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ABSTRACT

Wind energy is one of the most important and promising source of renewable energy all over
the world, mainly because it is considered to be nonpolluting and economically viable. At the
same time there has been a rapid development of related wind energy technology. The control
and estimation of wind energy conversion system constitute a vast subject and are more complex
than those of dc drives. Induction generators with cage type rotors have been used extensively in
wind power generation systems for the variable speed applications in a wide power range.
Generally, variable speed wind energy conversion system with Induction generators require both
wide operating range of speed and fast torque response, regardless of any disturbances and
uncertainties (turbine torque variation, parameters variation and un-modeled dynamics). This
leads to more advanced control methods to meet the real demand. The recent advances in the
area of field-oriented control along with the rapid development and cost reduction of power
electronics devices and microprocessors have made variable speed wind energy conversion
system an economical alternative for wind power applications. The complexity of wind energy
conversion system increases substantially if high performances are demanded. The main reasons
for this complexity are the need of variable frequency, harmonically optimum converter power
supplies, the complex dynamics of ac machines, machine parameter variations etc. Various
control techniques have been developed in the recent days for the control of cage induction
generators. In this work a hybrid controller is developed for performance improvement of a cage
induction generator used for wind power applications. The wind power generation system
employs an indirect vector controlled cage induction machine as the generator. The induction
generator system is evaluated separately with conventional PI-controllers, fuzzy controllers, self
tuned fuzzy controllers and hybrid controllers and the performances are compared for each case.
Power factor of the overall system is improved through control of grid side converter. Control

circuits for PWM converter inverter system are also fabricated and tested.
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Chapter-1

Chapter 1

| ntroduction

1.1 BACKGROUND

In last 100 years, the human civilization has gtmwefar in exploiting the limited resources on
earth, making the biosphere vulnerable to many iicelarge scale disasters. Many of such
crises are due to the limited resource for the geiom of electrical power. The depletion of
fossil fuels such as coal and oil and rapidly iasieg demand of electrical energy, has led to a
world-wide interest in developing wind power plarigind is a free, clean, and inexhaustible
energy source. It has served mankind well for megmnturies by propelling ships and driving
wind turbines to grind grain and pump water. Insen@ wind power lagged, however, when
cheap and plentiful petroleum products became availafter World War Il. The high capital
costs and the uncertainty of the wind placed wimdvgr at an economic disadvantageous
position. In the past four decades methods of tsaing hydro and wind energy for electric
power generation and the technology for such aterrsystems are developed. Continuous
research is going on taking into account diffeiitical issues in this sector. Wind energy is one
of the most important and promising source of reat#es energy all over the world, mainly
because it is considered to be nonpolluting ansh@macally viable. At the same time there has

been a rapid development of related wind energyneglogy. However in the last two decades,
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Chapter-1

wind power has been seriously considered to supglethe power generation by fossil fuel and

nuclear methods.
1.2WIND TURBINE SYSTEM
1.2.1 POWER CONTAINED IN WIND

The power contained in wind is given by the kioetnergy of the flowing air mass per

unit time. That is,

P, =%(air mass per unit time)(wind velocity)
1 2
Hence R =§(10AV00 W.)

1 3
== pAV.
2V (1.1)

where Py is the power contained in wind(in wattg)js the air density~( 1.225 kg/m at 15C
and normal pressured\ is the rotor area in frandV,, is the wind velocity (in m/sec) without

rotor interference, i.e., ideally at infinite dista from the rotor.

1.22 TYPESOF WIND CONVERSION DEVICES

Wind energy conversion devices can be broadly caitegf into two types according to

their axis alignments: horizontal axis wind turlsrend vertical axis wind turbines.

» Horizontal axiswind turbines can be further divided into three types.
= ‘Dutch type’ grain grinding windmills
» Multiblade water pumping windmills

= High-speed propeller type windmills
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* Vertical axiswind turbines come in two different designs

= The Savonius rotor

» The Darrieus rotor
1.2.3 WORKING OF MODERN WIND TURBINES

In recent days high speed propeller type wind hebiare mostly used as horizontal axis

wind turbines due to their excellent aerodynamiticieihcy. Among the vertical axis wind
turbines the Darrieus rotor is more efficient tlihe Savonius rotor, but the major drawback of
the Darrieus rotor is that it is not self startiitpe Savonius rotor is simple and inexpensive, but
its efficiency is less than the Darrieus rotor.Ufeg 1.1 shows the different types of advanced

wind turbines.

@) (b) (€)

Figure 1.1Different types of wind turbines used in recent days (a) Horizontal axis high speed

propeller type wind turbine (b) Savonius rotor (c) Darrieus rotor
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1.2.3.1 High speed propeller typewind turbines

High speed propeller type wind turbines aresthyaused for wind power generation.
These turbines do not operate on thrust forceerdtiey depend mainly upon the aerodynamic
forces that develop when wind flows around the élatiaerofoil design. To understand how a
modern wind turbine works, first we have to undandtthe aerodynamics of the aerofoil design.

