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Summary

In recent years, wind energy has become one of the rapid growing renewable-

energy sources. According to the new power report from the European Wind Energy

Association (EWEA), it forecasts that by 2020 the European Union will achieve 20%

of power generation from renewable-energy sources, e.g. wind, solar and bio-fuels.

Wind energy is a clean and inexhaustible energy source. It is available in all locations,

especially remote ones with rich wind resources and plentiful land, which are suitable

for developing large-scale wind farms.

Typically, there are two well-known strategies for operating wind turbine generator

(WTG) systems, including a fixed-speed strategy and a variable-speed strategy. The

former strategy is suitable for large-scale WTG systems, which are directly connected

to a grid via capacitor banks for adjusting the generated reactive power. Most of the

fixed-speed WTG systems employ pitch angle controllers for extracting maximum

wind turbine power from wind. The main disadvantages of the fixed-speed strategy

are: first, the mechanical torques are highly affected under rapid wind speeds, i.e.

wind gusts, which cause power surges on a grid and second, additional expensive

equipment, e.g. motors, actuators and drivers, are required to implement a pitch

angle controller. In literatures, the first problem was tackled by keeping the reference

pitch angle constant at rapid wind speed variations in order to decrease mechanical

stresses on a wind turbine tower. Whilst, the variable-speed strategy has been widely

employed for maximising the output power of WTG systems using maximum power

point tracking (MPPT) controllers, which can be applied via power electronic con-

verters. The power delivered by a WTG system is dependent on the swept area of

a wind turbine, wind speeds, power coefficients of a wind turbine and the current
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drawn from a generator. The only controllable factor is the power coefficient, which

varies with operating tip speed ratios (TSR). For coming wind speeds, there is a

unique optimal TSR that keeps power coefficients at its maximum value. In order to

achieve the optimal TSR, it is required to control rotor speeds of a WTG system to

follow reference rotor speeds, which can be produced by a TSR controller based on

measurement or estimation of wind speeds.

In Chapter 2, a comparison study between a classic direct field oriented controller

(FOC) and an optimised direct FOC, has been presented. The proposed \VTG system

comprises a vertical-axis wind turbine (VAWT), a permanent magnet synchronous

generator (PMSG), a three-phase controlled rectifier and a stand-alone DC load. The

objectives of these controllers are for improving the efficiency and the dynamic per-

formance of a WTG system as well as minimising rotor speed overshoots under rapid

wind speed variations. The developed controllers are based on a well-known FOC

method, through adjusting stator currents and consequently electromagnetic torque.

FOC transforms three-phase stator currents into two currents in the rotational ref-

erence frame, i.e. d-axis and q-axis currents, using the Park transformation. These

d-axis and q-axis currents act as DC currents. To apply FOC, reference rotor speeds

or reference electromagnetic torques are required to generate reference q-axis currents,

whilst reference d-axis currents are usually set as zero for minimising loss. It is im-

portant to note that the Park transformation needs the knowledge of rotor positions,

which can be measured by an encoder. In practice, an encoder cannot measure an

accurate initial position, which may lead to wrong calculations of d-axis and q-axis

currents. It is worth noting that the parameters of a PI current controller are firstly

tuned using a classic zero and pole placement method and secondly optimised using

a particle swarm optimisation (PSO) algorithm. The PSO algorithm is adopted due

to the following advantages: such as easy to implement with simulations in real-time,

a high computational efficiency and stable convergence characteristics. An accurate

model for a PMSG is important for the design of a high-performance PMSG control

system, because the performance of such control systems is influenced by PMSG phys-

ical parameter variations under real operation conditions. In this research, electrical

parameters of a PMSG are optimally identified, e.g. the stator resistance per phase,
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the stator inductance per phase and the rotor permanent magnet flux linkage, using

also a PSO algorithm. It is important noting that the bounds of these parameters

are obtained using standard tests, e.g. an open-circuit test, a short-circuit test and a

load test. The aim is to increase the accuracy of parameter identification, reduce the

search space of parameters and decrease the convergence time of a psa algorithm,

i.e. the computation time required to reach an optimal solution.

One of the difficulties for implementing the direct vector control strategy is the

requirement to fix an anemometer close to wind turbine blades in order to obtain

accurate wind speed measurements, otherwise inaccurate calculations of reference ro-

tational speeds are obtained causing a WTG system not to rotate at optimal speeds.

For cost and reliability consideration, a sensorless MPPT controller, which is based

on a novel TSR observer is developed. The purpose of the proposed TSR observer is

for estimating TSRs and consequently reference rotor speeds without the knowledge

of wind speeds. The proposed TSR observer is based on the well-known perturba-

tion and observation (P&O) method. It is also known as the hill-climbing searching

method, which doesn't require any previous knowledge of wind turbine and generator

characteristics. In spite of these advantages, it has some problems, which considerably

decrease its dynamic performance. These problems include the steady-state oscilla-

tions around a maximum power point, a slow tracking speed, a perturbation process

in a wrong direction and a high rotor speed overshoot under fast wind speed varia-

tions. In this research, these problems are tackled by using adaptive perturbation step

sizes instead of fixed ones. For implementing the proposed MPPT controller, a cost-

effective power-electronics converter, which consists of a three-phase diode rectifier

and a DC-DC boost converter, is constructed for experiments. Furthermore, a com-

plete transfer function of the proposed system has been derived, which is employed to

design a speed observer for estimating rotor speeds and consequently, rotor positions

and for testing the stability of the developed rotor speed observers and controllers.

In this thesis, another robust sensor less MPPT controller has been proposed for

maximising the output power of a WTG system. A switch-mode rectifier (SMR),

which includes a three-phase diode rectifier and a DC-DC boost converter without a

boost inductance with an input capacitor filter for harmonic mitigation, is employed
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for implementing the proposed sensorless MPPT controller. The proposed sensorless

MPPT controller is based on two novel observers, i.e. an adaptive sliding-mode ob-

server (SMO) and an adaptive P&O algorithm. The former is used for estimating

back-EMFs and consequently rotor speeds without the knowledge of rotor positions

using an adaptive PMSG model in the stationary ex-/3 reference frame, an adaptive

sliding gain and an adaptive cutoff-frequency LPF. The purpose is to eliminate the

chattering effect (which occurs in conventional S1\,1Os ) and decrease estimation er-

rors. The adaptive P&O algorithm is developed to estimate reference rotor speeds

and optimal duty cycles based upon turbine coefficient errors and rotor speed errors,

respectively. It uses adaptive variables compared with some widely used P&O algo-

rithms, which use an adaptive perturbation step size but a fixed observation period.

The adaptive variables are: (i) a perturbation step size, which decreases steady-state

oscillations around optimal operating power points and (ii) an observation period,

which is another contribution of this work. It increases the tracking speed and en-

sures that MPPT is always executed in the right direction with small rotor speed

overshoots under fast wind speed variations. It should be noted that the developed

sensorless MPPT controllers are experimentally validated using a WTG simulator.

The data acquisition and control stage of the power electronic converters are imple-

mented using a digital signal processing and control engineering (dSPACE) controller.

In this thesis, the analysis of experimental results has been undertaken to verify the

proposed observers and controllers. Finally, future research work is suggested.
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Chapter 1

Introduction

This chapter presents a brief review of wind power generation and the configu-

ration of WTG systems. The motivations and objectives of this research, the thesis

outline, the contributions of this research and a list of publications obtained from this

work are given.

1.1 Background of Wind Power Generation

Wind is established by unequal heating of the earth's surface. Thus, air masses in

hotter places expand and then flow to colder places. In addition, winds are usually

influenced by various factors, such as (i) geographic places, (ii) weather, (iii) height

aboveground and (iv) ground surface topography [1].

1.1.1 Wind Power Equation

Wind power extracted from a wind turbine can be derived from the well-known

wind kinetic energy, Ew, which is given as the following [1, 2]:

1 2s; = '2mVw, (1.1.1)

1



1.1 Background of Wind Power Generation 2

where m is the air mass, which passes through the blades of a wind turbine, Vw the

wind speed. By differentiating (1.1.1), the wind power, Pw, is derived in (1.1.2).

(1.1.2)

Generally, m is computed by multiplying the air density, p, by the air volume

around the blades of a wind turbine. Thus, the rate of m with respect to time, s
is obtained as below:

dm _ Adx
dt - p dt' (1.1.3)

where A is the swept area of the wind turbine's blades as shown in Figure 1.1, where

~
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Figure 1.1: Schematic diagram of a wind turbine.

x is the distance of transferring m through A. Substituting (1.1.3) into (1.1.2), P; is
represented as the following:

1 dx 2
r; = 2PA dt Vw·

Replacing ~~ with Vw, (1.1.4) can be rewritten in (1.1.5).

1 3r; = 2PAVw·

(1.1.4)

(1.1.5)
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1.1 Background of Wind Power Generation 3

It can be seen in (1.1.5) that P; is proportional to the cube of wind speed and

swept area of the blades.

1.1.2 Derivation of Wind Turbine Efficiency

In practice, the actual wind turbine power, Pwt, is much less than P; depending

on wind turbine efficiencies, also known as the power coefficients, cp. Thus, Pwt is

given by (1.1.6) [3, 4].

(1.1.6)

It is worth noting that cp can be computed by applying the momentum theory of

~ .
_.:
~
~~ ..... -- ... --... ------ ..----.--.--.---- ..----.----.----
~ VlIp,AlIp Vw,A
_.:
__.: ..

/:
.......... // i

~
1

---- ... --.------------ ..---- ..... ----..--.--.--. ~
Vdown ,Adown [

~

.. 1

·i

Upstream Blade of Wind Turbine Downstream

Figure 1.2: Distribution of wind around a wind turbine.

wind turbines as shown in Figure 1.2, where VlIp, Vw and "'down are the wind speed on

upstream of the wind turbine, at the wind turbine and on downstream of the wind

turbine, respectively; Aup, A, and Adown are the swept areas on upstream of the wind

turbine, at the wind turbine and on downstream of the wind turbine, respectively;

Vup > Vw > Vdown and Aup < A < Adown. Based upon the continuity theorem of

WIND TURBINE GENERATOR SYSTEMS ALI MAHDI



1.1 Background of \Vind Power Generation 4

transferring air through a tube, the product of the non-uniform area of air and its

speed is same at any point in the tube, i.e.,

AupVup = AVw = Adown Vdown = Constant. (1.1. 7)

As shown in Figure 1.2, the wind turbine extracts part of E; and the steady-state

Pwt is achieved by (1.1.8).

1 3 1 3
Pwt = 2'pAup Vup - 2'pAdown Vdown' (1.1.8)

Rearranging (1.1.8) as the following:

1 3 3Pwt = 2'P(Aup Vup - Adown Vdown)' (1.1.9)

From (1.1.7), Aup and Adown can be obtained using (1.1.10) and (1.1.11), respec-

tively.

(1.1.10)

(1.1.11)

Ideally, Vw is given by (1.1.12).

v, = Vup + Vdown
2

Substituting (1.1.10), (1.1.11) into (1.1.9) as the following:

1 (AVw 3) (AVw 3 )e; = -2 pA -v. Vup - u- Vdown .
up Vdown

(1.1.12)

(1.1.13)

Substituting (1.1.12) into (1.1.13) as below:

Pwt = ~pA(Vu3p - vupvlown + VdownV;p - Vlown)' (1.1.14)

In order to obtain the maximum theoretical efficiency of a wind turbine, the first

derivative of (1.1.14) with respect to Vdown must be equal to zero as follows:

dPwt-the d (1 (3 2 2 3)) 0
dl r - dl r -4 pA Vup - Vup Vdown + Vdown Vup - Vdown = ,

Vdown V down
(1.1.15)
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1.1 Background of Wind Power Generation 5

where Pwt-the is the theoretical maximum wind turbine power that be achieved from

a wind turbine. Then, (1.1.15) is rewritten as below:

(1.1.16)

Equation (1.1.16) can be simplified as the following:

(1.1.17)

The solution of (1.1.17) is obtained by (1.1.18).

1
Vdown = '3Vup. (1.1.18)

Substituting (1.1.18) into (1.1.14), the theoretical wind turbine power is obtained

by (1.1.19).

(1.1.19)

where (~~) or 59.3% is the maximum accomplishable value of wind turbine efficiency

or Cp, which is known as the Betz limit. It is achieved when an interference factor,
k. _ Vdown - ~
mt - Vup - 3·

Practically, the maximum power coefficients are much less than the Betz limit.

They depend on the type of wind turbines, e.g. horizontal-axis wind turbine (HAWT)

or VAWT, and the shape of wind turbines' blades. Moreover, power coefficients are

not often given as the function of kint, but as the function of TSR, A, and blade pitch

angles, (Jp, which are defined as the following: (Jp is the angle at which the blade

surface of a wind turbine contacts winds [1]. As shown in Figure 1.1 TSR is the ratio

of a tip speed Wrr to Vw as follows.

(1.1.20)

According to (1.1.6), the power delivered by a WTG system is mainly dependent

on the swept area of a wind turbine, wind speeds, power coefficients of a wind turbine

and the current drawn from a generator. It should be noted that the only control-

lable factor is the power coefficient, which can be adjusted at its maximum value by

employing a TSR controller or a blade pitch angle controller. In this research, the
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1.2 Overview of WTG System Configurations 6

former controller is adopted for controlling WTG system as follows. For each wind

speed, there is an optimal TSR that keeps the power coefficient at its maximum value.

In order to achieve the optimal TSR, it is required to control rotor speeds of a WTG

system to follow reference rotor speeds, which can be produced by either measuring

or estimating wind speeds.

In practice, a number of numerical approximations have been developed to es-

timate cp [5]. In this research, a nonlinear empirical interpolation for VAWT and

HAWT are given by (1.1.21) and (1.1.22), respectively. It is important to note that

(1.1.21) and (1.1.22) are employed in this research for modelling wind turbines and

also for monitoring their mechanical characteristics, which are important for validat-

ing the proposed MPPT controllers.

Cp - -0.1300,\3 - 0.1200,\2 + 0.4500'\,

cp - -0.0013,\3 + 0.0087,\2 + 0.0447'\ + 0.0018.

(1.1.21)

(1.1.22)

Based upon (1.1.6) and (1.1.22), mechanical characteristics of the HAWT used in

this research is illustrated in Figure 5.6. Finally, the optimal TSRs and maximum

power coefficients of (1.1. 21) and (1.1. 22) are displayed in Table 1.1.

Table 1.1: The optimal TSRs and maximum power coefficients of the wind turbines
used in this research.

Wind Turbine Type Optimal TSR Maximum cp (%)

VAWT 0.82 22

HAWT 6.29 31

1.2 Overview of WTG System Configurations

WTG systems are normally designed to obtain maximum electrical power from

varying wind speeds. There are many advantages for employing WTG systems, such

as: (i) to decrease carbon emissions, (ii) to reduce electricity bills and (iii) to supply

electricity to an isolated location, which doesn't have a grid connection. Convention-

ally, a WTG system includes a wind turbine, an electrical generator, power electronic
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Figure 1.3: Wind turbine characteristics of a HAWT used in this research.

converters, a load and the corresponding controllers. Figure 1.4 shows typical config-

urations of WTG systems, which are mainly classified as follows [6, 7].

......·~......B~~~;;;..·..1
...1 Banks i

L J

IL- _ DC Bus

Figure 1.4: Configurations of WTG system.
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1.2 Overview of WTG System Configurations 8

1. Stand-alone configuration: In this configuration, a WTG system is connected

with loads or battery banks via either a pulse width modulation (PWM) rectifier

or a diode rectifier with a DC-DC converter. This configuration is suitable for

isolated areas that are not connected to the national grid. Hence, battery

banks are conventional and important for providing stable and reliable power

generation [8, 9, 10, 11]. It is worth noting that most of the stand-alone WTG

systems are connected with battery banks, which can be considered as variable

resistive loads [12, 13]. Furthermore, in a stand-alone WTG system, a power-

electronics converter is required to implement MPPT controllers.

2. Grid-connected configuration: In this case, a WTG system is connected to the

national grid via a PWM inverter. The advantage of this configuration is that

the excess wind power can be delivered to the national grid. Furthermore,

when wind speeds are much less than the rated wind speed, i.e. the wind power

generation is not enough to meet demand, the required power can be taken from

the national grid [14, 15, 16].

3. Integrated battery banks configuration: In this configuration, a WTG system is

employed for charging battery banks, which supply loads via a PWM inverter.

The benefit of such a system is to continuously keep supplying loads while losing

connection to the national grid because of power failures [17, 18, 19].

As shown in Figure 1.4, the main components of a WTG system are listed as the

following .

• Wind turbines: Basically, there are two types of wind turbines, which are clas-

sified based on the rotation axis of blades as follows. For VAWT, their blades

rotate vertically and for HAWT, their blades rotate horizontally. The main

differences between VAWTs and HAWTs are the former ones are not affected

with the direction of winds. Thus VAWTs are suitable for places, where the

directions of winds vary continuously. Moreover, the efficiencies of VAWTs are

typically much less than HAWTs [20J.
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1.2 Overview of WTG System Configurations 9

• Electrical generators: Mainly, there are two types of electrical generators, which

are: first, synchronous generators, e.g. a wound-rotor synchronous generator

and a PMSG. Second, induction generators, e.g. a squirrel-cage induction gen-

erator, a wound-rotor induction generator, a doubly-fed induction generator

and brushless doubly-fed induction generator. Among all these generators, the

direct-drive PMSGs are adopted in this research due to their attractive fea-

turos, such as (i) self-excited, (ii) their efficiencies arc often greater than other

generators and (iii) they require a low cost for maintenance [21].

• Power-electronics converters: Typically, power-electronics converters are clas-

sified into two groups, which arc: (i) generator-side converters, e.g. PWM

rectifier and diode rectifier with DC-DC converters, and (ii) grid-side convert-

ers, c.g. PWM inverter. In this research, a diode rectifier with a DC-DC boost

converter is employed to control output DC voltages of the developed WTG

system. Consequently, the maximal wind turbine power are achieved under

wind speed variations.

The purposes of controlling WTG systems are firstly, to maximise the generated

power in the range of wind speeds between the cut-in wind speeds and the rated wind

speeds, c.g. 3-14 ui]«. Secondly, to decrease fluctuations of generated power and their

effects on a grid. Robust WTG systems using cost-effective electrical components,

e.g. generators and power converters, are still a challenge. Mainly, controlling of

WTG systems can be classified into two categories:

1. Controlling rotor speeds during normal energy generation conditions, Le. when

the wind turbine power is equal to or less than the maximum output power at

a rated wind speed using a PWM rectifier or a diode rectifier with a DC-DC

converter. The typical possibilities are as follows [22]: (i) a constant rotor speed,

which is employed when a WTG system is directly connected to a grid and (ii)

a variable rotor speed, which is determined by a MPPT controller according to

wind speed variations. The range of rotor speeds can be limited from narrow

to wide. In this strategy, the generated power is transferred to a load or a grid

via a power converter [23].
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2. Limiting of the generated power at high wind speeds, i.e. when wind speeds

are greater than the rated wind speed. The generated power is limited via a

mechanical system, e.g. a pitch angle controller. It is important to note that

the objective of a pitch angle controller is to prevent the wind turbine power

from exceeding design limits and to avoid high rotor speeds, which may cause

mechanical damages [24J.

Basically, for small-scale WTG systems, e.g. the generated power is 2-50 kW,

there are three factors that increase the cost of a WTG system including: (i) power

converters, e.g. AC-DC and DC-AC, which are necessary for maximising the gen-

erated power and improving power quality; (ii) the type of generator [25J and (iii)

mechanical sensors, e.g. a position sensor for a synchronous generator, a speed sensor

for an induction generator or an anemometer for a TSR controller. In [26], a MPPT

algorithm and a pitch angle controller for a WTG system using a doubly-fed induction

generator and a back-to-back power converter was proposed.

In [27J, a current vector controller for a WTG system using a PMSG was devel-

oped. The aim of the controller was to control rotor speeds of the PMSG in order

to maximise the generated power for various wind speeds. The controller was based

on the loss minimisation method with a sensorless MPPT algorithm, which is active

in the normal operation conditions under the rated wind speed using a PWM power

converter. In [27], another controller was developed for limiting the generated power

at wind speeds above the rated wind speed. It was based on fixing reference currents

when wind speeds are above the rated wind speed.

A Variable-speed sensorless MPPT controller for a WTG system was proposed in

[28J. It includes a PMSG, a diode rectifier and a PWM current-controlled inverter.

The sensorless MPPT controller includes two control loops, which are the power-

mapping loop and the frequency derivative loop. These control loops require two

reference signals including the mechanical power and rotor speeds. Consequently, the

reference DC voltages at a given wind speed were estimated via the power-mapping

controller, which employs the characteristics of the WTG system (output DC power

versus output DC voltage for a wide range of wind speeds).
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In [29], a DC-DC boost converter for a 20 kW WTG system was designed for

implementing a MPPT algorithm. It includes a 2-bladed wind turbine, a PMSG, a

diode rectifier, a DC-DC boost converter, a battery bank and a load. In [29], the DC-

DC boost converter was without a boost inductor because the phase inductance of the

PMSG is large, which acts as a replacement of a boost inductor. A reference rotor

speed was computed by a TSR controller using an anemometer and consequently

a reference DC current is calculated for a current controller to generate optimal

duty cycles. The designed controller was also effectively employed to filter out the

harmonics of switching frequency and the harmonics caused by a diode rectifier.

In [30], a sensorless MPPT controller was proposed and tested for a WTG system,

which consists of a 30 kW HAWT /VAWT dual wind turbine, a synchronous generator,

a diode rectifier, a DC-DC boost converter and a PWM inverter for grid connection.

In [30], the reference input DC currents of a DC-DC boost converter were estimated

from off-line mechanical characteristics of the wind turbine, e.g. mechanical torques

versus rotor speeds, and the rotor speeds were obtained from the off-line electrical

characteristics of the synchronous generator, e.g. filtered DC output voltages of the

diode rectifier versus rotor speeds at fixed excitation currents.

In [25], a cost-effective WTG simulator was proposed. It consists of a DC motor,

which acts as an actual wind turbine, a PMSG, a diode rectifier, a DC-DC buck-

boost converter, a bank battery and a PWM inverter. In [25], the output DC voltage

was kept constant by the PWM inverter and the MPPT controller was achieved by

adjusting output DC currents at their optimal values under wind speed variations.

Based on the above studies [22]-[30], it can be summarised that the variable rotor

speed operation strategy is widely used for maximising the output power of WTG

systems via using efficient power electronic converters. It ensures operating a WTG

system at the maximum power coefficients at varying wind speeds. Variable rotor

speed operation can be achieved by controlling the electromagnetic torque of a gener-

ator. By adjusting electromagnetic torques, rotor speeds can be controlled according

to reference rotor speeds, which ensures optimal TSR under wind speed variations.

As a result, power coefficients are kept at its maximum value, and maximal wind tur-

bine power is achieved. In this thesis, the performance of a conventional stand-alone
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WTG system is improved through simulations. The proposed WTG system is based

on real parameters of a VAWT, which is directly connected with a PMSG. A standard

PWM rectifier is employed to implement direct FOC for maximising the generated

power by controlling rotor speeds. Furthermore, a cost-effective power converter is

developed for a WTG simulator, which consists of an induction motor, which acts as

a HAWT, and a PMSG. The proposed power converter includes a diode rectifier and

a boost converter without boost inductances. The advantages of the proposed power

converter are as follows: (i) the generated AC power is converted to DC power by a

simple and cheap diode rectifier instead of a PWM rectifier; (ii) there is only a single

switching device, e.g. an IGBT, in the proposed power converter and (iii) the output

DC current is only controlled for maximising the generated power in order to simplify

the MPPT controllers compared with the direct FOC, which is based on rotor posi-

tions (with the knowledge of the initial rotor position) for controlling the three phase

currents. Moreover, two novel sensorless MPPT algorithms have been developed and

experimentally verified for maximising the generated power in normal operation, i.e.

wind speeds are equal or less than the rated wind speed. The proposed WTG system

is suitable for stand-alone DC loads or for grid connection using a PWM inverter.

1.3 Motivations and Objectives

As motioned previously, wind power generation has many advantages, i.e. (i) it

is a clean energy source, (ii) the power generations are close to loads, especially in

case of stand-alone WTG systems and (iii) it requires little maintenance. Due to

these benefits, nowadays, WTG systems are one of the quickest growing renewable

energy sources. However, most of WTG systems are still expensive because they need

complex power-electronics converters and control algorithms. Furthermore, most of

the existing MPPT controllers used for WTG systems employ mechanical sensors,

e.g. an encoder and an anemometer, which decrease the reliability of these MPPT

controllers and increase the cost of WTG systems. Additionally, mechanical sensors

add DC offsets in measured signals, which may lead to instability.

As a result, the design of simple power-electronics converters and control alga-
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rithms, e.g. sensorless MPPT controllers, is still challenging tasks to obtain cost-

effective and high dynamic performance WTG systems. In this thesis, robust sensor-

less MPPT controllers, which are based on a novel observers, e.g. a TSR observer,

a rotor speed observer and a reference rotor speeds observer, have been proposed to

achieve the following objectives:

1. Maximising the output power of a WTG system in order to achieve maximum

power coefficients at varying wind speeds.

2. Improving its dynamic performance, e.g. small peak overshoots, fast tracking

speeds and small steady-state speed ripples under rapid wind speed variations.

3. Decreasing total harmonic distortion (THD) via a SMR with three-phase input

inductors in order to increase the lifespan of a PMSG.

Moreover, a cost-effective power-electronics converter, e.g. a diode rectifier with

DC- DC converter, has been designed and analysed for implementing the proposed

sensorless MPPT controllers.

1.4 Thesis Outline

As shown in Figure 1.5, this thesis is structured as the following:

• In Chapter 2, the electrical models of a PMSG in the a-b-c stationary reference

frame and the d-q rotating reference frame are discussed. A comparison study

among three controllers, Le. (i) a hysteresis band current controller, (ii) a classic

FOC and (iii) an optimised direct FOC, is made. The WTG system studied

in this chapter consists of a PMSG directly coupled with a VAWT to supply a

load via a controlled PWM rectifier.

• In Chapter 3, the electrical parameters of a PMSG, e.g. the stator resistance

per phase, the stator inductance per phase and the rotor permanent magnet

(PM) flux linkage, are obtained using standard tests, e.g. an open-circuit test,

a blocked-rotor test and a load test. These parameters are then optimised using

a PSO algorithm under a wide range of operating conditions.
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Figure 1.5: Block diagram of thesis outline.

• In Chapter 4, the complete transfer function for the proposed WTG system is
obtained using a reduced-order model (ROM) method, which is verified by a
full-order model (FOM) method and experiments. Furthermore, this chapter
presents a sensorless MPPT controller, which is based on a novel TSR observer
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for estimating TSRs and consequently reference rotor speeds. Finally, experi-

mental results are presented and discussed.

• In Chapter 5, a robust sensorless MPPT controller is proposed for maximising

the output power of WTG system. It includes two novel observers, which are:

first, an adaptive SMO for estimating rotor speeds and second, an adaptive

P&O algorithm for estimating reference rotor speeds and optimal duty cycles

based on turbine coefficient errors and rotor speed errors, respectively. Finally,

experimental results are illustrated and analysed.

