
c© Copyright by Shyam Janakiraman 2014
All Rights Reserved



AN ADAPTIVE SENSORLESS CONTROL FOR
MAXIMUM POWER POINT TRACKING IN WIND

ENERGY CONVERSION SYSTEM

A Thesis

Presented to

the Faculty of the Department of Electrical and Computer Engineering

University of Houston

In Partial Fulfillment

of the Requirements for the Degree

Master of Science

in Electrical Engineering

by

Shyam Janakiraman

May 2014



AN ADAPTIVE SENSORLESS CONTROL FOR
MAXIMUM POWER POINT TRACKING IN WIND

ENERGY CONVERSION SYSTEM

Shyam Janakiraman

Approved:
Chair of the Committee
Dr. Wajiha Shireen
Professor
Electrical and Computer Engineering

Committee Members:
Dr. E. J. Charlson
Professor
Electrical and Computer Engineering

Dr. Robert Provence
Aerospace Engineer
NASA, Johnson Space Center

Suresh K. Khator, Associate Dean
Cullen College of Engineering

Badri Roysam, Professor and Chair
Electrical and Computer Engineering



Acknowledgements

First and foremost I offer my sincerest gratitude to my advisor, Dr. Wajiha

Shireen, who has supported me thoughout my thesis with her patience and knowl-

edge whilst allowing me the room to work in my own way. Without her encourage-

ment and effort this thesis would not have been completed or written.

I thank Dr. E J Charlson and Dr. Robert Provence, for serving on my thesis commit-

tee. I would also like to thank my labmates, Radhakrishna Kotti and Preetham Goli

for all their support, guidance and encouragement.

Lastly, I thank my parents and God for always being with me.

v



AN ADAPTIVE SENSORLESS CONTROL FOR
MAXIMUM POWER POINT TRACKING IN WIND

ENERGY CONVERSION SYSTEM

An Abstract

of a

Thesis

Presented to

the Faculty of the Department of Electrical and Computer Engineering

University of Houston

In Partial Fulfillment

of the Requirements for the Degree

Master of Science

in Electrical Engineering

by

Shyam Janakiraman

May 2014



Abstract

This thesis presents a novel mechanical sensorless adaptive control algorithm

for Maximum Power Point Tracking (MPPT) in Wind Energy Conversion Systems

(WECS). The proposed control algorithm allows the generator to track the optimal

operation points of the wind turbine system under fluctuating wind conditions using

an efficient two-step process. This algorithm does not require the knowledge of tur-

bine mechanical characteristics such as its power coefficient curve, power or torque

characteristic. The proposed control algorithm is simulated in PSCAD/EMTDC.

This thesis also aims at designing a scaled laboratory prototype that is necessary to

replicate the characteristics of a wind turbine for any wind speed in a controlled test

environment without depending on natural wind resources and actual wind tur-

bine. The Wind Turbine Test Bench System (WTTBS) uses an induction motor as a

prime mover to replicate the behavior of a wind turbine shaft. The brain of WTTBS

is a Digital Signal Processor (DSP) based algorithm which controls the motor. The

simulations for the test bench system were carried out in MATLAB/SIMULINK and

PSCAD/EMTDC. Test bench system is prototyped using a TI TMS320F28069M.
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Chapter 1 Introduction

Wind power is an affordable, efficient and abundant source of domestic electric-

ity. It is pollution-free and cost-competitive in comparison to the energy from new

coal and gas-fired power plants in many regions. The wind industry has been grow-

ing rapidly in recent years. In 2011 alone, 3464 turbines went up across the United

States, and today, American wind generates enough electricity to power more than

11 million homes [1]. However, due to wind’s highly erratic nature, an intelligent

control strategy must be implemented to harvest as much potential wind energy as

possible while it is available. Because of the merits, and recent technological ad-

vancements in wind turbine aerodynamics and power electronic interfaces, wind

energy is considered to be an excellent supplementary energy source. Research to

extract the maximum power out of the available wind energy is an essential part of

making wind energy much more viable and attractive.

1.1 Advantages Of Wind Energy

(1) Wind energy produces no polluting emissions of any kind, including those that

cause global warming.

(2) Wind turbines use a fuel that is free, inexhaustible and immune from the dras-

tic price swings to which fossil fuels are subject.

(3) With careful siting and outreach to the local community, wind farms can be

built in a fraction of the time it takes to construct coal or natural-gas power

plants. A 50-megawatt wind farm can be completed in less than a year.

(4) When installed at the right location, it takes only three to eight months for a

wind energy farm to recoup the energy consumed by its building and instal-
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lation, one of the fastest "energy payback times" of any energy technology on

the market.

(5) Wind power consumes no water during operation. This will be an increasingly

important attribute as the water-energy nexus grows in importance and as

water use becomes an increasingly important facet of defining sustainability.

1.2 Wind Energy Market

Wind power in the United States is expanding quickly over the last several

years. Construction of new wind power generation capacity in the fourth quarter

of 2012 totaled 8380 megawatts (MW) bringing the cumulative installed capacity to

60,007 MW as shown in Fig 1.1. As of the end of 2013 the total generating capacity of

wind power is about 61,108 MW [2]. Wind generation also has a record 12,000 MW

under construction including 10,900 MW that began construction in the 4th quarter

of 2013. Texas has over 7,000 MW under construction. This capacity is exceeded

only by China.

Figure 1.1. Wind Statistics
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However, according to the US Energy Information Administration (EIA), the

US leads the world in produced electricity from wind, 120 billion kW-hr in 2011,

versus 73 billion kW-hours for China. Sixteen states have installed over 1,000 MW

of wind capacity with Michigan just breaking the mark in the 4th quarter of 2013,

also a total of 39 states and Puerto Rico now have installed at least some utility-scale

wind power. Texas, with 12,355 MW of capacity, has the most installed wind power

capacity of any U.S. state, followed by California and Iowa with 5,830 MW and 5,178

MW respectively [3].

1.3 Wind Energy Conversion Principles

1.3.1 Background

Energy available in wind is basically the kinetic energy of large masses of air

moving over the earth’s surface. Blades of the wind turbine receive this kinetic

energy, which is then transformed to mechanical or electrical forms, depending on

the end use. The efficiency of converting wind to other useful energy forms greatly

depends on the efficiency with which the rotor interacts with the wind stream [4].

1.3.2 Air Power

The natural motion of air in the atmosphere, wind, is caused by pressure differ-

ences across the surface of the earth due to the uneven heating via solar radiation.

From studies of fluid mechanics, this flow of air can be analyzed as mass flow given

by
dm
dt

= ρAv , (1.1)

where m is the mass of air in the considered volume , A is the area of incident air

stream, v and ρ are the velocity and density of flow respectively. Therefore, the

3



kinetic energy available in the wind is given by

Eair =
1
2

mv2 . (1.2)

The rate of change of energy gives us the total power stored in the wind

Pair =
1
2

ρAv3 . (1.3)

Figure 1.2. Flow of air as Mass flow

Generally A, area of incident air stream, is taken as the area swept by Wind

Energy Conversion Systems (WECS). Such systems convert the linear momentum of

the air stream into a rotation of the WECS rotor, with a maximum possible efficiency

of 59.26%, referred to as Betz limit [5]

1.3.3 Kinetic energy to Mechanical energy conversion

The theoretical power available in wind is established by Eqn.(1.3), but the

power extracted from the wind turbine depends on the efficiency of the wind tur-

bine. The aerodynamic efficiency of the turbine while converting wind into usable

mechanical turbine power is described by its power coefficient, Cp, curve. The phys-

ical meaning of the Cp curve is the ratio of the actual power delivered by the turbine

and the theoretical power available in the wind. A turbine’s efficiency, and thus

power coefficient curve, is what differentiates one turbine from another [6].
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kidwind science snack: betz limit

Understanding Coefficient of Power (Cp) and Betz Limit
The coefficient of power of a wind turbine is a measurement of how efficiently the wind turbine converts the energy in the 
wind into electricity. 

 By now you already know how to calculate the amount of electricity a wind turbine is producing, and you also know 
how to calculate the total power available in a given area of wind. To find the coefficient of power at a given wind 
speed, all you have to do is divide the electricity produced by the total energy available in the wind at that speed. 

Wind turbines extract energy by slowing down the wind. For a wind turbine to be 100% efficient it would need to stop 
100% of the wind - but then the rotor would have to be a solid disk and it would not turn and no kinetic energy would be 
converted. On the other extreme, if you had a wind turbine with just one rotor blade, most of the wind passing through 
the area swept by the turbine blade would miss the blade completely and so the kinetic energy would be kept by the 
wind. 

Betz Limit

Albert Betz was a German physicist who calculated that no wind turbine could convert more than 59.3% of the kinetic 
energy of the wind into mechanical energy turning a rotor. This is known as the Betz Limit, and is the theoretical maximum 
coefficient of power for any wind turbine. 

In the diagram shown above, the wind turbine converts 70% of the Betz Limit into electricity. Therefore, the Cp of 
this wind turbine would be 0.7 x 0.59 = 0.41. So this wind turbine converts 41% of the available wind energy into 
electricity. This is actually a pretty good coefficient of power. Good wind turbines generally fall in the 35-45% range. 

Cp =  Electricity produced by wind turbine

 Total Energy available in the wind

Wind energy : 
100%

Wind energy spilled: 
40.7%

Figure 1.3. Betz Law

For example, if the wind turbine converts 70% of the Betz Limit into electricity

,then the Cp of this wind turbine would be 0.7 x 0.59 = 0.41. So this wind turbine

converts 41% of the available wind energy into mechanical power. This is actually a

pretty good coefficient of power. Good wind turbines generally have Cp of 0.35-0.45

range.

1.3.4 Factor effecting wind power

From Eqn.(1.3) it can be seen that power extracted by the wind is directly pro-

portional to cube of the wind speed. So at higher windspeeds, the power in the

wind turbine is high. Also, since the power is proportional to the rotor swept area,

and thus to the square of the diameter, doubling the rotor diameter will quadruple

the available power. Air density also plays a role in the amount of available mechan-

ical power of the turbine; lower air densities (e.g. warm air) results in less available

power in wind. The power coefficient function, Cp, is dependent on two factors: i)

the tip speed ratio (λ) and ii) the pitch angle (β) as shown in Fig 1.4. This function

is normally provided by the wind turbine manufacturer since it characterizes the

efficiency of the wind turbines.

The Tip Speed ratio (λ) is the ratio of turbine angular speed and windspeed
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(λ = ωturbR
V ) [7]. The pitch angle, β refers to the angle at which the turbine blades

are aligned with respect to its longitudinal axis. The pitch angle of the blades can

be controlled in such a way that the maximum mechanical power from the wind

is extracted. For example, if the wind velocity exceeds the rated windspeed of the

system, then the rotor blades would be pitched (angled) out of the wind, and when

the windspeed

k
p

Power gain for c
p_pu

=1 pu and v
wind_pu

=1 pu, k
p 

is less than or equal to 1

A generic equation is used to model c
p
(λ,β). This equation, based on the modeling turbine

characteristics of [1], is:

(2-3)

with

(2-4)

The coefficients c
1
 to c

6
 are: c

1 
= 0.5176, c

2 
= 116, c

3 
= 0.4, c

4 
= 5, c

5 
= 21 and c

6 
= 0.0068.

The c
p
-λ characteristics, for different values of the pitch angle β, are illustrated below. The

maximum value of c
p 

(c
pmax 

= 0.48) is achieved for β = 0 degree and for λ = 8.1. This

particular value of λ is defined as the nominal value (λ
_nom

).

The Simulink model of the turbine is illustrated in the following figure. The three inputs are

the generator speed (ωr_pu) in pu of the nominal speed of the generator, the pitch angle in

degrees and the wind speed in m/s. The tip speed ratio λ in pu of λ
_nom

 is obtained by the

division of the rational speed in pu of the base rotational speed (defined below) and the wind

speed in pu of the base wind speed. The output is the torque applied to the generator shaft.

Figure 1.4. Variation of Cp of a windturbine for various β

is below that of the rated value, the rotor blades are pitched back into the

wind [8]. This mechanism is implemented by means of hydraulic systems. In the

systems where the variable pitch control is not implemented, the Cp functions for

those wind turbines depend only on the tip speed ratio.