Figure 1.2 shows the different forces acting ugenéaerofoil.

Figure 1.2Forces acting upon the aerofail

Consider an aerofoil moving in the wind stream vethelocity U’ and the wind velocity
being V. The wind stream at the top of the aerofoil kmsraverse a longer path than that at the
bottom, leading to a difference in velocities whigiies rise to a difference in pressure from
which a lift force results and comes another farakked the drag force which tries to push the
aerofoil back in the direction of wind. The aggagforce on the aerofoil is then determined by

the resultant of these two forces.
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Plane of rotation

Figure 1.3Forces acting upon the aerofoil when wind and aerofoil velocities are not along the

sameline

But when the aerofoil and the wind do not move glthe same line then these forces

determined by the wind speed as seen by the akroédied the relative windw'. The relative
wind is given by the vector sum of the wind velgand the negative of the aero velocity as
shown in Figure 1.3. thkft force F_ will now be perpendicular to the relative wind, ttieg
force k5 will be parallel to it. The magnitude of these tfawces will be proportional - the
square of the relative wingelocity. From Figure B we can see that the lift force ahe drag
force have opposing components along the direatfomotion. If the lift force dominates tt
drag, there will be a resultant force along theation of motion, giving a positive push to it.
fact this is the force that creates the torquehe modern wind turbines. The blades are
aerofoil section, which move along the stream afdviThey are also aligned so that the ¢

force is minimized, and this gives the blade apwositive torque
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There will of course be another component of the terces that is perpendicular to the
direction of blade motion this force is called theust force. This force tries to topple the tower

and is a problem at high speeds.

1.2.3.2 The Savoniusrotor

The Savonius rotor is an extremely simple vertsoas device that works entirely because of the
thrust force of the wind. Aerodynamically they #neust-type devices, consisting of two or three
scoops. Looking down on the rotor from above, a-$&00p machine would look like an "S"
shape in cross section as shown in the Figure Betause of the curvature, the scoops
experience less drag when moving against the whiaeh twvhen moving with the wind. The
differential drag causes the Savonius turbine tm.sBecause they are drag-type devices,
Savonius turbines extract much less of the windwegp than other similarly-sized lift-type
turbines. Much of the swept area of a Savoniusrrigtanear the ground, making the overall

energy extraction less effective due to lower wapded at lower heights.
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Direction of rotation

Figure .4 Top view of a Savonius rotor

The Savonius rotor is simple and inexpensive, hadraterial required for it is availak
in any rural area, enabling on site constructiosumh wind mills. However its utility is limite

because of its relatively low efiency.

1.2.3.3TheDarrieusrotor

In the original versions of the Darrieus desigre terofoils are arranged so that they
symmetrical and have zero rigg angles that is, the angle that the aerofoils are seitixed to
the structure on which theye mounted. This arrangement is equally effectivematte, which
direction the wind is blowinin contrast to the conventional type, which mustdiated to fac

into the wind.
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When the Darrieus rotor is spinning, the aerofaiks moving forward through the air in a
circular path. Relative to the blade, this oncomamglow is added vectorially to the wind, so
that the resultant airflow creates a varying snpalsitive angle of attack to the blade. This
generates a net force pointing obliquely forwahgla certain 'line-of-action’. This force can be
projected inwards past the turbine axis at a gedatance, giving a positive torque to the shaft,

thus helping it to rotate in the direction it isegdy travelling in.

As the aerofoil moves around the back of the appayrghe angle of attack changes to the
opposite sign, but the generated force is stillgpigly in the direction of rotation, because the
wings are symmetrical and the rigging angle is z&te rotor spins at a rate unrelated to the
wind speed, and usually many times faster. Theggranising from the torque and speed may be
extracted and converted into useful power by usim@lectrical generator. Figure 1.5 shows the

forces acting upon the blades at different bladstjoms.

The aeronautical terms lift and drag are, strisipeaking, forces across and along the
approaching net relative airflow respectively, beyt are not useful here. We really want to

know the tangential force pulling the blade arouadd the radial force acting against the

bearings.
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7 FL

rotation

Figure 1.5Forces acting upon the blades of Darrieus rotor at different positions

When the rotor is stationary, no net rotationatéoarises, even if the wind speed rises
quite high the rotor must already be spinning toegate torque. Thus the design is not normally
self starting. The starting torque is generallyyted by an electrical machine, which initially
runs as a motor, but later changes to the genamaide as the Darrieus rotor starts, generating

power.