• In Chapter 6, the proposed WTG simulator is introduced, which has been em-

ployed to implement the proposed sensorless MPPT controllers. The proposed

wind speed observer for estimating wind speeds using an iterative algorithm is

also discussed.

• Chapter 7 concludes the findings of this thesis. Future research works that can

be investigated are suggested.

1.5 Contribution of Research

The major contributions of this thesis can be summarised as follows:

1. The electrical parameters of a PMSG, e.g. the stator resistance per phase

and the stator inductance per phase, and the coefficients of a classic direct

field oriented controller (FOC) have been optimally identified by the proposed

particle swarm optimisation (PSO) algorithm. The bounds of parameters are

obtained based upon experimental tests in order to increase the accuracy of

parameter identification, reduce the search space of parameters and decrease

the convergence time of the PSO algorithm. Experimental tests show good

accuracy for parameter identification over a wide range of wind speeds and load

variations.

2. A robust sensorless MPPT controller, which is based on a novel TSR observer

for estimating TSRs and consequently reference rotor speeds, has been devel-
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oped. It is based on a a WTG characteristics and P&O method, which employs

adaptive perturbation step sizes to decrease the time required for estimating

TSRs under wind speed variations.

3. Another adaptive sensorless MPPT controller for a WTG system using a cost-

effective SMR with an input filter for harmonic mitigation has been proposed to

improve its dynamic performance and avoid instability. The proposed sensorless

MPPT controller includes two novel observers as follows:

A. An adaptive SMO, which is employed to estimate rotor speeds using an

adaptive PMSG model in the stationary reference frame, an adaptive slid-

ing gain and an adaptive cutoff-frequency LPF. The purpose is to eliminate

the chattering effect (which occur in conventional 81,108) and decrease es-

timation errors.

B. An adaptive P&O algorithm, which is utilised to estimate reference rotor

speeds and optimal duty cycles based upon turbine coefficient errors and

rotor speed errors, respectively. It uses adaptive variables compared with

some existing P&O algorithms, which use an adaptive perturbation step

size but a fixed observation period. The adaptive variables are as the

following:

i. A perturbation step size, which decreases steady-state oscillations

around optimal operating power points.

11. An observation period, which increases the tracking speed and ensures

that MPPT is always executed in the right direction with small rotor

speed overshoots under rapid wind speed variations.

4. A real-time WTG simulator has been built for experiment purposes, which is

suitable for evaluating the proposed sensorless MPPT controllers. Additionally,

a wind speed observer for estimating wind speeds based on a HAWT model for

the purpose of monitoring the wind turbine characteristics, has been proposed.
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Chapter 2

Dynamic Model of PMSGs for

Vector Control

In this chapter, the electrical models of a PMSG in the a-b-c stationary reference
frame and the d-q rotating reference frame are discussed. Furthermore, a comparison

study between a classic direct FOe and an optimised direct FOe, is made. The objec-

tives of the proposed controllers are to maximise the output power of a WTG system

by controlling rotor speeds to follow reference rotor speeds, which ensure optimal

TSRs and consequently maximise power coefficients under wind speed variations. It

should be noted that reference rotor speeds are produced from a TSR controller using

mechanical sensors, e.g. an encoder for measuring rotor speeds and an anemometer
for measuring wind speeds. The WTG system studied in this chapter consists of

a PMSG directly coupled with a VAWT to supply a load via a controlled PWM

rectifier. Simulations are based on accurate system parameters, which are obtained

experimentally from a real WTG system. Finally, the simulation results demonstrate

the effectiveness of the optimised direct FOe compared with the classic direct FOe
due to its good dynamic responses in terms of employing optimised parameters.
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2.1 Introduction

Recently, PMSGs have been widely employed in WTG systems due to its many

attractive advantages as follows [31, 32, 33, 34, 35]: (i) its mechanical torque is high;

(ii) its output power to volume ratio is high; (iii) its dynamic performance is superiour

compared to induction generators, e.g. DFIG; (iv) its efficiency is high because its

rotor is constructed with permanent magnets, and their copper losses are equal to zero,

(v) self electromagnetic excitation; (vi) its construction is simple, (vii) its maintenance

is easily and cost-effective, (viii) it is directly connected to wind turbines because it

can be easy designed for operating at low rotor speeds by increasing the number of

permanent magnets compared with induction generators, which need special design,

e.g. decreasing the pitch pole of a stator winding or increasing the air-gap length and

(ix) its reactive power is low, yet with a high power factor.

The optimal operation of a WTG is important due to the high initial cost and the

low efficiency of WTG systems. There are many factors that contribute to increasing

wind turbine efficiencies, including: (i) the number of rotor blades, (ii) a blade pitch

angle and (iii) a TSR, which is the ratio of circumstantial speed (tip speed) to wind

speed. In a small-scale WTG system, the only possible control variable for yielding

the maximum amount of energy from wind is TSR by adjusting rotor speeds to

reference values in order to keep TSR at its optimal value and consequently the

power coefficient at its maximum value [7]. Hence, operations of a WTG system can

be mainly classified into two types, as the following. First, a fixed-speed wind turbine,

which adjusts the pitch angles of wind turbine blades in order to control the output

power of a WTG system. Second, a variable-speed wind turbine, which controls rotor

speeds of a WTG system according to reference rotor speeds that ensure optimal

TSRs and maximum power coefficients during operation conditions.

Generally, MPPT techniques can be classified into two main categories, as follows.

First, a direct MPPT method, which is based on the knowledge of wind turbine

characteristics, c.g. power coefficients versus TSRs or mechanical power versus rotor

speeds. Second, an indirect MPPT method, which is rooted on estimating optimal

reference rotor speeds [36]. In practice, vector control strategies have been widely
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employed for PMSGs using a PWM controlled rectifier. The objective of employing

the vector control strategy for a PMSG is to implement a MPPT controller. The entire

control system consists of two main control loops, which are: (i) a speed controller

compares reference rotor speeds, which are often computed using a TSR controller,

with actual rotor speeds and consequently generates reference electromagnetic torques

and (ii) current controllers compare reference d-axis and q-axis reference currents with

measured d-axis and q-axis currents in order to generate reference d-axis and q-axis

voltages for a PWM controlled rectifier.

The parameters of the classic direct FOe are optimised using a PSO method

over a wide range of rotor speeds. A PSO is a new stochastic optimisation method,

which is theoretically simple and computationally effective. It can be employed to

obtain optimal solutions for linear and nonlinear systems. For an actual system,

using different parameters in its model leads to various outputs under same operating

conditions. In [37], a PSO algorithm was demonstrated for parameter identification

of a PMSM model, e.g. the stator resistance per phase and the disturbed load torque,

for designing a speed controller. In [38], the parameters of a PI controller were tuned

by an adaptive PSO. A PSO algorithm has many significant advantages, including

[39,40,41]: (i) easy for implementation, (ii) it has few parameters, (iii) the influence

of its parameters to solutions is little compared to other optimisation methods, (iv)

it often requires few initial conditions, (v) a high computational efficiency within a

short time and (vi) stable convergence characteristics.

Finally, the performance of the proposed psa algorithm for PMSG parameter

identification is evaluated by minimising state errors, e.g. the phase current error and

the rotor speed error. Although PSO is a robust optimisation algorithm, it generally

takes a long time to optimise parameters of a system because of its slow convergence

speed [42]. In this research, this problem is tackled by limiting search space, Le.

the bounds of parameters are obtained using results of experimental tests. The aim

of this procedure of the PSO algorithm is to increase the accuracy of parameter

identification, reduce the search space of parameters and decrease the convergence

time (the time that algorithm spends to find the global optimal solution) of the PSO

algorithm.
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2.2 Dynamic Model of PMSGs

In this research, the following assumptions are made when developing PMSG
models, which are [43, 44]: (i) the air-gap of a PMSG is uniform, (ii) the magnetic

flux in the air-gap is sinusoidally distributed, (iii) the magnetic saturation of the

PMSG core is neglected and (iv) the steady-state stator current is with a sinusoidal

waveform.

2.2.1 Stator Inductance Matrix in the a-b-c Reference Frame

In this section, the stator self and mutual inductances are derived. Hence, a self

inductance represents the ratio of flux produced by a winding, e.g. phase a, to its

current, assuming that all currents pass through other windings, e.g. phase band

phase c, are equal to zero. Whereas, a mutual inductance acts as the ratio of flux

produced by a winding, e.g. phase a, to a current pass through another windings,

e.g. phase b, assuming that all currents pass through other winding, e.g. phase a and

phase c, are equal to zero.

The air-gap length can be calculated by (2.2.1) [45].
1

g(cPs - Be) = (B )' (2.2.1)
Qpal - Qpa2 cos 2 cPs - e

where cPs is the stationary electrical angle; Be is the rotating electrical angle and Qpal

and Qpa2 are the pole arc coefficients. The flux density distributed ill the air-gap is

represented as follows:

(2.2.2)

where J-Lois the permeability of air, e.g. J-Lo= 4rrlO-7 Him, and Hr(cPs) the flux

intensity, which is expressed as below:

(2.2.3)

where MMF is the magnetomotive force, which is the product of number of series

winding turns, Ns, and current. Then, B, can be represented in terms of MMF and

g(cPs - Be) in (2.2.4).

(2.2.4)
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For phase a, MMF can be computed in (2.2.5) by supposing that the band c

phase currents are equal to zero.

N
MMFa(<Ps) = iiacos(¢s).

Br(<ps - Be) of phase a, Bra(<ps - Be), can be obtained by substituting (2.2.1) and

(2.2.5) into (2.2.4) as follows:

(2.2.5)

(2.2.6)

Similarly, Br(¢s - Be) of phases b, Brb(¢s - Be), and c, Bre(¢s - Be), are given in

(2.2.7) and (2.2.8), respectively.

Brb(¢s - Be) = 11-0~sibCOS(<PS- 2;)(O:pal - O:pa2cos(2(¢s - Be))),

Bre(¢s - Be) = liO ~sie cos(<Ps+ 2; )(O:pal - O:pa2cos(2(¢s - Be))).

(2.2.7)

(2.2.8)

Self inductances and mutual inductances are obtained by calculating the magnetic

flux linkages of phases a, band c, Aa, Ab and Ae, respectively. Suppose that for a

single turn of phase a, its span is 7r and it is aligned at <Ps. Thus, Aa is obtained as

the following:

(2.2.9)

where LJ is the stator leakage inductance due to leakage flux at the end of turns, r;
the inner radius of the stator and 1 the active length of a PMSG. Substituting (2.2.6)

in (2.2.9), Aa is given in (2.2.10).

(2.2.10)

Hence, the self inductance of phase a, Laa, can be obtained by dividing (2.2.10)

by ia as below:

(2.2.11)

Similarly, the mutual inductance between phase a and phase b, Lab, is expressed

in (2.2.12).
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Ns 2 tt fLoTsl ( 1f))
Lab = - (2) ( 2 )(O:pal - O:pa2cos 2 Be -"3 .

Hence, Laa and Lab can be simplified using (2.2.13) and (2.2.14).

(2.2.12)

N; 2LA = (2) 1ffLorsIO:pal,

LB = (Ns )21ffLorsIO:pa2 .
2 2

Finally, all PMSG inductances are obtained as follows:

(2.2.13)

(2.2.14)

Laa L1 + LA - LB cos 2Be, (2.2.15)
21f

(2.2.16)u; - L1 + LA - LB cos2(Be - '3),
21f

(2.2.17)Lee - L1 + LA - LB cos2(Be + '3),
1 1f

(2.2.18)Lab - Lba = -'2(LA - LB cos 2(Be - "3)'
1 1f

(2.2.19)Lac - Lca = -'2LA - LB cos 2(Be + "3)'
1 (2.2.20)Lac - Lea = -'2LA - LB cos 2(Be + n ).

2.2.2 State Space Equations in the a-b-c Reference Frame

The state space equation of a PMSG in the a-b-c stationary reference frame is

represented in (2.2.21).

[
>'a 1 [ Va 1 [ i, 1!~:~: +R. :: '

where R, is the 3x3 stator resistance diagonal matrix; >'a, >'b and >'c are the magnetic

flux linkages of phases a, band c, respectively; Va, Vb and Vc are the voltages of phases

(2.2.21)

a, band c, respectively; ia, ib and ic are the currents of phases a, band c, respectively.
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Hence, Aa, Ab and Ac can be expressed by (2.2.22).

Aa Za sin Be

271"Ab = -L(Be) ib +Apm sin(Be - 3) (2.2.22)

Ac 271"Zc sin(Be + 3)
where L(Be) is the inductance matrix, which is expressed in (2.2.23).

lSca lScb lScc

(2.2.23)

As shown in (2.2.22), the right side includes two terms, which are represented as

follows. The first term is the magnetic flux linkage of the stator windings. The

second term is magnetic flux linkage of the permanent magnets.

For a balanced three-phase system, the summation of three-phase currents is rep-

resented in (2.2.24).

(2.2.24)

Thus, the space vector of stator voltages, Vs, the space vector of stator currents,

is, and the space vector of magnetic flux linkages, As, are defined in (2.2.25), (2.2.26)

and (2.2.27), respectively.

(2.2.25)

(2.2.26)

(2.2.27)

where a is the 1200 phase shift between three phases in the three-phase system, which

can be represented as follows:
271"
j-

a = e 3 , (2.2.28)
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2rr
-j-

a2 = e 3. (2.2.29)

Equations (2.2.15)-(2.2.20) can be represented in two simplified matrices, L1 and

L2(Be), as below [46]:

L(Be) = L1 + L2(Be),

L1+LA
La La
2 2

L1 = La
L1+LA

La-- --
2 2

(2.2.30)

(2.2.31)

2rr 2rr
cos(2Be - 3) cos(2Be +3)

2rr 2rr
cos(2Be - 3) cos(2Be +3)

2rr
cos(2Be +3)

(2.2.32)

2rr
cos(2Be - 3)

It can be observed from (2.2.32) that all its elements are proportional to Be, which
are simplified using the well-known Euler formulas in (2.2.33)-(2.2.37).

ejge - cos Be + j sin Be, (2.2.33)
1 Of) Of)

(2.2.34)cos Be - "2(eJ e +«= e),

1 °0 °0 (2.2.35)sin Be - -(eJ e _ e-J e)
2j ,

2rr
~(a2ei20e + ae-j2Oe), (2.2.36)cos(Be - 3) -

2rr ~(aei20e + a2e-i20e) (2.2.37)cos(Be +3) - 2 .
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Thus, L(Be) is given in (2.2.38).

Ll+LA
La La
2 2

L(Be) La Ll+LA
La LB

-- -- +-
2 2 2

La La
Ll+LA2 2

1 a2 a 1 a a2

ej20e a2 a 1 + «!": a a2 1 (2.2.38)

Furthermore, the PM flux linkage matrix, Apm, can be simplified as the following:

sinOe 1 1

Apm(Be) = Apm sin(Be _ 2;) Apm ejOe a2 + e-jOe a (2.2.39)=-
2

sin(Oe+ 2;) a a2

Substituting (2.2.22) in (2.2.21), the state space equation of a PMSG in the a-b-c

referencee frame is given in (2.2.40).

(2.2.40)

where Iabe is the three-phase current vector ria, ib, ieF; Vabe is the three-phase voltage

vector [va, Vb, ve]T and .!!:..Apmis the three-phase back electromotive force (back-EMF)
dt

vector, Aabe, [ea, eb, ee]T. Finally, (2.2.40) is simplified as follows:

(2.2.41)

The electromagnetic torque, Te(ia, ib, ie, Be), can be derived from the general ex-

pression of energy stored, W(ia, ib, ie, Be), in the flux coupling of the stator and the
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rotor of a PMSG as follows [47J:

lV(ia, ib, i-. fJe) = ~Iabc T (L(fJe)Iabc + Apm(fJe)). (2.2.42)

where p is the number of pole pairs. It is worth noting that (2.2.43) is based on the
assumption that the flux coupling loss is neglected and flux linkages are uniformly
distributed in air-gap.

2.2.3 The Clarke and the Park Transformations

The Clarke and Park transformations are important for implementing vector con-
trol methods. The Clarke transformation converts the a-b-c stationary quantities to

the a-{3quantities, while the Park transformation converts the a-{3quantities to the

d-q rotating quantities [48]. Figure 2.1 shows the stationary frame, e.g. the a-b-c

reference frame, the a-{3reference frame, and the rotating frame reference frame, the

d-q reference frame, which rotates at a fixed angular speed, We' As shown in Figure

2.1, io: and ifi are the a-axis and {3-axiscurrents, respectively; and id and iq are the
d-axis and q-axis currents, respectively. For example, the transformation steps from

ia, ib and i., to id and iq, are made in two steps:

• Step 1: A transformation from the a-b-c stationary reference frame to the a-{3

stationary reference frame is defined by the Clarke transformation. From the

Clarke transformation, Vs, is or As can be also obtained via the a-j3 system as
follows:

(2.2.44)

From (2.2.24), ia = -(ib + ie). Thus, (2.2.44) is simplified as below:

. 2(. 1.) .
20:= '3 2a+ 22a = 2a,

. 2 (0 VS . VS. )
2fi= '3 + 22b - 22c ,

(2.2.45)

(2.2.46)
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q~ f3

b

c

Figure 2.1: The stationary and rotating reference frames.

From (2.2.24), ic = -(ia + ib). Thus, (2.2.4G) is simplified as the following:

1 2
(2.2.47)1,{J y'3ia + y'3ib'

1,8
~

(2.2.48).

• Step 2: A transformation from the a-b-c stationary reference frame or the a-{3

stationary reference frame to the d-q rotating reference frame is called the Park

transformation. It should be noted that the prior knowledge of ee, which is

the angle between the d-axis and the a-axis, is required for transformation. As

shown in Figure 2.1, the d-q rotating reference frame rotates at fixed We' Thus,

all dependencies on Be, e.g. L(Be), are eliminated. Hence, d-q variables, XdqQ,

are directly obtained from the a-b-c variables, Xabc, using (2.2.49).

(2.2.49)
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where TdqO is the transformation matrix, which is computed by (2.2.50).

27f 27T
cos(Oe) cos(Oe- 3) cos(Oe+ 3)

2 . 27T _ sin(Oe+ 2;) (2.2.50)TdqO = 3 - sin(Oe) -sm(Oe - 3)

1 1 1
- - -
2 2 2

Furthermore, a-axis and ,B-axiscurrents can be converted to d-axis and q-axis

currents using (2.2.51) and (2.2.52).

(2.2.51)

(2.2.52)

(2.2.53)

2.2.4 State Space Equations in the d-q Reference Frame

For the control and simulation of a PMSG, a mathematical model in the d-q

rotating reference frame is needed. As shown in (2.2.38), the stator inductances vary

as a function of Oe, which is proportional with rotor positions, Or, as follows:

(2.2.54)

Whilst, the d-q model of a PMSG is usually employed because the stator induc-
tances become constant, independent of rotor positions. The state space equations in
the d-q rotating reference frame can be derived using (2.2.49). In the d-q rotating ref-

erence frame, the d-axis is aligned with the magnet axis and the q-axis is orthogonal
to the d-axis. Thus, the d-q model of a PMSG is given in (2.2.55) [46, 49J.

(2.2.55)
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The space vector variables of a PMSG model are given as follows:

Vs - Vd + jVq, (2.2.56)

is id + jiq, (2.2.57)

As - Ad + jAq, (2.2.58)

Ad Apm + Ldid, (2.2.59)

Aq - Lqiq, (2.2.60)

where Vd is the d-axis voltage, Vq the q-axis voltage, Ad the cl-axis magnetic flux
linkage, Aq the q-axis magnetic flux linkage, Apm the PM flux linkage, Ld the d-axis
inductance and Lq the q-axis inductance.

Substituting (2.2.56)-(2.2.60) into (2.2.55), the state space equations of a PMSG
are as follows:

(2.2.61)

(2.2.62)

(2.2.63)

where Jt is the total inertia of the WTG system and F represents the viscus friction.

Finally, the state equations (2.2.61), (2.2.62) and (2.2.63) can be rearranged in a ma-

trix form by (2.2.64).
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d
dt Zq

o

LdPWr n,
- --

Lq Lq

0 0

1
0 0

Ld

0
1

0
Lq

0
1

0
Jt

(2.2.64)

Moreover, Te is derived from the power flow equation of a PMSG as follows. The

output power, Po, of a PMSG is given in (2.2.65).

Po = ~(Vdid + vqiq). (2.2.65)

Equation (2.2.65) is expanded in (2.2.66) by replacing Vd and Vq using (2.2.61)

and (2.2.62), respectively.

Rearranging (2.2.66) as follows:

3 ( d d )Po ="2 - Ld dt i~ - 14i~ - LqPWr iq id - Lq dt i~ - 14i~ + LdPWr id iq + ApmPWr iq ,

(2.2.67)

Po = ~ ( -!(Ldi~ + Lqi~) - Rs{i~ + i~)+ PWr{iqid{Ld - Lq) + APmiq)), (2.2.68)

3
Po = "2 ( - ~nd - Pcop + R) , (2.2.69)

WIND TURBINE GENERATOR SYSTEMS ALI MAHDI



2.3 Description of the Proposed PSG Algorithm 33

where Rnd is the inductive loss, Pcop the copper loss and R the input power of a
PMSG, which is also defined as mechanical power, Tewr, as below:

R = Tu», = ~PWr(iqid(Ld - Lq) + Apmiq).

Finally, Te is obtained by dividing (2.2.70) by Wr as follows:

(2.2.70)

(2.2.71)

2.3 Description of the Proposed psa Algorithm

A PSO algorithm is an evolutionary computation method inspired by social be-
haviors of bird flocking during searching food. It was developed by Eberhart and
Kennedy in 1995. In a PSO algorithm, each bird may be called a "particle" in a

population, that is a "swarm" moving over a "search space" to achieve an objective.

In a PSO algorithm, the position of a particle illustrates the solution of an optimisa-

tion problem. Each particle moves in a search space with a velocity according to the

previous optimum individual solution and the previous optimum global solution [50].
The performance of a PSO algorithm is mainly influenced by the following pa-

rameters, which are:

1. Swarm size or number of particles: It is also defined as a population size, which is
the number of particles N in a swarm. It should be noted that a large number of
particles allow to minimise the number of iterations required to achieve optimal

results. The only disadvantage of selecting a large number of particles is the

increase of the computational complexity per an iteration. The swarm size is
chosen as 5 in this study.

2. Number of iterations: Selection of a small number of iterations leads to termi-

nation of the search process before reaching optimal solutions, whereas selecting
a large number of iterations slows the search process. The maximum number

of iterations is selected as 50 in this research.
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3. Number of dimension of search space: The parameters of the speed and current

PI controllers that should be identified arc expressed by vector PI as follows:

(2.3.1)

4. Boundary conditions: The search space must be limited in order to avoid wrong

solutions. In this work, the minimal and maximal bounds of (2.3.1), BI, are

obtained by (2.3.2).

[kmin kmax. kmin kmax. kmin kmax]pw' pw , pd , pd , pq , pq ,

- [0,1; 0,10; 0,10]. (2.3.2)

5. Acceleration coefficients: The acceleration coefficients Cl and C2, which represent

the control parameters of a PSG algorithm. If Cl and C2 are selected as small

values, an individual may move far from the objective regions before being

tugged back. However, if Cl and C2 are selected as large values, an individual

may move in sudden towards objective regions. In this work, Cl and C2 are

selected as 2.05. Moreover, The parameters TI and T2 are random values, which

are uniformly distributed random numbers in [0, 1]. It is important noting that

these values are randomly varied within each iteration [51].

Hence, the state of the ith particle is represented by Xi(t) = [XiI (t), Xi2(t), ... , XiN(t)].
The previous best state, Pbest, is written as Pi (t) = [Pil (t), Pi2 (t), ... , PiN (t)]. The index

of the best state in the global set, 9best, is represented as pg(t) = [Pgl (t), Pg2(t), ... , PgN(t)].
The moving velocity, Vi(t), is represented as Vi(t) = [Vil(t), Vi2(t), ... , ViN(t)]. The ve-

locity and the position of each swarm is updated using (2.3.3) and (2.3.4), respectively

[39].

(2.3.3)

(2.3.4)

where k is an iteration number and w is an inertia weight factor, which is chosen as

0.73.
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2.4 Overview of Direct FOes

Foe (also called vector controller) is widely used for controlling rotor speeds and

electromagnetic torques of Ae electrical machines, e.g. induction and synchronous

machines [52]. The objective of employing the direct FOe is to adjust rotor speeds

of a WTG system according to reference rotor speeds, which ensures maximal output

power under wind speed variations. The practical control steps of the FOe can be

summarised as follows. First, rotor speeds are controlled to follow reference rotor

speeds by adjusting electromagnetic torques of the PMSG. Second, the electromag-

netic torques are controlled to follow reference electromagnetic torques by adjusting

d-axis and q-axis currents. Third, the d-axis and q-axis currents are controlled to

follow d-axis and q-axis reference currents by adjusting d-axis and q-axis voltages.

Finally, the d-axis and q-axis voltages are controlled to follow d-axis and q-axis refer-

ence voltages by a controlled rectifier [53]. As shown previously, the important step

of implementing the direct FOe is to obtain accurate reference signals, which are

often generated by measurement signals. The main reference signals are reviewed as

below.

1. Reference rotor speeds, Wref, are obtained in (2.4.1) via a TSR controller by

measuring rotor speeds and wind speeds via an encoder and an anemometer,

respectively.
TSRoptVw

Wref = ,r
where TSRopt is the optimal tip speed ratio.

(2.4.1)

2. Reference electromagnetic torques, Te-ref, are produced via a PI speed controller

as follows:

Te-ref = kpw(Wref - wr) + kiw J (Wref - wr)dt, (2.4.2)

where kpw and kiw the proportional gain and the integral gain of a PI speed

controller, respectively.

3. Reference q-axis currents, iq-ref, are computed by (2.2.71). It should be noted

that the d-axis reference current, id-ref, is often set as zero in order to linearise
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DC Bus

Inverse Park
PWM Generator

d-axis and q-axis
Decoupling
Components
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WTRadius

Anemometer

VAWTwith
PMSG

Figure 2.2: Configuration of a classic direct FOC for a WTG system.

(2.2.71) as well as to decrease the copper loss in a stator winding. Thus, 2q-ref

is given in (2.4.3).
Te-ref (2.4.3)2q-ref =

1.5pApm

4. Reference d-axis voltages, Vd-ref, and q-axis voltages, Vq-ref, are generated via PI

current controllers as follows.

Vd-ref = kpd(id-ref - id) + kid J (id-rer - id)dt,

Vq-ref = kpq(iq-ref - iq) + kiq J (iq-ref - iq)dt, (2.4.5)

(2.4.4)

where kpd and kid are the proportional gain and the integral gain of a PI d-axis

current controller, respectively; kpq and kiq are the proportional gain and the
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integral gain of a PI q-axis current controller, respectively.