Since the air density and rotor swept area in Eqn.(1.4) can be considered con-

stant, the power curves for each wind speed are only influenced by the Cp curve.
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Thus, the shape of the power characteristic is similar to the Cp curves as shown in

Fig 1.4.

1.3.5 Power and Torque Characteristics

0 0.2 0.4 0.6 0.8 1 1.2 1.4
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.2 pu

Max. power at base wind speed (12 m/s) and beta = 0 deg

6 m/s

7.2 m/s

8.4 m/s

9.6 m/s

10.8 m/s

12 m/s

13.2 m/s

14.4 m/s

Turbine speed (pu of nominal generator speed)

T
u
rb

in
e
 o

u
tp

u
t 
p
o
w

e
r 

(p
u
 o

f 
n
o
m

in
a
l 
m

e
c
h
a
n
ic

a
l 
p
o
w

e
r)

Turbine Power Characteristics (Pitch angle beta = 0 deg)

Figure 1.5. Power characteristics of a wind turbine

The mechanical turbine power is given by

Pm =
1
2

ρCp(λ, β)Av3m , (1.4)

where λ = ωturbR
v , is called the tip speed ratio and Cp is the power coefficient which

determines the efficiency of the wind turbine. The Power characteristics of a wind

turbine a range of wind speeds is shown in Fig 1.5. The mechanical torque developed
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by the wind turbine is

Tm =
1
2

ρCp(λ, β)Av3 1
ωturb

. (1.5)

A generic equation is used to model Cp(λ, β) based on the turbine modeling

characteristics [9] is:

Cp(λ, β) = C1(
C2

λi
− C3β− C4)e−

C5
λi + C6λ (1.6)

with
1
λi

=
1

λ + 0.08β
− 0.035

β3 + 1
. (1.7)

The coefficients C1 to C6 are: C1 = 0.5176, C2 = 116, C3 = 0.4, C4 = 5, C5 = 21 and C6

= 0.0068.
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Figure 1.6. Power characteristics vs Torque characteristics for a windspeed

As seen from Eqn.(1.5) the torque is the mechanical power divided by the an-

gular speed of the turbine, the shape of the curve is very similar to the power curve.
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However, their peaks do not correspond to the same rotor speed. Therefore, the

rotor speed that gives maximum torque does not correspond to the rotor speed that

gives maximum as shown in Fig 1.6.

1.4 Concept of Maximum Power Point

Figure 1.7. Various MPP for a turbine under various wind conditions

Wind energy, even though abundant, varies continually as wind speed changes

throughout the day. The amount of power output from a wind energy conversion

system (WECS) depends upon the accuracy with which the peak power points are

tracked by the maximum power point tracking (MPPT) controller of the WECS con-

trol system irrespective of the type of generator used. From Fig 1.7, it can be noted

that for every wind speed there is a unique rotor speed for which the power curve
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attains its maximum. A small variation in the rotor speed will drastically change the

power owing to the aerodynamic model of the wind turbine. Turbines usually do

not operate at the optimum turbine speed for any given wind velocity because of the

effects of generator loading and windspeed fluctuations. Hence, a large percentage

of wind power goes wasted.

MPPT algorithms are implemented to increase the efficiency of the system and

to make it cost effective. Same rotor speed for different windspeed will fetch us

different power due to Cp function. Cp,max for a fixed pitched wind turbine corre-

sponds to one particular TSR value. Because the TSR is a ratio of the wind speed

and the turbine angular rotational speed, the optimum speed for maximum power

extraction is different for each wind speed but the optimum TSR value remains a

constant value. Fixed-speed wind turbine systems will only operate at its optimum

point for one wind speed [10].

So to maximize the amount of power captured by the turbine, variable-speed

wind turbine systems are used because they allow turbine speed variation [6] [11].

Power extraction strategies assesses the wind conditions and then forces the sys-

tem to adjust the turbine’s rotational speed through power electronic control and

mechanical devices so that it will operate at the turbine’s highest aerodynamic ef-

ficiency. The primary challenge of wind energy systems is to be able to capture as

much energy as possible from the wind in the shortest time. From the electronics

point of view, this goal can be achieved through different converter topologies and

maximum power point tracking (MPPT) algorithms.

1.5 Concept of Proposed Algorithm

Out of various MPPT algorithms researched so far, Hill climbing search(HCS)

method proves to be the method that is system independent, ie., it doesn’t re-
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quire any prior information about the system, turbine and generator characteris-

tics. Hence, HCS is the ideal choice for a MPPT. However HCS has few serious

problems such as speed efficiency trade off and wrong directionality under rapid

wind change [12]. There have been few researches in the past that have solved

wrong directionality problem by using an optimum perturbation size [13]. Authors

of [14] [15] suggested a solution on the speed efficiency trade-off problem, proposing

a variable-step hill climbing governed by the magnitude of the derivative of power P

with respect to a control variable such as the duty ratio D of the MPPT converter. But

none of these provide a complete solution for both the problems. This thesis presents

a very simple and effective solution to the two basic problems of HCS by making

use of the general characteristic of the optimal power curve. The non uniqueness of

the optimal curve is taken care by a novel scanning process.

1.6 DC-DC Boost Chopper

Edc

RLCdc

D

SVdc1

Ldc

Vdc2

Rdc1 Rdc2

Idc1 Idc2

Figure 1.8. Boost chopper circuit
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The AC output power from the generator is converted to DC power through

diode rectifier and it is boosted by the boost chopper circuit [16] [17]. In this section,

the operation of the boost chopper circuit is theoretically analyzed. The generator

and the rectifier circuit is reduced into a DC power supply for ease of analysis. The

inverter and grid together is modeled as a load resistance connected with DC link.

The circuit configuration of the boost chopper is shown in Fig 1.8. The energy

is stored in Ldc, when S is on for the time ton and, the energy is transferred to Cdc,

when S is off for the time to f f . Hence we get

Vdc1ton = Vdc2to f f . (1.8)

Rearranging the terms we get

Vdc2 =
ton

to f f
Vdc2 and (1.9)

=
1

1− D
Vdc1 , (1.10)

where D, Duty ratio, is

D =
ton

ton + to f f
. (1.11)

It is possible to assume that boost circuit and load resistance RL, are reflected as a

variable resistance varied by duty ratio from the viewpoint of the DC voltage source.

This variable resistance Rdc1 is defined as

Idc1 =
Vdc1

Rdc1
, (1.12)

and similarly

Idc2 =
Vdc2

Rdc2
. (1.13)

Assuming boost circuit is lossless , we get

Vdc1 Idc1 = Vdc2 Idc2 (1.14)
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and by substituting Eqn.(1.9) and Eqn.(1.10) in Eqn.(1.14), we get

Idc2 = (1− D)(Idc1) . (1.15)

Dividing Eqn.(1.10) with Eqn.(1.15) we get

Vdc2

Idc2
=

1
(1− D)2

Vdc2

Idc2
, (1.16)

which can also be written as

Rdc1 = (1− D)2RL . (1.17)

Hence from equation Eqn.(1.17) it can be inferred that the boost chopper from the

viewpoint of the DC voltage source can be expressed as a function of the duty ratio.

1.7 Literature Review

This section provides a review of past and present strategies used in MPPT

controllers that can be used for extracting maximum power from the available wind

power. This section also summarizes various techniques that was previously used to

build a Wind Turbine test bench system that can emulate the real time wind turbine

characteristics.

1.7.1 Maximum Power Point tracking

The maximum power extraction algorithms researched so far can be classified

into two main control methods, namely tip speed ratio (TSR) control and hill-climb

search (HCS) control [18] [19]. TSR control method, proposed in [20], uses a wind

speed estimation based system in order to track the peak power points. The wind

speed is estimated using neural networks and using the estimated wind speed and
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optimal TSR, the optimal rotor speed command is computed as shown in Fig 1.9.

Several variants of Hill climbing search methods have been developed so far [18] [21].

Authors of [19] proposed a principle that can search-remember-reuse. This method

undergoes an offline training process and uses a memory for storing peak power

points which are used later for tracking maximum power points.

Mechanical 
Power

Rotor Speed Artificial Neural Network 

Wind Speed Estimator

Wind Speed Optimal Tip 
Speed Control 

(�opt/R)

Optimized New 
Rotor speed

Figure 1.9. TSR control of MPPT

The performance of this algorithm improves over a period of time. This algo-

rithm repeats itself until an accurate memory of turbine characteristics is established.

The direct current demand control (DC-DC) utilizes the optimized relationship be-

tween the Vdc and Idm recorded by the intelligent memory, and generates the com-

mand Idm based on the present value of Vdc as shown in Fig 1.10 [19].1244 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 19, NO. 5, SEPTEMBER 2004

(a)

(b)

Fig. 5. (a) Wind turbine model. (b) Cp curve used in the wind turbine model.

TABLE I
JUDGEMENT OF TURBINE MECHANICAL POWER VARIATION

is related to by a function of generator field current and
load current : . If the sampling period T of
the control system is adequately small, the variation of
can be ignored for the time interval .
Thus, can be considered as a constant value K during
a sampling period. and can also be considered as
constant values in the same sampling period.

Based on the above assumptions, the differentiation of (1) is
derived as (6) which leads to (7) for digital control purposes.
Equation (8) reveals the process to evaluate and

from discrete sampling moments (n) and .
Thus, the direction of can be judged by Table I according
to (7). If the direction of between (n) and is judged
as “unknown”, the data from , to can
also be used to decide the present direction. and

can then be calculated by (9) as alternatives.
After the direction of is detected, the direction of the in-
verter current demand control signal , can be decided ac-
cording to Table I based on the HCS principle. The searching
step can be selected via experiments or computer simula-

Fig. 6. Structure of the intelligent maximum wind power extraction algorithm.

tions. AHCS forms an integral part of the intelligent maximum
power extraction algorithm

(6)

(7)

(8)

(9)

IV. INTELLIGENT MAXIMUM WIND POWER

EXTRACTION ALGORITHM

To provide effective controls to a WPGS under variable wind
conditions, direct current demand control (DCDC) applies the
recorded search results from AHCS to inverter controls. AHCS
and DCDC together form a complete search-remember-reuse
process for the intelligent maximum wind power extraction
algorithm.

A. Algorithm Description

The structure of the algorithm is shown in Fig. 6. Every ex-
ecution cycle begins with and sampling, and calcula-
tions of their differentials. Then, mode switch rules will direct the
control into one of three execution modes, namely initial mode,
training mode, and application mode. Regardless of which mode
the algorithm chooses, the inverter current demand will
be calculated in that mode and fed to the inverter to regulate the
system output power. The controller repeats the above process
to update continuously the current demand. is defined as the
requested peak value of the sinusoidal inverter output current.

Figure 1.10. HCS control of MPPT

14



The MPPT control proposed in [22] is based on directly adjusting the duty ratio

of the dc/dc converter by comparing successive generator output power measure-

ments. The method is based on the fact that at the maximum power point dP
dw = 0.

The dc/dc converter duty-cycle adjusts according to the control law of Eqn.(1.18)

which ensures convergence to the maximum power point under any wind-speed

condition as given by

Dk = Dk−1 + C1
∆Pk−1

∆Dk−1
. (1.18)

A HCS control method based on limit cycle is proposed in [23]. The MPPT control

is performed via an integrator ramping up or down the current command signal of

the grid side converter using the error in the dc link voltage regulated by a boost

chopper as shown in Fig 1.11.

Ipeak
Limit Cycle 
Operations

Vlink

Pm

t

t

t

Pmax

Figure 1.11. Operating principle of limit cycle

The reference current increases till the maximum power is obtained however,

if it is increased further then the dc link voltage cannot be kept at constant because

the power equilibrium cannot be maintained. Therefore, the dc link voltage begins
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to decrease and if it goes below a certain limit then, the integrator gain is changed

to negative value decreasing the value of reference current.

Disturbance injection based HCS is proposed in [24]. The control algorithm in-

jects a sinusoidal perturbation signal to the chopper. Then, the system output power

is sampled at π
2 and 3π

2 of each cycle, the difference of which decides about the

next perturbation. The method does not require wind speed or rotor speed sens-

ing. The HCS MPPT control method in [25] uses power as the input and torque as

the controller output. The optimum torque output of the controller is applied to

the torque control loop of a Direct Torque Controller(DTC) controlled PMSG. In the

HCS method proposed in [26], the speed of the generator is indirectly controlled

by controlling the output power as well as adjusting the electrical torque and hence

obtains the the optimum speed for driving the power to the maximum point. The

maximum power error driven mechanism, operates like a traditional hill-climbing

method, drives the output power gradually increasing to its maximum value by reg-

ulating the direction of current command according to the power variation trend.