The Darrieus design is theoretically less expensia@ a conventional type, as most of
the stress is in the blades which provide torquéh&ogenerator located at the bottom of the
turbine. The only forces that need to be balaneddvertically are the compression load due to

the blades flexing outward (thus attempting to &pe" the tower), and the wind force trying to
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blow the whole trbine over, half of which is transmitted to the tbat and the other half «

which can easily be offset with guy wir

124 |IMPORTANT TERMSRELATED TO WIND POWER GENERATION

1.2.4.1 Solidity

The solidity of a wind rotor is the ratio of the projed blade areto the swept area. Tt
projected blade area doesn’'t mean the actual bdaee, it is the area met by the wind

projected in the direction dfie wind as shown in Figure.6

Swept Area
of Blades

L
VAV AN AV AV AN AV e oV

Figure .6 Solidity of a horizontal wind turbine

The solidity of Savoniurotor is unity as the wind sees no free passagrighr it. For
Multiblade water pumping mills, it is around 0.0r fhigh speed horizontal axis turbines

Darrieus rotors it lies between 0.01 to
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Solidity has a direct relation with torque and sh High solidity rotors have high torqt
and low speeds. On the other hand low solidityreot@ave low torque and high speend are

typically suited for electricgpower generatio

1.2.4.2 Tip Speed Ratio (TSR)

Tip speed ratio of a wind turbine is definedthe ratio of the speed of the rotating blade ti

the speed of the free stream w

1= 27BN _wR
V. V. (1.2)

Swept Area
of Blades

= rotationpl speed
of turbine in rad/sec.

[———
777777777

Figure .7 Solidity of a horizontal wind turbine

where 1 is the TSR,R is the radius of the swept area in me N is the rotational speed

revolutions per second, amd is the wind speed without rotor interruption in e@<There is an
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optimum angle of attack which creates the highétstd drag ratio. Because angle of attack is

dependent on wind speed, there is an optimum &edpatio.

The TSRs of the Savonius rotor and the multi-bladéer pumping mills are generally
low where as that of Darrieus rotors can be as agjf. It can be said that high solidity rotors in

general have low value TSRs and vice-versa.

1.2.4.3 Power coefficient (Cp)

Power coefficient of a wind energy converter isegi\by

power output from the wind machine

Cp=

Power contained in wind (1.3)

The power coefficient differs from the efficiency @ wind machine in the sense that the later
includes the losses in the mechanical transmisgiecirical generation, etc where as the former
is just the efficiency of conversion of wind eneligyo mechanical energy of the shaft. In high
speed horizontal axis machines the power coeffiégegiven by the Betz limit which states that
all wind power cannot be captured by rotor or @isevould be completely still behind rotor and
not allow more wind to pass through. Theoretiaalitliof rotor efficiency is 59%. Most modern

wind turbines are in the 35 — 45% range.

1.2.4.4 Specific Rated Capacity (SRC)
Specific rated capacity is defined as the ratipedk power rating of the generator to the rotor
swept area.

_ powerratingof thegenerator
rotorsweptarea (1.4)

SRC
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Since the same wind turbine can produce widelyiagrgmountsof electrical power dependir
on the windspeed, the SRCives a standard procedure to specify the rating ofachine. Th

SRC varies between 0.2 for small rotors to 0.8doge rotors

1.25 WIND TURBINE CHARACTERISTICS

The different characteristics which define the perfance of a wind turbine a

» Power coefficient versus Tip speed ratio charastiet
* Power versus speed characteri:

* Torque versus speed characteri

1.2.5.1 Power Coefficient versus Tip Speed Ratio Characteristics
The graph of the power coefficientp) against tip speed ratio (TSR) is a very impor
yardstick in the characterizationf the wind turbine. Figure .8 shows the , vs TSR

characteristics for different types of turbir

0.6

ldeial efficieincy for Epropellér type tiurbine
0.5 froreoeees oo R R S P ek speed |
: : : : : ; i thorizontal axis

= : : : : : : : ‘turbines

2 04 oo [ I AR [ Ui S R
5 : : : : : : ; !

L=

) : : : : ! : : ‘ :

S : : : : / : : : :

O 0.3 fro-ofees begommmomm - SRk I EEEEEEE SRS boeeoeeee e SEREEES foemmm o oo
- : Savénius rotor ; i i i Darrieus rotor

)

=

02 fofleb A SRR N S U U S S —

l)iutch wihd millsi

R R R S

Mult:iblade v‘i(ater—
pumping wind mills :

2 3 4 5 6 7 8 9 10

Tip Speed Ratio

Figure 1.8Curves of C, versus TSR for different types of wind mills
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For a given turbine, the power coefficient dependsonly on the TSR but also on 1
blade pitch anglen. Figurel.9 shows the typical variation of the power coeffi¢ianth respec

to the TSR X) with blade pitch contrc

05| ASNND T N S NN N —
P — ARNENS S T4 WIS SN S —

) R s N SN R —

0.2

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

Power Coefficient

O S— U/ AN ST —_—

Tip Speed Ratio

Figure 1.9Curves of C, versus TSR for different pitch angles a

1.2.5.2 Power versus Speed Characteristics

The wind turbine paer curves shown in Figure.10 illustrate how the mechanical power t
can be extracted frorthe wind depends on the rotor speed. For each gpeed there is ¢
optimum turbine speed at which the extracted wind/gr at the shaft reaches its maximi
Such a family of wind turbine power curves can beresented by a single dimensionl
characteistic curve, namely, the -\ curve, as shown in Figure 1\®here the power coefficie

is plotted against the TSR.
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From equations (1.1) and.8), the mechanical power transmitted to the sk

