speed conditions. The concept of power protection
and stall control was presented. A mathematical modeling for the WECS in the stall region was
detailed along with the dynamics derivation that showed the inherent instability of the current

controlled WECS in the stall region. A stabilization control loop was proposed based on the
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cascaded loop design concept to mitigate the right half plane pole dynamics. In the above rated
wind speed conditions, two stall controllers have been considered and implemented: the constant
power and constant voltage stall. A control mode transfer structure is proposed to effectively
transfer between the MPPT and stall regions. The dc link voltage slope information are utilized
during mode transfer to rapidly move the operating point near the new MPP location when the
system transfers from the stall mode to the MPPT mode. The proposed stall region controller

dependency of the pre knowledge of the system parameters is minimized.

The advantages of the proposed strategy include the simplicity and easy implementation.
The mechanical sensors are totally avoided which helps reducing the system cost. And the
reliability is a key advantage of the proposed controller as it is independent of the system
parameters’ variation. Moreover, it is worthy to mention that the proposed control strategy has a
clear distinction over the reported methods in literature in that it does not use a pre-defined
relation or lockup tables to stabilize and control the system in the stall region, rather, it is
designed blindly to the system parameters which makes the proposed method simpler and lower

cost solution in addition to the robustness of the controller against any parameters’ variation.

In chapter five, the proposed overall control strategy for the WECS was applied to the
battery charger application. The existence of a battery in the system imposes a stiff voltage
sources at the output of the boost converter which adds extra control constraints that needs to be
taken care of. Different operating scenarios were detailed depending on the battery voltage and
wind speed conditions. Accordingly, a supervisory controller was proposed to deal with different
control demands. The transition between different control modes is governed without the need to
pre knowledge of any of the system parameters or any mechanical sensors. In all conditions,

when the battery is fully charged or the wind power is excessive, the controller manages to drive
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the system in the stall region to limit both power and rotational speeds. That has the advantages

of reducing the mechanical stresses on the generator shaft and limiting the input voltage to the

boost converter, which in turn will guarantee the stability of the converter operation.

6.2

Future Work

. The proposed control methodology for the WECS was tested using a wind simulator

prototype. It would be intuitive to test all control functions on real wind turbine system.

. The proposed MPPT algorithm can be further investigated and the effect of the dc link

capacitor on the performance of the tracking algorithm can be quantified. That will lead

to optimized selection of the dc link capacitor.

. The proposed control strategy was applied for a battery charger application. However, it

can be applied to the grid tie inverter application as well with some modifications to suit
the application. An important point to consider in the grid tie application for the WECS,
is the fault ride through capability of the system. Whenever the grid is down, the power
will be trapped in the inverter which might cause severe voltage rise at the output
capacitor of the boost leading to system damage eventually. In this case, the controller
should be modified to detect the fault and shift the control mode to maintain the input
voltage to the inverter just at the nominal value by utilizing stall region control. And
whenever the grid is back, soft start for the inverter should be implemented and the
controller should transfer the system to the active region control to retrieve the MPPT

operation.
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