Figure 2.2 shows the block diagram of a classic direct FOC for controlling the rotor

speeds a WTG system. As shown in Figure 2.2, the measured three-phase currents

are, firstly, converted to a-axis and iJ-axis currents via the Clark transformation.

Consequently, the a-axis and iJ-axis currents are transformed to d-axis and q-axis

currents via the Park transformation. As mentioned in Section 2.2.3, the latter trans-

formation needs rotor positions, which are identified by integrating rotor speeds via

an encoder and then a pure integrator. An inverse Park transformation is also re-

quired to convert the reference d-axis and q-axis voltages to three-phase voltages,

which supply a PWM generator. It can be observed that an anemometer is required

to fix as dose as possible to wind turbine blades in order to obtain accurate wind

speed measurements, otherwise inaccurate reference rotor speeds are obtained causing

the WTG system not to rotate at an optimal speed.

2.4.1 Hysteresis Band Current Controller

A hysteresis band controller, also known as a bang-bang controller, is a feedback

controller, in which its output changes between two levels, e.g. a high level is as 1 and

a low level is as o. Due to the discontinuous output control signals, a hysteresis band

controller is a variable structure controller. It has many advantages, such as [54]: (i)

fast response to rapid variations in reference currents with a small delay, (ii) robust to

control peak currents, (iii) easy to implement and (iv) doesn't require any previous

knowledge of system parameters. Besides these advantages, it generates variable-

frequency pulses within every period, which cause high stress on power converters,

large harmonics around switching band and acoustic noise [55].

Hence, the aim of the hysteresis band current controller is to adjust the generator

line currents to follow reference ones, which are produced by converting reference

d-axis and q-axis currents via an inverse Park transformation. Figure 2.3 shows the

block diagram of a hysteresis band current controller for controlling a WTG system.

As illustrated in Figure 2.3, reference d-axis and q-axis currents are generated in the

same way as in the direct FOC. The generator line currents are, firstly, measured
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and then compared with corresponding reference currents to produce generator line

current errors as follows.

DC Bus

Hysteresis Band
Current Controller

Inverse Park
Transformation

Rotor Speed

Optimal TSR
WTRadius

Anemometer

VAWTwith
PMSG

Figure 2.3: Configuration of a hysteresis band current controller for a WTG system.

(2.4.6)

(2.4.7)

(2.4.8)

where ~ia, ~ib and ~ie are the generator line current errors of phases a, band c,

respectively; ia-ref, ib-ref and ie-ref are the reference line currents of phases a, band

c, respectively. Figure 2.4 shows a simplified structure of a hysteresis band current

controller. Clearly, three hysteresis band comparators, e.g. three ideal relays, are

employed to generate variable-frequency pulses for a controlled rectifier. For example,
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for phase a, 6.ia is compared with a specified threshold (also called a fixed hysteresis

band), khb, to generate switch states as follows [56].

CO----'I---+-~(
(abc_ref

CD
Pulses

o::::r--+------___j
Iabc

Figure 2.4: Stucture of a hysteresis band current controller.

O if A . khb1 I...l.~ <--a 2
Output pulses of phase a = (2.4.9)

1 if 6.ia > +k;b

2.4.2 Classic Direct FOC

In a classic direct FOe, the d-axis and q-axis currents are compared with d-axis

and q-axis reference currents to generate d-axis and q-axis reference voltages via

PI controllers. The voltages are linearised by adding d-axis and q-axis decoupling

components in order to generate d-axis and q-axis voltage references, which are then

transformed into PWM pulses to drive a controlled rectifier. It should be noted

that the purpose of adding decoupling voltages is, firstly, to remove the effect of

cross-coupling between the d-axis and q-axis circuits and secondly to improve system
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dynamic performances. Rearranging (2.2.61) and (2.2.62) as follows:

-t;:t id - u; id - PWr (i;iq),

-Lq:tiq - ~iq + PWr{Ldid + Aprn).

(2.4.1O)

(2.4.11)

It can be observed from (2.4.11) and (2.4.11) that the cross-coupling components

between d-axis and q-axis voltages are -PWr{Lqiq) and PWr{Ldid + Aprn), respectively.
Thus, the d-axis and q-axis voltage equations without cross-coupling are given by
(2.4.12) and (2.4.13), respectively.

(2.4.12)

(2.4.13)

As a result, the mechanical, Gm, d-axis, Gd, and q-axis, Gq, open-loop transfer

functions of the linearised PMSG model are given by (2.4.14), (2.4.15) and (2.4.16),
respecti vely.

Gm = nr(s) = 1 , (2.4.14)
Te-rer(s) F + s,»

Gd
= Id(S) = _ 1 , (2.4.15)

Vd-ref(S) n; + LdS

Gq = Iq(S;) = _ 1 , (2.4.16)
Vq-ref S n; + Lqs

It is worth noting that the minus signs in (2.4.15) and (2.4.16) indicate d-axis and
q-axis currents going out from the PMSG. In the classic direct FOC, PI controllers

are tuned using conventional methods, e.g. the pole-placement method, which is

based on canceling the poles of the electrical and mechanical transfer functions of
the PMSG. As mentioned above that the d-axis and q-axis current loops require two

PI controllers, which are designed via employing (2.4.15) and (2.4.16). The general
transfer function of a PI controller, Gpj, is given by (2.4.17).

G . = Y(s) = kps + ki
pi E(s) s' (2.4.17)

where Y(s) is the output signal, i.e. the reference signal, E(s) the input error signal,
i.e. the error signal, kp the proportional gain and ki the integral gain. Thus, the
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transfer functions of the speed controller, the d-axis and the q-axis current controllers
are obtained in (2.4.18), (2.4.19) and (2.4.20), respectively.

Te-ref(S) kpws + kiw (2.4.18)
Dr-ref(s) - Dr(s)

-
S

Vd-ref(S) kpdS + kid (2.4.19)
Id-ref(S) - Id(S)

- S

Vq-ref(s) kpqs + kiq (2.4.20)
lq-ref(s) - lq(s) S

To improve the dynamic performance of a classic FOe, the parameters of the
PI controllers must be accurately estimated in order to achieve the following spec-
ifications: (i) Minimal overshoots in order to avoid large current peaks, which may
damage power converters in real operating conditions and (ii) Fast responses, i.e.
minimal settling times, in order to avoid instability.

In the classic direct FOe, the pole-placement method is employed for designing the

speed and current controllers. The aim of this technique is to decrease the closed-loop

overshoots by placing the zeros of the PI controllers in the same location of the plant

poles [57]. Figure 2.5 shows the linearised model of a PMSG with speed and current
controllers. As shown in Figure 2.5, the closed-loop transfer functions of rotor speed,

HWf) the d-axis current, Hid, and the q-axis current, Hiq, are obtained by multiplying

(2.4.14), (2.4.15) and (2.4.16) by (2.4.18), (2.4.19) and (2.4.20), respectively. Thus,
Hwn Hid and Hiq are given by (2.4.21), (2.4.22) and (2.4.23), respectively.

Hwr = Dr(s) = kpws + kiw ,
nr-ref(s) Jts2 + (kpw + F)s + kiw

Hid = Id(S) = kpdS + kid ,
Id-ref(S) LdS2 + (kpd + Rs)s + kid

Hiq = lq(s) = kpqs + kiq .
Iq-ref(S) LqS2 + (kqd + Rs)s + kiq

(2.4.21)

(2.4.22)

(2.4.23)

Finally, the unit step response of (2.4.21) and (2.4.22) are shown in Figures 2.6
and 2.7, respectively. Furthermore, the pseudo codes of implementing the proposed
pole-placement method, which is used for estimating the best parameters of the speed
and current PI controllers, are presented in Tables 2.1 and 2.2, respectively.

WIND TURBINE GENERATOR SYSTEMS ALI MAHDI



2.4 Overview of Direct FOGs 42
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Figure 2.5: Block diagram of linearised model of a PMSG with speed and current
controllers.
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(a) Under different PI parameters.
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Figure 2.6: Step response of a closed-loop speed controller.

2.4.3 The Proposed Optimised Direct FOe

In the optimised direct FOe, the speed and current PI controllers are optimally

tuned using a PSO algorithm. The optimised parameters of the speed and current

PI controllers are expressed by the vector PI as follows:

(2.4.24)

It is worth noting that kiw, kid and kiq are estimated using the pole-zero cancella-

tion method as follows [58].

(2.4.25)

(2.4.26)
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Table 2.1: Pseudo code of PI parameter tuning for the mechanical models of the
PM8G.

01: Input the total inertia, Jt = 0.006;

02: Input the viscose friction, F = 0.01;

04: Calculate the mechanical time constant, tm = Jt!F;
05: Randomly initialise the parameters of the classic PI current controller;

06: Select an incremental step size for increasing proportional gains, kp-step,;

07: Open the mechanical Simulink block with initial PI parameters;
08: Input simulation period, ts;

09: Input Wr under unit step of Wref;

10: WHILE (wr ~ 0.98 and ts ::; tm)
11: Increase proportional gain, kpw = kpw + kp-step;

12: Compute the integral gain, kiw = kpw/tm;

13: Open the mechanical Simulink block with updated parameters;

14: Input ts;

15: Input Wr;

16: Plot the time response of Wr at current PI parameters;

17: END WHILE

18: Plot the time response of Wr at the best PI parameters;

(2.4.27)

Therefore, the number of parameters to be optimised is reduced to 3. Moreover,

for each particle of a population, its total fitness, F1 is determined by (2.4.28).

(2.4.28)

where 08% is the maximum rotor speed overshoot percentage; AASD% is the ab-

solute average speed deviation percentage; AAPCD% is the absolute average power

coefficient deviation percentage; {31, {32 and f33 are weights, which are chosen as 10, 2

and 1, respectively. 08%, AA8D% and AAPCD% are obtained in (2.4.29), (2.4.30)
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Figure 2.7: Step response of a closed-loop current controller.

and (2.4.31), respectively.

OS% = Iwr-max - wr-ssl x 100,
Wr-ss

(2.4.29)

N

AASD% = _!_ L IWref - wrl x 100,
N n=l Wref

(2.4.30)

AAPCD% = _!_t ICp-max - cpl x 100,
N cp-max

n=l

(2.4.31)

where n are the number of samples; Wr-max and Wr-ss are the peak transient rotor

speed and the steady-state, i.e, final value, rotor speed, respectively. As mentioned

previously, the optimisation objective is to minimise F, as small as possible in order

to improve the dynamic performances of a WTG system under wind speed variations.

Finally, the pseudo codes of implementing the proposed PSO algorithm, which is

employed for optimising the parameters of the speed and current PI controllers, are

presented in Table (2.3).
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Table 2.2: Pseudo code of PI parameter tuning for the electrical models of the PMSG.

01: Input the stator resistance per phase, R; = 0.35;

02: Input the d-axis inductance, Ld = 4.5e - 3;

03: Input the q-axis inductance, Lq = 4.5e - 3;

04: Calculate the electrical time constant, te = Ld/!ls;
05: Randomly initialise the parameters of the classic PI current controller;

06: Select an incremental step size for increasing proportional gains, kp-step,;

07: Open the electrical Simulink block with initial PI parameters;

08: Input simulation period, ts;

09: Input id under unit step of id-rer;

10: WHILE (id ~ 0.98 and ts ~ te)
11: Increase proportional gain, kpi = kpi + kp-step;

12: Compute the integral gain, kii = kpi/te;

13: Open the electrical Simulink block with updated parameters;

14: Input ts;

15: Input id;

16: Plot the time response of id at current PI parameters;

17: END WHILE

18: Plot the time response of id at the best PI parameters;

2.5 Simulation Results

In simulations, a VAWT is employed whose model with real parameters are lists

in Table 2.4. The VAWT is accurately modelled by an embedded MATLAB func-

tion. It can be seen that the input signals of the VAWT model are wind speeds and

rotor speeds, while its output signal is mechanical torques. Moreover, the PMSG

is modelled according to Figure 2.5. The parameters of the PI speed and current

controllers for both the classic and the optimised direct FOe are listed in Table 2.5.

As mentioned previously that the direct FOe is implemented via a controlled PWM

rectifier and its switching frequency is chosen as 10 kHz.

Figure 2.8 shows a comparison between the classic direct FOe and the optimised

direct FOe, under step changes at a wind speed, e.g. a start-up 0-7 ta]« and a
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Table 2.3: Pseudo code of the proposed psa algorithm for parameter identification
of the speed and current PI controllers.

01: Input the Bound of the speed and current PI controllers, Bound=ju.I; O,lOjO,IO]j

02: Input the maximum number of iteration, M axlter = 500;

03: Input the population of particles, PopSize = 5;

04: Input the Number of dimension of search space, N Dim = 3;

05: Input the weight and acceleration factors, w = 0.73; Cl = 2.05; C2 = 2.05;

06: Calculate the lower bound, Lower Bound, and the upper bound, UpperBound,
LowerBound=zeros(NDim, PopSize); UpperBound=zeros(NDim, PopSize)

07: FOR (i = 1 :PopSize)

LowerBound(:, i)=Bound(:,I); UpperBound(:, i)=Bound(:,2)j
08: END FOR

09: Initialise the swarm population, pop

pop=rand(NDim, PopSize). * (UpperBound - LowerBound) + Louiet Bourul;

10: FOR (i = 1: NDim)

11: Compute maximum velocity of the particle,

vmax(i,:)=(UpperBound(i,:) - LowerBound(i, :))/10;
12: END FOR

13: Determine the velocity of the particle, velocity = vmax.*rand(l)j

14: FOR (i = 1 : PopSize)

15: Identify the PI parameters, kpw=pop(l,i); kpd=Pop(2,i); kpq=pop(3,i)
16: Open the Simulink block of the direct FOC controller with initial PI parameters;

17: Compute the total fitness, Fl(i) = min(1O * OS + 2 * AASD +AAPCD)j

18: END FOR

19: Finding best particle in initial population, [fbestval,index]=min(Ft};

20: WHILE (iteration < Maxlter OR fbestval > f)

21: Increase the iteration, iteration=iteration+1;
22: Calculate rl and r2, rl=rand(NDim, PopSize)j r2= rand(NDim, PopSize);
23: Update the velocity and the position of each swarm using (2.3.3) and (2.3.4);

24: Repeat Steps 15-20 with the updated PI parameters;
25: END WHILE
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Table 2.4: Pseudo code of the VAWT model based on an embedded MATLAB func-
tion used in simulations.

Function Twt = VAWT-MODEL(Vw, wr);
1: Input the width of the VAWT, Wvawt=O.76;

2: Input the height of the VAWT, hvawt=1.22;

3: Input the density of the air, p=1.205;

4: Input optimal TSR, TSRopt = 0.82;

5: Calculate the radius of the VAWT,

r = wvawt!2;
6: Compute the swept area of the VAWT,

as = Wvawt * hvawt;

7: Determine the TSR,

TSR = Wr * r/Vw;
8: Estimate the power coefficient,

cp = -0.1299 * TSR3 - 0.1168 * TSR2 + 0.4540 * TSR;
9: Estimate the maximum power coefficient,

Cp-max = -0.1299 * TSR~Pt - 0.1168 * TSR~Pt+ 0.4540 * TSRopt;
10: Calculate the wind turbine power,

Pwt = 0.5 * cp * Pw * as * V;;
11: Compute the wind turbine torque,

Twt = -Pwt/wr;

12: Determine the reference rotor speed,

Wref = TSRopt * Vw/r;

steady-state 7-11 m/so Figure 2.8-{a) shows the time response of rotor speeds and

Figure 2.8-(b) illustrates the time response of power coefficients using the proposed

controllers. As shown in Figure 2.8-(a), in case of the proposed direct FOe, the

rotor speed overshoots are completely eliminated due to employing optimal speed

and current PI parameters. Table 2.6 summarises the dynamic performances, which

are rotor speed overshoots and settling times. Clearly, in Figure 2.8-{b), the steady-

state power coefficients are always follow its maximum value over a wide range of

wind speeds.
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Figure 2.8: A comparison between a classic direct FOe and the optimised direct FOe
under step changes at a wind speed, e.g. 0-7 m/sand 7-11 tu] s.
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Table 2.5: Parameters of the the PI current and speed controllers.

Parameter Classic FOC Optimised FOC

kpw 0.05 0.10

kiw 0.08 0.01

kpd 2.00 5.50

kid 155 5.05

kpq 2.00 0.90

kiq 155 55.0

Table 2.6: Start-up and steady-state dynamic performances of the direct FOe.

Controller Start-up Performance Steady-state Performance

OS% Settling Time (s) OS% Settling Time (s)
Classic Direct FOC 13.14 0.14 23.54 0.24
Optimised Direct FOC 0 0.08 0 0.04

To illustrate the effect of switching frequency on line current waveforms. Figures

2.9 and 2.10 show the three-phase and space trajectory of stator line currents for the

classic direct FOe and the optimised direct FOe controller. It can be seen in Figure

2.9 that the line current waveforms are more distorted than Figure 2.10 due to using

classic PI current and speed controllers.

Finally, the rotor speed and power coefficient errors for the proposed controllers

are summarised in Table 2.7.

Table 2.7: The rotor speed and power coefficient errors for the direct FOe.

Controller AASD% AAPCD%

Classic Direct FOC 4.49 1.29

Optimised Direct FOC 2.17 0.99
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2.6 Conel usion

In this chapter, a WTG system, which includes a VAWT, a PMSG and a controlled

rectifier has been controlled using a classic direct FOe and the optimised direct

FOe. The simulation results show good dynamic performance of the optimised direct

FOe due to employing optimal parameters. It can be concluded that optimising the

speed and current PI controllers of a direct FOe is a practical solution for improving

its dynamic performances compared with classic PI tuning methods, e.g. a pole-

placement method.
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Chapter 3

PMSG Parameter Identification

Using i-so Algorithm

An accurate model of a PMSG is important for designing of a high-performance

PMSG control system. The performance of such a control system is influenced by

PMSG parameter variations under real operation conditions. In this chapter, the

electrical parameters of a PMSG, e.g. the stator resistance per phase, the stator in-

ductance per phase and the rotor PM flux linkage, are firstly measured using standard

tests, e.g. an open-circuit test, a blocked-rotor test and a load test. These parame-

ters are then measured more precisely using a PSO algorithm under a wide range of
operating conditions.

3.1 Introduction

Generally, the performance of a PMSG control system is dependent on the accurate
knowledge of generator parameters that vary with temperatures and frequencies [59].
The accuracy of a PMSG model is determined by its parameters, which are the phase
resistance, the phase inductance and the PM flux linkage. These parameters should
be identified as accurate as possible. There are many analytical methods, which have
been proposed for calculating parameters of electrical machines [60, 61]. Most of

these methods are based on physical specifications of a PMSG such as mechanical
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dimensions, stator winding specifications and rotor PM characteristics. As most of

such information is unknown, these analytical methods are not feasible for calculating

machine parameters.

On the other hand, experimental methods for parameter identification have also

been developed such as a DC current decay test [62], an open-circuit test, a blocked-

rotor test and a load test [63]. In the DC current test, the steady-state parameters can

be identified without considering transient operating conditions. Implementing the

blocked-rotor test gives inaccurate parameters, because the voltages and currents are

not measured at normal operating conditions. In the load test, accurate parameters

may be identified, but this test requires complex experimental procedures. In [64],

the electrical parameters of a PMSM are identified using an adaptive identification

algorithm, which is based on output identification errors. The electrical parame-

ters (the phase resistance, the phase inductance and the iron loss) were identified ill

steady-state operating conditions, while the mechanical parameters (the electromo-

tive force constant, the inertia and the viscous friction) were identified experimentally

in dynamic operating conditions.

Because the rotor of PMSGs includes PMs and there are no open-circuit and short-

circuit states, the influence of PM characteristics must. be considered in calculations

of PMSG parameters. As a result, the methods based on experimental tests are also

not accurate enough to identify parameters of a machine [65].

3.2 Measuring of PMSG Parameters

The operation principles of PMSGs are similar to conventional synchronous gen-

erators except that an excitation winding is replaced by permanent magnets [45].

Figure 3.1 shows the stator and the PM rotor of the PMSG used in this study.

Hence, the standard tests used for generators, e.g. a PMSG, can be classified

according to operation modes in three tests, which are: (i) a standstill test, (ii) an

open-circuit test and a short-circuit test and (iii) a load test. Furthermore, these

tests can be also classified according to test purposes in two groups as the following:

(i) for loss and efficiency evaluations and (ii) for parameter identification [66]. It is
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Stator PM rotor

Figure 3.1: The stator and the permanent magnet rotor of the PMSG used in this
research.

worth noting that the standstill test is only employed for parameter identification,

while the other two tests can be employed either for parameter identification or for

loss and efficiency evaluations. In this research, an open-circuit test and a blocked-

rotor test have been undertaken for parameter identification of the PMSG model.

For implementing these tests, two assumptions have been made, which are: (i) the

magnetic circuit is assumed linear, i.e. magnetic saturation is ignored and (ii) the

mathematical model of the PMSG doesn't consider core loss. The objective of these

tests is to adjust the boundary conditions of the proposed PSO algorithm in order to

improve the speed of convergence to the optimal solutions.

3.2.1 Stator Resistance and Stator Inductance

Assume R; is the resistance between line-to-neutral, i.e. one-half of a line-to-line,

of a stator winding. Rs can be identified by measuring the resistance between any two

terminals of a stator winding using a multimeter. Due to the change in temperatures

of a stator winding and the frequencies of phase currents, the performance of PMSG

control systems is influenced by the variations of Rs. Thus, these variations in Rs
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should be estimated to improve the performance of PMSG control systems. In [67],
it was found that when an operating temperature increases of 10 QC, R; rises around
5 mO.

As the stator winding of the PMSG used in this study is connected in a star
connection and there is no neutral point supplied, the stator inductance per phase,

Ls, is measured between any two terminals, e.g. phase a and phase b, of a stator

winding via a rotor-blocked test. L; is given as:

(3.2.1)

where Lsa and Lsb are the self inductances of phase a and phase b, respectively and
Lmab and Lmba are the mutual inductance between phase a and phase b, respectively.
Lsa and Lsb can be expressed as the following:

(3.2.2)

(3.2.3)

where Lis is the leakage inductance of the stator winding due to its leakage flux, Lo
is the average inductance due to the air-gap flux and Lms is the saliency inductance

relating to the electrical angle, Be. Thus, L; and Lms are computed by (3.2.4) and
(3.2.5), respectively.

1
L; = "2(Ld + Lq),

1
Lms = "2(Ld - Lq).

(3.2.4)

(3.2.5)

Furthermore, Lsa and Lmab depend on rotor positions, so that the d-axis should
be aligned with the a-axis in order to make the initial value of Be equal to zero
and consequently the self inductance becomes independent to rotor positions. This
condition is only important for a salient rotor machine, i.e. the interior permanent
magnet synchronous generator (IPMSG). In this research, the proposed PMSG is
a non-salient type, i.e. surface-mounted permanent magnet synchronous generator
(SPMSG), therefore it is not required to align the d-axis with the a-axis. In a SPMSG,

Ld equals to Lq. This consideration makes Lms equals to zero. If Lis is neglected,
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then Lsa is equal to Lo. In practice, Lsa can be measured by several methods such as

a short-circuit test, a load test and a blocked-rotor test.

Finally, R; and Li; are measured using a blocked-rotor test under a wide range of

phase current variations. The proposed method is based on calculating the magnitude

of the phase impedance using the measured voltages and currents. Consequently, the

difference between the phase voltage and phase current are estimated in order to

determine R; and Ls. As shown in Figure 3.2, R; is approximately a constant at

small phase currents, and it rises when the phase current is greater than 12 A due to

the temperature effect. In this test, L; is also computed by (3.2.6) and its value is

approximately 3.20 mHo

10 15 20 25
Phase Current (A)

30 35

Figure 3.2: Variation of stator resistance per phase versus phase current using a
blocked-rotor test.

(3.2.6)

where f is the frequency, e.g. 50 Hz, and Z; the stator impedance per phase, which
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is given in (3.2.7).
Vs

Z; = -1 .
s

(3.2.7)

3.2.2 Permanent Magnet Flux Linkage

In an open-circuit test, the PMSG is driven by a three-phase induction motor at

various speeds while the stator winding is open-circuited. The terminal three-phase

voltages and the rotor speeds are measured. Thus, Apm is given as below [68]:

(3.2.8)

where Vab is the open-circuit line-to-line voltage, i.e. the open-circuit back-EMF.

Figure 3.3 illustrates the measured PM flux linkage values under frequency variations.
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Figure 3.3: Permanent magnet flux linkage versus rotor speed using an open-circuit
test.
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3.3 PMSG Parameter Identification

3.3.1 Adaptive PMSG Model

Figure 3.4 shows the phasor diagram of a PMSG in the stator orthogonal coor-

dinate system (a,6-axis). As shown in Figure 3.4, Apm is the magnitude of the rotor

PM flux linkage; Apma and Apmi3 are the a-axis and ,6-axis rotor PM flux linkages;

ea and e(3 are the a-axis and ,6-axis back-EMFs; and ApmWe is the magnitude of the

back-EMF. As mentioned perviously, there are two types of PMSGs, which are clas-

f3-axis

q-axis d-axis

ee
a-axis

ell

Figure 3.4: Phasor diagram of the permanent magnet flux linkages and back-EMFs
in the stationary reference frame.

sified according to the location of PMs on the rotor, i.c. SPMSG and IPMSG. The

type of the PMSG used in this study is a SPMSG. The main difference between a

SPMSG and an IPMSG is that the latter has a saliency on the rotor and the d-axis

inductance is larger than the q-axis inductance. This difference between the d-axis

and q-axis inductances is due to either the asymmetric structure of the PMSG or the

flux induced magnetic saturation due to PM [69].
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Because of the complexity modelling of the nonlinearity behavior of a PMSG
which comes from the magnetic saturation of the iron core, a simplified PMSG model
is employed for most control systems [70]. In this research, the PMSG is accurately
modelled using a two-axis representation under the assumption that the saturation of
the iron core and magnetic losses are neglected. Moreover, symmetrical three-phase

sinusoidal currents are considered, and the rotor does not contain damper windings.

The instantaneous voltage equations of a PMSG in the a,B-axis can be represented
as [71]:

(3.3.1)

(3.3.2)
where Va and Vr1 are the a-axis and ,B-axisstator voltages; t; and i(1 are the a-axis
and ,B-axisstator currents; Aa: and Afj are the a-axis and ,B-axisstator magnetic fluxes

which can be expressed using Figure 3.4 as follows:

Aa: - La: ia: + Apma:,

Afj - - Lfji{3 + Apmfj,

Apma - Apm cos(Be),

Apmfj - Apm sin(Be),

(3.3.3)

(3.3.4)

(3.3.5)

(3.3.6)

where La: and Lfj are the a-axis and ,B-axisinductances, respectively. In a SPMSG,
these inductances are equal to Ls and independent to rotor positions [70].