P = %pCpAVf (1.9

0.75

0.5 13 m/s

Power (multiplied by rated power)

11 m/s
0.25
9 m/s
|
0 25 50 75 100

Turbine speed in rpm

Figure 1.10Power versus Speed characteristics of a wind turbine

WhereC, is a function of TSK(X) and the pitch anglex). For a wind turbine with radiuR,

equation (15) con be expressed
1 3
Pm= EpCerZVw (1.6)

For a given wind speed, the power extracted froemwind is maximized iC, is maximized.
The optimum value o€, sayC, opt, always occurs at a definite valueioiayiq,, which means

that for varying wind speed, the rotor speed sthénel adjusted proportionally to adhere alw
Page 15
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to this value ofA(=\ opy for maximum mechanical power output from the ieb Using the
relationA=w R/V,, in equation (1.6), the maximum value of the shadtchanical power for any
wind speed can be expressed as

1 R
Prax = E Cp,optn[/]TJ woptsp (1.7)

opt

Thus the maximum mechanical power that can be @etlafrom wind is proportional to the

cube of the rotor speed, i.€.maxa ®° this is shown by the dotted line in Figure 1.10.

1.2.5.3 Torque versus Speed Characteristics

Studying the torque versus rotational speed chenatits of any prime mover is very important
for properly matching the load and insuring thébkgtaperation of the electrical generator. The
typical torque versus speed characteristics oftwee blade propeller -type wind turbine, the
Darrieus rotor, and the Savonius are shown in Egdrll, 1.12, 1.13 respectively. The profiles
of the torque — speed curves shown in Figures 1L1P and 1.13 follow from the power curves,

since torque and power are related as follows

T, =i (1.8)
w

From equation (1.7), at the optimum operation pdi@f op, A op) the relation between

aerodynamic torque and rotational speed is
_1 R® 2
Tm— Epcp,opt a)opt (19)

/]T

opt
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It is seen that at the optimum operation point be C;-A curve, the torque |

guadratically related to the rotational spe

1800

N 2 o
8 8 8

Torque in Nm
2
8

1 1
0 25 50 75 100 125 150 175 200

Turbine speed in rpm

Figure 1.1TTorque versus Speed characteristics of two blade propeller type rotor

10,000 |-
9,000
8,000 |-
7,000 - 12 m/is

6,000 |-

Torque in Nm

5,000 -

10 m/s
4,000 (-

3,000
8 m/s
2,000
6 m/s
1,000 |-

L ! 1 1 1 L L

L " L
0 10 20 30 40 50 60 70 80 90 100

Turbine speed in rpm

Figure 1.12Torque versus Speed characteristics of Darrieus rotor

Page 17



Chapter-1

Torque in Nm

) .
1
0 20 40 60 80 100 120 140 160 180 200
Turbine speed in rpm

Figure 1.13Torque versus Speed characteristics of Savonius rotor

The curves in the figures shcthat for the propeller turbine and the Darrieusrotor
any wind speed, the torque reaches a maximum \atl@ee specific rotational speed, and f
maximum shaft torque varies approximately as thesg of the rotational speed. In this cas
electriaty production, the load torque depends on thetetat loading, and by proper
choosing the load (or power electronic interfati®d,torque can be made to vary as the sque

the rotational speed.

126 WIND TURBINE CONTROL SYSTEMS

Control systems are required for a wind turbinedificient power capture from wind as well
for safety of the turbine itself. When the wind egebecomes high, it becomes importan
protect the generator and power electronic deviimes overloadin which is done by reducin
the drive train load. At very high speeds the windine has to be stalled. At low and medi
wind speeds the turbine has to efficiently captheepower contained in the wind for which -

angle of attack of the turbine bles should be accordingly adjusted. Similarly at exy speed:
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the power contained in the wind becomes too lovibegocaptured. So the turbines need tc

stopped.

Along with many operating characteristics, the tecal data sheet of a turbii
mentions is output at a particular wind speed, generally kmaw the rated wind speed. This
the minimum wind speed at which the wind turbinedurces its<designated output power. F
most of theturbines, this speed is normally between 9 and /& Tihe generor rating is chosen

S0 as to best utilize the mechanical output otuahigine at the rated wind spee:

Wind turbine has four different types of control aghanisms, as discussed in

following.

1.2.6.1 Pitch Angle Control

In this type of contrc the pitch angle of the bladese change according to the
variation of wind speed. Athe wind speed changes the pitch angle controesystligns the
blade in direction of the relative wind due to wi it is possible to achieve a high efficienof

power conversion.