The maximum power differential speed control produces an additional step of cur-

rent command based on the instantaneous difference of generator speeds, so that it

can prevent the wind turbine from stalling at the suddenly dropping wind speed

and achieve the object of maximum power extraction.

A variable tracking step is used to track the maximum power point in [21]. The

constant step size used in conventional controllers is replaced with a scaled measure

of the slope of power with respect to the perturbed generator speed ∆P
∆ω . The variable

step uses a larger step size when the operating point is far away from the peak due

to the larger magnitude of P − ω slope and as the peak gets closer, the step size

automatically approaches to zero. The method uses torque current and speed to

compute power. The speed step is computed as

∆ω = k.
dP
dω

(1.19)
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and the speed reference for the machine side converter control system is computed

as

ω∗(k + 1) = ω(k) + ∆ω(k) . (1.20)

1.7.2 Wind Turbine Test Bench System

IM

Rotor Speed

Torque Command

Drive DSP

PMSG

Rectifier Boost Inverter

Figure 1.12. A Wind turbine Test Bench System

Due to the uncontrollable natural characteristics of wind speed and the large

size of wind turbine [27], it is very difficult to perform experimental study in the

laboratory [28]. A great deal of research has been focused on the development of

wind turbine design in order to reduce the cost of wind power and to make wind

turbine more economical and efficient. Research in wind energy conversion system

involves high performance wind turbine simulators for the development of control

system. To enhance the power quality of wind energy conversion system the wind

turbine simulator is used as a necessary tool in research laboratories. The wind

energy conversion system simulates the steady state wind turbine behaviors in a

controlled environment without dependence on natural wind resource and actual

wind turbines [29]. In the past few years, there has been extensive research to de-

velop the wind turbine simulators which mainly focus on the aerodynamic model

of wind turbine rotors [30].
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Different types of machines have been used to emulate the turbine shaft. Both

induction and DC motors have been used in wind turbine simulators [31] [32]. [31]

presented a wind turbine simulator using the electromagnetic (EM) torque equation

of a dc machine. The armature and field circuit was controlled so that the dc machine

generates static characteristics of a constant pitch wind turbine. The wind turbine

simulator as shown in the Fig 1.12 [32], aims to reproduce the mechanical behavior of

wind turbine rotor, drive train and a gear box under dynamic and static conditions.

The reference for the torque developed by the wind turbine includes the gradient

and tower shadow effects that result in pulsating torques. In [33] a microcomputer-

controlled SCR-DC motor was used to supply the shaft torque.

However these simulators are unattractive due to the use of large sized DC

motors, which require frequent maintenance and are more expensive. The real wind

system simulator with control strategies having output torque using induction motor

was presented to give torque-speed curve of actual wind turbine. The wind turbine

model and controller were developed on a C-language platform [29]. The emulator

of wind turbine generator using dual inverter controlled squirrel-cage induction

motor, which consist of two inverters, one as a prime mover and other as a variable

speed generator was presented based on DSP processing [34]. The virtual model for

prediction of wind turbine parameters was presented [35]. The wide range of wind

speed with variable induction generator to enhance the power industry is expected

to dominate the wind energy conversion systems.

1.8 Organization of thesis

Chapter 1 provides an introduction about Wind Energy Conversion Systems

(WECS). The characteristics of the wind turbine and the principles governing the

model are described in detail. It also elaborates on the components of the WECS
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like the DC-DC boost converter. The basic idea behind maximum power point ex-

traction and a general concept of the proposed controller has also been presented. A

literature review of existing Maximum Power Point (MPP) methods along with the

design of Wind Turbine Test Bench Systems (WTTBS) is also presented

Chapter 2 gives an overview of the present wind turbine technology and sev-

eral configurations available for wind power generation. The advantages and dis-

advantages of different types of wind turbines and wind energy systems has been

discussed in detail. An outlay of various variants of WTTBS has been presented and

its merits are analyzed.

Chapter 3 discusses few disadvantages in the conventional MPPT techniques.

The operational principle of the proposed MPP tracking control algorithm has been

explained in detail and analyzed with mathematical expressions. The advantages

of the proposed controller over the conventional controller has been assessed. The

simulation results from PSCAD/EMTDC are presented and is compared with the

conventional hill climbing method.

Chapter 4 explains the MATLAB Simulink model of the proposed WTTBS used

to emulate the wind energy system. Simulation results of the proposed WTTBS are

presented and is compared with the real WECS. Factors effecting 3P oscillations has

also been discussed in detail.

Chapter 5 discusses the actual hardware implementation. The advantages of us-

ing a DSP micro controller for control of a power conditioning system are discussed.

It also provides specifications of the power conditioning unit used for experimen-

tal tests. Experimental results of the proposed WTTBS for various wind conditions

under the same test are shown.

Chapter 6 summarizes the results from the thesis. This chapter also includes

the original contributions of this research and suggestions for future work.
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Chapter 2 Wind Energy Conversion

Systems

Wind Energy Conversion System (WECS) consists of a turbine, generator, drive-

train and control systems as shown in Fig 2.1. Wind turbines are primarily classified

into two types. Vertical axis type and Horizontal axis type. Most of the recent wind

turbines use three blade horizontal axis configuration.

Wind Turbine

PMSG
DC

DC

MPPT 
ControllerVdc1

Idc1

Rectifier Boost Inverter Grid/Load

Figure 2.1. Wind Energy Conversion System

2.1 Horizontal axis Configuration

Horizontal axis wind turbine dominate the wind industry. Horizontal axis wind

turbines as shown in Fig 2.2(a) [6], have the rotating axis horizontal or parallel to the

ground. The advantage of this kind of wind turbine is that it is able to produce more

electricity from a given amount of wind compared to other counterparts. It also has a

high wind energy conversion efficiency, self-starting capability and access to stronger
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winds due to its elevation from the tower. The disadvantage of horizontal axis

however is that it is generally heavier and it does not perform well under turbulent

wind conditions.
CHAPTER 2. WIND ENERGY CONVERSION SYSTEMS 15

Figure 2.1: illustration of a horizontal axis and a vertical axis wind turbine [4].

2.1.2 Vertical-axis Turbines

A vertical axis turbines’ spin axis is perpendicular to the ground (See Figure 2.1) [9].

The wind turbine is vertically mounted, and its generator and gearbox is located at its

base [9]. Compared to horizontal-axis turbines, it has reduced installation cost, and

maintenance is easier, because of the ground level gear box and generator installation

[18]. Another advantage of the vertical axis turbine is that its operation is independent

of wind direction [18]. The blades and its attachments in vertical axis turbines are

also lower in cost and more rugged during operation. However, one major drawback of

the vertical wind turbine is that it has low wind energy conversion efficiency and there

are limited options for speed regulation in high winds [9]. Its efficiency is around half

of the efficiency of horizontal axis wind turbines [9]. Vertical axis turbines also have

high torque fluctuations with each revolution, and are not self-starting [9]. Mainly

Figure 2.2. (a) Horizontal axis wind turbine (b) Vertical axis wind turbine

2.2 Vertical axis configuration

With vertical axis wind turbines the rotational axis of the turbine stands vertical

or perpendicular to the ground as shown in Fig 2.2(b). Vertical axis turbines are

primarily used in small wind projects and residential applications. These kinds of

turbines have the ability to produce well in tumultuous wind conditions. Vertical

axis turbines are powered by wind coming from all 360 degrees, and even some

turbines are powered when the wind blows from top to bottom. Because of this

versatility, vertical axis wind turbines are thought to be ideal for installations where

wind conditions are not consistent. However, one major drawback of the vertical

wind turbine is that it has low wind energy conversion efficiency and there are
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limited options for speed regulation in high winds. Its efficiency is around half

of the efficiency of horizontal axis wind turbines. Vertical axis turbines also have

high torque fluctuation with each revolution, and are not self-starting [6]. Hence

keeping all these factors in mind, all the wind turbines considered in this thesis are

Horizontal axis wind turbines.

2.3 Types of Wind Energy Conversion Systems

There are two main types of WECS, the fixed speed WECS and variable-speed

WECS. The rotor speed of a fixed-speed WECS is fixed to a particular speed. The

other type is the variable-speed WECS where the rotor is allowed to rotate freely.

The variable-speed WECS uses power maximization techniques and algorithms to

extract as much power as possible from the wind.

2.3.1 Fixed speed wind turbines

In a typical constant speed wind turbine, a gearbox is necessary between the

low speed wind turbine rotor and high speed induction generator. Normally, an

asynchronous generators are used in fixed speed WECS because of its inherent in-

sensitivity to changes in torque [36] . A SCR controlled starter between the generator

and the grid reduces the inrush current during the grid synchronization as shown in

Fig 2.3. Consequentially, the system is characterized by stiff power train dynamics

that only allow small variations in the rotor speed around the synchronous speed.

Due to the mechanical characteristics of the induction generator and its insensitiv-

ity to changes in torque, the rotor speed is fixed at a particular speed dictated by

the grid frequency, regardless of the wind speed. Since fixed speed systems do not

allow significant variations in rotor speed, these systems are incapable of achieving

the various rotor speeds that result in the maximum Cp value under varying wind
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conditions.

Wind Turbine

Gear Box SCIG Soft Starter Transformer

Grid/Load

Figure 2.3. Constant Speed Wind Energy Conversion System

2.3.2 Variable speed wind turbines

A variable speed wind turbine can control the speed of the rotor and therefore

operates at optimum tip speed thus offering more flexibility. So a variable speed

wind turbine has the ability to produce more energy than its fixed speed counterpart.

However such wind turbines require a power converter interface to synchronize its

power to the main grid, thereby provide decoupling and control of the system. The

mechanical stresses on the wind turbine are reduced since gusts of wind can be

absorbed (i.e., energy is stored in the mechanical inertia of the turbine and thus

reduces torque pulsations) [37]. Another advantage of this system is that the power

quality can be improved by the reduction of power pulsations due to its elasticity.

The disadvantages of the variable speed system include the additional cost of power

converters and the complexity of the control algorithms. In this thesis, an optimum

speed maximum power point tracking control algorithm is developed for variable

speed wind energy systems to achieve maximum efficiency under fluctuating wind
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conditions.

2.4 Configurations of Variable speed WECS

Induction generators, Permanent magnet synchronous generator (PMSG) and

wound field synchronous generator are widely used in high power turbines. How-

ever PMSG is preferred over other generators for small and medium power applica-

tions because of its high efficiency and power density. Normally the rotor speed has

a very low RPM whereas the generator has a high RPM in the range of 1500-2000

RPM. So most of the variable speed wind turbines still need gearbox to normalize

the rotor speed and generator speed. Direct drive configuration is a special type of

configuration where a generator is coupled to the rotor of a wind turbine directly.

Power converters are employed to convert and control the variable frequency and

voltage to fixed grid levels.

2.4.1 Synchronous Generator

The stator of the generator is connected to the utility grid through power con-

verters as shown in Fig 2.4. The main task of the stator side converter is to control

the electromagnetic torque of the turbine. By adjusting the electromagnetic torque,

the turbine can be forced to extract maximum power. The necessary magnetic field

for operation of a synchronous generator is supplied by the DC current that flows

through the rotor. A rectifier between the rotor and the utility converts the alter-

nating current (AC) from the utility grid into direct current. Permanent magnet

synchronous generators (PMSG) are common in low power, variable speed wind en-

ergy conversion systems. The advantages of using PMSG are its high efficiency and

small size. However, the cost of the permanent magnet and the demagnetization of

the permanent magnet material should be considered.
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Figure 2.4. PMSG based Wind Energy Conversion System

In a PMSG, the stator windings are connected to the utility grid through a diode

rectifier, boost converter, and a PWM inverter as shown in Fig 2.4. The diode rectifier

rectifies the variable frequency and magnitude output AC voltages from the turbine.