Substituting (3.3.3) and (3.3.4) into (3.3.1) and (3.3.2), respectively, yields:

dL· dA D'
Va: = - dt sZa: + dt pmo - .lI'!!Za:, (3.3.7)

(3.3.8)

As shown in Figure 3.4, the estimated a-axis and ,B-axisback-EMFs, eo and e(j,

are given as follows:

(3.3.9)
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(3.3.10)

eo;
where dt is We· It can be observed that ea and e(1 depend on rotor speeds and
electrical angles which can be measured by an encoder. In practice, an encoder
cannot measure accurate initial positions, which may lead to wrong calculations of

ea and e(1 [72].
Clearly, the state variables of (3.3.7) and (3.3.8) are i., and i(~,which are obtained

by (3.3.11) and (3.3.12), respectively:

ia = _!_ j((ea - va) - ~ia) dt,
Ls

(3.3.11)

ir'l = LJ ((er'l - vfj) - ~irj) dt.

Substituting (3.3.9) and (3.3.10) into (3.3.11) and (3.3.12), respectively. As a

(3.3.12)

result, (3.3.11) and (3.3.12) can be written as the following:

ia = L j ((-Apmwesin(Be) - Va) - ~ia) dt,

ifj = L j ((ApmWe cos(Be) - v(j) - Rsi{t) dt.

(3.3.13)

(3.3.14)

As mentioned previously that We can be measured by an encoder and Be is com-
puted by integrating We assuming that the d-axis or the q-axis is aligned with the
center of the phase a, Le. the initial condition of the integrator is chosen as zero.

Hence, ea and e(J are estimated using a back-EMF observer, which is based on an

adaptive PI controller. The objective is to eliminate the measurement errors caused
by the initial value of Be. Therefore, the estimated a and f3 back-EMFs, ea-eat and

efj-eab can be obtained by (3.3.15) and (3.3.16), respectively.

(3.3.15)

e(J-eat = kp Efj + kj j Efj dt, (3.3.16)

(3.3.17)

WIND TURBINE GENERATOR SYSTEMS ALI MAHDl



3.3 PMSG Parameter Identification 63

(3.3.18)

where Ea and Efj are the Cl: and {3 current errors, respectively; io-m and i/I-m are the
measured a and {3 currents and ia-est and iii-est are the estimated Cl: and {3 currents,
respectively. It is apparent in (3.3.15) and (3.3.16) that the proposed back-EMF

observer includes only a few parameters, e.g. kp and kh which are optimally tuned

using a PSO algorithm.

3.3.2 Implementation of the Proposed PSO Algorithm

Figure 3.5 shows the block diagram for implementing the proposed psa algorithm
to identify PMSG parameters. The proposed test bench consists of (i) a variable-
frequency AC driver, (ii) a three-phase induction motor, (iii) a PMSG, (iv) a variable
three-phase delta connected resistive load, (v) voltage and current sensor boards and

(vi) a dSPACE controller for data acquisition and monitoring the simulation and

experimental results. The rotor speed of the PMSG is varied via a variable-frequency

AC driver in order to change the output voltage of the PMSG and consequently the

load current. The objective is to implement the proposed psa algorithm for PMSG

parameter identification under a wide range of operating conditions. As illustrated

in Figure 3.5 the following output signals are measured:

1. Line-to-line voltages: Vsb, Vbc and Vcs via three voltage transducers.

2. Phase currents: is, ib and ic via three current transducers.

3. Rotor speeds, Wr-m via an encoder.

As mentioned in Section 2.3, the performance of a psa algorithm is mainly influ-
enced by virous parameters, which are updated for PMSG parameter identification
as the following:

1. Number of dimension of search space: The parameters of a PMSG that should

be identified are expressed by vector P2 as follows:

(3.3.19)
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220V
50 Hz

l l
3-phase
Induction
Motor

f4-- .
~ Vanable-Frequency

AC Driver
~

PMSG

Resistive
Load

.....- - ....---.-- - --..._..........- -1

b t fJ ia-m , ip.m i
acoa i

Encoder f-------------

Voltage and Current
Sensor Boards

Rs .i;

Parameter Identification ~~_:__~! ,, ,, ,
Using PSO Algorithm

Fitness
Function

Phase Current ~

~l £ Error Calculation

L Rotor Speed 14-------------_J
Error Calculation 1+- CtJ_r-m _

i dSP ACE Control Desk :
L .J

Rotor Speed
Observer

lUr-cst

Figure 3.5: Block diagram of implementing the proposed PSO algorithm for PMSG
parameter identification.
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2. Boundary conditions: The search space must be limited in order to avoid wrong
solutions. In this work, the minimal and maximal bounds of (3.3.19), B2, are
obtained using the measured values of PMSG parameters as follows:

[0.3,0.7; 0.0025,0.0075; 15,150; 5,50]. (3.3.20)

3. Acceleration coefficients: Cl and C2 are selected as 1.90 and 2.05, respectively.

The steps of implementing the proposed PSO for PMSG parameter identification
are summarised as follows:

• Step 1: The three phase, i.e. a, band c, terminal voltages and line currents of
the PMSG are transformed to two phase, voltages and currents.

• Step 2: ia-est and i~-est are obtained from the adaptive PMSG model using
(3.3.11) and (3.3.12), respectively.

• Step 3: Ea and E~ are computed using (3.3.17) and (3.3.18), respectively. As
shown in Figure 3.5, Ea and E{J are employed as inputs to an adaptive PI

controller for estimating a-axis and .a-axis back-EMFs, ea-est and erj-est.

• Step 4: Estimated rotor speeds, Wr-est, from a rotor speed observer, which is
based on estimating Be using (3.3.21).

( erj-est )
Be-est = arctan -- ,

ea-est
(3.3.21)

where Be-est is the estimated electrical angle. Consequently, Be-est is converted in
the range 0-27rvia a mode function. It should be noted that Wr-est is estimated
by derivation of Be-est at a fixed sampling time of a speed observer, Tsc, which
must be chosen slower than the sampling time, TB, to avoid high frequency
oscillations in Wr-est. Thus, Wr-est is given in (3.3.22).

Be-est (i) - Be-est (i - 1)
Wr-est = rT' •

P .lsc
(3.3.22)

It is worth noting that two rate transition blocks are employed to operate the

speed observer at Tsc. Furthermore, a LPF is used to filtering Wr-est.
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• Step 5: As shown in Figure 3.5, only the phase current and rotor speed errors
are employed for identifying P2 using the proposed psa algorithm. For each
particle of a population, its total fitness, F2, is determined using (3.3.23).

F2 = min(Et), (3.3.23)

where Et is the total error, which is calculated as follows:

(3.3.24)

where Ew is the rotor speed error and E, the phase current error. Each state
error, Ex, e.g. Ei or Ew, is calculated using (3.3.25).

M )2_!_ ~ (Meai - Esti
M ~ max (Mea) ,

~=1

(3.3.25)

where Mea, is the measured value, Est, the estimated value and M number

of measurements used for estimating PMSG parameters. It should be observed

that in order to compute Eh the measured phase current, is-m, and the estimated

phase current, is-est are calculated as follows:

(3.3.26)

(3.3.27). ';'2 '2'ls-est = 'la-est + '1,/3-est·

• Step 6: Steps 1-5 are repeated with updated PMSG parameters in order to

minimise F2 as small as possible.

• Step 7: Finally, the psa algorithm is terminated when IF2(i) - F2(i - 1)1 < s,
where c is a predefined error limit.

3.4 Simulation and Experimental Results

The experimental tests have been implemented with an experimental PMSG

(model GL-PMG-500A). The test bench is shown in Figure 3.6. The constructed
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test bench consists of a PMSG which is coupled to a three-phase induction motor

(1M) controlled by an AC inverter driver, whose speed control range is 0-500 Hz. The

measurements are sampled by a dSPACE DSl104 controller. The constructed test

bench is equipped with voltage transducers (type LV25-p), current transducers (type

LA55-p) and an encoder to measure the rotor speed and position. It is worth noting

that all the components used in the constructed test bench are commercially available.

Table 3.1 presents the comparison results of Ei and Ew under two tests, including test

Figure 3.6: Parts of the developed test bench for parameter identification of the
PMSG: (1) a variable-frequency AC driver, (2) a three-phase 1M, (3) a PMSG, (4)
an encoder, (5) voltage and current sensor boards, (6) a dSPACE controller.

1 and test 2. In test 1, E, and Ew determined using measured parameters, e.g. R;
and Ls, and back-EMFs are calculated using measured rotor speeds and electrical

angles. Whilst in test 2, E, and E; are computed employing optimised R; and L;
and back-EMFs are estimated via an adaptive PI controller. As shown in Table 3.1,

E, and Ew of test 1 are larger than test 2 for all operating conditions. This is because

the back-EMFs are calculated using measured electrical angles with unknown initial

conditions. On the other hand, electrical angles are computed by integrating mea-

sured rotor speeds without knowing actual initial conditions of the pure integrator.

In test 2, E, and Ew are minimised due to estimating back-EMFs via an adaptive PI
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controller, which employs optimised parameters. These results show the effectiveness

of the proposed PSO algorithm for PMSG parameter identification as listed in Table

3.2. It is apparent that, these parameters vary with operating conditions due to the

variation of the measured physical parameters.

Table 3.1: Comparison between using measured and optimised parameters in a PMSG
model for different rotor speeds.

Rotor Speed Measured Parameters Optimised Parameters

(rad/s) Test 1 Test 2

Ei(%) Ew (%) s; (%) e: (%)
Low,8 23.70 13.70 2.33 2.83

Rated,40 4.150 10.85 0.34 2.15

High,62 46.40 12.12 0.47 1.60

Average 24.75 12.22 1.05 2.19

Table 3.2: Optimal parameters of the PMSG model and the adaptive PI controller
using the proposed PSO algorithm.

Rotor Speed (rad/s) Rs (n) L, (mH) k kiP

Low,8 0.35 4.48 66.39 29.32

Rated,40 0.42 4.51 54.48 39.08

High,62 0.48 4.53 125.58 26.90

Average 0.42 4.50 82.15 31.77

Measured 0.35 3.20 - -

Figures 3.7,3.8 and 3.9 show a comparison between the a-axis and ,6-axis currents

for test 1 and test 2 under different rotor speeds, e.g. a low rotor speed 8 rad/s, the

rated rotor speed 40 rad/s and a high rotor speed 62 rad/s, respectively. As shown

in Figures 3.7, 3.8 and 3.9, the estimated currents for test 2 are very close, i.e. in the

terms of magnitude and phase, to the measured currents in comparison with test 1.
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Figure 3.7: Comparison between measured and estimated et and f3 currents at a low
rotor speed, e.g. 8 rad/s.

(b) Using Optimised Parameters.
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Figure 3.8: Comparison between measured and estimated a and {3 currents at the
rated rotor speed, e.g. 40 rad/s.
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Figure 3.9: Comparison between measured and estimated Q' and (3 currents at a high
rotor speed, e.g. 62 rad/s,
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To further validate the effectiveness of the proposed PSO for PMSG parameter

identification, a comparison between the measured and estimated rotor speeds is

demonstrated in Figure 3.10. It is apparent that in test 2, the estimated rotor speeds

are in good agrement with the measured ones especially at steady-state operations.

Finally, it is worth noting that in this work, the performance of the proposed PSO

algorithm is evaluated by computing the transient and steady-state errors while in

reference [73], only steady-state errors were employed for evaluating the performance

of a PSO algorithm. Moreover, in [73] the maximum steady-state speed error was

approximately 1.8 rad/s, while in this work the corresponding error is minimised to

0.25 rad/s.

3.5 Conelusion

The proposed PSO algorithm has been implemented to identify the parameters of

a PMSG via experiments. A good agreement between the measured signals and the

estimated ones is achieved due to using an adaptive PI controller for estimating back-

EMFs with optimised parameters. Further work will be focused 011 identifications of

mechanical parameters of a PMSG.
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Figure 3.10: Comparison between measured and estimated rotor speeds using mea-
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Chapter 4

Sensorless MPPT Controller Using

the WTG Characteristics

The main challenge associated with variable-speed WTG systems is power coeffi-

cients vary with operating TSR, which are related to wind speed variations. To keep

power coefficients at its maximum value, operating TSRs must be held at its optimal

value by controlling rotor speeds according to reference rotor speeds at incoming wind

speeds using a sensorless MPPT controller. For designing a sensorless MPPT con-

troller and validating its stability, the complete transfer function of a WTG system

should be derived. In this chapter, the proposed WTG system includes a HAWT,
a PMSG, and a DC-DC boost converter for implementing the proposed MPPT con-
troller. The complete transfer function is obtained using a ROM method, which is

verified by a FOM method and experiments. Firstly, experiments are carried out with

a WTG simulator to measure the real transfer function of a WTG system under duty

cycle and load variations. Subsequently, a FOM of a WTG system is established using
the dq dynamic voltage equations of a PMSG and a small-signal equivalent circuit
of a DC-DC boost converter. The errors between the simulation and experimental
results are minimised. Furthermore, this chapter presents a sensorless MPPT con-
troller, which is based on a novel TSR observer for estimating TSRs and consequently,
reference rotor speeds. It is based on a P&0 method, which employs adaptive per-

turbation step sizes to decrease the time required for estimating TSRs under wind

74
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speed variations.

4.1 Introduction

Power electronics converters are an important part of a WTG system for control-

ling its output current or voltage and consequently, its rotor speed. For a stand-alone

or grid-connected WTG system, DC-DC converters, e.g. a boost converter or a buck-
boost converter, are important for maximising the wind turbine power as well as
boosting the low generator voltage in order to match a load or a grid voltage. A
PMSG with a DC-DC boost converter has been widely adopted for a WTG system
due to its attractive advantages compared to a double-fed induction generator with
a back-to-back PWM converter, such as (i) self-excitation, (ii) high power factor and
efficiency [29]. The complete transfer function of a WTG system, Le. the ratio of a

mechanical torque or a rotor speed to an output DC voltages or a duty cycle, should

be obtained in order to analytically analyse it under input and output disturbances.

Consequently, it can be validated by comparing it with the complete transfer function
of a real WTG system.

The key to design a MPPT controller for a WTG system is the knowledge of TSRs,

which is used to calculate reference rotor speeds. To calculate a TSR, it is required to

measure wind speeds and rotor speeds by an anemometer and an encoder, respectively.
Moreover, it needs the knowledge of wind turbine type and physical dimensions. As
well-known that using mechanical sensors may decrease the reliability of a MPPT

controller and increase its cost. In research literatures, many wind speed observers

were developed such as: (i) a wind speed observer based on torque estimation using
an accurate wind turbine model; (ii) a wind speed observer based on wind turbine
characteristics and (iii) a wind speed observer based on iterative algorithms, e.g.
the Newton-Raphson method [74]. These observers have some drawbacks, such as:

the first observer requires the knowledge of the full-order model of a WTG system,
which can be obtained by experimental tests using mechanical sensors such as an
encoder and a torque sensor. Measurements of mechanical torques and rotor speeds

are required for the second observer, which reduces the accuracy of a MPPT controller
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and tracking speeds. The third observer has a low performance due to iteration
processes.

Classic P&0 methods have been widely applied for controlling renewable energy
systems, e.g. photovoltaic and wind power generation systems, for implementing a
MPPT algorithm. The basic idea of a classic P&O method used for a WTG system

can be summarised as follows: (i) a perturbation is made on rotor speeds, and the

mechanical power is then calculated by measuring mechanical torques and the rotor
speeds using mechanical sensors; (ii) power errors and rotor speed errors are calculated
within a sampling time and (iii) a power-speed slope, i.e. the ratio of a power error

to a speed error, is evaluated as follows: first, if the absolute value of a power-speed
slope is greater than a pre-defined small value, the perturbation is continued in the
same or reverse tracking direction according to its sign with a constant perturbation
step size; second, if the absolute value of a power-speed slope is less than a pre-defined

small value, the perturbation is terminated, and a reference rotor speed is estimated.

The classic P&O method has some disadvantages such as: (i) continuous oscil-

lations around an operating speed may occur because of using a fixed perturbation

step (which is difficult to be tuned) for a rotor speed; (ii) a tracking speed is slow due
to adopting a rotor speed as a perturbation variable, where its range is large, e.g. for

the proposed WTG system, the operating rotor speeds are in the range 0-100 rad/s.

For instance, a perturbation step is generally chosen as a small positive value, e.g.
approximately 10-3.

In this chapter, a WTG system is modelled using a ROM in order to obtain

the complete transfer function, which is validated by experiments. Furthermore, the
problems of a classic P&O method are also tackled by adopting an adaptive one,
which is employed to estimate TSRs instead of reference rotor speeds. The reason of
selecting a TSR as a perturbation variable is to increase the tracking speed, where
an operating TSR is mostly in the range 2-10. In addition, power errors of a wind
turbine are computed from two separate equations compared with a classic P&O
method, which uses one equation within a sampling time. This sampling time, which
is generally much less than a mechanical time constant of a WTG system, may lead
to a wrong tracking direction under rapid wind speed variations.
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4.2 Derivation of the Complete Transfer Function

of the WTG System

Figure 4.1 shows the block diagram of the WTG system used for implementing

the proposed sensorless MPPT controller, which is based on a novel TSR observer.

All variables illustrated ill Figure 4.1 are defined as follows: 6..1 is the DC current

error, Vdcg the input DC voltage at the generator side, Idcg the input DC current at

the generator side, IDe-ref the reference DC current and d the duty cycle. As shown

Load

WTG Simulator t t
Induction

PMSG
Diode \ Boost

Motor I--
Rectifier / Converter--

~ ~ ~ I ~
,--- -- - -

p--
_.__._- .--.-- .-- -AC

Driver i., ib Vdeg u;
r

• I TSR ror-est I Equation r- I PWM I- - -
Observer I (4.3.14)

~
400V, 50Hz d

r r ror DJ
_I Equation I Ide-refroref - PI

Wind Turbine +
~ I (4.4.7) I Controller

Model
Sensorless MPPT Controller

dSP ACE Control Desk

Figure 4.1: Configuration of the WTG system with the proposed sensorless MPPT
controller.

in Figure 4.1, the wind turbine is emulated by a three-phase induction motor, and

its mechanical torque is controlled via an AC driver and a three-phase SPMSG. It is
worth noting that the experimental WTG simulator is discussed in Chapter 6. It is
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apparent in Figure 4.1 that the power-electronics converter used for implementing the

proposed scnsorlcss MPPT includes a diode rectifier and a DC-DC boost converter.

As mentioned previously, the proposed WTG system consists of a wind turbine, a

PMSG, a three-phase diode rectifier, a DC-DC boost converter and a resistive load. It

should be noted that the proposed PMSG model includes the model of a varied load,

which relates with duty cycles compared to a conventional PMSG, which has been

considered as a fixed load. Figure 4.2 shows a block diagram of the developed WTG

system, where D(s) is the duty cycle, b.T(s) the change of torque, nr(s) rotor speed,

Is (s) the magnitude of the phase current, Idcg (s) the DC current in the generator

side, Va the DC voltage in the load side and s the Laplace operator.

!-----------------------------------------------------------------------------------------------------------------·--------i

I ",", 1_, AlC') DC') ~i -,

.a..(s)

, Sensorless MPPT Controller ,
L :

Ll1{s) 1.(s)

Figure 4.2: Block diagram of the proposed WTG system model.

4.2.1 Transfer Function of Wind Turbine

Hence, Twt can be modelled as the following:

dwr(t)
Twt(t) = Te(t) + Jt--;It + Fwr(t). (4.2.1)

It is worth to notice that the total mechanical friction of the rotor consists of

static, coulomb and viscous friction, F. The static friction is due to the starting
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of the generator, and it becomes zero in the steady-state. The coulomb friction is
constant while the viscus friction changes with the rotor speed [75]. Thus, the transfer

function of a mechanical model, Gm, i.e. the ratio of rotor speed to the change of
the torque (6.T(t) = Twt(t) - Te(t)), can be obtained by transforming (4.2.1) in the
Laplace domain as follows.

(4.2.2)

4.2.2 Transfer Function of PMSG

As mentioned in Section 2.4.2, the dynamic voltage equations of a SPMSG (with-
out saliency) in the dq rotor reference frame can be represented as follows [76].

. did(t)
Vd = -Rr,l,d(t) - Ls---;tt - eq{t),

. diq(t)
Vq= -Rr,l,q(t) - Ls---;tt + ed(t).

(4.2.3)

(4.2.4)

ed and eq represent the summation of back-EMFs caused by Apm and the dq flux

linkage components of a stator winding, which are given as the following:

ed(t) - we(t)(Lsiq(t) + Apm),

eq(t) - we(t)Lsiq(t).

(4.2.5)

(4.2.6)

Clearly, a PMSG has a nonlinear structure due to cross-coupling between the dq

voltage components [77]. Most of the existing small-scale PMSGs have been designed

with a small phase winding inductance, which is in the range of several mll. In

this case, dq current components in the stator produce only small back-EMFs (see
Figure 4.3) and therefore es, can be assumed only equal to the back-EMF caused by
a permanent magnets of a rotor [78].

(4.2.7)
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Figure 4.3: The magnitude of back-EMF at the rated speed 40 (rad/s) by an
experiment.

Equations (4.2.3) and (4.2.4) can be transformed in the Laplace domain then

multiplying (4.2.4) by the complex number j and adding to (4.2.3) as follows:

(4.2.8)

where Is(s) is the phase current and Vs(8) the phase voltage. Dividing (4.2.8) by 16(8)
as below:

(4.2.9)

Rearranging (4.2.9), the transfer function of a PMSG, Gg, i.e. which is the ratio

of a phase current to a rotor speed, in terms of an equivalent resistive load at the

generator side, RLg, i.e. the ratio of Vs(8) to Is(8), is given in (4.2.10).

(4.2.10)

It is worth noting that RLg is estimated as follows:
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1. Drive the output DC voltage of a diode rectifier from (4.2.11) [79].

3V6
Vdcg = -- Vs·

1r
(4.2.11)

2. Calculate the DC current for a resistive load by (4.2.12).

(4.2.12)

3. Determine RLg by dividing (4.2.11) by (4.2.12).

(4.2.13)

4. Calculate the DC resistive load, i.e. the ratio of Vdcg to ldcg, using the steady-
state DC expressions of a DC-DC boost converter as the following:

(4.2.14)

where d is the controlled duty cycle.

5. Substitute (4.2.14) in (4.2.13), RLg is given in (4.2.15).

(4.2.15)

4.2.3 Transfer Functions of DC-DC Boost Converter

The power-electronics converter used in this research is a standard DC-DC con-

verter, which is also defined as a step-up converter. In this work, it is employed for
implementing the proposed MPPT controller for maximising the output power of a
WTG system. A standard DC-DC converter contains the followingbasic components:
(i) a boost inductor, Lb; (ii) an output capacitor, Co; (iii) a power switch, e.g. an
IGBT; (iv) a diode and (v) a resistive load, RL.

In a DC-DC boost converter, the output load voltage, Vo, is always greater than
Vdcg, which is also the output DC voltage of a diode rectifier. A DC-DC boost

converter can be operated in two conduction modes, according to its input DC current,
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ldcg, as the continuous conduction mode (CCM) and the discontinuous conduction

mode (DCM). In CCM, ldcg changes between its peak value and minimum value,

which is always greater than zero. In DCM, ldcg changes between its peak value and

minimum value, which reaches to zero within a short duration during each switching

period, Tsw, which is chosen as 100 J-ls in this work. Figure 4.4-(a) illustrates a

simplified schematic diagram of a DC-DC boost converter using an ideal power switch

Q, which acts as the two following states:

1. An ON state, i.e. the IGBT is ON and the diode is OFF, when Q is at position 1

as shown in Figure 4.4-(b). In this state, the model of a DC-DC boost converter

can be represented as follows:

L didcg(t)
b dt
C dvo(t)

o dt

- Vdcg,

Vo(t)
- ---

RL

(4.2.16)

(4.2.17)

2. An OFF state, i.e. the IGBT is OFF and the diode is ON, when Q is at

position 0 as shown in Figure 4.4-(c). In this state, the model of a DC-DC

boost converter can be represented as follows:

L didcg(t)
b dt -

C
dvo(t)

o dt -

Vdcg - Vo(t),

Vo(t)
ldcg(t) - RL .

(4.2.18)

(4.2.19)

Prior calculations of the minimum and maximum absolute values of state variables

are important in order to accurately design components of a DC-DC boost converter.

Table 4.1 lists the state variables, which are obtained from experimental character-

istics of a PMSG as shown in Figures 4.5-(a) and 4.5-{b). If the losses inside the

diode rectifier are neglected and it is assumed that at a maximum rotor speed, e.g.

500 rpm, Vdcg-max =52 V and Po= 640 W (see Figure 4.5), the maximum output DC

current of a diode rectifier can be calculated as the following:

Po 640
Idcg-max = TT = 52 = 12.31 A.

Y dog-max
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Figure 4.4: A DC-DC boost converter.
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Table 4.1: The minimum and maximum absolute values of the state variables used
for designing the DC-DC boost converter.

Description Symbol Unit Value

Minimum input DC voltage Vdcg-min V 5.00

Maximum input DC voltage Vdcg-max V 52.0

Minimum output DC voltage Va-min V 5.05

Maximum output DC voltage Vo-max V 94.5

Minimum output voltage ripple Vr-min V 0.10

Finally, Table 4.2 gives the design results of the DC-DC boost converter used in

this work by employing (4.2.20)-(4.2.23) [80].

dmin 1- Vdcg-min (4.2.20)
Vo-min

,

dmax 1- Vclcg-max (4.2.21)
Va-max

,

Lb-min > Vdcg-max dmax Tsw (4.2.22)
Idcg-max

Co-max < (1 - dmax) Idcg-max r; (4.2.23)
Vr-min

Table 4.2: The design results of the DC-DC boost converter.

Description Symbol Unit Value

Minimum duty cycle «: % 0.01

Maximum duty cycle dmax % 45.0

Minimum boost inductor Lb-min mR 0.32

Maximum output capacitor Co-max pF 2900

As shown in Table 4.1 that minimum output voltage ripple is chosen as 0.1 V,

which can be decreased by increasing Lb, Co, or switching frequency, Isw' However,

there are some disadvantages by increasing these parameters, e.g.: (i) if Lb is chosen

large, the time required for Idcg to reach its peak value is increased, (ii) if Lb or Co are
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chosen large, the capacity and the cost of a DC-DC converter are increased and (iii)
if fsw is chosen large, the switching loss in a power switch, e.g. an IGBT, is increased.

To achieve high-performance control of a DC-DC converter, an accurate model of
the DC-DC converter is required. Most of these models consider loading conditions
because it highly influences on DC-DC converter dynamics. It is worth noting that

a DC-DC converter acts as different time-invariant systems during the ON state, the

OFF state and during controlling a power switch, e.g. an IGBT.
The state-space averaging technique, which was proposed by Middlebrook in 1976,

has been widely used for modeling DC-DC power converters. The basic idea of this
technique is based on approximating a time-variant system to a linear continuous-time
system using the state-space equations of each state. Consequently, these equations
are averaged according to the duration of each state, e.g. an ON time, ton, and an
OFF time, toff, during a switching period. It should be noted that the averaged model

is a nonlinear system, and its control variable is a duty cycle, d(t), i.e. the ratio of

ton to Tsw. Finally, the averaged model is linearised at operating points to acquire a

small-signal model, which is employed to obtain the transfer functions of a DC-DC
converter, such as:

1. A duty cycle to an output DC voltage transfer function, Gvd(s), which is essen-
tial to demonstrate the dynamics of output DC voltage under different resistive
loads.