Pitch actuator

Figure .14 Pitch angle control block diagram
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In a pitch controlled machine, as the wind speetkteds its rated speed, the blades
are gradually turned about the longitudinal axid ant of the wind to increase the pitch angle.
This reduces the aerodynamic efficiency of theodmd rotor output power decreases. When
the wind speed exceeds the safe limit for the aystiee pitch angle is so changed that the power
output reduces to zero and the machine shiftsadstiall’ mode. After the gust passes, the pitch
angle is reset to the normal position and the habs restarted. At normal wind speeds, the
blade pitch angle should ideally settle to a vadtievhich the output power equals the rated

power.

The pitch angle control principle is explained ilgwe 1.14. The error signal which is
the difference between the output electrical poavet reference power is fed as the input to the
pitch controller. The pitch controller operates tilade actuator to alter the pitch angle. The
control system sets the blade at such an anglerth@imizes the rotor efficiency while operating
below the rated speed. The generator output poweaccordingly adjusted such that the
generator is able to absorb the mechanical powen the turbine and deliver it to the load. As
continuous pitch control is relatively expensivartgplement, so it is not justified to use this type
of control mechanism in small wind machines. Howetlee stalling mechanism must be used in
all types of wind turbines (large ,medium and sjntl prevent damage of the turbine during

turbulent weather conditions.

1.2.6.2 Stall Control

* Passive Stall Control
Generally, stall control to limit the power outpat high winds is applied to
constant- pitch turbines driving induction generatoonnected to the network. The rotor

speed is fixed by the network, allowing only 1-4&sigtion. Passive stall controlled wind
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turbines have a simpler form of blades that arach#d to the hub at a fixed angle. The
rotor airfoil profile is aerodynamically designedgich that when the wind speed exceeds a
safe limit, the angle of attack of the airfoil thetwind stream is increased, and the
laminar flow stops and is replaced by turbulencetfen top side of the airfoil, due to

which the lift force stops acting stalling its raten.

* Active Stall Control

Large wind turbines are equipped with active stalitrol mechanism. In this case they use
pitchable blades resembling the pitch controlledbines. To get a large torque or turning
force at low speeds, the control system pitchedthees in steps like pitch angle controlled
machines at low wind speeds. But the situation mesodifferent when the turbine reaches
its designed rated power level. At that time tladl stontrol mechanism acts differently form

a pitch control mechanism. At high speeds, toqumtothe generator from overloading the
active stall control system pitches the bladesha opposite direction of what a pitch

controlled machine would do. In this case it insesathe angle of attack of the aerofoll
leading a stall condition rather than decreasimgahgle of attack to reduce the lift and the

rotational speed of the blade.

An advantage of the active stall control is tin&t power output can be controlled so as to
avoid overshooting the generators rated powereasti#rt of wind gusts. A second advantage
is that the generator would deliver its rated poaehigh wind speeds, in contrast to the
passive stall controlled machines which will noripaxperience a drop in their electrical

power output since its rotor blades experiencesepelr stall at high wind speeds.
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1.2.6.3 Power Electronic Control

In a system incorporating a power electronic irstegfbetween the generator and the load
(or the grid), the electrical power delivered b thenerator to the load can be dynamically
controlled. The instantaneous difference betweerchamr@cal power and electrical power

changes the rotor speed following the equation

dt w (1.10)

WhereJ is the polar moment of the inertia of the roterjs the angular speed of the
rotor, Py is the mechanical power produced by the turbinel Bnis the electrical power

delivered to the load. Integrating equation (1.10,get

ty
St -at)=[ (R, -R)a
b (1.11)

The advantage of this method of speed controlasittdoes not involve any mechanical
action and is smooth in operation. A disadvantaghat fast variation of speed requires a large
difference between the input power and output ppweéich scales as the moment of inertia of
the rotor. This results in a large torque and heincesased stress on the blades. Moreover,
continuous control of the rotor speed by this meétimaplies continuous fluctuation of the power

output to the grid, which is usually undesirabletfee power system.
1.2.6.4 Yaw Control

In this type of control the turbine continuouslyemted along the direction of wind flow.

In large machines this can be achieved using nesdrcontrol systems activated either by a fan-
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tail (a small turbine mounted perpendicular to niein turbine) or, in case of wind farms, by a
centralized instrument for the detection of the dvtirection where as in small turbines this is
achieved with a tail-vane. It is also possibleatthieve yaw control without any additional
mechanism, simply by mounting the turbine downwsadthat the thrust force automatically

pushes the turbine in the direction of the wind.

The yaw control mechanism can also be used fordspeetrol— the rotor is made to
face away from the wind direction at high wind speehereby reducing the mechanical power.
However, this method is seldom used where pitchirobis available, because of the stresses it
produces on the rotor blades. Yawing often prodimed noise, and it is desirable to restrict the

yawing rate in large machines to reduce the noise.