2.4.2 Induction Generator

The stator is connected to the utility grid to provide the necessary magnetizing

for machines operation. The rotor on the other hand is connected to the grid through

power converters as shown in Fig 2.5. The rotor side converter regulates the electro-

magnetic torque and supplies some of the reactive power. To enable regulation of the

electromagnetic torque, algorithms for extracting maximum power are implemented

in the rotor side converter stage. The controller of the utility side converter regulates

the voltage across the DC link for power transmission to the gird. There are reduced

inverter costs associated with the Doubly Fed Induction Generator(DFIG) wind tur-

bine because the power converters only need to control the slip power of the rotor.

Another advantage of the DFIG is its two degrees of freedom; the power flow can be

regulated between the two wind systems (rotor and stator) .
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Figure 2.5. DFIG based Wind Energy Conversion System

This feature allows minimization of losses associated at a given operating point

as well as other performance enhancements. A disadvantage of using the DFIG

wind turbine, however, is that the generator uses slip rings. Since slip rings must be

replaced periodically, and so the use of DFIG’s translates to more frequent mainte-

nance issues and long term costs than other brushless Motor

2.5 Wind Turbine Test Bench Systems

Design and development of WECS necessitates the need of detailed design pro-

cesses to determine the best configuration, suitable location and a maximum power

point tracking method, all of which requires numerous onsite experiments. Hence

an accurate Wind Turbine Test Bench System (WTTBS), shown in Fig 2.6 is required

to validate the design of laboratory concept prototypes. The WTTBS should be able
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to reproduce the characteristics of a real wind turbine for any given wind speed

without depending on the natural wind. These systems can improve the effective-

ness and efficiency of research in WECS. A WTTBS essentially consists of a torque

controlled electrical motor and a controller. Several researches have been conducted

in the past as shown in the literature [27]- [35].

Induction 

Motor
PMSG

Rectifier Inverter

Controller FOC

Grid/Load

Wind ωturb 

Wind Turbine Test Bench System

Figure 2.6. Wind Turbine Test Bench Systems

WTTBS can be classified into two groups based on the type of motor used.

2.5.1 DC Motor based WTTBS

WTTBS using DC motors often use armature and field voltage control methods

to achieve static characteristics of a fixed pitch wind turbine. These simulators are

simple, uncomplicated and usually do not consider the transient operations. DC

motors was the most preferred selection to provide variable torque in the past due

to its easily estimated and controlled torque. A thyristor rectifiers are usually used
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for driving a large dc motor yielding a simple and robust system. The reference for

the armature current is calculated as a function of the wind speed and wind turbine

speed to simulate the aerodynamic torque of a real wind turbine.

Ea

Eb

Ec

S

Ldc

Controller

Grid

Rectifier
DC/DC 

Converter DC Motor

PMSG

Figure 2.7. DC Motor Wind Turbine Test Bench Systems

The major disadvantage of this topology [38] is the induction of huge current

ripple. The main ripple frequency introduced by a three-phase full converter is equal

to six times the voltage source frequency (6th harmonic) that results in a 360 Hz

current harmonic in the armature of the DC motor and in a unexpected ripple torque

in the WTTBS. In order to get a better performance, few researchers developed a

WTTBS with the thyristor rectifiers with a Buck - Boost converters supplied by a

three phase diode rectifier as shown in Fig 2.7.
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2.5.2 AC Motor based WTTBS

A dc machine, although is ideal from the standpoint of control is in general,

bulky and expensive compared to an AC machine and it needs frequent maintenance

due to its commutators and brushes. Hence an AC motor WTTBS as shown in Fig 2.8

is preferred [29]. Both synchronous and induction machine can be used in a WTTBS.

The authors of [39] introduced an IGBT inverter controlled squirrel cage induction

motor that is used to emulate the wind turbine. The induction motor parameters

can be calculated by a control algorithm based on the model of the induction motor.

The actual power and speed are detected by a torque-speed sensor mounted on the

shaft of the induction motor instead of the traditional estimation methods to achieve

the the power-speed curve of the wind turbine. Wind turbine simulator based on

PMSM has some advantages such as high power density, small size, high precision

and easy of control [40].

DC

DC

Rectifier Boost Inverter

Ea

Eb

Ec

Grid

AC Motor

PMSG

Controller
�motor

Figure 2.8. AC Motor Wind Turbine Test Bench Systems

Most of the earlier developed Wind turbine emulation system reproduce only

the mechanical behavior of the fixed speed wind turbine. But in the real time sce-
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nario, the speed of the wind is never constant. It changes with time. Hence for an

effective emulation, the test bench system has to reproduce the behavior of a turbine

mechanical systems for dynamic conditions that includes variable wind speed input,

wind sheer and tower shadow conditions.

The output torque is most commonly calculated by the use of aerodynamic

equations. It is the function of variable wind speed, rotor speed and pitch angle. In

order to simulate the dynamic process, the model of the mechanical system, espe-

cially the inertia of the turbine-generator should be simulated in real time.

Usually, the inertia of the simulated system and the real time turbine-generator sys-

tem are different. In order to compensate for the difference, the torque of the genera-

tor which is mechanically coupled to the motor must be known. This compensation

torque is added to the motor torque to obtain realtime torque . The torque together

with simulated turbine torque is used to determine the acceleration of real wind

turbine. However this method makes the simulator dependent on the generator side

information which is not accessible.
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Chapter 3 Proposed Algorithm

3.1 Introduction

The Existing HCS algorithm is most commonly used because of its ease of im-

plementation. It is based on the following rule of thumb: if the operating power

of the wind turbine is perturbed in a given direction and if the power drawn from

the wind turbine increases, this means that the operating point has moved toward

the MPP and, therefore, the operating power must be further perturbed in the same

direction. Otherwise, if the power drawn from the wind turbine decreases, the oper-

ating point has moved away from the MPP and, therefore, the direction of the oper-

ating power perturbation must be reversed. However , A drawback of Hill Climbing

MPPT technique is that, at steady state, the operating point oscillates around the

MPP resulting in waste of some of the available energy [12] [41].

Pmech

� 
�max

Pmax

� 

Pmech

Pmax

�max

Figure 3.1. Conventional Hill climbing perturbation

This can be seen in Fig 3.1, a larger perturbation step size increases the speed

of convergence but deteriorates the efficiency of the MPPT by amplifying the oscil-
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lations around the MPP Pmax. This is because the HCS control does not at stop the

process at MPP since it does not possess a peak detection capability, and hence, the

oscillations are an unavoidable attribute of the HCS control [12]. A smaller step size

boosts the efficiency, but then, the convergence speed becomes slower; therefore, the

controller may become incapable of tracking MPP under rapidly varying wind con-

ditions. Hence, in the conventional HCS control, a trade off always exists between

the tracking speed and the control efficiency.

In the existing HCS algorithm, the direction of the next perturbation depends on the

change in power due to the previous perturbation. Since the HCS algorithms treats

the rest of the system as a black box , this rule can be overtly misleading , as the sign

of the imminent perturbation might be caused by the wind change rather than the

applied perturbation . This logic leads to failure in keeping track of MPP and HCS

algorithm moves downhill.
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Figure 3.2. Logic failure in Conventional Hill climbing perturbation
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3.2 Principle of the Proposed Algorithm

The novel MPPT algorithm proposed in this thesis uses the fact that a variable

speed wind turbine’s mechanical power Pm has a unique optimal power curve Popt

which exhibits a cubic function of the generator speed ω. Therefore, the optimal

curve of a wind turbine’s mechanical power is characterized by a unique constant

kopt, as given in

Popt = koptω
3 . (3.1)

By using Boost circuitry, as demonstrated in the previous chapter, we detect the

maximum point successfully. Then kopt can be simply extracted by measuring the

corresponding power and rotational speed at the maximum power point. Once

the peak is detected and kopt is extracted, the latter can then serve as an accurate

reference for the size and the direction of the next perturbation.

Pm

�m

kopt

�m(12),Pm(12)

v=12

�m(11),Pm(11)

v=11

�m(10),Pm(10)

v=10

�m(9),Pm(9)

v=9
A

B

Figure 3.3. Pm −ω curves with its corresponding optimal curve kopt

The optimal curve kopt acts as a reference for the direction of perturbation. As
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demonstrated in Fig 3.3, an operating point "A" that lies on the right side of the curve

tries to perturb in the direction of decreasing ω in order to converge to the optimal

power point. The size of the perturbation can be dynamically changed by knowing

the distance between the current operating point and optimal power point. This idea

summarizes the intention of proposed algorithm. It provides us with a very effective

solution to tackle the problems stated in the previous section. Now regardless of

the wind change , the operating point lying anywhere, like A or B in Fig 3.3, will

always move toward the optimal curve [12]. Also, it should be mentioned that the

farther the operating point is from the optimal curve, the larger the perturbation

size for faster tracking will be. However, as it converges into the optimal curve,

the perturbation size will automatically approach zero, thus eliminating the speed

efficiency compromise of HCS.

3.3 Methodology

Due to the rapidly varying wind conditions and generator load, optimal power

characteristics , kopt is never unique for a given wind turbine. Hence to account for

the non uniqueness of kopt , the algorithm has to be fine tuned to attain the absolute

maximum power point. The proposed control incorporates a self tuning strategy by

a novel process of scanning.

The flowchart in Fig 3.4 shows the Initialization process and two steps of oper-

ation. Initialization process searches for a kopt with boost circuitry approach . Step

1 retains the system at the detected maximum, unless there is a change observed

in wind velocity v . Step 1 gets into action under changing wind conditions and

implements the novel Optimal Point search method via the earlier found kopt.
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• STEPS INVOLVED IN THE PROPOSED ALGORITHM

Initialization : FindingInitialization : Finding

Step 1: Novel Optimal Point
Search Method

Step 1: Novel Optimal Point
Search Method

Step 2: Novel Scanning ProcessStep 2: Novel Scanning Process

Figure 3.4. Flow of the algorithm under various constraints

Step 1 may not yield the true MPP, owing to the nonuniqueness of kopt for

different wind velocities, but still, it drives the operating point in the close vicinity

of the true peak power. This control is very useful for fast tracking. It is to be noted

that the control input is the duty ratio D of the converter which is generated by

the MPPT controller. Step 2 implements the Scanning process, which fine tunes the

obtained maxima. In the Scanning process the Duty ratio is made 1. Due to the

effect of inertia, the current takes some time to reach its short circuit value. During

this period , the controller continuously computes the active power and stops the

further increase in current once the maximum power is reached.
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3.4 Initialization: Determining kopt by Optimum duty

ratio algorithm using Boost Chopper

3.4.1 Introduction

Due to the nature of wind energy systems described in Chapter 1, the power

available from the wind turbine is a function of both the wind speed and the rotor

angular speed. The wind speed being uncontrollable, the only way to alter the

operating point is to control the rotor speed. Rotor speed control can be achieved by

using power electronics to control the loading of the generator. This MPPT process

obtains the optimum duty ratio by theoretically differentiating the equation of the

generated output power by duty ratio of the boost chopper. This optimum duty ratio

yields the Maximum Power Point. kopt is an approximate locus of all the maximum

points in a wind turbine characteristic curve. From the past research on MPPT of

wind turbines, it has been found out that kopt curve is a linear third degree equation.

Hence if we are able to locate one point in the locus, we can easily determine the

equation of the locus. The maximum power point is defined by the power curve in

Fig 3.1 where ∆P
∆ω = 0. Since the change in Duty ratio controls the speed of the rotor

, the above expression can also be written as ∆P
∆D = 0 . Thus, the objective of this

process is to find out an optimum duty ratio for which the condition of ∆P
∆D = 0 is

met [17].

3.4.2 Permanent Magnet Synchronous Generator

PMSG is preferred over other generators mainly due to its high efficiency. The

EMF induced in PMSG is proportional to rotational speed . The equivalent circuit

for one phase is shown in Fig 3. The constant of the generator is defined as k, and a

field.
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Figure 3.5. Equivalent circuit of PMSG per phase

Magnetic flux φ and mechanical angular velocity ωg. The induced EMF is given

by

E = kφωg . (3.2)

Terminal voltage Vg of the generator is

Vg = E− Ra Ig − jXg Ig . (3.3)

3.4.3 Design of Rectifier

The generator is connected to a rectifier circuit as shown Fig 3.6. It is assumed

that the AC power generated from the generator is converted into DC power through

diode bridge rectifier circuits

3Vg Ig = Vdc1 Idc1 , (3.4)

where, Vdcl and Idcl are DC side voltage and current, respectively. The resistance in

one phase of the rectifier circuits as viewed from the AC side is defined as Rg, and

the maximum value of line-to-line voltage is defined as VLLPeak. The mean value of

DC voltage is

Vdc1 =
3
π

∫ π
6

−π
6

VLLPeakcosθdθ

=
3
π

VLLPeak .