2. A duty cycle to an input DC current transfer function, Gid(S), which is essential

to demonstrate the dynamics of input DC current under different resistive loads.

3. An output DC voltage to an input DC current transfer function, Gdc-dc(S), which
is employed for deriving the complete transfer function of the proposed WTG
system.

It can be observed from the ON state equations, i.e. (4.2.16) and (4.2.17), and the
OFF state equations, i.e. (4.2.18) and (4.2.19), that the difference between (4.2.16)
and (4.2.18) is the term Vo(t) and the difference between (4.2.17) and (4.2.19) is the
term ldcg(t). Thus, the state-space equations of a DC-DC boost converter can be
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1
- Lb (Vdcg - (1 - q (t) )Vo (t) ) ,

1 Vo(t)
Co ((1 - q(t))Idcg(t) - Ii;:)'

where q(t) is a switching operator, e.g. a PWM, which has two values as 0 for the
OFF state and 1 for the ON state.

simplified as (4.2.24) and (4.2.25).

Idcg(t)
dt
Vo(t)

(4.2.24)

dt (4.2.25)

The second step in determining the transfer functions of a DC-DC boost converter
is to replace the state variables, e.g. Idcg(t), Vo(t) and q(t), with the following signals:

• DC steady-state signals, e.g. d, Idcg and Vo'

• Small time-varying signals, i.e. perturbation signals, e.g. (i) the perturbed duty
cycle, d(t), (ii) the perturbed DC input current of a DC-DC boost converter,
I~cg(t) and (iii) the perturbed DC output voltage of a DC-DC boost converter,
Va(t).

Thus, (4.2.24) and (4.2.25) can be rewritten in the DC steady-state and small
time-varying terms in (4.2.26) and (4.2.27), respectively.

d(Idcg :/~Cg(t)) = ;b (Vdcg - (1 - (d + d(t)))(Vo + Vo(t))), (4.2.26)

d(Vo :tVo(t)) = ~o ((1 - (d + d(t))) (Idcg + I~cg(t)) _ (Vo ~~(t))), (4.2.27)

Hence, the DC steady-state signals, Le. Vo and Idcg, can be obtained in (4.2.28)
and (4.2.30), respectively by setting d(t), I~cg(t) and Vo(t) to zero in (4.2.26) and
(4.2.27),

1
0 - Lb (Vcicg - (1- d)Vo),

Vo
1

- Vdcg1_ d'

0 - ~o ((1 - d)Idcg - ~:),

Idcg
1

- Vc, Rt{l - d)'

Idcg
1

- VdcgRt{l _ d)2'

(4.2.28)

(4.2.29)

(4.2.30)
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Equation (4.2.26) is expanded as the following:

dI~cg( t) 1 - - - --
d = -(Vdcg - Vo + dVo + d(t)Vo(t) - Vo(t) + dVo(t) + d(t)Vo(t)). (4.2.31)t Lb

Equation (4.2.31) is then simplified as below:

dI~g(t) 1 --
dt = Lb (Vdcg - Vo(1- d) - (1 - d)Vo(t) + Vod(t)). (4.2.32)

The difference between (4.2.31) and (4.2.32) is the term d(t)Vo(t), which is a
scaled product of two small perturbation signals. As a result, d(t)Vo(t) is ignored in
the linearisation. Equation (4.2.28) is used to substitute Vdcg in (4.2.32), which is
rewritten as follows:

(4.2.33)

The simplification for (4.2.27) is similar to (4.2.26). Thus, (4.2.27) is simplified
to (4.2.34).

dVo(t) 1 - - Vo(t) (
dt = Co ((1 - d)Idcg(t) - Idcgd(t) - RL ). 4.2.34)

Consequently, a DC-DC boost converter can be modelled as a time-variant system
using (4.2.33) and (4.2.34). Figure 4.6 shows the block diagram of the linearised model

of a DC-DC boost converter.

The Laplace transform equations of (4.2.33) and (4.2.34) are as follows:

- 1 - -Idcg(s) = -L (Vod(s) - (1 - d)Vo(s)).
bS

(4.2.35)

- 1 - - Vo( s)
Vo(s) = -C ((1- d)Idcg(s) - Idcgd(s) - -R ).

oS L
(4.2.36)

Equation (4.2.36) is used to substitute I~cg(s) in (4.2.35) as follows:

1+ RLCos - Idcg - 1 - -
(1- d)RL Vo(s) + (1- d)d(s) = Lbs(Vod(s) - (1- d)Vo(s)).

Rearranging (4.2.37) as the following:

G _ Vo(s) _ (1 - d)Vo - Lb1dcgs
vd - D(s) - LbCos2 + ~: s + (1 _ d)2'

(4.2.37)

(4.2.38)
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d (r) [dcg

1

~s

Figure 4.6: Block diagram of the linearised model of a DC-DC boost converter.

Equations (4.2.28) and (4.2.30) are employed to substitute Vo and ldcg in (4.2.38).

Therefore, evd(s) is obtained in (4.2.39).

e
vd
= Va(s) = Vdeg(RL - (1 - d)-2 LbS)

D(s) RLLbCoS2 + LbS + (1- d)2RL'
(4.2.39)

In this work, Lb and Co are carefully chosen through a number of trials as 0.8

mll and 250 p,F, respectively. Clearly, the estimated values of Lb and Co meet the

predetermined ones, which are shown in Table 4.2. Figure 4.7 shows the open-loop

step response of (4.2.39) under different values of the DC-DC boost converter param-

eters. Clearly, good dynamic performances of the output DC voltage are obtained

when using optimal values of Lb and Co.
The derivation of Cid (s) is similar to the one made above for obtaining evd(s).

Thus, Gid(S) is obtained in (4.2.40).

eid = Ideg(S) = (1- d)-lVdeg(RLCos + 2)
D( s) RLLbCoS2 + LbS + (1 - d)2 RL .

(4.2.40)

Finally, transfer functions (4.2.39) and (4.2.40) are used to obtain Gdc-de in (4.2.41).

G _ Vo(s) _ (1 - d)RL - (1 - d)-lLbs
de-de - Idcg(S) - RLCos + 2 . (4.2.41)
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Figure 4.7: Open loop step response of (4.2.39) for adjusting the parameters of the
DC-DC boost converter.
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For stability analysis, (4.2.41) is validated under the variations of duty cycle and

load. Figures 4.8-(a) and 4.8-(b) illustrate the locations of poles and zeros of (4.2.41)

under the variations of duty cycles, e.g. 0, 0.2, 0.4 and 0.6, and loads, e.g. 1, 20 and

400, respectively. Clearly, the designed DC-DC boost converter is stable because all

poles are in the left half side in the complex s-plane.

4.2.4 Complete Transfer Function

The complete transfer function of a WTG system, Gwtg(s), is obtained by mul-

tiplying the individual transfer functions of a mechanical model, a PMSG model, a

diode rectifier and a DC-DC boost converter as follows:

Gwtg(S)
Vo(s) nr(s) 15(s) 1dcg(s) Vo(s) (4.2.42)- - x--x x
T(s) 6.T{s) Dr{s) Is{s) ldcg{s)'

Gwtg(s) 1 ApmP n (4.2.43)- x x-x
(Jts + F) ({RLg + Rs) + Lss) v'6
(1 - d)RL - {I - d)-l LbS

(4.2.44)
(RLCos + 2)

Vo(S) nIs + n2
Gwtg(s) = LlT(s) = dIs3 + d2s2 + d3s + d4' (4.2.45)

where n}, n2, dI, d2, da and d4 are calculated using (4.2.46), (4.2.47), (4.2.48), (4.2.49),

(4.2.51) and (4.2.52), respectively.

(4.2.46)

(4.2.47)

d1 - V6RLCoJtLs,
n2

d2 - V6RLCoJt( 18 (I - d)2 RL + Rs) + V6RLCoF + 2V6JtLs,
2 2

da - V6RLCoF{ ~8(1 - d)2 RL + Rs) + 2V6F( ~8(1 - d)2 RL + Rs) (4.2.50)

Jt+ 2V6F, (4.2.51)
2

d4 - 2V6F( ~8(1 - d)2 RL + Rs). (4.2.52)

(4.2.48)

(4.2.49)
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Figure 4.8: The locations poles and zeros of (4.2.41) under the variations of duty
cycle and load.
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4.3 The Proposed TSR Observer

4.3.1 Mechanical Power of Wind Turbine

In this work, Cp(A) is computed by (1.1.22), which can be represented as below:

(4.3.1)

where a3, a2, al and ao are empirical coefficients related to the wind turbine type and
A is the TSR, which is calculated as follows:

\ = WrT
A V

w
'

From (4.3.2), Vw can be represented using A and Wr as follows:

V. _ Wrr
w - A .

Substituting (4.3.3) into (1.1.6), Pwt can be represented as:

D 5Cp(A) 3
i:wt = O.5prrr --:.\3Wr•

(4.3.2)

(4.3.3)

(4.3.4)

Equation (4.3.4) can be only expressed in the form of A and Wr by substituting

(4.3.1) into (4.3.4) as the following:

(4.3.5)

where kwt is the wind turbine coefficient, i.e. O.5prrr5. For a given Vw, there is

a reference rotor speed, Wref, which ensures the optimal tip speed ratio, Aopt, and
consequently, the optimal power coefficient, cp-max' Aopt can also be calculated from
(4.3.2) as follows:

\ _ Wref r (4 3 6)
Aopt - Vw . . .

Substituting (4.3.3) into (4.3.6), Wref can be calculated without the knowledge of wind
speeds as below:

Wr
Wref = Aopt>:. (4.3.7)

Clearly from (4.3.7) that reference rotor speeds can be estimated by measuring or
estimating rotor speeds and estimating operating TSRs using an observer. Aopt is a
constant under wind speed variations, which can be obtained by solving (1.1.22) at

Cp-max·
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4.3.2 Mechanical Power of PMSG

PMSGs can be classified into two types depending on the permanent magnets
arrangements on rotors: (i) SPMSGs and (ii) IPMSGs. In the latter type, the d-axis

inductance, Ld, and the q-axis inductance, Lq, are unequal due to the saliency <'ffeet,

which is related to the permanent magnet structure on the rotor [81]. Whereas in

the former type, Ld is equal to Lq due to the symmetrical structure of its permanent

magnets on the rotor. Ld and Lq can be represented as Ls, which is the stator
inductance per phase. In a surface-mounted PMSG, L; does not vary with rotor
positions.

As mentioned in Chapter 2, T; can be expressed as follows [82]:

(4.3.8)

where T; is the reluctance torque, i.e. Tr = (Ld - Lq) id iq, and Tpm the permanent
magnet torque, i.e. Tpm = Apm iq. It should be noted that the parameters of the

PMSG used in this work, i.e. L, and Apm' have been obtained using standard tests,

including an open-circuit test, a load test and a rotor-locked test.

As mentioned previously that the type of the PMSG used in this study is a surface-

mounted PMSG, thus T; = 0 and Te = Tpm, and the mechanical power, Pm, of the

PMSG can be derived as follows:

(4.3.9)

where iq is the q-axis current, which is computed by the following two steps:

1. Convert ia and ib into stationary a-axis and ,B-axis currents via the Clarke
transformation as follows:

(4.3.10)

(4.3.11)

2. Convert the stationary a-axis and ,B-axis currents into the rotational q-axis
current via the Park transformation using rotor positions, Or, as follows:

(4.3.12)
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where ()r is given as:

()r = J Wr dt. (4.3.13)

4.3.3 Implementation of the Proposed TSR Observer

The block diagram of the proposed TSR observer, which is developed based on an
adaptive P&O method is shown in Figure 4.9, where Aest is tho estimated TSR, ~A
the perturbation step size for a TSR observer, which varies with power errors ~P,

k)" the weight coefficient, which is estimated from experiments and e a small positive
number used to terminate an estimation process in the steady-state. In this work, t is
chosen from experiments to include the mechanical losses between the wind turbine
and the PMSG. The steps of developing the proposed TSR observer are summarised
as follows:

• Step 1: Assume the initial value of Aest(O) is 2, which is the minimum value of
the TSR at a cut-in wind speed, i.e. 5 mis, for the wind turbine used in this

work.

• Step 2: Hold Aest (n) as the previous value Aest (n - 1), and the sampling time

used for implementing TSR observer is 200 J-lS.

• Step 3: Estimate Wref using (4.3.7).

• Step 4: Measure Vdcg, ia and ib.

• Step 5: Estimate Wr-est by the following linear equation, which is derived from
Figure 4.5-(a).

Wr-est = PI Vdcg +P2, (4.3.14)

where PI and P2 are coefficients, which are experimentally obtained using a
standard open-circuit test.

• Step 6: Calculate iq using (4.3.12).

• Step 7: Determine Pm using (4.3.9).
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Figure 4.9: The developed tip speed ratio observer based on the proposed adaptiv
P&O method.
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• Step 8: Compute Pwt using (4.3.5).

• Step 9: Obtain a power error, t::,.p = Pm - Pwt.

• Step 10: Determine the value and the sign of t::,.)., which is automatically varied
with t::,.P using the following equation:

(4.3.15)

where k). is estimated from experiments and off-line data analysis to keep t::,.).

less than 1.5x 103. The objective is to avoid large transient overshoots in ).est (n)

under sudden wind speed changes.

• Step 11: Update )'est{n) using (4.3.16).

{4.3.16}

As shown in (4.3.16), the sign of t::,.). is negative because ).est{n) is reversely

proportional to Pwt at fixed rotor speeds according to (4.3.5).

• Step 12: Evaluate t::,.p at every sampling time, and if t::,.p < t, repeat Steps 2

to 9, otherwise repeat Steps 4 to 12.

4.4 The Proposed Sensorless MPPT Controller

Controlling of rotor speeds can be accomplished by adjusting the terminal DC

voltage of a PMSG. The steady-state relationship between Wr-est and Vdcg can be
obtained by considering that the WTG system is connected to a pure resistive load
via a diode rectifier and a DC-DC boost converter. Thus, the steady-state phase
voltage equation of a surface-mounted PMSG can be written in (4.4.1) [68].

{4.4.1}

E; is given as follows:

(4.4.2)
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Hence, Vdcg and Idcg are obtained as (4.4.3) and (4.4.4) using the standard equa-
tions of a three-phase diode rectifier with an input inductance [68].

7r
Idcg = y'6Is. (4.4.4)

Substituting (4.4.2) into (4.4.1) and the latter into (4.4.3). Equation (4.4.3) can
be rewritten in the terms of Wr and Is as follows:

Vdcg = ~(~(v'2PApmWr - IsVR; + (pLswr)2) - p LsIswr).
v6 7r

Replacing Is by Idcg using (4.4.4), and simplify (4.4.5) by ignoring R;" where

(4.4.5)

R; « (pLswr)2. Thus, (4.4.5) can be written as follows:

T J' _ (18 p Apm 18p i,) (3p t;)1
Vdcg - v'3 )Wr - ( 2 IdcgWr - -- dcgWr.

37r tt 7r
(4.4.6)

Substituting (4.3.14) into (4.4.6) and using the generator parameters obtained in

Chapter 3, the reference input DC current, ldcg-ref, is defined as a function of Wref in
(4.4.7).

1.38 7
ldcg-ref = -- + 3. 8.

Wref
(4.4.7)

Most of the existing MPPT controllers are based on DC-DC converters employing
PI controllers, which use DC measurements as feedback signals [83]. Most of these
controllers include two main control loops, which are listed as follows:

1. An outer speed or power loop for generating a reference DC voltage or a refer-

ence DC current by controlling speed errors or power errors via a PI controller.
This control loop requires a reference rotor speed or a reference turbine power,
which is directly determined by measuring wind speeds via a TSR controller.

2. An inner output DC voltage or input DC current loop for producing optimal
duty cycles by controlling DC voltage errors or DC current errors via another
PI controller.
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The disadvantages of these MPPT controllers are: First, PI coefficients are highly
sensitive to the changes of wind speed and a load and, second it needs mechanical
sensors for generating reference signals. In this research, a conventional MPPT con-
troller is improved by replacing the PI speed or power loop with (4.4.7), which is
derived from the standard steady-state equations of a PMSG connected with a diode

rectifier. As shown in Figure 4.1, the input DC current is measured and compared

with ldcg-ref to produce DC current errors, which are controlled via a PI controller to
generate optimal duty cycles at incoming wind speeds. It should be noted that the
coefficients of a PI controller are automatically tuned using an optimisation algorithm
proposed in [84].

4.5 Experimental Results

4.5.1 Validation of the Complete Transfer Function

For the verification of the developed WTG system model, experimental and simu-

lation results are compared under variations of duty cycle and load. The parameters
of the hardware components and WTG system model are listed in Table 4.3. The

effect of duty cycle variations on the transfer function of a PMSG under load varia-

tions is demonstrated in Figures 4.10 and 4.11. It is seen that the simulation results

using a ROM is very close to those using FOM, and both simulation results are in
good agreement with experimental results. It is seen a small divergence because it

uses a fixed R; and RL. In practice, resistance changes with temperatures which are

proportional to currents. Another reason is due to RLg, which is modelled in steady-

state operations of a DC-DC boost converter. Figure 4.12 illustrates the speed
response of the WTG system under a step change in wind speeds, e.g. 4-8 m/so It
is noticed that the simulated speed by using a FOM is very close to its experimental
value due to using accurate parameters in a mechanical model which are estimated
through an experiment. Another scenario for verifying the simulations are shown in
Figure 4.13. It can be noted that a phase current by simulations is very close (in

amplitude and phase) to its value obtained through an experiment due to considering
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Figure 4.10: Total transfer function of a WTG system versus controlled duty cycle
under load variations.
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(b) Load = 40n.
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Table 4.3: WTG system parameters.

Parameter Unit Value

v, m/s 4-12

r m 1.25

lis n 0.30

Ls mH 4.50

Apm mWb 57.4

p 8

Jt Kg.m/ 0.11

F N.m.s/rad 0.016

Lb mH 0.80

Co J.lF 250

RL n 5-40

d 0-0.6

i; J.ls 200

Fsw kHz 10

the current harmonic components in the simulations. Moreover, a phase current by

a ROM is smoother than its value using a FOM. The reason is because of neglecting

the d and q back-EMF components (which act as disturbance voltage sources) that

add additional current harmonic components to the fundamental current.

4.5.2 Validation of the Proposed Sensorless MPPT Controller

Firstly, the proposed TSIl observer is tested under a fixed-speed operation, i ..

without a MPPT controller. In this test, wind speeds are steeply varied as follows:

from 6 to 8 us]«, from 8 to 10 m/s and from 10 to 12 m/s and under load variations,

i.e. at 10 and 20 D. The purpose of this test is to verify the performance of the devel-

oped TSR observer for estimating TSRs and consequently, reference rotor speeds for

the developed MPPT controller. Figure 4.14 shows the estimated TSRs under load

variations. Furthermore, Figure 4.15 shows a comparison between a fixed-speed and
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Figure 4.12: Speed response of the WTG system to step change in wind speed 4-8
(m/s).

a variable-speed operations. It can be observed that the experimental results using

the proposed TSR observer is very close to the actual TSRs with small transient

overshoots and steady-state variations, especially at the full load, i.c, 10 n. More-

over, Figure 4.16-(a) illustrates the dynamic response of wind turbine power using

estimated TSRs at fixed-speed and variable-speed operations. It is appal' nt that in

case of a variable-speed operation, the wind turbine power is in good agreement with

the reference power, i.e. maximum power points, due to using the proposed MPPT

controller, which employs accurate parameters and estimated reference signals, i..

Wref and IDe-ref. Whilst, in case of a fixed-speed operation, the experimental wind

turbine power diverges from the reference power with large transient overshoots as

illustrated in Figure 4.16-(b). Table 4.5.21ists a summary of the experimental results

of the steady-state MPPT efficiencies at fixed-speed and variable-spe d operations.

It can be found that the MPPT efficiencies in case of a variable-speed operation are
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Figure 4.13: The generator output phase current.

always greater than those in case of a fixed-speed operation under wind speed vari-

ations. Figure 4.16-(c) shows adaptive perturbation step sizes under a step change

Wind Speed (m/s) Variable-Speed (%) Fixed-Speed (%)
6 97.6 84.5

8 97.1 55.2

10 99.3 64.2

12 98.6 90.0

Average 98.2 73.5

Table 4.4: Experimental steady-state MPPT efficiencies for a comparison between
fixcd-spoed and variable-speed operations at load = 20 O.

of wind speed, i.e. from 6 to 8 mis, within 60 s. It is apparent that perturbation

step sizes are automatically minimised under 10-4 at steady states and maximised

up to 1.25 X 10-3 at transients. The objective is to decrease the number of estimation
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Figure 4.14: Experimental results of estimated TSRs at fixed-speed operation and
under step changes at various wind speeds, i.e. from 6 to 8 mis, from 8 to 10 m/s
and from 10 to 12 m/so

iterations inside the TSR observer within the transient under wind sp ed variations.

4.6 Conclusion

In this chapter, a complete transfer function, i.e. the ratio of the output DC volt-

age of the DC-DC boost converter to the change of the input mechanical torque, of th

WTG system has been obtained using a ROM assumption method and experimen-

tal data. This complete transfer function is important for dynamic and st ady-stat

analysis of the WTG system and for designing an accurate sensorless sp ed controller.

The aim of this research is also to validate the simulation results by experiments. It is

concluded that the total transfer function of the WTG system varies with duty cycl s
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Figure 4.15: Experimental results of estimated TSRs at fixed-speed operation and
under step changes at various wind speeds, i.e. from 6 to 8 mis, from 8 to 10
m/s and from 10 to 12 m/s for comparison between fixed-speed and variable-sp d
operations.

due to the variations of load, which is a function of duty cycles. In conventional WTG

system models, which include of a PMSG connected with a DC-DC boost converter

via a diode rectifier, the load at the generator side is considered equal to a resistiv

load.

Furthermore, this chapter has also presented a sensorless MPPT cantrall r based

on a novel TSR observer for the WTG system. The proposed TSR observer, which

is based on a P&O method with an adaptive perturbation step size, is capable of

estimating operating TSRs under variations of wind speed and load. A compari-

son between fixed-speed and variable-speed operations has been made to show th

performance of the proposed MPPT controller for tracking maximum power points.

Experimental results have been obtained using the WTG simulator. Future research
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Figure 4.16: Experimental results of wind turbine power under step changes at various
wind speeds, i.e. from 6 to 8 mis, from 8 to 10 m/s and from 10 to 12 m/so
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could be focused on implementing the proposed TSR observer and the cost-effective

MPPT controller on a real WTG system. Moreover, the proposed MPPT controller

could be developed by estimating the DC current from the measured two phase gen-

erator currents in order to minimise the number of current transducers.
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Chapter 5

Sensorless MPPT Controller Based

on Novel Observers

In this chapter, a robust sensorless MPPT controller has been proposed for max-

imising the output power of a WTG system, which is based on a PMSG. It includes

two novel observers, which arc: first, an adaptive 8MO for estimating rotor speeds

and second, an adaptive P&O algorithm for estimating reference rotor speeds and

optimal duty cycles based on turbine coefficient errors and rotor speed errors, respec-

tively. The adaptive P&O algorithm uses an adaptive perturbation step size and an

adaptive observation period. The purpose of adopting adaptive parameters is to de-

crease steady-state oscillations around optimal operating power points, increase the
tracking speed and keep the perturbation tracking in the right direction with small

rotor speed overshoots under fast wind speed variations. A cost-effective 8MR with

an input filter for harmonic mitigation is employed for implementing the proposed
sensorless MPPT.

5.1 Introduction

Basically, mechanical sensors, e.g. an anemometer, an encoder or a resolver, are
required for implementing a MPPT controller for a WTG system. These mechanical
sensors measure wind speeds and rotor speeds or positions, which are used as feedback
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signals for a speed controller [85J. There are many drawbacks of using mechanical sen-
sors such as low reliability, high maintenance requirements, high cost and adding DC

offsets in measured signals [86J. Sensorless MPPT controllers are a practical solution
to overcome these problems. Rotor speeds can be estimated by only measuring the
terminal voltage and line currents of a generator, which are used as input signals to

a speed observer. Thus the performance of these sensorless MPPT controllers mainly

depends on the estimation accuracy and the range of rotor speeds.
In [87], a sensorless speed controller for a surface-mounted permanent magnet

synchronous machine was proposed. An adaptive flux linkage observer was adopted
for estimating rotor positions using an improved integrator, that used the initial
rotor position estimated using a nonlinear magnetisation curve (of a core) under
magnetic saturation conditions. In [88J,an adaptive SMO for estimating flux linkages,
which is based on cascade of discrete-time sliding-mode controllers, was applied for

an induction machine. The variation of stator resistance per phase (due to a stator

winding temperature) was considered. In [89], an adaptive SMO, which employs

adaptive stator inductance, was proposed. Using the modified SMO, the stability of

a speed estimator was verified under its parameter variations.
In [90], a robust power peak detection algorithm was developed for estimating

the optimal power line of a WTG system for all wind speeds. The perturbation

step size was estimated from dynamic errors, which are the difference between a
power operating point and its corresponding optimal value. An intelligent rotor speed

observer was also developed to avoid using mechanical sensors. In [90], the electrical

frequency and consequently, rotor speeds were estimated by detecting the number of

zero crossings of a phase current during one period.
In this chapter, an adaptive sensorless MPPT controller for a WTG system using a

PMSG has been proposed to improve its dynamic performance and avoid instability.
The proposed sensorless MPPT controller is based on two novel observers, i.e. an

adaptive SMO and an adaptive P&O algorithm. The former is used to estimate rotor
speeds using an adaptive PMSG model in the stationary reference frame, an adaptive
sliding gain and an adaptive cutoff-frequency LPF. The purpose is to eliminate the
chattering effect (which occurs in conventional SMOs) and decrease estimation errors.

WIND TURBINE GENERATOR SYSTEMS ALI MARDI



5.2 The Proposed WTG Simulator Based on SMR Converter 111

The adaptive P&O algorithm has been employed to estimate a reference rotor speed
and an optimal duty cycle based upon turbine coefficient errors and rotor speed errors,
respectively. It uses adaptive variables compared to some existing P&O algorithms,
which use an adaptive perturbation step size but a fixed observation period. The
adaptive variables are: (i) a perturbation step size, which decreases steady-state

oscillations around optimal operating power points and (ii) an observation period,

which increases the tracking speed and ensures that MPPT is always executed in the
right direction with small rotor speed overshoots under fast wind speed variations.

5.2 The Proposed WTG Simulator Based on SMR

Converter

For implementing the proposed sensorless MPPT controller, the mechanical char-

acteristics of a WTG system must be obtained in order to validate its performance.