1.3 WIND POWER CONVERSION SYSTEMS

Wind turbines can operate with either fixed spesciually within a speed range about
1%) or variable speed. For fixed-speed wind turkirtee generator (induction generator) is
directly connected to the grid. Since the speeali®ost fixed to the grid frequency, and most
certainly not controllable, it is not possible ttwre the turbulence of the wind in form of
rotational energy. Therefore, for a fixed-speedeysthe turbulence of the wind will result in
power variations, and thus affect the power qualftthe grid. For a variable-speed wind turbine
the generator is controlled by power electroniciapent, which makes it possible to control the
rotor speed. In this way the power fluctuationssealiby wind variations can be more or less
absorbed by changing the rotor speed and thus peaations originating from the wind
conversion and the drive train can be reduced. &lethe power quality impact caused by the
wind turbine can be improved compared to a fixeeespturbine. The rotational speed of a wind

turbine is fairly low and must therefore be adjdste the electrical frequency. This can be done
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in two ways: with a gearbox or with the number ofeppairs of the generator. The number of
pole pairs sets the mechanical speed of the gemevéh respect to the electrical frequency and
the gearbox adjusts the rotor speed of the tutisitiee mechanical speed of the generator.
1.3.1FIXED SPEED WIND TURBINE
For the fixed-speed wind turbine the induction gater is directly connected to the

electrical grid according to Figure 1.15. The raspeed of the fixed-speed wind turbine is in
principle determined by a gearbox and the pole-pamber of the generator. The fixed-speed
wind turbine system has often two fixed speedss Thiaccomplished by using two generators
with different ratings and pole pairs, or it canébgenerator with two windings having different

ratings and pole pairs. This leads to increaseoldgeamic capture as well as reduced

| Soft s
starter J_ .5__I>\__-. /;

Transformer

Capacitor bank

Figure 1.19-ixed speed wind turbine system

magnetizing losses at low wind speeds. This sygtera or two-speed) was the “conventional”
concept used by many Danish manufacturers in tB8sl@nd 1990s.
1.3.2VARIABLE SPEED WIND TURBINE

The system presented in Figure 1.16 consists ahd wrbine equipped with a converter

connected to the stator of the generator.
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‘ box \kﬁ} = [ ~= 4‘\_(3\_%

|| Power electronic Transformer
L converter

Figure 1.16Variable speed wind turbine system
The generator could either be a cage-bar indugemerator or a synchronous generator. The
gearbox is designed so that maximum rotor speecsgonds to rated speed of the generator.
Synchronous generators or permanent-magnet symmsogenerators can be designed with
multiple poles which imply that there is no need # gearbox. Since this “full-power”
converter/generator system is commonly used foero#fpplications, one advantage with this
system is its well-developed and robust control.
1.4 GENERATORS FOR WIND POWER APPLICATIONS
Generally three different types of machines arel @segenerators for wind power applications,

those are

» Squirrel cage induction machine (SCIM)
* Wound rotor induction machine (WRIM)

* Permanent magnet synchronous machine (PMSM)
1.4.1 SQUIRREL CAGE INDUCTION MACHINE

Squirrel cage induction machines are mostly usedemerators for wind power applications.

These machines are robust, maintenance free aagp@&hthan the other types of generators used
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for wind power applications. Squirrel cage machirege used as gi excited induction

generators which takes the reactive power frongtiteand delivers active power to the gi

DC/ACH——

—H‘

Figure 1.175quirrel cage induction machine used for wind power generation

Figure 1.17 shows the schematic diagram for a sgjutage induction machine used for w

power generation.
1.4.2WOUND ROTOR INDUCTION MACHINE

In recent days wound rotor induction machines Hawen extensively used as generators
wind power applications. These machines have &tlathe interest due to their gree
efficiency of power generation. These machinesupplied both from the gor and rotor side
so often they are called doubly excited inducti@megyators. In this type of system whole
control structure is connected to the rotor sidethe ratings of the control circuit compone
are reduced. Figure 1.18 shows the schic diagram for a wound rotor induction machine u

for wind power generation.
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Grid

)

AC/ D(] = DC/AQ]

Transformer

Figure 1.18Mound rotor induction machine used for wind power generation
1.4.3 PERMANENT MAGNET SYNCHRONOUSMACHINE

Permanent magnet synchronous machines can alscsdze asgenerators for wind powe
applications. But these machines usually not preferredor wind power generation purpo
due to the fact that these machines ostly but they have an advantage of being usedrest
drive generators. The scheme using permanent magnet synchronousag@nés shown i

Figure 1.19.

Figure 1.1%Permanent magnet synchronous machine used for wind power generation

This work is extensively done upon wind power gatien using squirrel cage inction

machines as generators.
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1.5SELF EXCITED AND LINE EXCITED INDUCTION GENERATORS

Thesquirrel cage induction generators are basicakylus two different configurations for wir

power generation purpose.