(3.5)
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Figure 3.6. PMSG connected to a diode Rectifier

From these equations, the relationship between Vdc1, line to line voltage VLL

and phase voltage Vg is shown as

Vdc1 =
3
√

2
π

VLL

=
3
√

6
π

Vg .

(3.6)

From Eqn.(3.4) and Eqn.(3.6), the equation of Idc1 and Ig are obtained as.

Idc1 =
π√

6
Ig . (3.7)

3.4.4 Deriving the optimal duty ratio

From the boost circuit equations and rectifier equations as described in previous

sections, it can be deduced that

Rg =
π2

18
(1− D)2RL . (3.8)

The generator current of a PMSG from PMSG equivalent circuit can be given by

Ig =
E

(Rg + Ra) + jXg
(3.9)
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the output power of the generator is given by

P = 3Vg Igcosθ

= 3Rg Ig
2

=
π2

6
(1− D)2RL

(kφωg)2

[π2

18 (1− D)2RL + Ra]2 + X2
g

.

(3.10)

The PMSG output power as shown in Eqn.(3.10) is dependent on generator speed

ωg and duty ratio D . Duty ratio of the boost chopper must be controlled in order to

effectively extract the maximum power. There exist one duty ratio ,Dmax, for which

there exist a maximum power point. It can be computed as follows [17]

Let x =
π2

18
(1− D)2RL . (3.11)

Differentiating on both sides we get

dx
dD

=
−π2

9
(1− D)RL . (3.12)

Substituting the value of x in Eqn.(3.10) we get,

P =
3(kφωg)2x

(x + Ra)2 + x2
g

. (3.13)

For getting the optimal duty ratio we find the maxima of the curve by ,

dP
dD

=
dP
dx

dx
dD

= 0

= (kφωg)2(
−π2

9
)(1− D)RL

[R2
a + x2

g − x2]

(x + Ra)2 + x2
g)2 = 0

(3.14)

From the above equation Dmax is derived as

Dmax =
π
√

RL

π
√

RL + 3
√

2
√

R2
a + x2

g

. (3.15)
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The variation of PMSG power with change in duty ratio is shown in Fig 3.7.
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Figure 3.7. Rate of change of power with duty ratio

3.5 Step 1: Novel Optimal Point search method

The block diagram of the proposed WECS is illustrated in Fig 3.8. The uncon-

trolled rectifier, produces a dc voltage Vdc1 proportional to the speed of the generator

ω. The boost stage performs the MPPT control from the measured quantities of Vdc1

and Idc1 from the rectification stage. Once the initial slope of the optimal curve is

obtained, the operating point (ω1, Pin1) of the WECS is coordinated with the maxi-

mum power point (ωopt, Popt) by regulating the boost converter (D) as described in

the Eqn.(3.16). The proposed method is a two step adaptive approach control which

adjusts the characteristic slope (kopt) of the optimal cubic curve depending on the

current operating conditions. Initially the kopt of the turbine is obtained by Initial-

ization process as described in the previous section. Once the initial slope of the
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optimal curve is obtained, the operating point (ω1, Pin1) of the WECS is coordinated

with the maximum power point (ωopt, Popt) by regulating the boost converter (D1)

as

D(i + 1) = 1−
[
(1− D(i))×

√
Vin(i + 1)

Vin(i)

]
. (3.16)

The desired turbine speed corresponding to the optimal slope kopt and power Pin(i),

which is obtained from the product of Vdc1(i) and Idc1(i), is represented by ωg(i + 1)

and kU is the rectification constant [42]. The relation between ωg(i + 1) and corre-

sponding voltage Vdc1(i + 1) is as shown by

ωg(i + 1) = 3

√
Pin(i)
kopt

and (3.17)

Vdc1(i + 1) = kU ×ω(i + 1) . (3.18)

The control algorithm runs in an iterative fashion by updating the duty cycle of the

boost converter as shown in Eqn.(3.16). The operating point moves along the optimal

power curve kopt until the MPP (ωopt, Popt) for the current wind speed is reached.

Once the MPP point is reached, the calculated reference voltage Vdc1(i + 1) would be

same as previous iteration value Vdc(i) and the duty cycle ceases to update as shown

in Fig 3.9.

The duty cycle obtained in Eqn.(3.16) is dependent on the characteristic slope

kopt of the turbine. However the optimal curves are non unique for different wind

speeds and also the generator-converter efficiencies are inconsistent. So, in order to

adjust the kopt corresponding to different wind speeds a novel scanning process is

implemented.
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Figure 3.8. Proposed Power Conditioning systems for WECS

3.5.1 Calculation of Duty Ratio

The Initial value of the the duty cycle D1 is set arbitrarily within the limits of

0<D1<1, say 0.25. Vin and Iin are the voltage and current drawn by the rectifier and

Pin is the numerical product of Vin and Iin as shown by Eqn.(3.19)

Pin = Vin × Iin . (3.19)
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Figure 3.9. Load line following the optimum power curve

This Pin is made to follow the optimal power curve until it intersects with the

turbine power characteristics. The duty cycle of the boost converter is calculated as

follows: The duty cycle of the PWM to DC-DC boost converter can be expressed as

Vdc
Vin

=
1

1− D
and (3.20)

Iin

Idc
=

1
1− D

. (3.21)

Multiplying equation Eqn.(3.8) and Eqn.(3.9) we get,

Vdc
Vin
× Iin

Idc
=

1
(1− D)2 . (3.22)

Rearranging the equation , we get

D = 1−

√
Vin×Idc
Vdc×Iin

. (3.23)
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In the discrete form , the duty cycle at the ith iteration for the a iterative loop is

given by

D(i) = 1−

√
Vin(i)×Idc(i)
Vdc(i)×Iin(i)

(3.24)

from Eqn.(3.19) we know that Pin(i) is the operating power. The duty ratio

is increased in such a way that the operating rotor speed ω(i + 1) corresponds to

operating power Pin(i) and kopt . This is given by Eqn.(3.6)

ω(i + 1) = 3

√
Pin

kopt
. (3.25)

However ω(i + 1) is rewritten according to Eqn.(3.7)

Vin(i + 1) = kuω(i + 1) . (3.26)

The increased duty ratio D(i + 1) is calculated by

D(i + 1) = 1−

√
Vin(i + 1)×Idc(i)

Vdc(i)×Iin(i)
. (3.27)

By substituting Eqn.(3.13) in Eqn.(3.16) we get

1− D(i + 1) =

√
Vin(i + 1)× (1− D(i))

Vdc(i)
. (3.28)

By the duty cycle D(i + 1) the slope of the load as seen by the turbine changes to the

new operating point (ωopt1, Pin1) corresponding to the Vin(i + 1). Now the operating

point of the system will be (ωopt1, Pin1) instead of (ωopt1, Pin1) as that is just a virtual

point measured and the operating point can only be on the P − ω curve. As the

slope of the load line is adjusted with the help of the new duty cycle to be coinciding

with rotor speed (ωopt1 the operating point will be the intersection of the load line

with new slope and the P− ω curve. This process continues till the rotor speed ωn

coincides with the ωopt of the optimum curve rotor speed as show in Fig 3.9. The

duty ratio expressed in the mathematical form gives us

D(i + 1) = 1−
[
(1− D(i))×

√
Vin(i + 1)

Vin(i)

]
. (3.29)
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3.6 Step 2: A Novel Scanning Process

The scanning process is implemented by setting the duty cycle (D) to 1 after

the operating point reaches the optimal point (ωopt, Popt). This results in a short

circuit in the current path through the boost inductor Lboost and the switch S. Due

to this, the voltage Vin tends to go to 0 and the current Iin starts to raise to its short

circuit value. But this does not happen instantaneously owing to the presence of the

inductor Lboost and the filter capacitor Cin which does not allow sudden change in

current and voltage respectively as shown in Fig 3.10.

Figure 3.10. Rectification voltage and current during scanning process

This scanning process occurs for a very small duration of time (2 secs). During

the scanning process, the controller continuously multiplies Vdc1 and Idc1 and obtains

the Power. This process is continued till the controller detects the change in power

(∆P < 0).
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Figure 3.11. Block diagram representing Scanning process

Once the MPP is reached the boost output voltage is made to follow the Vmpp

corresponding to the Pmpp corresponding to the duty ratio given by

D = 1−
Vmpp

Vdc2
. (3.30)

During this scanning process the maximum value of the power Pmpp and the

corresponding voltage Vmpp are obtained as shown in Fig 3.10. Once the MPP is

reached the characteristic slope kopt of the turbine is updated as shown in Eqn.(3.18).

The controller continuous to operate at the MPP until a change in wind speed or

load current is detected.

Change in the duty ratio changes the load as seen by the turbine. Setting the duty

ratio to 1, signifies that the PMSG is short circuited for a very small duration of time.

During this transient time, the PMSG tries to deliver the maximum stable power for

this transient time before it fall to zero. Hence this scanning controller tries to tap

that maximum point to make the system very efficient.

3.7 Simulation Results

In order to validate the proposed controller, simulations were carried out for

two scenarios . Scenario 1 implements the proposed novel controller method to

track the MPP and Scenario 2 has the traditional Hill Climbing Method. The results
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of both the Scenarios are compared to prove that proposed controller is quick and

effective in tracking the MPP. The results concerning the performance of the pro-

posed method as shown in Fig 13.14-13.18. The performance of any MPPT method

is tested with the change in windpseed.

3.7.1 Computation of Parameters

The proposed algorithm presented in the previous section is simulated in both

MATLAB/SIMULINK and PSCAD and the operation of the algorithm has been ver-

ified. MATLAB computes the mathematical and logical parameters of the algorithm

and communicates to PSCAD which is linked internally. PWM signals required to

trigger the boost is simulated by mathematically multiplying the duty ratio and tri-

angular wave block. The rectified voltage and current of PMSG is sensed and used

by the MPPT algorithm to calculate the duty ratio.

(1) Simulated PMSG characteristics

Table 3.1. PMSG parameters

Parameter Value

Number of Poles 100

Rated Speed 2π f
100 = 3.76

Rated Power 2 MVA

Rated Voltage 0.69 kV

xg 0.4 PU

Rated current 1450 A

(2) Computation of Cp at rated parameters
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PART B: BUILD THE MODEL  PSCAD®4.0 
From the wind to the Synchronous Generator 

5.2.2 Cp curve with PSCAD standard model 

In this study, a standard rotor with 3 blades is used. 
With a 3 or 2-blades wind turbine, the power coefficient will be smaller than its theoretical value.  
In the standard model of wind turine available in the PSCAD Master Library, the Power Coefficient 
is defined with the following formula (model of PM Anderson [1]): 
Cp = 0.5(γ - 0.022β2 -5.6) e-0.17γ  

 γ = 2.237 * Wind speed / hub speed
 β: incidence angle of the blade 

 
Figure 3: β angle 

 
Cp is maximum at β = 0 
The curve Cp(γ) with β = 0 is shown below:  
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Figure 4: PSCAD Cp(γ)  

PAGE 16 WIND TURBINE APPLICATIONS  
Figure 3.12. Cp Characteristics with PSCAD approximation

PSCAD approximation of Cp is

Cp = 0.5(γ− 0.22β2 − 5.6)e−0.17γ , (3.31)

where γ=2.237*(windspeed/PMSG speed) and β is the angle of incidence. The

rated wind speed at which the PMSG produces rated power is 13 m/s Hence ,

from Table 3.1 we get

γ = windspeed× 2.237
Hubspeed

and (3.32)

= 13× 2.237
3.1416

= 9.25 . (3.33)

(3) Computation of Rated Power

In general the turbine rating is 20% more powerful than the generator because

of the friction in the mechanical cycle:

Rated power of the generator: Sgen= 2 MVA

Rated Power of the Turbine : Sturb=1.2 * 2 = 2.4 MVA
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(4) Computation of rotor radius and area:

Pmech =
1
2

ρCp(λ, β)Av3
h and (3.34)

=
1
2
× 1.22× (0.4)× A× (13)3 , (3.35)

which gives : A=6716 m2 and R=46.2 m.