In this work, a WTG simulator has been constructed in order to implement the pro-
posed sensorless MPPT controller. Figure 5.1 shows the schematic diagram of the

developed WTG simulator used in this research. All abbreviations used in Figure 5.1

are defined as follows: ENC is the Encoder, INC the digital encoder interface, DAC

the digital to analogue converter and ADC the analogue to digital converter. It can

be seen from Figure 5.1 that four new observers have been developed, as follows:

1. The rotor speed observer for estimating rotor speeds of a PMSG using the

proposed adaptive SMO.

2. The reference rotor speed observer for estimating reference rotor speeds at given
wind speeds using the proposed P&O algorithm.

3. The duty cycle observer for estimating optimal duty cycles for a SMR using the
proposed P&0 algorithm.

4. A wind speed observer for estimating wind speeds using an iterative algorithm,
which will be discussed in Chapter 6.
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Figure 5.1: Configuration of the experimental WTG simulator with the propo d
sensorless MPPT controller.

WIND TURBINE GENERATOR SYSTEMS ALI MAHDI



5.2 The Proposed WTG Simulator Based on SMR Converter 113

5.2.1 Modelling of PMSG in the a-f3 Reference Frame

An important step of designing a sensorless MPPT controller is to obtain an
accurate PMSG based upon with its measured parameters. However, most sensorless
speed controllers based on a generator model in the d-q reference frame require rotor

positions to apply the Park transformation or to calculate rotor speeds. In this work,

rotor speeds are directly calculated by estimating the back-EMFs using a PMSG

model in the stationary reference frame.
In this work, a voltage model of a PMSG in the stationary reference frame, 0:-

{3, is adopted (instead of a d-q model) for estimating back-EMFs and consequently
rotor speeds. The a-{3 model is independent of rotor positions, and it has no cross-
coupling terms between the a-axis and {3-axis [91]. Hence, the voltage model of
a surface-mounted PMSG, where its a-{3 inductances are equal and independent to
rotor positions, can be represented in (5.2.3) and (5.2.4), respectively, which is derived

from the standard phasor model by using the Clarke transformation [91]:

. d
Vo:= -n; 1,0: + d/"O:'
Vfj = -n; ifj + :/\fj,

(5.2.1)

(5.2.2)

Ao:= - L, io:+ V2 Apmcos(p Br),

A{j = -L5 ifj + V2 Apmsin(p Br).

(5.2.3)

(5.2.4)

Equations (5.2.1), (5.2.2), (5.2.3) and (5.2.4) can be represented in the matrix

form by (5.2.5) and (5.2.6), which are used for designing the proposed SMO.
d

V - M(-RsI+ dtA),

A - M(-LsI+V2Apm8),

(5.2.5)

(5.2.6)

where V is the voltage vector [vo:Vfj]T, I the current vector rio: i{j]T,A the stator flux
linkage vector [\~ Afj]T, 8 the electrical angle vector [COS(pOr) sin(pOr)]Tand M the
2x2 identity matrix. As well-known, T; of a PMSG can be computed using following
equation.

(5.2.7)
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5.2.2 Dynamic Model of the Proposed SMR Converter

A cost-effective SMR with an input filter for harmonic mitigation is employed

for implementing the proposed sensorless MPPT controller for a WTG simulator.

It includes a three-phase diode rectifier and a DC-DC boost converter without a

boost inductor. The three-phase diode rectifier converts the variable-frequency AC

power generated by a WTG system into DC power. The output DC voltage of the

boost converter is then controlled in order to adjust rotor speeds to follow a reference

rotor speed. It is well-known that a diode rectifier produces high level harmonic

components due to its nonlinear characteristics, which are injected in generator line

currents. Moreover, under a high switching frequency of the boost converter, the

generator line currents are pulsating sinusoidal with peaks proportional to the values

of stator inductances of a PMSG. These pulsating currents cause a number of practical

problems such as: (i) increasing a THD of a generator line current; (ii) decreasing an

input power factor, (iii) overheating stator windings of a PMSG and (v) producing

damaging vibrations and noise during operations.

These problems can be tackled by connecting three boost inductors directly with a

PMSG compared with a conventional boost converter, which uses one boost inductor

at the DC side. Three-phase capacitors are directly connected with a PMSG, which

act as an input line filter. This procedure leads to smoothing line current waveforms,

and consequently, a low THD, which ensures a compliance with the IEEE-519 stan-

dard [92]. Also, the line inductances can reduce the peaks of pulsating line currents

during the ON mode operation of a single power switching device of a SMR.

Basically, a conventional DC-DC boost converter can be operated in two cond uc-

tion modes, i.e. the CCM and the DCM. The two operation modes can be charac-

terised based on a waveform of an inductor current. In CCM, the inductor current is

always greater than zero, whereas in DCM, it can temporally become zero during an

interval of a switching period [93]. For DCM, subharmonic oscillations never appear.

In spite of this feature of DCM, it generates high peak current levels, which increase

core losses of a PMSG and cause a large stress on a power switching device, e.g. an

IGBT of a DC-DC boost converter. In this work, CCM is adopted due to its high
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dfici(·lwy. Moreover, it can ho applied for high power convert ('rs ill rompnrison wit II

DC~L which can be only applied for low power converters, Le. h'ss t hall (jOO \\" [~).ll.
It is assumed that stator windings of a P~ISG are sinusoidally dist ribut I'd alollg a

symmetrical air-gap. In the a-b-c phase space, the equations of bnck-Exf Fs an' giwlI
in 5.2.8, 5.2.9 and 5.2.10.

ea - k; Wr sill{p Wr t), (r: .) S)d._.

eb ke Wr Sill{pWr t - 271"/3), (r:.)!))d._.

ec - kewr sin(pwrt + 271"/3), (5.2.10)

where ea, eb and ec are the back-EMFs of the phases a, hand r, resp('cti\'{'ly; k; is

the back-EMF constant as V2pApm• The equivalent circuit of a PMSG is )"('pn's('uted

in a phasor diagram and its terminal voltage acts as an input voltage to H power-

electronics converter, i.e. a SMR. Figure 5.2-(a) shows the equivalent circuit of a

WTG system during the conduction of the upper diode, D1, i.e. is connected with

phase a, and the lower diode, D2, Le. is connected with phase c, of a diode bridge.

A PWM is applied to a single-switch, i.e. all IGDT, within Cl fixed 1;,w- The width

of the PWM can be controlled by changing the value of a duty cycle, d, which is the

ratio of ton to Tsw.
The average of the periodical output voltage of a diode rectifier, V8V! is given as

[92J:

3J3121f/3 .
Vav - -- ke Wr sin (p Or) dOr,

71" 11'/3

- kdcgWr, (5.2.11)

where kdcg is the DC voltage coefficient as 3V6/7rApm.

Assuming that the input DC currents of a SMR, it, are continuous during operat-

ing conditions, therefore one diode from an upper group, e.g. D1, D:t or Dr., und 011('

diode from a lower group, e.g. D2, D4 or D6, conduct during each interval. There

are six conduction groups over a period of time, which arc: DJ and D2; D2 and [)a;

D3 and D4; D4 and Ds; Ds and D6 and finally D6 and DJ. Hence, the interval of

each conduction group is as 60° but the interval of each diode conduction is n.s 120".
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It is assumed that for 0° ::; PWr t ::; 600, only phase a is a positive maxi llIt III I valur-

and phase c is a negative minimum value. In this conduction duration. oIlly DJ awl

D2 condui-t as shown ill the simplified equivalent circuit ill Figure 5.2-(1)). wher« iff.

is the generator line current and Vf the line-to-line capacitor tilt ('I' volt.ag«. To oht ain

state-space equations of a SMR, the switching action of a PWM is characterised by q.
which has two modes as 0 and 1, corresponding to the two levels of a P\\,~1. During

the ON mode, Q=I, the IGBT is on, which is represented as a short circuit, and iff.

flows through the loop AeOn in Figure 5.2-(1)). Whereas, during the OFF modo,

Q=O, the IGBT is off, which is represented as an OI)('U circuit, and iff. flows through

the loop AEDB shown in Figure 5.2-(b).

Thus during the ON mode, the dynamic equations of ig, iL and Vf are represented

as the following:

dig
- 2~s (Vav - 2~ig - vc), (5.2.12)

dt
diL

2~b (-Vf - 2rbiL), (5.2.13)- -
dt
dvr 2 C .) (5.2.14)- - C 19 -lL .dt 3 r

The dynamic state-space equations during the ON mode are as follows:

:t [ :: ] - [!~:-o:~] [:: 1+ [!1
Vf 2Cr 2y Vf

(5.2.15 )

where rb is the internal boost resistance and Cr the input. filter mpadtall(,c'.

Also during the OFF mode, the dynamic equations are the same Il."i that. of the

ON mode, except for iL, which is replaced by (5.2.16), and the new dynamic equation

of Vo is given by (5.2.17).

diL
2~b (-vc - 2rbiL - Vo), (5.2.16)

dt
-

dv; 1(' VO) (5.2.17)= - lL- -.
dt Co RL
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The dynamic state-space equations during the OFF Illude are as follows:

19
-R. a 1 a \ .

2L. 19 ..!..I1L
L. 2 L.

d ZL a .=.!h -I 1 lL 0Lo 2Lb + {G.2.1H}dt Vf -3 3 a a v£ 02C( 2C(

Vu a 1 a -I Vu 0Co RLC"

5.2.3 Stability Analysis of the Proposed SMR Converter

The general dynamic state-space equations of a SMR call bp represcntr-d ill t }I('

following matrix form using (5.2.15) and (5.2.18).

19
-Rs 1 ig kdcg
L. 0 2L. 0 2L.

d iL .=.!h -I lL 00 2Lb I-Q- Lb + Wr• (5.2.19)dt Vf
-3 3

Vf 02Cr 2Cr 0 0

Vo !.=.Q -I Va 00 Co 0 RLCo

Finally, Gwtg(s) a WTG system is obtained by solving (5.2.19), which is a multiple-

input multiple-outpnt (MIMO) system. Thus, the complete transfer function of a

WTG system is obtained in (5.2.20) using a MATLAB programm.

G () Vo(s) koc
wtg S = Hr(s) = S4 + d}s3 + d2s2 + d3s + d4'

(5.2.20)

where koc, d1, d2, d3 and d4 are coefficients, which are computed using the panuueters

of the WTG system as illustrated in Table 5.1. Thus, at the rated rotor speed, e.g,

40 rad/s, ktxi, dl, d2, d3 and d4 are 4.27 x 1012, 679, 1.55 x 108, 7.19 X lOlO and

3.67 x 1012, respectively.

The transfer function (5.2.20) is experimentally verified under step changes in

various rotor speeds at a low rotor speed, 20 rad/s, a rated rotor speed, 40 md/s and

a high rotor speed, GOrad/s. Figure 5.3 shows a very dose fit. between simulations unci

corresponding experimental results of Vo(s), clue to using accurate PMSG parameters.

Hence, the stability analysis of the open-loop transfer function of a WTG system,

e.g. (5.2.20), can be performed by finding the locations of poles and zeros of till'

the discrete-time of (5.2.20) in the z-plane. If all poles of a discrete-time system are
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Figure 5.3: Experimental and simulation step responses of (5.2.20).

locat d inside the unit circle, th system is stabl . Whilst, it is unstabl wh n any

pole is located outside. It is worth noting that zeros may li insid , 11, r utsi I th

unit ircle. In this work, th discrete-tim m d I f 8Ml is btain cl by c nv rting

(5.2.20), whi hi in th -plan, int th z-plan using th p 1 -z r me pping m th d.

Thus, the discr t -tim transf r fun ti n f (5.2.20) at RI., = 1()n 11.11 I L = 20 n t).J'('

btain d as (5.2.21) and (5.2.22), r sp ctiv ly. It sh uld b n t cl that (C:.2.21) an I

(5.2.22) ar c mput d at th rat d r t r sp d.

(C: .2.21)

G () _ 4. 3z3 + 2.97z2 + .34z + 0.011
wtg Z - 2

Z4 - 0.74z3 - 0.016z + O. 13 z
-(a) and 5.4-(b) sh w th p 1 and z )' s f (5.2.2J) and (

(5.2.22)

.2.22) lin I r a
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Table 5.1: Parameters of the vVTG simulator used in (5.2.20).

Parameter Unit Value

r m 1.25

n; n 0.30

Apm mWb 57.4

p 8

rb lIln 28

Lb mH 4

Cr p,F 2.20

Co J-LF 220

RL n 10

i: ps 200

Jsw kHz 10

and 5.4-(b) that the WTG system is stable because all pol s are locat d insid th

unit circle and most of them are close to the origin.

5.3 MPPT Controller Based on P&O Algorithm

Various MPPT algorithms, f r WT and s lar photovoltai syst ms, hav b 11

inv stigat d by many r S ar hrs. F I' all xisting MPP alg rithms, th main prob-

1 m is h w to aut matically btain r f r n r t r sp ds Fit maximum output

p w r und r variall wind sp cl. Am 1

als kn wn as a hill- lim ing s at' hina I

th s alg ri hms, th alg rithm , i...

th r ar n any al . rithm su h as: (i) sirnpl structure, (ii)
asy L impl m nt (iii) minin urn pararn t 1'1; I' [uir I and (iv) r 1 i I nv rg .11

ancl s r ng p rf rrnan against physi 1 p r m t r Vc ri ti ns.
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5.3.1 Classic P&O Algorithm

The procedures of a classic P&O algorithm can be summarised in the following
steps [95, 96]:

• Step 1: Periodically make a perturbation in a control variable, i.e. rotor speeds
or duty cycles.

• Step 2: Calculate the wind turbine power, Pwt(n), and its previous value,
Pwt(n - 1), using a unit delay.

• Step 3: Calculate a wind turbine power variation, DoP = Pwt(n) - Pwt(n - 1),
and the corresponding rotor speed variation, Dow = wr(n) - wr(n - 1), or the
corresponding duty cycle variation, Dod = d(n) -d(n-1), where n is the number
samples.

• Step 4: Evaluate the slop of the wind turbine characteristics as the ratio of a

wind turbine variation to a rotor speed variation or a duty cycle variation, i.e.

DoP IDow or DoP IDod, at each sampling time. The objective is to find maximum

power points that achieve IDoP / Dow I ~ E or IDoP IDodl ::; E, where f is a pre-

defined positive constant.

• Step 5: If DoP / Dow or DoP / Dod is less than zero, the sign of the perturbation step
size is positive, otherwise the the perturbation step size is negative under fixed

triggering pulses.

In spite of many advantages of a classic P&O algorithm, it has some problems,

which considerably decrease its dynamic performance. These problems include the
steady-state oscillations around a maximum power point (MPP), a slow tracking
speed, a perturbation process in a wrong direction [97]and a high rotor speed over-
shoot under fast wind speed variations. To overcome these problems, it is desirable to
use an adaptive perturbation step size and an adaptive observation period. In [98],an

accurate method for estimating a perturbation size was presented. In that research,
a perturbation step size was parted into eight steps, Le. the first perturbation step
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size is the smallest and the eighth perturbation step size is the largest. If a power
operating point is not near the MPP, the perturbation step size is increased slowly

until it achieves the MPP. When a power operating point is around the MPP, the
perturbation step size is reduced to its smallest value in order to reduce the amplitude
of oscillations.

5.3.2 The Proposed Adaptive P&O Algorithm

A P&0 algorithm is one of the most popular MPPT methods, which can be
applied for a WTG system without having the knowledge of its characteristics. As
well-known that the main drawbacks of a classic P&O algorithm are: first, the speed
ripple and vibration, which are caused due to using a fixed perturbation step size and
second, a wrong perturbation direction under rapid variations of wind speeds, which
is caused by a fixed observation period. As a result, to improve the performance of a

classic P&0 algorithm, the perturbation step size and the observation period should

be automatically tuned. In this work, a new P&O algorithm has been developed
based on a classic P&O algorithm as shown in Figure 5.5, where E{n) is the input

error, which is either the turbine coefficient error, Ak, or the rotor speed error, Aw;
x{n) is the control variable; Ax the perturbation step size; kthl and kth2 the pre-

determined thresholds; kl and k2 are the weight factors, which are used to adjust

perturbation step sizes; k3 and k4 are the weight factors for adjusting the observation

period To; k; is the termination factor; !saw(t) is the periodic sawtooth signal with
a unity amplitude and t is the discontinuous time, which is generated by a digital

clock in every Ta. The perturbation process of the improved P&O algorithm can be

summarised in the following steps:

• Step 1: E{n) and its absolute value, IE(n)l, are calculated .

• Step 2: IE{n)1 is compared with kthl to calculate Ax as Ax = kIE(n)j, where
k is either kl or k2 and kl > > k2 in order to increase the tracking speed at
transients and decrease the amplitude of oscillation at steady-state.
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• Step 3: x( n) is calculated as follows:

x(n) = x(n - 1) - sign(E(n)) ~x kt, (5.3.1)

where the sign of ~x depends on the sign of E(n) .

• Step 4: The perturbation process is terminated, i.e. x(n) = x(n - 1), when kt
equals to zero.

As shown in Figure 5.5, the perturbing process period is only one sample, Ts, while
the observation process period varies with IE(n)l. The objective is to decrease over-
shoots under fast wind speed variations. The main difference between the proposed
P&O algorithm and the classic one is the latter is based on calculating the gradient of
the wind turbine characteristics, which requires to compute the turbine power varia-
tion within a sampling time. Under wind-gust disturbances, the perturbation process

leads to wrong tracking directions because the sampling time is generally less than

the mechanical time constant of a WTG system. To address this problem, a P&0

algorithm should be updated within a period greater that is equal to a mechanical

time constant of a WTG system. The objective is to keep the rotor speed and the

duty cycle of the WTG system stable during a perturbation process.
As illustrated in Figure 5.5, k3 and k4 have been chosen to obtain a good compro-

mise between small peak overshoots and fast tracking speeds. Also, the pulses with
adaptive observation periods are generated by comparing a variable-frequency saw-
tooth signal, which is given by (5.3.2), with the sampling period of data acquisition.

1
!saw(t, To) = To (mod (t, To)). (5.3.2)

As mentioned previously, the proposed adaptive P&O algorithm is used for esti-
mating the reference rotor speed at a given wind speed.

5.4 Rotor Speed Observers

The existing speed estimators can be classified in two groups: open-loop and
closed-loop estimators.
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Figure 5.5: The generalised flow chart of the improved P&O algorithm.
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1. The open-loop estimators are based on a generator voltage model without using

any feedback signal for correcting estimated speeds. The main drawback of these
estimators is the mismatching between the actual parameters of a generator and
the corresponding ones used in an observer, which leads to instability. Also,
there are two problems of using these estimators: first, the DC drift occurring

in estimated flux linkages because of a small DC offset in measured voltages and

currents, which become large after integration using a pure open-loop integrator;
second, effects of parameter variations in a voltage model, especially at low
rotor speeds. Also, using of a generator model may lead to wrong estimation
because of inaccurate initial rotor positions, which is mostly not considered
[99, 100]. In research literatures, these problems have been tackled by improving
the integration process, Le. using an improved low pass filter (LPF) instead of
a pure integrator. It is important to note that using a LPF is only effective at a

limited range of rotor speeds, e.g. if the electrical frequency of a PMSG is less

than the cutoff-frequency of a LPF, the estimation errors arc increased [101].

2. The closed-loop estimators are widely employed, which use correction feedback

signals, e.g. measured line currents or voltages, in order to minimise estimation
errors. There are many types of such estimators, e.g. a model reference adaptive

system and a sliding-mode observer [102, 88].

5.4.1 Flux Linkage Observer

One important element of a sensorless speed controller is the estimation of stator
flux linkages. Basically, 0.-(3 stator flux linkages can be estimated using the voltage

model of a PMSG [103]as (5.4.1) and (5.4.2), respectively.

Aa-est = Aa(O) + J (Va - ~ia) dt, (5.4.1)

A~-est = A~(O) +J (vfj - ~i~) dt, (5.4.2)

where Aa-est and Afj-est are the estimated stator flux linkages and Aa(O) and Afj(O) are
the stator flux linkages at an initial rotor position. The magnitude of the estimated
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stator flux linkage can be computed ill (5.4.3).

As-est = JA;-est + A~_est, (5.4.3)

Substituting (5.4.1) and (5.4.2) into (5.2.3) and (5.2.4) respectively and rearrang-

ing them in the terms of rotor positions, two new equations are obtained as follows:

( 0) An-est + Ls in
cos P r = .M '

V 2 Apm

. ( 0) Aj1-est + Ls ij1
SIn P r = .M .

V 2 Apm

(5.4.4)

(5.4.5)

Finally, rotor positions can be estimated by dividing (5.4.5) by (5.4.4) as follows:

sin(p Or-est) Ap-est + La i(j
( 0 ) - A' (5.4.6)cos Pr-est a-est + La ia

e 1 (AP-est + t; i(j) (5 4 7)r-est - - arctan . . .
P Aa-est + i, ia

The main drawback of a flux linkage observer is the mismatching between the

physical parameters of a PMSG, e.g. Rs, and the corresponding ones used in the model

of a flux linkage observer, which leads to instability. Furthermore, there is another

obvious problem with using a flux linkage observer, which is the DC drift in estimated

stator flux linkages, which increase estimation errors in rotor speeds, occurring in

estimated stator flux linkages due to the following reasons [99, 100, 104]: (i) using a

discrete-time open-loop integrator instead of a continuous-time close-loop integrator;

(ii) small DC offsets in measured voltages and currents, which are accumulated by

a pure integrator; (iii) using a fixed Rs, which varies linearly with temperatures;

(iv) ignoring of the initial condition of a pure integrator and (v) current and voltage

harmonic of a PMSG due to using a diode rectifier.

In literatures, the DC drift problem was tackled by improving an integration

process, Le. employing an improved LPF instead of a pure integrator. It should be

noted that using of a LPF in an integration process is only effective at a limited range

of rotor speeds. For example, if the electrical frequency of a PMSG is greater than the

cutoff frequency of a LPF, the magnitude of the measured voltages and currents are

decreased, and the estimation errors are increased [101]. Furthermore, LPFs cause

phase shifts in estimated flux linkages.
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5.4.2 Back-EMF Observer

Substituting (5.2.3) and (5.2.4) in (5.2.1) and (5.2.2), respectively, the dynamic
voltage equations of a PMSG model become:

(5.4.8)

(5.4.9)

Clearly, from (5.4.8) and (5.4.9) that the terms -V2PApm (d()r/dt)sin(p()r) and
V2PApm(d()r/dt) cos(P()r) are sinusoidal a-{3 back-EMFs, Le. eo: and efl.

Thus, the state-space equations of a PMSG model can be represented as follows:

d. 1(0' )dt lo: = Ls -.J.Ls lo: + eo: - Vo: ,

d. 1(0' )- lfj = - -.J. Ls z{3 + e{J - v{J •dt Ls

It can be seen from (5.4.10) and (5.4.11) that the state variables are ia and ir1; the
input variables are Va are v{3 and the disturbance variables are ea and ee- Moreover,

the magnitude of back-EMFs, V2PApm (d()r/dt), is proportional to rotor speeds, i.e.
Wr = d()r/dt, and its frequency is proportional to rotor positions. As a result, the
estimates of rotor speeds and rotor positions can be calculated based on back-EMFs,

which is equivalent to direct measurements from a mechanical sensor, i.e. a resolver

(5.4.10)

(5.4.11)

or an encoder [105].

5.5 Novel Observers for the Proposed MPPT Con-

troller

5.5.1 The Proposed Reference Rotor Speed Observer

As mentioned in Chapter 1, Pwt, is given as the following:

Pwt(Cp(A), Vw, r) = 0.5p7rr2ep(A)V;,

ep(A)= -0.0013A3 + 0.0087A2 + 0.0447A + 0.0018.

(5.5.1)

(5.5.2)
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To avoid the negative values of cp(.-\), .-\ is limited in the range between 0 and 10.

From (5.5.1) and (5.5.2), mechanical characteristics, i.e. Pwt versus w" are illustrated

in Figure 5.6, where A, E, C, D and E are various operating power points. It is

seen that the range of wind speeds is chosen between 6 mls and 12 iu]«, which

matches with the range of rotor speeds of the WTG simulator. Equation (5.5.1) can

1500
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- - - 8 mls -,

1250 -IOmls \

\

---. -. - 12 mls \
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Figure 5.6: Wind turbine characteristics of a WTG simulator.

be expressed in the terms of Cp(.-\) and .-\by replacing Vw with wrTI A as follows:

(5.5.3)

where kwt is the turbine coefficient

5 Cp(A)
kwt = O.5p1TT ~.

For any given wind speed, there is Wref, which ensures .-\opt, and consequently

Cp-max. At cp-max, a maximum wind turbine power, Pwt-rnax i can be extracted [106]. In

(5.5.4)
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this research, the values of Aopt and Cp-max are calculated from the wind turbine spec-

ifications as shown in Figure 5.6, which arc 6.29 and 0.304, respectively. Substituting

these values in (5.5.3), yields

(5.5.5)

where kopt is the optimal turbine coefficient

5 Cp-max
kopt = 0.5pnr ~.

opt

(5.5.6)

It is worth noting that kopt has a unique value, i.e. kopt = 0.0071, for all wind

speeds regarding the WTG system used in this research. Consider different power

points at the rated wind speed 10 tti]« as shown in Figure 5.6, which are randomly

chosen in the left and the right sides of a MPP. TABLE 5.2 lists the values of kwt and

~k = kopt - kwt, for all power points, It is seen that ~k depends on the location of

Table 5.2: Evaluation of a reference rotor speed observer.

Power Point Wr (rad/s) e; (W) kwt ~k

A (Left side) 37 700 0.0138 <0

B (Left side) 45 800 0.0088 <0

C (MPP) 52 828 0.0071 =0

D (Right side) 60 800 0.0037 >0

E (Right side) 66 700 0.0024 >0

a power point. If ~k is negative, it means thatto, is less than Wref and the direction

of a perturbation process must be continued in the same direction. While, if ~k is

positive, it means that Wr is greater than Wref, and the direction of a perturbation

process should be reversed. The procedures of estimating a reference rotor speed, i.e.

~k is considered as an input error E(n), can be summarised as follows:

• Step 1: The mechanical power of a PMSG is computed by multiplying the

magnitude of its electromagnetic torque, which is calculated from (5.2.7), by

the estimated rotor speed, which will be discussed Subsection 5.5.2.
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• Step 2: kwt is calculated from (5.5.3).

• Stet) 3: 11k is calculated.

• Step 4: An estimated reference rotor speed, Wref-est, is perturbed using the
proposed adaptive P&O algorithm, which was presented in Section 5.3.2. It is
either increased or decreased (by ~x) depending OIl the value of ~k. Thus,

Wref-est is computed as the following:

Wref-est(n) =Wref-est(n- 1) - sign(~k(n)) ~x kt. (5.5.7)

• Step 5: A perturbation process is terminated when the value of ~k is equal
to zero. This procedure ensures small rotor speed overshoots under fast wind
speeds in comparison with existing P&O algorithms, in which a perturbation
process is terminated when the value of E( n) is less than or equal to a pre-
defined value.

Figure 5.7 shows the improved P&O algorithm used in the proposed reference
rotor speed observer.