» Self excited induction generatc

» Line excitedinduction generato

1.51SELF EXCITED INDUCTION GENERATORS

Self excited induction generators are basicallyduse stan-alone wind power systems. In tl
scheme a capacitor bank is connected to the systeopply the required reactive power to

induction generatoiThe self excited induction generator scheme is shiovthe Figure 1.2

l Transformer

7

Capacitor bank

Figure 1.2(Self excited induction generator scheme

1.52LINE EXCITED INDUCTION GENERATORS

Squirrel cage induction machines are most ofter @sline excited induction generators 1
wind power applications. In this scheme the inductgenerators are connected to the

through a bidirectional conver-inverter set. The induction generator takes thaired reactive
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power from the generatordd inverte and generates active power which is then fed tatlte
For the fact that the induction generator takeg¢laetive powe and delivers active pow, it has
a poor power factoat the generation e. But by the vector control of the line s converter the
power factor at the grid end can be maintainedegdyf at unity which will be described i
details in chapter 6. Figure 1.21 shows the lineited induction generator scheme for w

power applications.

Grid

Figure 1.21Line excited induction generator scheme

1.6 CONTROL OH-INE EXCITED CAGE INDUCTION GENERATOR!

Line excited cage induction generators are mostnoonty used for wind power applicatior
These generators are robust, cheaper than itseropatts and need less maintere, which
make these machinesuitable fo wind power generation. Cage induction generatonge
drawback thatdue to the coupling effect between active and reagbower thetransient
response becomes sluggish and the cobecomes difficult and comple. Because of this there
arises stability problem when the system is corateetith the gric A lot of researh has been
done in recent pasio improve the transient characteristics of induttimachine. When
induction machines are operated using vectorrol techniques, fast dynamic response

accurate torque control are obtained. All of thekaracteristics are advantageous in vari
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speed wind energy conversion systems (WECS). Sdj@iage generators with shunt passive or
active VAR (volt ampere reactive) generators wagppsed in [1], which generate constant
frequency power through a diode rectifier and Boenmutated thyristor inverter. A comparative
study of fixed speed and DFIG during power systéstucbances such as network voltage sags
and three phase faults, as well as the possilafityetwork voltage instability is investigated in
[2]. The performance of a DFIG driven by a windbine connected to large power systems is
studied in [3], where as in [4] a doubly excitedustion generator is studied as an alternative to
line excited cage induction generators for variageed wind power generation. In this paper a
feed forward vector control scheme is also devaldpe the performance improvement of the
doubly fed induction generator system. A compaeasitudy is done in [5] between fixed speed
wind turbines, variable speed wind turbines empigyline excited cage generators and variable
speed wind turbines using doubly excited inductienerators. Self excited induction generator
system using cage induction machine is describg€]jrand in [7] the operation of several self
excited induction generators connected to a comibusnis analyzed. The field oriented control
of induction generator for variable speed wind gpeapplications are discussed in [8]-[12]. A
sensor-less vector control scheme based on a mefdeénce adaptive system (MRAS) observer
used to estimate the rotational speed, which islsig to control cage induction generators for
wind power applications is discussed in [8] In thaper a separate estimation of the speed is
obtained from the rotor slot harmonics using arowigm for spectral analysis in order to tune
the MRAS observer and compensate for the paranveteation and uncertainties. In [9] a
doubly fed induction machine is considered whilis itonnected to the grid and operating in sub
synchronous as well as super synchronous speeasdén to decouple the active and reactive

powers generated by the machines, stator flux iewector control is applied in this paper. A

Page 30



Chapter-1

new control scheme using non-linear controller &h@ is employed for a variable speed grid
connected wind energy system in [10] where as soveontrol scheme for both supply side and
machine converters is discussed and the independatrbl of active and reactive power is done
in [11]. In [4] and [8] -[11] the vector control lsemes employ PI controllers for the control
purpose. In [12] a cage induction machine is aereid and a fuzzy control system is used to
drive the wind energy conversion system to the tpofrmaximum energy capture for a given
wind velocity. A FLC based speed control schemeéeiscribed in [13] employing feed-forward
vector control scheme for performance improveméranoinduction motor drive system. Again
in [14] fuzzy logic is used to develop an advanead intelligent control strategy for a line
excited cage generator system used for wind powglications. A detailed approach on fuzzy
logic controllers is given in [15]. In this papeffdrent aspects of fuzzy controller tuning such
as effect of membership functions on fuzzy con¢raiining, tuning of fuzzy controller using the
input and output normalizing factors, effect ofZyzules on tuning etc. are discussed in a very
detailed manner. In [16] methods for improving terformance of a fuzzy logic controller
especially when used for control of higher ordestems are discussed. In this paper two
different schemes for improvising the performanta tuzzy logic controller are given. In [17] a
self tuned fuzzy logic controller is implemented the performance improvement of a field
oriented control of an induction motor drive. Instipaper another fuzzy logic controller is used
to tune the normalization factors of the main fulmyic controller. In [18] a similar strategy has
been adopted to tune the output normalization fastdhe fuzzy logic controller. The output
normalization factor tuning scheme works takingéh®r and change of error of the system into
account. Several other self tuned fuzzy logic aadlgr schemes are given in [19] — [23]. In [24]

and [25] hybrid controllers are described. In [ hybrid controller is a hybrid of Pl controller
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and fuzzy logic controller where as in [25] the hgbcontroller is a combination of a PI

controller and a sliding mode controller.