3.7.2 Scenario 1: Proposed Controller

The proposed MPPT algorithm is tested for the 2.4 MW WECS rated at 13 m/s

wind speed. The simulation is performed under varying wind conditions as shown

in Fig 3.13.

Figure 3.13. Simulated wind profile in (m/s)

The two step efficient process, proposed in this thesis, can be identified in the

graph as shown in Fig 3.14. When there is a step change in the wind speed, the

controller computes the Step 1 duty ratio by the novel Point search method at which

the power attains its local maxima. The ramp up portion of the graph immediately

after the step wind change depicts this process. The power keeps ramping up till

the calculated duty ratio is reached where it attains the local maxima. Once the

calculated duty ratio is attained, the controller begins its Step 2: Scanning process

to fine tune the process. This scanning algorithm quickly scans the global maxima

by making the duty ratio of the boost as one. The process comes to halt once the
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controller identifies the global maxima and continues to be in the same state until

a next step change in wind speed occurs. Fig 3.15 and 3.16 clearly demonstrates

the novel scanning process. The moment duty ratio is made one, the Voltage begins

to droop and Current starts to increase to a point where the power reaches global

maxima. Fig 3.17 shows the cyclic nature of the generator phase current and Fig 3.18

shows its corresponding variation in the Rotor speed.

Figure 3.14. Power generated under MPPT control in (KW)

Figure 3.15. Rectified output voltage of the wind turbine in (kV)

Figure 3.16. Rectified output current of the wind turbine in (kA)
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Figure 3.17. PMSG output current of the wind turbine in (kA)

Figure 3.18. Power generated under MPPT control in (KW)

3.7.3 Scenario 2: Traditional Hill climbing

For the same wind profile, Fig 3.19-Fig 3.21 shows the implementation of MPPT

with the traditional Hill climbing algorithm on the same 2.4 MW WECS system. It

is to be noted that , during a step increase in windspeed from 8 to 13 m/s, the

new algorithm exhibits a very steep slope as compared with the old one to instantly

catch up with the added available energy. Proposed algorithm 20 seconds to track

the MPP whereas the traditional HCS takes 60 seconds to reach the same MPP as

shown in Fig 3.19. The output voltage and the rectified currents in the WECS using

the traditional HCS also exhibits very sluggish characteristics .
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Figure 3.19. Power generated under MPPT control in (KW)

Figure 3.20. Rectified output voltage of the wind turbine in (kV)

Figure 3.21. Rectified output current of the wind turbine in (kA)
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Chapter 4 Modeling of Test Bench System

The objective of this chapter is to design a prototype of variable speed WECS

simulator for a certain operational condition under variable wind speed. In this

chapter variable speed induction motor drive using vector control is interfaced in

WECS as an alternative to make the real time wind emulator for wind energy re-

searchers as shown in Fig 4.1. The basic power curve from wind generator is imple-

mented using a Digital Signal Processor and interface of induction motor through

an inverter control system. The induction motor is operated in a wide speed range

using Field oriented control scheme. The laboratory prototype consists of 1/4 HP,

415 Volts, 60Hz induction motor controlled by a voltage source inverter for various

wind speed. The result verifies that the wind turbine simulator can reproduce the

steady state characteristics of a given wind turbine at various wind conditions

Induction 
Motor Generator

Torque

Speed

Current 

FrequencyFrequency

Three Phase 
Inverter

Controller

Figure 4.1. Structure of Wind Turbine Test Bench System
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4.1 System Modelling
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Figure 4.2. Power Chara of a WECS

The steady-state wind turbine model is given by the power speed characteristics

shown in Fig 4.2. The curves in Fig 4.2 represent the characteristics of a 8-kW, three-

blade horizontal axis wind turbine with a rotor diameter of 2.5 m. These curves can

be obtained by wind turbine tests or calculated during the design by manufactur-

ers. At a given wind speed, the operating point of the wind turbine is determined

by the intersection between the turbine characteristic and the load characteristic.

Usually, the turbine load is an electrical generator, such as an induction generator,

synchronous generator, or permanent-magnet (PM) synchronous generator. From

(4.1) it is noted that the shaft power of the wind turbine (Pm) is related to its shaft
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speed(n) and windspeed (v)

Pm =
1
2

ρAcpv3 . (4.1)

In a wind turbine test bench system, the power-speed characteristics of a wind

turbine are physically implemented by an induction motor drive. The shaft power

(Pm) and speed (n) of the induction motor represents the power and speed of the

wind turbine rotor. An inverter fed IM is used to drive a load (i.e., a generator as if it

were driven by a real wind turbine). In order to reproduce the turbine characteristics

of Fig 4.2 in a laboratory, a DSP based control system is developed [29]. The wind

speed signal needed for the test bench system is supplied from wind profiles which

can be obtained from measured wind data of a site or can be set in any artificial form

by users. Thus, researchers can conduct their studies on wind turbine drive trains

in a controllable test environment in replacement of an uncontrollable field one.

4.2 Induction Motor Modeling

4.2.1 State Vector Model

The space vector equations for three phase induction machines in any arbitrary

reference frame can be written as

dV̄s = rs Īs +
dψ̄s

dt
+ jωkψ̄s

k , (4.2)

dV̄r = rr Īr +
dψ̄r

dt
+ j(ωk −ω)ψ̄r

k , (4.3)

dψ̄s = Ls Īs + MĪr and (4.4)

dψ̄r = Lr Īr + MĪs , (4.5)

where ωk and ω are the angular velocities of arbitrary reference frame and

induction motor respectively.V̄s, Īs,ψ̄s are the space vectors for stator voltage, current
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and flux respectively. Similarly V̄r, Īr,ψ̄r are rotor voltage current and flux. The

aim of vector control is usually to decouple the stator current into flux producing

and torque producing components (ids and iqs) respectively in order to obtain a

decoupled control of flux and electromagnetic torque. For this vector control strategy

the frame of reference is fixed to the rotor flux linkage vector, the q-component of

this flux vector is zero.

dψr

dt
+

ψrd
τr

=
M
τr

.isd and (4.6)

T =
3
2

.
P
2

.
M
ψr

.(ψrd).isd . (4.7)

The rotor flux estimation is done by

dψs

dt
= Vs − rs Is and (4.8)

ψr =
Lr

M
(ψs − σLs Is) , (4.9)

where σ = 1− M2

LsLm
.

Here flux estimator is assumed to be ideal.

4.2.2 Inertia Model

Vs

Rs

Rr

Is Ir Xs

XL

Xr

s

Figure 4.3. Equivalent circuit of an Induction motor
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The model of an induction machine is highly nonlinear and mutually coupled

[27] [29]. The complexity of the model is dictated by the purpose for which the model

is employed. A simplified equivalent circuit model of an induction machine is shown

in Fig 4.3 It is used to develop an appropriate controller with an approximate input-

output model which relates the stator voltage input Vs , and the outputs, namely the

angular speed ωr and the developed torque Tm. The model is established based on

the following assumptions.

• The dynamics of the subsystems are neglected as its time constant is smaller

than the mechanical subsystem.

• Saturation and parameters are neglected.

• Core losses of the machines are neglected.

• The impedance of magnetizing circuit is considered larger than the stator

impedance.

Table 4.1. Induction Motor parameters

Parameter Value

Rs 50

Ls 47

3 31

4 35

5 45

The stator terminal voltage Vs is approximately considered as air-gap flux gen-

erated emf Vm. The rotor induced voltage Vr
′ causes rotor current Ir

′ at a slip fre-

quency ωsl, which is limited by rotor resistance and reactance. The phase diagram
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represents Lm, Rs are the magnetizing inductance and stator resistance and Ls, Lr are

the stator and rotor inductance referred to input. The induction model consists of

an algebraic equation which governs the flux linkage φ = Vs
ωe

where ωe is the supply

frequency.

The magnitude of current Ir can be written as in

Ir =
Vs√

(Rs + Rr/s)2 + (ωe(Ls + Lr))2
. (4.10)

The torque expression can be written as [27]

Te = 3
P
2

Ir
2 Rr

sωe
. (4.11)

The laboratory test bench system comprising of induction motor drive has to

produce the same inertia that a real wind turbine produces in the field. Hence a

Compensation torque is added to the Induction motor torque to accurately emulate

the effect of large turbine rotor inertia for a given wind speed. The actual blade

torque can be represented by (4.12)

Tturb = (Jturb + Jg)
dωturb

dt
+ Tg . (4.12)

R

�g 
v

1
G

d
dt

kopt
Tturb

Tcomp 
Te 

Tg Generator 
Controller

Jim - Jturb 

1

Jim - Jturb 

�t

� 
Ct

Figure 4.4. Inertia Calculation
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An induction motor substitutes the blade of the wind turbine, where the motor

torque TM can be represented by equation (3.5)

Te = (Jim + Jg)
dω

dt
+ Tg . (4.13)

Assuming that the test bench system is gearless, that is dynamic characteristics

of the wind turbine is same as that of blade , dωturb = dω ans

Te = Tturb + (Jim − Jturb)
dω

dt
, (4.14)

where Tcompensation = (Jim − Jturb) dω
dt is the compensation torque.

4.3 Field Oriented Control

4.3.1 Introduction

This thesis is experimented on Texas Instruments Piccolo F2806xF Instaspin

FOC platform. The technical details of the system is referred from the datasheet. A

simple control such as the V/Hz strategy has limitations on the performance. To

achieve better dynamic performance, a more complex control scheme needs to be

applied, to control the induction motor. With the mathematical processing power

offered by the microcontrollers, advanced control strategies are implemented, which

use mathematical transformations in order to decouple the torque generation and

the magnetization functions in an AC induction motor. Such de-coupled torque and

magnetization control is commonly called rotor flux oriented control, or simply Field

Oriented Control (FOC) as shown in Fig 4.6.
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Figure 4.5. Field Oriented Control of induction motor

4.3.2 Control Techniques

To understand the Field Oriented Control technique, we first have an overview

of the separately excited direct current (DC) Motor. In this type of motor, the excita-

tion for the stator and rotor is independently controlled. An electrical study of the

DC motor shows that the produced torque and the flux can be independently tuned.

The strength of the field excitation (i.e., the magnitude of the field excitation cur-

rent) sets the value of the flux. The current through the rotor windings determines

how much torque is produced. The commutator on the rotor plays an interesting

part in the torque production. The commutator is in contact with the brushes, and

the mechanical construction is designed to switch into the circuit the windings that

are mechanically aligned to produce the maximum torque. This arrangement then

means that the torque production of the machine is fairly near optimal all the time.

The key point here is that the windings are managed to keep the flux produced by

the rotor windings orthogonal to the stator field. Induction machines do not have

the same key features as the DC motor. However, in both cases we have only one

source that can be controlled which is the stator currents.
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Figure 4.6. Equivalent circuit of Induction motor represented by FOC

The goal of the FOC (also called vector control) on asynchronous machine is

to be able to separately control the torque producing and magnetizing flux com-

ponents. The control technique goal is to (in a sense) imitate the DC motorâĂŹs

operation.

4.3.3 Why Field Oriented Control

We know that in the asynchronous machine we face some natural limitations

with a V/Hz control approach. FOC control will allow us to get around these limita-

tions, by decoupling the effect of the torque and the magnetizing flux. With decou-

pled control of the magnetization, the torque producing component of the stator flux

can now be thought of as independent torque control. Now, decoupled control, at

low speeds, the magnetization can be maintained at the proper level, and the torque

can be controlled to regulate the speed.

To decouple the torque and flux, it is necessary to engage several mathematical trans-

forms, and this is where the microcontrollers add the most value. The processing

capability provided by the microcontrollers enables these mathematical transforma-

tions to be carried out very quickly. This in turn implies that the entire algorithm
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controlling the motor can be executed at a fast rate, enabling higher dynamic perfor-

mance. In addition to the decoupling, a dynamic model of the motor is now used for

the computation of many quantities such as rotor flux angle and rotor speed. This

means that their effect is accounted for, and the overall quality of control is better.

4.3.4 Current Controller and Design

Two motor phase currents are measured. These measurements feed the Clarke

transformation module. The outputs of this projection are designated isα and isβ.

These two components of the current are the inputs of the Park transformation that

gives the current in the d,q rotating reference frame. The isd and isq components are

compared to the references isdre f (the flux reference) and isqre f (the torque reference).

Induction motors need a rotor flux creation in order to operate, the flux reference

must not be zero.