5.5.2 The Proposed Adaptive SMO for Estimation Rotor

Speeds

SMO has been widely applied for controlling and state variable estimation for elec-
trical machines due to the following features: (i) insensitive to variations of physical

parameters; (ii) robustness to external disturbances and (iii) fast transient responses.
In spite of these advantages, SMO has some drawbacks, such as the chattering effect
(i.e. high frequency oscillations) caused by its switching mechanism and the high
sliding gain, which gives rise to estimation errors. In this research, these problems
are tackled by using an adaptive sliding gain and an adaptive cutoff-frequency. An
adaptive SMO has been developed for estimating the back-EMFs using the a-f3 model
of a PMSG and rotor speeds without the knowledge of rotor positions.
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Figure 5.7: The new P&O algorithm used III the proposed reference rotor speed
observer.
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The configuration of the proposed adaptive 81\10 is described in Figure 5.8, where,
[Vab,Vbe] are the measured generator line-to-line voltages, [ia,ib] the measured gener-
ator line currents, i the estimated generator line currents vector, E the estimated

back-EMFs vector, ~I the AC current error vector, es-est the magnitude of the back-
EMFs; sign the signum function, k; the sliding gain and Ie the cutoff-frequency of an
adaptive LPF.

sign is a discontinues switching function, which indicates the sign of the an AC
current error of ~io. or ~irj. It is employed to produce discontinues control signals as
follows:

{

+1, ~i > 0
sign(~i) = 0, ~i = O.

-1, ~i < 0

Because of a signum function provides sharp bounds, i.e. the barriers between
high levels and low levels is as zero, using of a signum function in a rotor speed

observer produces the chattering effect, which causes high-frequency oscillations in

the sliding surface. The disadvantages of the chattering effect are: (i) decreasing

the observer accuracy, (ii) increasing heating losses in power switching devices, i.e.
IGBT, (iii) leading to damage moving mechanical parts and (iv) decreasing the per-

formance of an observer due to its high frequency dynamics [107]. In literatures,

the chattering effect problem was overcome by replacing discontinuous functions with
continuous functions, i.e. saturation function. In this work, the chattering effect has
been decreased by developing a new adaptive sliding surface, which includes a signum

function, an adaptive sliding gain and an adaptive LPF.

As shown in Figure 5.8, the proposed adaptive SMO comprises two main sub-
blocks: (i) an adaptive current model of a PM8G, which is used to estimate generator
line currents; and (ii) an adaptive LPF, which is used to estimate back-EMFs using
the discontinues signals generated from a sliding surface.

The dynamic model of the developed adaptive SMO is derived from the a-/3 model
of a PM8G, which is discussed in section 5.2.1. Substituting (5.2.3) and (5.2.4) into
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Figure 5.8: Block diagram of the developed adaptive SMO.
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(5.2.1) and (5.2.2), respectively. The voltage model of the PMSG is derived as:

d d
V =M( - R; I - L, - I + J2 "pm -d e).dt t

(5.5.8)

It can be noted from (5.5.8) that the only state variables are I and the third
term on the right-hand side represents back-EMFs, which is proportional to the rotor

speed (dBr/dt) and Br. Thus the current model of the PMSG can be obtained by
re-arranging (5.5.8) as follows:

(5.5.9)

where E is the back-EMF vector [eo e,a]T, eo equals to -kewr sin(Be) and e{1 equals
to wrke cos(Be). In conventional speed controllers, the back-EMF feedback signals are
calculated by directly measuring rotor speeds and rotor positions using mechanical
sensors. As mentioned before, these speed sensors are impractical for speed control

applications, because they have some disadvantages such as a low reliability and high
cost.

In this work, the back-EMFs are estimated by integrating the discontinues signals,

ks sign(~I), using an adaptive LPF. Equation (5.5.19) is derived from a classic transfer
function of a LPF, which has been modified using an adaptive cutoff-frequency as

follows. Figure 5.9 shows a simple first-order RC LPF, which includes a capacitor,

C, and a resistor, R, in series. The output voltage, Voutl is given in (5.5.10).

Vout =

(5.5.10)- 1+ RCs Vin,

where Vjn is the input voltage. Hence, the time required for charging and discharging
C is defined as a RC time constant, which can be often expressed as Te. By Re-
arranging (5.5.10), yields:

Vout - (5.5.11)
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Equation (5.5.11) can be represented in the time-domain as follows:

Vout = Ie J (Vin - Vout) dt, (5.5.12)

where Te is the time constant of an adaptive LPF, which is the reciprocal of fe·

R

c

Figure 5.9: A simple first-order RC LPF.

Supposing that Vin is the output signal of a sliding surface, i.e. ks sign( ~ioJ or

ks sign(~i.6)' and Ve represents the estimated back-EMF, i.e. eo:-estor e.6-est,thus the

estimated o.-{3 back-EMFs are given in (5.5.13) and (5.5.14), respectively.

eo-est= Ie J (ks SigIl(~ioJ - eo-est)dt,

e.6-est= Ie J (ks sign(~ifJ) - efJ-est) dt,

(5.5.13)

(5.5.14)

where eo:-estand efJ-est are the estimated back-EMFs in o.-{3, respectively; ~io: and /}'ifJ

the AC current errors in o-B, respectively

(5.5.15)

/}'ip = ip-est - ip, (5.5.16)

2o:-estand i(3-estcan be obtained by substituting eo(3-estin (5.4.10) and (5.4.11),

respectively.

io-est= ~s J(-n. io:-est+ ea-est - VoJ dt, (5.5.17)

WIND TURBINE GENERATOR SYSTEMS ALI MAHDI



5.5 Novel Observers for the Proposed MPPT Controller 137

iO-est = L J (-R:, i#-est + eO-est - vr~) dt. (5.5.18)

Finally, the estimated back-EMFs and currents can be represented as the matrix
forms in (5.5.19) and (5.5.22), respectively.

E = le J o; sign(~I) - E) dt,

where ~I = i-I. i can be obtained by substituting E in (5.5.9) as:

(5.5.19)

(5.5.20)

Equation (5.5.21) is adopted for estimating Ls, which varies during generator
operations due to magnetic saturation. It is assumed as a function of the estimated
phase current is-est.

(5.5.21)

where [1 and [2 are constants determined from experiments and bounded in the range

between a low rotor speed 10 rad/s and a high rotor speed 100 rad/s, As shown in

Figure 5.8, ks and Ie are automatically tuned in order to eliminate the chattering

effect and decrease estimation errors. For example, if the value of ks is selected

too high, the estimation errors are rapidly minimised, but high overshoots occur in
discontinuous signals. These overshoots may lead to instability [108]. The chattering

effect can be reduced by designing an advanced switching function using a continues
switching function, i.e. a saturation function or a sigmoid function [109].

As clearly indicated in Figure 5.8, Ie is directly proportional to an estimated
electrical frequency and ks is identified via a PI controller base OIl the magnitude of

a current errors, ~is = is-est- is, as follows:

k; = kps~i8 + kis J ~is dt,

where kps and kis are the coefficients of a sliding PI controller.
Finally, in conventional speed observers, rotor speeds are estimated by integrating

rotor positions, which are calculated from arctan(e,a_est!eo_est).There are two well-
known problems of this strategy i.e. first, the DC drift problem, which occurs because

(5.5.22)
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of using a pure integrator and second, the singularity problem due to using an inverse
tangent function, which converges to ±21T' when an angle diverges to infinity. In this
work, the rotor speed is calculated directly as follows:

(5.5.23)

It should be to notice that ke is accurately calculated by a measured Apm and es-est

is calculated from (5.5.24).

es-est = J e~-est + e~-est· (5.5.24)

5.5.3 The Proposed Optimal Duty Cycle Observer

Typically, a conventional MPPT controller, which is based on PI controllers and
measurements of an output DC voltage and a wind speed is used to generate reference

rotor speeds. It includes two main control loops, i.e. an outer speed loop and an inner

DC voltage loop. The former loop is adopted to generate a reference DC voltage by

controlling rotor speed errors via a PI controller. The calculation of rotor speed
errors requires an optimal speed, which is calculated by a TSR controller base on

wind speed measurements. The DC voltage loop is then employed to generate an

optimal duty cycle by controlling voltage errors via another PI controller. The main

disadvantages of this technique are that its parameters are highly sensitive to changes
ofwind speeds and loads and it needs an additional voltage sensor and an anemometer
in comparison with sensorless MPPT controllers. To address these disadvantages,

the proposed adaptive P&O algorithm is adopted to estimate optimal duty cycles
without measuring the DC voltage or wind speeds. Hence, as mentioned in Chapter
4 that d is proportional to the input DC voltage Yav based on a well-known voltage
expression of a DC-DC boost converter, Vav= Vo(l-d), and a rotor speed according to
(5.2.20). Thus, the proposed adaptive P&O algorithm in Figure 5.5 is also employed

for estimating optimal duty cycles. The rotor speed error, ~w(n) = Wref(n) - West (n),
is calculated and considered as an input error. Figure 5.10 shows the improved P&O
algorithm used in the proposed optimal duty cycle observer. As shown in Figure
5.10, An optimal duty cycle, dopt, is perturbed using the proposed adaptive P&O
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Figure 5.10: The improved P&O algorithm used in the proposed optimal duty cycle
observer.
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algorithm, which was presented in Section 5.3.2. It is either increased or decreased
(by Ax) depending on the value of Aw. Thus, dopt is calculated as the following:

(5.5.25)

5.6 Experimental Results

5.6.1 Step Change of Wind Speed

The proposed sensorless MPPT controller is also tested under the changes of wind
speed, i.e. from 6 to 8 tu]«, from 8 to 10 m/s and from 10 to 12 m/so Moreover,
the load resistance is varied from 10 to 20 n. The purpose of this test is to vali-
date the ability of the developed optimal speed observer based on the adaptive P&O

algorithm for tracking maximum power points. Figure 5.11 shows the experimen-

tal characteristics of the WTG simulator with and without the proposed sensorless

MPPT controller. It can be observed that the experimental MPPT line using the

proposed sensorless MPPT controller is very close to the theoretical MPPT line with

small steady-state oscillations around MPPs. Clearly, the experimental characteris-
tics without using a MPPT controller diverge from the MPPT line due to operating

the WTG simulator at various TSRs. For a comparison, the experimental MPPT

line is also obtained using the conventional MPPT controllers, e.g. an optimised PI
controller (which uses measurement of an output DC voltage and a reference rotor

speed) and classic P&O algorithms, as shown in Figures 5.12, 5.13 and 5.14, respec-

tively. It can be seen that large overshoots and oscillations occur especially in case

of using a classic P&O algorithm with fixed optimal parameters (Figure 5.14).
The experimental results of Figures 5.11-5.14 are listed in TABLE 5.3. They

include steady-state of MPPT efficiencies, T}mppt, and the percentage speed errors,
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Figure 5.11: Experimental characteristics of the WTG simulator with and without
using the proposed MPPT controller under step changes at various wind speeds, i.e.
from 6 to 8 mis, from 8 to 10 m/s and from 10 to 12 m/so

Ew, which are calculated using (5.6.1) and (5.6.2), respectively.

1 N---- 2.: r; x 100,
N x Pwt-max n=l

'T]mppt% = (5.6.1)

1 1 N
N ~~w; x 100,

n=l

(5.6.2)
Wref

where Pn is the mechanical output power, ~ Wn the rotor speed error, N the total

number of data within 10 s for each wind speed under the variations of a wind speed

and a load. It is seen that the maximum 'T]mpp and the minimum E; are obtained by

using the proposed sensorless MPPT controller compared with other controllers. For

comparison purposes, the WTG simulator is also operated without a MPPT controller

in order to demonstrate the advantage of the proposed sensorless MPPT controller. It

is worth noting that the mechanical power is increased by 29.51% and 4.84% at loads

of 10 nand 20 n, respectively. Moreover, the average MPPT efficiencies in the case

of using an optimised PI controller and classical P&O algorithms are greater than the
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Figure 5.12: Experimental characteristics of the WTG simulator using an optimised
PI controller under step changes at various wind speeds, i.e. from 6 to 8 m/s, from 8
to 10 mls and from 10 to 12 m/s.

case without using the proposed MPPT controller. But their dynamic responses are

poor as well as their percentage speed errors are high compared with the proposed

sensorless MPPT controller, which relatively provides smooth speed control with small

speed errors (less than 1%) for all operating power points.

5.6.2 Rapid Change of Wind Speed

The objective of this test is to validate the stability and rapidity of the proposed

sensorless MPPT controller under actual random wind speeds. In this research, a

gaussian noise generator, which generates a discrete-time signal white gaussian noise,

is used to simulate actual random wind speeds for experiments. Figure 5.15 shows

three random wind speed profiles, which have the same average wind speed, e.g. 8

m/s, the same variance, e.g. 1 mis, but various frequencies as follows: 1 Hz (wind

speeds change once per second), 2 Hz (wind speeds change twice per second) and 10

Hz (wind speeds change 10 times per second). The experimental dynamic responses
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Figure 5.13: Experimental characteristics of the WTG simulator using a classic P&O
algorithm with some adaptive parameters under step changes at various wind speeds,
i.e. from 6 to 8 mis, from 8 to 10 ui]« and from 10 to 12 m/so

of the wind turbine power using the proposed sensor less MPPT controller and the

conventional MPPT controllers are presented in Figures 5.l6-(a), 5.l7-(a) and 5.18-

(a). Furthermore, the tracking power losses, which are the difference between the

maximum wind turbine power and the actual wind turbine power, are also illustrated

in Figures 5.l6-(b), 5.l7-(b) and 5.l8-(b). It can be seen that the power losses us-

ing the proposed sensorless MPPT controller is smaller than using the conventional

MPPT controllers.

The percentage absolute average power deviations, AAPD%, within 60 s for all

tests are presented in Table 5.4, where AAPD% is calculated as the following:

N
AAPD% = ~ L IPwt-ref - Pwtl x 100,

N n=l Pwt-ref
(5.6.3)

where Pwt-ref is the reference wind turbine power. As shown in Table 5.4, in cases

of using the proposed sensorless MPPT controller and a classic P&O algorithm, the

power losses decrease when the rate change of wind speed increases. The experimental
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Figure 5.14: Experimental characteristics of the WTG simulator using a classic P&O
algorithm with fixed parameters under step changes at various wind speeds, i.e. from
6 to 8 mis, from 8 to 10 m/s and from 10 to 12 m/so

results confirm that the P&O algorithms, e.g. classic or adaptive, are efficient and

faster than PI controllers for tacking maximum power points, especially at rapid wind

speed variations. The reason is because the parameters of P&O algorithms don't

depend on the WTG system in comparison with PI controllers, and their parameters

are adjusted at rated operating conditions using the model of a WTG system.

Finally, Figures 5.19-(a) 5.19-(b) show the adaptive perturbation step sizes and

observation periods, respectively. The average values of the adaptive perturbation

step sizes and observation periods, which are used for a classic P&O algorithm, are

presented in Table 5.5. Figure 5.20 shows the rotor speed error and turbine coefficient

error under a step change in wind speed from 6 to 8 m/s within 60 s. Clearly that

the transient response of the proposed sensorless MPPT controller is faster than

the conventional controllers. In this case, the maximum rotor speed error is 4.42

rad/s, while these, in case of using a conventional PI controller and a classic P&O

algorithm, are -20.14 rad/s and -29.17 rad/s, respectively. Moreover, the speed ripples
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Table 5.3: Comparison results under wind speed variations.

Wind Speed Load Proposed MPPT Without MPPT

(rn/s) (0) «;» Ew% 'rlrnpp% Ew%
8 10 99.71 0.79 97.16 2.55

20 98.90 0.58 54.34 52.2

10 10 99.44 0.64 90.23 21.9

20 99.12 0.19 64.39 38.8

12 10 99.65 0.98 96.96 13.6

20 99.24 0.86 90.79 20.4

Average 10 99.60 0.80 94.78 12.68

20 99.08 0.54 69.84 37.13

Wind Speed Load Optimised PI Classic P&O

(rri/s) (0) 'rlrnpp% Ew% 'rlrnpp% Ew%
8 10 96.68 1.20 95.51 5.24

20 96.02 1.04 95.73 5.28

10 10 98.09 0.56 95.72 5.29

20 98.89 0.34 94.98 5.41

12 10 98.93 1.31 96.14 1.38

20 96.26 4.92 91.11 1.54

Average 10 97.90 1.02 95.79 3.97

20 97.05 2.10 93.94 4.08

Table 5.4: Absolute average deviations of wind turbine power under actual random
wind speeds as shown in Figure 5.15.

Rate Change AAPD% of Wind Turbine Power

(Hz) Proposed Classic P&O PI Controller

1 2.80 9.90 7.76

2 2.77 9.41 13.30

10 2.58 8.06 10.56
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Figure 5.15: Random wind speed profiles, which have the same average, e.g. 8 tii]»,
the same variance, e.g. 1 ta]», but various frequencies, e.g. 1 Hz, 2 Hz and 10 Hz.

Table 5.5: Average values of the perturbation step sizes and observation periods,
which are used for a classic P&O algorithm.

Rate Change Average of Average of

(Hz) Perturbation Step Sizes Observation Periods (s)

1 3.91 x10-4 3.29

2 3.29xlO-4 3.38

10 2.49xlO-4 3.23

of the proposed sensorless MPPT controller are small compared with the conventional

controllers due to using fixed coefficients.

5.6.3 Effect of the Three-Phase Input Filter

To demonstrate the effect of the input filter, which is directly connected with the

PMSG, the waveform of the generator line current and its harmonics spectrum at the

rated rotor speed are presented in Figure 5.21. It can be seen from Figure 5.21 that
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(b) Dynamic response of tracking power losses.

Figure 5.16: Experimental results under rapid wind speed variations, e.g. rate change
of wind speeds = 1 Hz.
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Figure 5.17: Experimental results under rapid wind speed variations, e.g. rate change
of wind speeds = 2 Hz.
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Figure 5.18: Experimental results under rapid wind speed variations, e.g. rate change
of wind speeds = 10Hz.
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Figure 5.19: Experimental results under rapid wind speed variations using the pro-
posed sensorless MPPT controller.
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Figure 5.20: Errors under a step change of a wind speed (from 6 to 8 m/s).

the THD of the generator line current is improved from 36.5%, i.e. without using the

input filter, to 13.13%, i.e. using the input filter. Table 5.6 gives the THD values of

the generator line currents at various rotor speeds, e.g. 20-60 rad/s,

Table 5.6: THD values of the generator line currents at various rotor speeds.

Rotor Speed THD (%)
(rad/s) With Line Filter Without Line Filter

20 19.00 36.09

30 15.36 37.49

40 13.13 36.50

50 11.09 37.03

60 9.860 37.35
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Figure 5.21: Fast fourier series analysis of the generator line current at the rated rotor
speed, e.g. 40 rad/s.
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5.7 Conclusion

In this chapter, a novel sensorless MPPT controller has been developed. It includes

three novel observers, Le. a rotor speed observer, a reference rotor speed observer and

an optimal duty cycle observer. An adaptive SMO has been employed to estimate

the rotor speed, which is only based on the measurements of two phases of terminal

voltages and line currents of the PMSG by using a PMSG model in the stationary

reference frame. Moreover, an adaptive P&O algorithm has been adopted for the

estimation of reference rotor speeds and optimal duty cycles by minimising turbine

coefficient errors and rotor speed errors, respectively.
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Chapter 6

The Proposed WTG Simulator

Used for Experiments

In this chapter, the WTG simulator has been described. It uses for implementing

the proposed sensorless MPPT controllers, which have been demonstrated in Chapters

5 and 6. Furthermore, the real-time Simulink blocks of the proposed observers have

been discussed and demonstrated.

6.1 Hardware Equipment of the WTG Simulator

6.1.1 WTG Simulator

A WTG simulator is an effective test rig for a real-time implementation of a

MPPT controller, as it can conduct and repeat experiments under controlled wind

speeds. Figure 6.1 shows a photograph of a WTG simulator used in this research,
which includes the following main components:

• An AC driver: It is a variac transformer (type rotary regavolt), which is con-
nected to a power supply (400V, 50Hz) and used to adjust the input three-phase

voltage of a three-phase 1M in the range 30-110 V.

• A three-phase 1M: In a real WTG system, wind power is extracted via a wind

154
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Figure 6.1: A photograph of a WTG simulator, where (1) an AC driver, (2) an
induction motor, (3) a PMSG, (4) an LC filter, (5) a diode rectifier, (6) an IG13T, (7)
a diode, (8) an IGBT driver, (9) voltage and current sensor boards, (10) an encoder,
(11) the dSPACE controller and (12) a resistive load.

turbine, which is connected with a generator, e.g. a PMSG. In a WTG sim-

ulator, a wind turbine is replaced by a three-phase 1M, which is driven by an

AC driver. Most of the existing WTG simulators use a DC motor as a prime

mover due to its robust torque control. These DC motors are generally heavy

and costly compared with AC motors. Moreover, further maintenance is re-

quired due to the use of commutators and brushes inside DC motors. For these

reasons, a three-phase 1M is used in this WTG simulator, and its specifications

are listed in Table 6.1.

• A three-phase direct-connected surface-mounted PMSG (model GL-PMG-500A):

It is rated operating conditions are as follows: (i) rated power is 500 W; (ii) rated
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Table 6.1: Specifications of the three-phase induction motor used In the WTG
simulator.

Parameter Value
Induction Motor Type AEG-783471
Rated Output Power 1.5 kW
Number of Poles 4

Power Factor 0.8

Winding Connection !1/Y

Voltage 220 V/380 V
Current 6.4 A/3.7 A
Frequency 50 Hz
Rated Rotor Speed 1440 rpm
Stator Resistance Per Phase 3.3 n
Rated Torque 9.95 N.m

speed 450 rpm; (iii) open circuit DC voltage 46 V and (iv) rated mechanical

input torque 15.5 N.m.

• An optical encoder to measure rotor speeds, which is only used for the purpose

of monitoring.

• A three-phase line filter, which includes three capacitors for smoothing the line
currents.

• A SMR, which comprises of a three-phase bridge rectifier (50 A, 1200V), a DC-
DC boost converter excluding a boost inductor and an IGBT driver for driving
an IGBT module.

• Voltage transducers (model LV25-p) and current transducers (model LA55-p)
to measure two phase terminal voltages and line currents of the PMSG.

• the dSPACE controller (model DSll04), which is used for implementing the
proposed sensorless MPPT controller in real-time.
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• A standalone resistive load.

• An overcurrent protection system is used to protect power switches, i.e. an

IGBT and a diode rectifier, against a surge current. This protection system

is designed to keep the input DC current of the DC-DC boost converter at its

rated value in order to prevent the power switches from overheating.

5OK5W

·15
·15

Figure 6.2: Voltage and current sensor board used for experiments.

6.1.2 Voltage and Current Sensor Boards

The measurements of voltage and current of a WTG simulator must be reduced

to low voltage levels required by the dSPACE controller, e.g. 5 V, using voltage and

current transducers, respectively. These transducers also give an isolation between the

high level voltages of a PMSG and a SMR. In this work, the voltage and current sensor

board are designed for operating conditions up to ±500 V and ±50 A, respectively.

Figure 6.2 illustrates the actual setup of the sensors board. It provides three channels
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of voltage measurements and three channels of current measurements. It is supplied
by a DC voltage of ±15 V. The maximum voltage and current can be measured
by this board are ±500 V and ±50 A, respectively, and the voltage range of the
board outputs is ±1O V, which is compatible with the ADC imports of the dSPACE
controller.

As shown in Figure 6.2, the model of a voltage transducer is LV25-P, and its
specifications are: (i) its primary and secondary rated rms currents are 10 rnA and 25
rnA, respectively; (ii) its supply DC voltage is ±15 V and (iii) its conversion ratio is
2500:1000. For measuring a voltage, the terminals are connected to the primary circuit
of a voltage transducer, i.e. a high tension (HT), and the voltage measurement is
connected to a bayonet neill-concelman (BNC) connector. For measuring a current, a
single wire, which transports a: current is put through the hole of a current transducer
in the right direction, which is labelled by an arrow on its top.

For protection purposes, the secondary current of a voltage transducer must be

limited to 10 rnA, which is the maximum input current of the dSPACE controller. To

achieve this current limitation, an input resistance must be connected at the primary

circuit, which can be calculated as the following:

The input resistance _ 500 = 50 kn,
10 x 10-3

The rated power of the input resistor - {10x 10-3)2 x 50 X 103 = 5 W.

The model of the current transducer is LA55-P, whose specifications are: (i) its
primary and secondary rated rms currents are 50 A and 50 rnA, respectively; (ii)

its supply DC voltage is ±15 V and (iii) its conversion ratio is 1:1000. Also, for
protection purposes, the secondary current of the current transducer must be limited
to 50 rnA. To achieve this current limitation, an output resistance must be connected
at the secondary circuit of the current transducer, which can be calculated as follows:

5
- 50 X 10-3 = 100 n,
- (10 x 50-3)2 x 100 X 103 = 25 W.

The output resistance

The rated power of the output resistor

To measure the output signals of the voltage and current sensor board for the
dSPACE controller, a multiplexed analog-to-digital converter (ADC) DSll04MUX-
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ADC is employed. For the proposed sensorless MPPT controller, six imports of ADCs
are required to input the measurements of voltage and current, including:

1. One import of DSll04,MUX-ADC is used to input the line-to-line voltage of the
three-phase 1M for estimating wind speeds in order to monitor wind turbine
characteristics during experiments.

2. Two imports of DSll04MUX-ADC are employed to input the measured gener-
ator terminal voltages, i.e. Vab and Vbc.

3. Two imports of DSll04MUX-ADC are used to input the measured generator
line currents, Le. ia and ib.

4. Two imports of DSll04MUX-ADC are used to input the measurements of an
input DC current, it., and an output DC voltage, Va, of a SMR. It should be

noted that these measurements are only used for implementing a conventional

MPPT controller, which is based on PI controllers with mechanical sensors for

comparison purposes.

Before using the measurements of current and voltage in the dSPACE/Simulink
block, actual measurement values must be calculated using scale factors. In this work,
a calibration process is made off-line to accurately identify these scale factors. Figures
6.3 and 6.4 illustrate the experimental calibration curves of the voltage and current
transducers, respectively. From Figures 6.3 and 6.4, the scales of voltage and current
can be represented in (6.1.1) and (6.1.2), respectively.

Vactual - 200VdSPACE + 0.2400,

iactual - 980 idSPACE - 0.0051,

(6.1.1)

(6.1.2)

where Vactual is the actual voltage, VdSPACE the measured output voltage of the voltage
transducer, iactual the actual current and idsPAcE is the measured output current of
the current transducer.
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Figure 6.3: Voltage Calibration.

6.1.3 IGBT Module and Its Gate Driver

One important element of a SMR is an IGBT module, which is a single active

switch. Its collector and emitter are connected to the positive and the negative

terminals of the DC side of a diode rectifier, respectively. To operate an IGBT, a 15

V PWM signal is applied on its gate, which is supplied by its driver. For protection

purposes, the DC input current should be kept under the maximum current of an

IGBT, i.e. 15 A, by protection circuits.