The torque command isqre f could be the output of the speed regulator when we

use a speed FOC. The outputs of the current regulators are Vsdre f and Vsqre f ; they

are applied to the inverse Park transformation. The outputs of this projection are

Vsre f and Vsre f which are the components of the stator vector voltage in the (α,β)

stationary orthogonal reference frame. These are the inputs of the Space Vector

PWM. The outputs of this block are the signals that drive the inverter as shown

in Fig 4.7. Note that both Park and inverse Park transformations need the rotor

flux position. Obtaining this rotor flux position depends on the AC machine type

(synchronous or asynchronous machine).

kp and ki are parallel PI controller proportional and integral gains respectively.

In the series configuration , kp,series sets the gain for all the frequency and ki,series

defines the zero point as shown in Fig 4.8. It is known that the gain of the PI

controller has a pronounced effect on system stability. But it turns out that the

inflection point in the graph also plays a significant but perhaps more subtle role in
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the performance of the system.
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PI(s) =
kp,series.ki,series

s
+ kp,series , (4.15)

after rearranging , we get

PI(s) =
kp,series.ki,series(1 + s

ki,series
)

s
. (4.16)

By approximating the motor winding to be a simple series circuit containing a resis-

tor, an inductor, and a back-EMF voltage source. We find the total system response

by the following closed loop form

G(s) =
Gloop(s)

1 + Gloop(s)
. (4.17)

By using (4.8) and (4.9) we get

G(s) =
1 + s

ki,series

( L
kp,series

ki,series)s2 + ( R
kp,series .ki,series

+ 1
ki,series

)s + 1
. (4.18)

4.3.5 Speed Controller and Design

The speed control of an induction motors plays an important role in emulating

a wind turbine. The speed controller takes into account the mechanical time con-

stants which effects the stability of the system. The inertia of the motor is the most

important parameter required to accurately tune the system. InstaSPIN technology

by TI provides the capability to use a very simple but effective technique to quickly

tune the PI speed control loop without knowledge of any mechanical parameters.

The stator time constant is much smaller than the mechanical system. Hence

the current controller is assumed to be a constant as shown in the Fig 4.9.
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Figure 4.9. Speed Controller

In order to tune the control system , it is required to find out four parameters of

the PI controllers . Parameters kp,series and ki,series of current PI control and skp,series

and ski,series for speed PI controller. Using (4.8) we can write the general form of

speed PI controller as follows

PI(s) =
skp,series.ski,series(1 + s

ski,series
)

s
. (4.19)

Transfer function of an Induction Motor can be represented by

M(s) =
3
4

P
L2

m
Lr

Id . (4.20)

The load transfer function is assumed as

L(s) =
1
J

.
1
s

(4.21)

open loop transfer function of the system is

GH(s) =
skp,series.ski,series(1 + s

ski,series
)

s
× 1

L
ki,series

s + 1
× 3

4
P

L2
m

Lr
Id ×

1
J

1
s

(4.22)

assuming kconst as 3
4

PLm
JLr

we get

GH(s) =
kconst × skp,series.ski,series(1 + s

ski,series
)

s2(1 + L
kp,seriess )

. (4.23)
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From inspection of Equation 25, we can determine the following characteristics of the speed controller’s 
open-loop transfer function: 
Two poles at s = 0, resulting in an attenuation rate at low frequencies of 40 dB per decade of frequency. 

An additional pole at 𝑠 = 𝐾𝑝𝑠𝑒𝑟𝑖𝑒𝑠

𝐿
 (the current controller’s pole) 

A zero at 𝑠 = 𝑠𝑝𝑑𝐾𝑖𝑠𝑒𝑟𝑖𝑒𝑠 

In order for stable operation, the pole at 𝑠 = 𝐾𝑝𝑠𝑒𝑟𝑖𝑒𝑠

𝐿
 must be higher in frequency than the zero at 𝑠 =

𝑠𝑝𝑑𝐾𝑖𝑠𝑒𝑟𝑖𝑒𝑠, and assuming that the unity gain frequency occurs somewhere in-between these two 
frequencies, we should end up with a Bode plot that looks something like Figure 27. 

 

 

Figure 27:  Bode plot of how the system should be tuned. 
The reason the shape of this curve is so important is because the phase shift at the 0 dB frequency 
determines the stability of the system.  In order to achieve maximum phase margin (phase shift – 180o) 
for a given separation of the pole and zero frequencies, the 0 dB frequency should occur exactly half way 
in-between these frequencies on a logarithmic scale.  In other words, 

zerodB ωδω ⋅=0  
Equation 26 

 
And, 
 

Figure 4.10. Bode Plot of the tuned controller[Instaspinlab]

4.4 3p Oscillations

The fluctuations in the electrical power output of a wind turbine generator are

predominantly caused by Tower shadow and Wind sheer effects. The frequency of

the periodic fluctuations is n times the blade rotational frequency p, where n is the

number of blades. For three-bladed wind turbines, this inherent characteristic is

known as the 3p effect.

4.4.1 Wind Sheer

Wind turbine blades experiences maximum wind speed when facing directly

upwards and minimum when the blades are facing downwards. This variation in

wind with height is known as wind shear. For three-bladed wind turbines, each of

the three blades will experience minimum wind speed in one complete rotation and
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hence wind shear contributes to the 3p frequency [43]. The hub spead is given by

v = vH(
z
H

)α , (4.24)

where z, H, vh, and α are the elevation above ground, hub height, wind speed at

hub height, and empirical wind shear exponent respectively. For the purpose of this

analysis, Eqn.(4.24) is converted to a function of r (radial distance from rotor axis)

and θ (azimuthal angle) [44] as given by

v(r, θ) = vH(
rcosθ + H

H
)α = vH[1 + ws(r, θ)] , (4.25)

where vH is the wind speed at hub height, r is the radial distance from rotor axis, ws

is the wind-shear-shape function [18], α is the empirical wind shear exponent, h is

the elevation of rotor hub, and z is the elevation above ground. The term ws(r, ) is the

disturbance seen in wind speed due to wind shear that is added to hub height wind

speed. According to [44] ws(r, θ) can be approximated by a third order truncated

taylor series as given by

ws(r, θ)≈α(
r
H

)cosθ +
α(α− 1)

2
(

r
H

)2cos2θ +
α(α− 1)(α− 2)

6
(

r
H

)3cos3θ . (4.26)

4.4.2 Tower Shadow

Tower shadow effect alters the uniform flow of wind due to the presence of the

tower. For an upwind turbine, the blade is directly in front of the tower, hence it

torque at each blade is reduced. This is called tower shadow effect. A three-bladed

wind turbine blades experiences minimum wind in one complete rotation and hence

tower shadow contributes to the 3p effect. This section models tower shadow effect

for an upwind turbine and identifies the factors affecting it. The spatial velocity can

be obtained by

φ =φuni f orm + φdoublet and (4.27)

=vHy(1− a2

x2 + y2 ) . (4.28)
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Differentiating stream function φ with respect to y yields the total wind flow velocity

v(y, x) in the x-direction as

v(y, x) = vH + vtower(y, x) , (4.29)

vtower(y, x) = v0a2 y2 − x2

x2 + y22 , (4.30)

where v0 is the spatial velocity.

vtower(r, θ, x) = vha2 r2sinθ2 − x2

(r2sinθ2 + y2)2
‘. (4.31)

Eqn.(2.8) is valid for tower shadow zone, that is, 90deg < θ < 270deg . Here, the

hub velocity vH is assumed to be equal to spatial velocity v0.

4.5 Simulation Results

The WECS considered for system design consist of a 8500 W wind turbine rated

at 13 m/s coupled to a PMSG. For the design of WTTBS, the wind turbine model is

replaced by an induction motor of 5.5 kW.

4.5.1 Test Bench Emulation

The behavior of wind energy conversion system has been tested and analyzed 

for two scenarios. Scenario 1, Fig 4.11, emulates WECS with a wind turbine con-

nected to PMSG and a load for 4 m/s windspeed. Scenario 2, Fig 4.12, emulates the 

same WECS configuration, b ut t his t ime w ith a n i ntelligent I nduction m otor drive 

instead of wind turbine. The initial disturbance in DC bus voltage indicate the pres-

ence of 3p oscillations as shown in scenario 2. The results of both the scenarios 

are compared. The PMSG is connected to the grid through a DC link capacitor.  

Fig 4.13 demonstrates the variation of system parameters for dynamic wind change.
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The results in Fig 4.13 also demonstrates the variation of Induction motor drive pa-

rameters with change in windspeed. Excellent similarity is observed between the

simulation results of scenario 1 and scenario 2 which proves that WTTBS replicates

the characteristics of a real wind turbine and wind turbine can be replaced by a

WTTBS for laboratory emulation.

4.5.2 Computation Parameters

Table 4.2. Mechanical System Parameters

Parameter Value

Rated PMSG power 9.1 kW

No. of Pole pairs 5

PMSG inertia 0.87 kg m2

Rated Induction motor power 5.5 kW

Induction Motor inertia 0.089 kg m2

Wind turbine rated power 8.2 kW

Wind turbine inertia 128 kg m2

Area of the blade 5.89 m2

Rated turbine rotor speed 43.24 rad/sec

Table 4.3. ωopt and Pmech,max for various windspeeds

Windspeed ωopt[rad/sec] Pmech,max[kW] Torque[N-m]

3 10.78 126.3 11.7
4 14.44 299.3 20.7
5 18.00 584.5 32.4
6 21.56 1010.0 46.8
7 25.23 1603.9 63.5
8 28.79 2394.1 83.1
9 32.35 3406.8 105.3
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Figure 4.11. Simulation results for Scenario 1

0.4 0.5 0.6
-200

0
200

V gri
d

Grid Voltage

0 0.45 0.9
0

500
1000

V dc

DC link voltage

0.4 0.65 0.9

-40
-20

0

T e

Electromechanical Torque

0.4 0.5 0.6
-50

0

50

I s

Stator Current

0.4 0.65 0.9
0

500

Time(s)
   

W r

Rotor Angular speed

Figure 4.12. Simulation results for Scenario 2
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Figure 4.13. Emulator with varied Windspeed

4.5.3 Wind Sheer properties

From (4.24) and (4.25), it can be seen that disturbance in wind caused by wind

shear is dependent mainly on VH, H, α and r. Fig 4.14 shows the variation of wind

shear with wind velocity at hub height (vH). For Vh = 12 m/s, the maximum wind

speed experienced by the blades of a wind turbine is 13 m/s when the azimuthal

angle (θ) is at 0 , while the minimum wind speed is 12.4 m/s occurs when the az-

imuthal angle (θ) is at 180. Hence, the variation in wind speed, that is, the difference

between maximum and minimum wind speed for one complete blade rotation is 0.6

m/s. Similarly for vh = 11.5 m/s, the variation in wind speed is 0.5 m/s. Thus wind

shear increases with the increase in vh.
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Figure 4.14. Wind speed variation vs Azimuthal angle for various hub velocity

Fig 4.15 shows the impact of α on wind shear. The values of α have been chosen

depending on terrain, as shown in (Table 1) [12]. Increase in α increases wind sheer.

Fig 4.16 shows that wind shear decreases with increase in hub height. For example,

at H = 170 m, the variation in wind is 0.05 m/s while at H = 50 m, the wind variation

is 0.6 m/s. Fig 4.17 shows the wind shear experienced by different blade elements.