The PWM signals are generated from the DSl104PWM unit of the dSPACE

controller cannot directly drive an IGBT because of the voltage level of these PWM

pulses is around 5 V, while the voltage level of an IGBT gate is 15 V. As a result,

an IGBT driver with its interface electronic circuits, i.e. as shown in Figure 6.5, is

required for the following objectives: (i) to boost the voltage level of PWM signals

from the dSPACE controller to the voltage level of an IGBT gate, e.g. 15 V; (ii) to

isolate the gate of an IGBT, i.e. a power stage, from the dSPACE controller, Le. a
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Figure 6.5: Connections of an IGBT gate driver.
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control stage and (iii) to protect an IGBT against over-currents and over-voltages.
It can be seen from Figure 6.5 that an IGBT gate driver acts as a link between the

dSPACE controller and an IGBT module, which has the following features: (i) control
IGBT conduction modes; (ii) improve the switching performance and (iii) protect an

IGBT module against short circuits and over-voltages.

Figures 6.6, 6.7 and 6.B show experimental PWM signals with high switching
frequencies, e.g. 10 kHz, used in this work for implementing the proposed MPPT
controller. The PWM signals are generated from the dSPACE controller at duty cycles
of 20%, 50% and BO%, respectively. As shown in Figures 6.6, 6.7 and 6.B, channel I
(CHI), channel 2 (CH2) and channel3 (CH3) represent the PWM signals, which were
measured at three different stages controller, e.g., (i) the dSPACE controller, (ii) an
interface electronic circuits, and (iii) an IGBT gate driver, Le. the voltage between
the gate and the emitter of an IGBT, Vge, respectively. The voltage level of the PWM

generated from the dSPACE controller is 4.4 V and Vge at duty cycles 50% and BO%

is exactly 15 V. Whilst, at a duty cycle as 20%, Vge is 14.B V, which is suitable for
driving an IGBT.

6.1.4 dSPACE Controller

the dSPACE controller (model DSll04) is a high-performance control system,
which is compatible with the MATLAB-Simulink platform. A control algorithm can

be built in a Simulink block, which is complied to a C code file and then downloaded

to the memory of the dSPACE controller. A real-time Simulink block consists of

four blocks, which provide an interface with physical ports of the dSPACE controller,

e.g. digital-to-analog converter (DAC), ADC, incremental encoder interface (lEI) and
different PWM.

The main specifications and features of the dSPACE controller used in this re-
search can be summarised as follows:

1. Its main processor (model MPCB240) speed is 250 MHz and its slave processor
(model TMS320F240) speed is 20 MHz.
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Figure 6.6: Experimental PWM signals at a duty cycle of 20%.

2. It includes four analog inputs, e.g. 16 bit, with a conversion time as 2 ms, and

four analog inputs, e.g. 12 bit, with a conversion time as 800 ns, whose input

voltage range are ±10 V.

3. It includes digital inputs and outputs, e.g. 20 bit input/output, and their output

current is ±5 rnA.

4. It includes PWM outputs.

5. It is compatible with the MATLAB/Simulink platform, which is a popular en-

gineering software package.

6. It dose not require low-level programming, e.g. C.

7. A Simulink block can be implemented in real-time by compiling it into a C

programming code, which can be executed in the processor of the dSPACE

controller.
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Figure 6.7: Experimental P\tVM signals at a duty cycle of 50%.

8. It includes a visual control desk developer (CDD), which provides all the func-

tions and tools for modifying and monitoring the experimental results.

Hence, there are two methods for building real-time control systems. The first

method is based on using the real-time interface (RTI) in a Simulink block and

the second method is based on writing a C code. In this work, the first method

is adopted due to its simplicity and robustness. Furthermore, DSll04-DSP-PWM

converts varying duty cycles to standard PWM pulses. For a single-phase PWM

generation, a PWM stop can be specified to dear PWM signals during an execution

time. The output voltage of a PWM channel is set to a defined transistor transistor

logic (TTL) level. Finally, the main procedures of compiling the Simulink block of

the proposed sensor less MPPT controller to the memory of the dSPACE controller

can be summarised as follows:

1. Load the Simulink block of the proposed sensorless MPPT controller.

2. Load the CDD.
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Figure 6.8: Experimental PWM signals at a duty cycle of 80%.

3. Build a RTW by converting the Simulink block into a system description file

(SDF), which is then downloaded to the memory of the dSPACE controller.

4. The state file is then automatically conferred to a CDD environment, which

contains all the coefficients of the Simulink block. These state variables can be

displayed and recorded in real-time.

6.2 Real-Time dSPACEjSimulink Blocks

In this thesis, Simulink based on the dSPACE controller has been employed for

implementing the proposed sensorless MPPT controller for a WTG simulator. The

main Simulink block as shown in Figure 6.9 includes three main sub-blocks, which are:

(i) a Simulink block for measurements and monitoring of wind turbine characteristics,

(ii) a Simulink block of the adaptive SMO and (iii) a Simulink block of the adaptive

P&O algorithm, which is employed twice for estimating reference rotor speeds and
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estimating optimal duty cycles. Furthermore: it consists of a protection algorithm to
protect the SMR against over-current by checking the average value of the input DC

current. A DAC block is used to generate digital control signals via a DAC block,

e.g. DSl104DAC-Cl, for a power relay, which controls a power contactor. Therefore,

the three-phase power supply of the WTG system can be automatically switched off

at mains when the average input DC current of the SMR exceeds 15 A.
As shown in Figure 6.9, the Clarke transformation is used to convert the mea-

sured two phase voltages and currents into 0:-/3 voltages and currents, which are then
employed in the adaptive SMO. It should be noted that an important block of the

main Simulink block is the PWM block, e.g. DSl104SL-DSP-PWM1, which converts
estimated optimal duty cycles into switching logic signals, Le. PWM. These switching
logic signals are automatically complied to C codes, which are then downloaded to

the memory of the dSPACE controller and executed in real-time.
The Simulink block of a conventional MPPT controller, which is based on PI

controllers with mechanical sensors, were also built for comparison purposes. The

rotor speed errors, which are the difference between measured reference rotor speeds
and measured rotor speeds, are controlled via a PI controller to generate reference DC
voltages. Another PI controller is also employed to generate optimal duty cycles by

controlling DC voltage errors, which are the difference between reference DC voltages

and measured DC voltages.

6.2.1 Simulink Block of the Proposed Sensorless MPPT Con-

troller

As mentioned above, this Simulink block is firstly employed for measuring all
analogue signals, e.g. two phase generator terminal voltages and line currents; input
DC currents at the generator side and output DC voltages at the load side; the phase
voltage and phase current of a three-phase 1M and rotor speeds using ADCs and an
lEI. This Simulink block is also used for monitoring mechanical characteristics, i.e.
the mechanical power versus rotor speeds at various wind speeds, e.g. 6-12 mis, of
a wind turbine by estimating the mechanical power of a three-phase 1M and wind
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Figure 6.9: The proposed sensorless MPPT control system model for dSPACE
implementation.
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speeds from input rms voltages of a WTG simulator using an iterative algorithm.
Figure 6.11 shows the Simulink block of the data acquisition and monitoring of the
wind turbine.

As shown in Figure 6.11 that all analogue measurement signals are adjusted by
multiplying the measured voltages, currents and rotor speeds by proper scale fac-

tors. These scale factors are computed by measuring signals over limited ranges and

comparing the scaled signals with their actual values using a digital oscilloscope, i.e.

DS01024A for measuring voltages and currents, and a non contact tachometer, i.e.
testa 465 for measuring rotor speeds in rpm. Clearly, averaging and filtering must he
made for noise reduction using a discrete LPF. Figure 6.12 illustrates a comparison
between the measurements of voltage and current, Le. solid waveforms, and the corre-
sponding ones, which are plotted using the data recorded by the dSPACE controller.
Obviously, that the voltage and current waveforms plotted using the data captured
by the dSPACE controller are close to these obtained from a digital oscilloscope due

to using accurate scale factors in the Simulink block.
Furthermore, in this simulink block, the mechanical characteristics, i.e. the out-

put mechanical power of the three-phase 1M against rotor speeds under wind speed

variations, are estimated for monitoring experimental results. In this work, the me-

chanical characteristics are estimated by a developed iterative algorithm, which uses

the measurements of the voltage, the current and the rotor speed of the three-phase
1M. The block diagram of the developed iterative algorithm is shown in Figure 6.13.
The steps of the developed iterative algorithm for estimating wind speeds can be

summarised as follows:

• Step 1: Measure the input voltage, the line current and the rotor speed of the
three-phase 1M.

• Step 2: Calculate the output mechanical power of the three-phase 1M, Pout,
by estimating the losses as follows: (i) calculate the input power of the three-

phase 1M, ~n' using (6.2.1); (ii) calculate copper losses, Pcu, using (6.2.2); (iii)
estimate core and mechanical losses, Pc + Pmech, through a no-load test. Figure

6.10 shows the experimental core and mechanical losses versus rotor speeds,
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which can be represented in (6.2.3).

.Rn (6.2.1)

(6.2.2)

(6.2.3)

3 Rs-im i~,

where Vm is the rms voltage of the three-phase 1M; 1m is the rms current of the

three-phase 1M;cos(¢) is the power factor; ¢ the phase difference anglo between
Vm and 1m; Rs-im is the stator resistance of the three-phase 1M per phase and
PI, P2, P3, P4 and P5 arc constant coefficients, which are identified as: (j x 10-10,

-5.7 X 10-7, 2.6 X 10-4, -3.6 X 10-2 and 58, respectively.

Finally, calculate Pout by (6.2.4).

(6.2.4)

• Step 3: Calculate the voltage error, ~ Vm, using (6.2.5). The objective is to

terminate the iteration process at steady-states, when the value of I~Vml is less
than or equal to a pre-defined value, Em.

(6.2.5)

• Step 4: Evaluate ~Vm(n) at every sampling time, if ~Vm(n) ~ Em, hold the
value of wind speed using 6.2.6 and then repeat previous steps, otherwise go to

the next step.

(6.2.6)

• Step 5: Initialise iteration k = 0 and then wait n samples for an iteration process
until obtaining the correct wind speed factor, which verifies that the computed
wind turbine power approximately equals to the output mechanical power of

the three-phase 1M. As shown in Figure 6.13, an iteration process begins from

Step 6 to Step 10.
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Figure 6.10: Experimental core and mechanical losses versus rotor speeds by a no-load
test.

• Step 6: Increase iteration step k = k + 1.

• Step 7: Update the wind speed scale factor using (6.2.7).

(6.2.7)

where Kw(k) is the wind speed scale factor used for estimating wind speeds

from input rms voltages of the three-phase IM and llK the incremental step

size, e.g. 10-3.

• Step 8: Estimate the wind speed using (6.2.8).

(6.2.8)

• Step 9: Calculate the wind turbine power using (6.2.9).
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where ao, al, a2 and a3 are the empirical coefficients related to a wind turbine

type and Wm is the rotor speed of the three-phase 1M.

• Step 10: Evaluate the power error, ~Pmech(n), by (6.2.10). The objective is

to terminate the iteration process during changing Vm(n). When the value

of iJ.Pmch is greater than or equal to zero, the iteration process is terminated

otherwise repeat Steps 6 to 10.

(6.2.10)

The effectiveness of the developed iterative algorithm is validated under load vari-

ations by experiments over a wide range of the input rms voltage of the three-phase

1M. Figure 6.14 shows the graph of the estimated wind speeds versus input rms volt-

ages under load variations, e.g. 10 nand 20 n. It can be noticed there are small

divergencies in the estimated wind speeds due to load variations.

6.2.2 Simulink Block of the Proposed Adaptive SMO

Figure 6.15 shows the Simulink block of the proposed SMO for estimating rotor

speeds using the a-{3 model of the PMSG, and its inputs are only the measured 0'

and {3 voltages and current. The back-EMFs are estimated using adaptive a and {3

sliding surfaces, which include the following blocks: First, two signum functions, e.g.

Sign 1 and Sing 2, which act as switching functions. The aim of these switching func-

tions is to generate high-frequency back-EMFs from current errors. Second, sliding

gains, which are automatically produced via PI controllers. Finally, adaptive LPF

to eliminate the chattering effects in estimated back-EMFs. It can be observed that

these LPFs use adaptive cut-off frequencies, which are automatically generated from

estimated rotor speeds. The objective is to reduce delays in estimated back-EMFs.

In this Simulink block, the input mechanical power of the PM8G is calculated for a

reference rotor speed observer.

To demonstrate the robustness of the proposed MPPT adaptive 8MO, the coeffi-

cients of its sliding surfaces, e.g. the sliding gain and the cut-off frequency of a LPF,

are set as constants instead of adaptive ones. Figures 6.16-{a) and 6.16-{b) show
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Figure 6.11: Data Acquisition and wind turbine characteristics monitoring block for
dSPACE implementation.
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Figure 6.12: Comparison between voltage and current measurements from a digital
oscilloscope and the corresponding ones, which are plotted using the data captured
by the dSPACE controller without using an input line filter for calibration purposes.
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Figure 6.13: The developed iterative algorithm for estimating wind speeds for a WTG
simulator.
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Figure 6.14: Estimated wind speeds versus input rms voltages of the three-phase IM
using the developed iterative algorithm under load variations using a WTG simulator.

the rotor speed responses under fixed sliding gains, ks, and the frequencies of LPFs,

e.g. a classic LPF 1 and a classic LPF 2, respectively. As shown in Figure 6.16-(a),

undesirable oscillations in the rotor speed response are increased due to using a fixed

ks in comparison with an adaptive one. Furthermore, it can be observed from Figure

6.16-(b) that when using fixed cut-off frequencies in LPFs, rotor speed errors are in-

creased. This indicates the influence of time delays on estimated back-EMFs, which

increase estimation errors.
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Figure 6.15: dSPACE implementation of the proposed adaptive SMO.
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Figure 6.16: Robustness validation of the proposed MPPT adaptive SMO.
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6.2.3 Simulink Block of the Proposed Adaptive P&O Algo-

rithm

The Simulink implementation of the proposed adaptive P&0 algorithm is shown
in Figure 6.17. It is developed according to the flowchart, as discussed in the previous
chapter. This method for estimating optimal duty cycles using only rotor speed errors

is defined as a direct duty cycle controller. It should be noted that the value of optimal

duty cycles must be limited between 0 and 0.6 to avoid high input DC currents,
which lead to operating the WTG simulator outside an operating speed range. These
optimal duty cycles are then given to a PWM block, e.g. DSll04SL-DSP-PWMl,
to generate high frequency PWM pulses to drive the IGBT of the SMR. It can be
observed from Figure 6.17 that the perturbation step sizes and the observation periods
of triggering pulses for the proposed P&O algorithm are optimally identified based

upon only rotor speed errors.
To represent the influence of using adaptive perturbation step sizes and adap-

tive observation periods, Figure 6.18-(a) shows a comparison between the proposed

adaptive P&O algorithm and a classic one, which uses fixed parameters, e.g. the

perturbation step size is set as 0.001 and the observation frequency is set as 5 Hz,

under step-up wind speed variations. While Figure 6.18-(b) illustrates the dynamic

response using different parameters of the proposed adaptive P&O algorithm, i.e.

adaptive perturbation step sizes and adaptive observation frequencies, in the period
of 50 s to 250 s. Clearly, the WTG system has good dynamic responses of the wind
turbine power under using of the proposed adaptive P&O algorithm in comparison

with those using a classic P&O algorithm. As illustrated in Figure 6.l8-(b), the

perturbation step sizes are increased and the observation frequencies are decreased
during transient states in order to improve the dynamic performances. Furthermore,
the perturbation step sizes are decreased and the observation frequencies are increased
during steady states in order to eliminate speed ripples as well as avoid power surges
during wind gusts.
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Figure 6.17: dSPACE implementation of the proposed adaptive P&O algorithm.
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Figure 6.18: The influence of using adaptive perturbation step sizes and adaptive
observation periods.
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6.2.4 Graphic User Interface

In experiments, all real-time data can be displayed and recoded by a control desk

software, which is provided by the dSPACE controller. The purpose of recording
the real-time data is to plot experimental results without using a digital oscilloscope.

The graphic user interface (GUI) for the dSPACE controller has been developed for

monitoring and recording the experimental results of the proposed sensorless MPPT

controller and conventional controllers used in this research under virous tests, e.g.
step and random wind speed variations, with and without the proposed sensor or
sensorless MPPT controller. Figures 6.19 and 6.20 show the GUI for the dSPACE
controller at the rated wind speed, e.g. 10 mis, and under two tests, which are with
and without a MPPT controller. The main GUI window includes four important
parts, which are used for displaying and recording experimental results as follows:

• Capture Sitting Window: It is employed to adjust the recorded data from the
dSPACE controller. As shown in Figures 6.19 and 6.20, this window needs to

set the length of the captured data, i.e. the data recording period. Furthermore,

a trigger signal choice is also an important option in this window, which is used

for applying a step change of a reference rotor speed by enabling an on/oft"check

box.

• Plotters: A time response plotter and a x-y plotter are employed for displaying
the time response of variables and the x-y graph, respectively, e.g. the response

of rotor speed and wind turbine power versus rotor speeds.

• Combo Boxes: Combo boxes are used for online tuning and modifying some
coefficients of controllers and observers during experiments. The objective is to
improve the dynamic performance of the developed controllers, Le. the parame-
ters of the proposed adaptive SMO, the proposed adaptive P&O algorithm and

PI controllers, are adjusted using these combo boxes.

• Radio Boutons: Radio buttons are employed to provide multiple choices for var-
ious tests without needing to disconnect hardware components or re-compiling
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Figure 6.19: The GUr of the dSPACE controller used for monitoring and recording
experimental results using the proposed sensorless MPPT controller.
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experimental results without using a MPPT controller.
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simulink models. For example, as illustrated in Figures 6.19 and 6.20, when the
option "without MPPT" is selected in the radio box R6, the WTG simulator is

operated without a MPPT controller, i.e. the duty cycle is set as zero. In this
work, eight radio boxes were used for validating the proposed sensorless MPPT
controller under various tests as follows:

1. Radio box RI: Select the step-up value of reference rotor speeds.

2. Radio box R2: Select the step-down value of reference rotor speeds.

3. Radio box R3: Change between the step-up or the step-down of reference
rotor speeds.

4. Radio box R4: Select between applying a MPPT controller using mechan-
ical sensors or sensorless.

5. Radio box R5: Choose between applying a MPPT controller using PI

controllers for estimating optimal duty cycles, or the proposed adaptive

P&O algorithm.

6. Radio box R6: Switch between operating the WTG system with the pro-
posed sensorless MPPT controller or without a MPPT controller.

7. Radio box R7: Select between using a constant, e.g. 0.002 or 0.001, or

adaptive perturbation step seizes.

8. Radio box R8: opt between using a constant, e.g. 15 Hz or 2 Hz, or
adaptive observation frequencies.

Finally, some numerical experimental results, that demonstrate the performance of
the WTG simulator under various tests, are summarised in Table 6.2. It represents a
comparison between the experimental results in Figure 6.19 (with using the proposed
sensorless MPPT controller, which is based on novel observers) and the corresponding
ones in Figure 6.20 (without using a MPPT controller).
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Table 6.2: Numeric experimental results.

Variable Unit Description With MPPT Without MPPT
v, m/s Estimated wind speed 10.05 10.43

Vmotor V rms Voltage of the 1M 70.35 73.04

Effmppt % MPPT efficiency 99.98 64.92

u.; rad/s Measured rotor speed error -0.340 -39.53
Ewest rad/s Estimated rotor speed error 0.580 -37.66

Pwt-ref W Reference wind turbine power 840.2 940.3
Pwt W Wind turbine power 840.1 610.4

Pwt-losses W Wind turbine power losses 0.170 329.9

IDOl A Input DC current 5.030 1.540
VDC2 V Output DC voltage 38.59 55.31

Wref rad/s Reference rotor speed 52.68 54.69

Wm rad/s Measured rotor speed 52.86 76.31

West rad/s Estimated rotor speed 52.37 75.29

6.3 Conclusion

A WTG is an important experimental bench for developing and testing of MPPT

controllers. In this chapter, a WTG simulator has been developed. It includes an AC

driver, a 1.5 kW three-phase 1M,which drives a PMSG, a SMR converter and a real-
time dSPACE controller. Moreover, the dSPACE/Simulink blocks of the proposed
sensorless MPPT, which is based on novel observers, have been demonstrated. It is

concluded that the proposed WTG simulator is a good experimental bench for testing

control strategies for actual WTG systems.
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Chapter 7

Conclusions

In this chapter, the summary of the results in this thesis is presented. Some future
research directions are also suggested in the end of this Chapter.

7.1 Summary of Results

The objective of this thesis is to develop robust and low cost sensorless MPPT

controllers for WTG systems. In Chapter 1, a brief review of wind power genera-

tion and tho configuration of WTG systems have been demonstrated. In Chapter

2, a comparison study between a classic direct FOC and an optimised direct FOC
based on PSO, has been presented. The proposed controllers have been applied for
a common WTG system, which includes a VAWT, a PMSG, a PWM rectifier and Ii

stand-alone load. The simulation results illustrated good dynamic performance of the

optimised direct FOC, Le. minimal transient overshoots and fast responses over the
variations of wind speeds and load. It is deduced that the PMSG line current when
using the hysteresis band current controller is more distorted when using the direct
FOC due to variable-frequency pulses and the cross-coupling between the d-axis and
q-axis currents. Moreover, using of a PSO for optimally tuning the speed and current
PI controllers of a direct FOC is a practical solution for improving its dynamic per-
formances compared with classic PI tuning methods, e.g. a pole-placement method.
It has been achieved that AASD% and AAPCD% for the classic direct FOC, AASD%
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and AAPCD% are 4.49% and 1.29%, respectively. Whereas, AASD% and AAPCD%
for the optimised direct FOC are decreased to 2.17% and 0.99%, respectively.

In Chapter 3, an accurate PMSG model has been achieved using the proposed PSO
for PMSG parameter identification. A good agreement between the measured signals,

and the estimated ones has been obtained due to using an adaptive PI controller for
estimating back-EMFs with optimised parameters. A comparison between a common

PMSG model, which employs measured parameters and an accurate one, which uses

optimised parameters has been made. When using measured parameters, the average
values of Ew and E; are 24.57% and 12.22%, respectively. When using optimised
parameters, the average values of Ew and E; are largely minimised to 1.05% and

2.19%, respectively.
In Chapter 4, a complete transfer function of the proposed WTG system, which

includes a HAWT, a PMSG, a diode rectifier and a DC-DC boost converter, has
been derived using a ROM assumption method and experimental data. The aim

of driving the complete transfer function of the proposed WTG system is to design

an accurate sensorless speed controller for the proposed WTG system and also to

investigate its stability under the variations of wind speeds and physical parameters.

It has been found that the total transfer function at the PMSG side increases with

increasing of the duty cycles. It has been also concluded that the impedance at the

PMSG side is proportional to duty cycles. Furthermore, in Chapter 4, a sensorless

MPPT controller based on a novel TSR observer for the WTG system has been
developed and vitrified using a WTG simulator. An adaptive P&O method, Le. using

adaptive perturbation step sizes, has been employed for estimating TSRs with under

the variations of wind speeds and load. It is worth noting that the TSR observer has
been implemented within fast sampling time, e.g. 200 /-ls, in order to estimate accurate
TSRs and consequently correct reference rotor speeds under wind gusts. The MPPT
efficiencieswith and without using the proposed sensorless MPPT controller has been
compared. It is apparent that the MPPT efficiencies using the proposed sensorless
MPPT controller are around 98% compared without using a MPPT controller, which
are varied in the range of 55-90% depending on incoming wind speeds and load.

In Chapter 5, another robust sensorless MPPT controller has been developed using
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a cost-effective SMR with an input filter for harmonic mitigation, The proposed
sensorless controller comprises of three novel observers, i.e. a rotor speed observer, a

reference rotor speed observer and an optimal duty cycle observer. The first observer
is based on an adaptive SMO for estimating rotor speeds. Whereas, the second and

the third observers are based on an adaptive P&O algorithm for estimating reference

rotor speeds and optimal duty cycles. A comparison study between the proposed

sensorless MPPT controller, without MPPT and two common MPPT controllers,
e.g. a conventional PI controller with self adjusting parameters and using an encoder
and a classic P&O using optimal fixed ~x and To, have been made as the following:
(i) in the case of the proposed sensorless MPPT, 1]mpp%and Ew% are 99.6% and
0.8% at load = 10 nand 99.08% and 0.54% at load = 20 n, respectively; (ii) in the
case of without MPPT, 1]mpp%and Ew% are 94.87% and 12.68% at load = 10 nand
69.84% and 37.13% at load = 20 fl, respectively; (iii) in the case of a conventional PI

controller with self adjusting parameters and using an encoder, 1]mpp%and Ew% are

97.90% and 1.02% at load = 10 nand 97.05% and 2.1% at load = 20 n, respectively
and (iv) in the case of a classic P&O using optimal fixed ~x and To, 1]mpp%and

Ew% are 95.79% and 3.97% at load = 10 nand 93.94% and 4.08% at load = 20 n,
respectively. It is concluded that the proposed sensorless MPPT controller has small

overshoots and steady-state ripples around maximum power points. It has improved

MPPT efficiencies, i.e. above 99%, and decreased speed errors, i.e. under 1%, for all

operating power points under variations of wind speed and load in comparison with
various conventional MPPT controllers. Furthermore, the THD of the PMSG line

current has been improved (at the rated rotor speed) from 36.5%, Le. without using

the input filter, to 13.13%, i.e. using the input filter. In Chapter 5, the proposed
sensorless MPPT controller has been also tested under various rapid wind speed
variations, e.g. 1 Hz, 2 Hz and 10Hz, in order to calculate AAPD%. The average value
of AAPD% when using the proposed sensorless MPPT is 2.72% compared to a classic
P&O and a conventional PI controller, which are 9.12% and 10.54%, respectively.
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7.2 Suggestions for Future Work

Potential future work is listed as the following:

1. Implementation of the proposed sensorless MPPT controllers to a real WTG
system, winch will include a wind turbine, a PMSG and the proposed power-

electronics converters. The aim of this work is to make a comparison between

the experimental results obtained in this research, i.e. using a WTG simulator,
and the corresponding ones, which will be obtained using a real WTG system.

2. The proposed sensorless MPPT controller, which employs a novel TSR could

be improved by estimating the DC voltage and current at the load using the
developed transfer functions of a DC-DC boost converter. The objective of this
research is to decrease the cost of the controller by reducing the number of
voltage and current transducers from four to two.

3. It should be noted that the parameters, e.g. kthl' kth2, kl' k2' k3 and k4' of
the proposed adaptive P&O algorithm were estimated from experiments and

off-line data analysis. An optimisation algorithm, c.g. the proposed PSO, could
be applied to obtain these parameters.

4. Investigation of the dynamic performance and the stability of the proposed

sensorless MPPT controllers when connecting the WTG system to the national
gird instead of a standalon load.

5. The proposed input LCL filter, which is used with the proposed SMR converter,
should be analysed and optimised in order to minimise the harmonic contents
of the generator line current.
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