Minimum wind shear is experienced by the blade element closest to the hub (r = 2.5

m).
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Figure 4.15. Wind speed variation vs Azimuthal angle for various α
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Figure 4.16. Wind speed variation vs Azimuthal angle for various heights
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Figure 4.17. Wind speed variation vs Azimuthal angle for various radial distance

4.5.4 Tower Shadow Properties

From (4.30), it is observed that the disturbance in wind due to tower-shadow

effect depends predominantly on three factors, r, θ, and x. Fig 4.19 demonstrates

how change in r from 5m to 20 m in (6) with change in azimuthal angle θ effects

the wind velocity. It should be noted that tower shadow angle varies from 90deg

< θ < 270deg . It is observed that the blade elements closest to the hub (r = 5 m)
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experience a longer duration of the tower shadow. However at θ = 180deg, that is,

blade directly in front of the tower, the same wind deficit is seen by all the blade

elements. Next, the radial distance of blade element from the hub, that is, r is kept

constant at 10 m and the distance of blade origin from the tower midline, that is, x

is varied from 2m to 5 m. As seen from Fig 4.20, the tower shadow effect is most

pronounced when the blades are closer to the tower (x = 2 m). Hence, mounting the

blades away from the tower minimizes tower-shadow effects
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Figure 4.18. Wind speed variation vs Azimuthal angle for various radius
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Figure 4.19. Wind speed variation vs Azimuthal angle for various heights
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Chapter 5 Experimental Result

Power conditioning Units (PCU) plays a major role in processing the power

required for specific applications. Over the past few years Micro-controllers based

PCUs are used for implementing complex algorithms and mathematical calcula-

tions. A number of high power PCUs can be controlled with the help of a single

micro-controller. Amongst these, Digital Signal Processing (DSP) micro-controllers

are gaining popularity in control of PCUs because of their capability to handle large

amount of data. This chapter gives a detailed description of the use of DSP micro-

controller for implementing the objective of this thesis. The hardware setup is de-

scribed. TMS320F28069M (InstaSPIN-MOTION or InstaSPIN-FOC) control card is

placed on a High voltage motor control kit for an actual implementation for a con-

ventional wind system . The results have been presented and compared.

5.1 Use of DSP Micro-controllers for PCUs

The use of DSP micro-controllers has moved from support to the existing main

control system to being the actual control system. Power electronics applications

require more advanced features and functionality which need to be incorporated in

control systems in order to reduce their size and cost. DSP micro-controllers allows

automotive and industrial motor drives control to be advanced and cost effective.

Other advantages of DSP include higher speed to handle high frequency inputs.

PCUs require advanced PWM based control and complicated algorithms. There is a

need for precise and reliable control with provisions for protecting critical parts of

the system in case of faults. Digital signal processors (DSP) play an important role

for implementing such control methods since their operating speeds are very high

which ensure fast response times to faults. Also being reprogrammable, changes to
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the control can easily be made in case any changes to the control part of the system

need to be made. Advantages of DSP processor power control over analog methods

are

• Precision

• High Reliability

• High Speeds

• Ease of implementation of Multiplication and Square root

• Low cost and size

5.2 Code Composer Studio

TI’s Code Composer Studio (CCS) is an Integrated Development Environment

(IDE). It is used for the development of all the phases: coding the micro-controller,

editor in C, linker, assembler, interface to load the program on the micro-controller

as well as debugger. It also has advanced features such as real time data exchange.

CCS provides a friendly environment for managing files and projects. Various li-

brary files have been provided with definitions for standardized functions and with

initializations and other standard routines for different modules. CCS comes with

an editor, a compiler, an assembler and a linker. The source files can be in assem-

bly or C. CCS provides support tools like watch windows, break points and probe

points, single stepping through the code, real time monitoring tools, memory watch,

etc. The variety of graphical data formats allows us to the real time capabilities

supported by CCS. Not just the graphical displays, all the debug windows (watch

windows and memory windows) can be continuously refreshed in real time. This

power to look into your application in real time,vwhile your system is running, is
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invaluable. This provides the system designer an opportunity to optimize his/her

system for the real world.

5.3 High Voltage Motor Control kit

C2000™ Systems Applications Collateral 
 

  v2.0 

1 

 

High Voltage Digital Motor Control Kit (R1.1) Quick Start Guide 

 

 

 
 

Fig1: TMDSHVMTRPFCKIT 

 
 
 
The High Voltage Digital Motor Control (DMC) and Power Factor Correction (PFC) kit (TMDSHVMTRPFCKIT), 
provides a great way to learn and experiment with digital control of high voltage motors.  
 
 
The High Voltage Digital Motor Control Kit contains: 
 

 F28035 and F28335 controlCARDs 

 High Voltage DMC board with slot for the controlCARD 

 15V DC Power Supply 

 AC power Cord, Banana Plug Cord, USB Cable  

 CCSv5 CD & USB Stick with Quick Start GUI and Guide 
 

 
 

                                WARNING 
This EVM should be used only by qualified engineers and technicians who are familiar with 
the risks associated with handling electrical and mechanical components, systems and 
subsystems. The EVM operates at voltages and currents that can result in electrical shock, 
fire hazard and/or personal injury if not properly handled or applied.  Users must use the 
equipment with necessary caution and employ appropriate safeguards to avoid serious 
injury. Users must not touch any part of the EVM while energized. 

 
 
 
 
 

Figure 5.1. Motor control kit

3 Phase Inverter 2 Stage PFC

AC Power entryDC Power entryUSB Emulation

Figure 5.2. Power stages in the HV kit

The High Voltage Digital Motor Control (DMC) and Power Factor Correction

(PFC) kit (TMDSHVMTRPFCKIT), provides a great way to research with digital

control of high voltage motors and to use PFC to increase efficiency of operation.

  v 2.0 4 

3  Hardware Overview 
 
Fig 2, illustrates a typical motor drive system running from AC power. The power factor correction 
stage enables wave shaping of the input AC current enabling efficient operation. The 
TMDSHVMTRPFCKIT’s motor control board has all the power and control blocks that constitute a 
typical motor drive system (Fig 4).  
 
 

AC 
Rectifier

AC 
Mains

PFC 
Stage

3-phase
inverter

3-Phase
Motor

Fig2 Block Diagram for a typical motor drive system using power factor correction 
 
 
 
3.1 Macro Blocks 
 
The motor control board is separated into functional groups that enable a complete motor drive 
system, these are referred to as macro blocks. Following is a list of the macro blocks present on 
the board and their functions: 
 
• [Main] - controlCARD connection, jumpers, communications (isoCAN), Instrumentation 

(DAC’s), QEP and CAP connection and voltage translation. 
• [M1] - AC power entry takes AC power from the wall/mains power supply and rectifies it. This 

can then be used for input of the PFC stage or used to generate the DC bus for the inverter 
directly.  

• [M2] - Auxiliary power supply, 400V to 5V and 15V module can generate 15V,5V power for 
the board from rectified AC power.     

• [M3] - Isolated USB Emulation, provides isolated JTAG connection to the controller and can 
be used as isolated SCI when JTAG is not required.  

• [M4] - Two-phase interleaved PFC stage can be used to increase efficiency of operation. 
• [M5] - Three-phase inverter, to enable control of high voltage 3-phase motors. 
• [M6] - DC power entry, generates 15V, 5V and 3.3V for the board from DC power fed through 

the DC-jack using the power supply shipped with the board.     
 
Fig 3, illustrates the position of these macro blocks on the board. The use of a macro block 
approach, for different power stages enables easy debug and testing of one stage at a time. 
Banana jack connectors can be used to interconnect the power line of these power stages / 
blocks to construct a complete system. All the PWM’s and ADC signals which are the actuation 
and sense signals have designated test points on the board, which makes it easy for an 
application developer to try out new algorithms and strategies.  
 
Nomenclature: A component on the board is referred to with a macro number in the brackets 
followed by a dash and the reference number. For example, [M3]-J1 refers to the jumper J1 
located in the macro M3 and [Main]-J1 refers to the J1 located on the board outside of the defined 
macro blocks. 

Figure 5.3. High Voltage Motor Control Kit block diagram
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Fig 5.1 gives a block diagram of different stages present on the High voltage

motor control kit to power from the induction motor. The input to the kit is a 15V

DC power supply which powers the controller and the supporting circuitry and

an AC input (85-132VAC/ 170-250VAC) to run the motor. The High Voltage DMC

board if fitted inside a plastic enclosure. A heat sink is mounted underneath the

board to the motor inverter and a DC Fan is attached to this heat sink to increase

airflow. The board can accept any of the C2000 series controlCARDs. A F28035 and

F28335 control card is typically with the kit. Different power stages used on the kit

are

5.3.1 3 Phase Inverter

• 350V DC max input voltage

• 1 kW/1.5 kW maximum load (for > 250 W load, the fan attached to the IPM

heatsink is used)

• Sensorless and Sensored Field Oriented Control of ACI Motor

5.3.2 PFC Stage

Two phase interleaved topology, capable of phase shedding

• 85-132VAC/ 170-250VAC rectified input

• 400V DC Max output voltage

• 750W max power rating

• Up to 96 % efficiency

• 200Khz switching frequency for the power stage

• Upto 100Khz PFC control loop frequency
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5.3.3 AC rectifier

This stage is rated for delivering up to 750W power. This stage can be used to

either generate the DC Bus voltage for the inverter directly or provide input for the

Power Factor Correction stage present on the board.

• 85-132VAC/ 170-250VAC input

• 750W max power rating

5.4 Results

The described wind turbine test bench system has been implemented and tested

in our laboratory. The wind turbine model and the digital PI controller are realized

using a PC loaded with Code Composer Studio interfaced to the high voltage motor

control kit. The FOC controller generates the current and frequency demands for

the IGBT inverter. In this research, a horizontal axis wind turbine as described in

the previous section is used. The parameters of the IM are listed in Table 4.2. Fig 5.2

through 5.9 verify that the developed wind turbine simulator reproduces the steady-

state characteristics of a given wind turbine under several wind profiles. The torque

response of a WTTBS simulating a 8.5-kW in software is scaled down to 1/4HP in

the hardware implementation. Fig 5.4 clearly shows the torque of the motor under a

constant windspeed. Fig 5.5 through 5.7 shows the WTTBS response for a constant

wind speed. When there is a step change in the windspeed (user input in the Code

Composer Studio software), the IM changes its torque as shown in Fig 5.8. Fig 5.9

through 5.11 shows the variation of system parameters under variable wind speed

conditions.
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Figure 5.4. Torque generated by the controller under a constant windspeed (N-m)

Figure 5.5. Rotor speed of the induction motor under constant windspeed (RPM)
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Figure 5.6. id Current generated by controller for a constant windspeed (A)

Figure 5.7. Voltage of the induction motor for a constant windspeed (volts)
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Figure 5.8. Torque generated by the controller under a variable windspeed (N-m)

Figure 5.9. Rotor speed of the induction motor under variable windspeed (RPM)
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Figure 5.10. id Current generated by controller for a variable windspeed (A)

Figure 5.11. Voltage of the induction motor for a variable windspeed (volts)
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Chapter 6 Conclusions and Future Work

6.1 Conclusion

The research proposed in this thesis aims at maximizing the efficiency of the

wind energy conversion system by accurately predicting the Maximum Power Point

(MPP). The conventional Hill climbing method relies on the perturbation step size

for the accurate tracking of MPP. This causes the speed-efficiency tradeoff problem.

The extracted average output power by the conventional MPPT techniques is drasti-

cally reduced due to these oscillations around the MPP.

A two step MPPT technique has been proposed that addresses the problems

that exist in the conventional hill-climbing. The proposed controller initially detects

the optimal cubic power curve by deriving the optimal duty ratio from the boost

chopper generation control. This curve is used as a reference for the novel point

search method to converge to the MPP. The point search method regulates the duty

ratio of the boost converter (D) in an iterative fashion till the operating reaches the

MPP along the optimal power curve.

An accurate wind turbine model is defined and the proposed MPPT controller

has been analytically proved for this model. A summary of mathematical analysis

pertaining to duty cycle time variations is presented to justify the effectiveness of

the proposed method in mitigating the power loss in the WECS. Simulated results

for the proposed algorithm and hill climbing method are compared in terms of the

tracking time and accuracy of convergence. It is found that the proposed method

tracks the MPP at a faster rate than the hill climbing method.

A Wind Turbine Test Bench System has been designed to emulate the character-

istics of a real wind turbine. It was deduced during the research that Field oriented

control of an induction motor would provide robust and cost effective method to
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replicate the static and dynamic characteristics of a wind turbine systems. Wind

Turbine Test Bench System was designed to emulate a 8kW PMSG wind turbine.

The simulation results confirms the validity of the proposed test bench system. A

1/4 HP scaled down version of High voltage motor control kit was used to justify

the results. Hardware implementation of WTTBS corroborates the simulation results

6.2 Future work

Design and development of WECS necessitates the need of detailed design pro-

cesses to determine the best configuration, suitable location and a MPPT method,

all of which requires numerous on site experiments. Hence an accurate Wind Tur-

bine Test Bench System (WTTBS) can be effectively used to validate the design of

laboratory concept prototypes. The bench system proposed in this thesis has to

be integrated with the designed MPPT controller so that the entire system can be

emulated in the laboratory.
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