1.7 MOTIVATION

Generation of pollution free power has become tlagnmaim of the researchers in the field of
electrical power generation. The depletion of fo&gls, such as coal and oil, also aid to the
importance of switching to renewable and non-poltyenergy sources such as solar, tidal and
wind energy etc., among which wind energy is theteost efficient and wide spread source of
energy. From the recent scenario it is also evitleat wind energy is drawing a great deal of
interest in the power generation sector. If thedae@mergy could be effectively captured it could
solve the problems such as environmental polluind unavailability of fossil fuel in future.
The above fact gives the motivation for developnara wind power generation system which

would have better performance and efficiency.

1.8 OBJECTIVES

wind energy has been utilized by human for censubat in the last four decades serious
research has been done for the generation of ielgbower from wind. As the research area is
not so old, many developments are yet to be donthigfield. A number of wind power
conversion systems have been developed using efitfelypes of machines such as, cage
induction machines, wound rotor induction machirsegl permanent magnet synchronous
machines, as generators. This work employs a cadeciion machine as electrical power
generator due to the fact that cage induction nm&share cheaper than their counterparts and
also need less maintenance. A lot of researchbkas done in improving the transient and

steady state performances of the induction genesggiem by using different control strategies
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such as direct and indirect vector control, setsss-vector control, direct torque control etc.
But most of the control strategies employed theveational Pl controller and some employed
fuzzy logic controllers for the control of the imttion machine. Again the power factor of the
induction generator system becomes a big issu@ulsecinduction generators have low power

factors as they take the reactive power from tiet and supply active power to the grid.

In this work the main objectives are

» Development and Implementation of new controlless fransient and steady state
performance improvement of the line excited indutenerator system.

» Power factor improvement of the wind energy coneersystem.

» Fabrication of a control circuit for control of PWabnverter- inverter set which could be

interfaced with PC.

1.9 ORGANISATION OF THE THESIS

The thesis includes six chapters among which chdptgves a brief description of wind power
and wind electrical systems. In chapter-2 the degleiing of induction generator is done and the
vector control strategy for induction machine isaéed. Chapter-3 includes the description
and simulation results of an indirect vector colidb cage induction generator. The indirect
vector control strategy described in this chaptempleys conventional Pl controllers. The
simulation results are taken for both turbine tergumd reference speed variations. In chapter-4
three controllers are designed and implementethioperformance improvement of the indirect
vector controlled cage induction generator systdamong the three controllers the first is the
fuzzy logic controller. Then a second controlledesigned which is the self tuned fuzzy logic

controller. The third controller is a hybrid corteo which employs both conventional PI
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controller and the self tuned fuzzy logic contronll€he improvement in the performance of the
cage induction generator system is shown in theilsitions later in that chapter. In chapter-5 a
control scheme for the grid side PWM converterasalibed and simulated. The control of grid
side converter is done to improve the power fadbrthe wind power generation system.
Chapter-6 contains the details of the fabricatidnthe control circuit for control of PWM

converter- inverter set. The outputs of the falbedaircuits are shown later in that chapter.

The main contributions of the thesis are:-

1. Performance improvement of indirect vector conglinduction generator using:
I. Fuzzy logic controller.
il. Self turned fuzzy logic controller.
iii. A novel hybrid controller combining P-I controlland self tuned fuzzy logic
controller.
2. Performance comparison of the indirect vector msicheme with different controllers .
3. Power factor improvement of wind power generatigstesm through control of grid side
converter.

4. Fabrication and testing of control circuit for PWddnverter-inverter system.
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Chapter 2
D-Q Modeling And Vector Control of

Induction Generator

2.1 INTRODUCTION

In many applications, the dynamic behavior of thduction machine has an important
effect upon the overall performance of the systdmvbich it is a part. A machine is a
complex structure electrically, mechanically an@rthally. The dynamic performance
of an ac machine is complex because the three ptese windings move with respect
to the three phase stator windings. The machineahodn be described by differential
equations with time varying mutual inductances, Buth a model tends to be very
complex. The three phase machine can be represdmedn equivalent two-phase
machine i.ea-b-c to d-gtransformation. In the1920s, to overcome the peabbf time

varying parameters, R.H. Park proposed a new thebejtectrical machine analysis. He
transformed or referred the stator variables (wpd currents and flux linkages) to a
synchronously rotating reference frame fixed in tlodéor. Later, in the 1930s, H.C.
Stanley showed that time varying inductances invblage equations of an induction

machine due to electric circuits in relative motioan be eliminated by transforming
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the rotor variables to variables associated withitiious stationary windings. Later, G.
Kron proposed a transformation of both stator aatbr variables to a synchronously
rotating reference frame that moves with the rotgtmagnetic field. A proper model for

the three phase induction machine is essentiairtolate and study the complete drive system.

2.2 AXES TRANSFORMATION

Consider a symmetrical three-phase indnanachine with stationargs-bs-csaxes at
2n/3-angle apart as shown in Figure 2.1 . We havéraonsform the three phase stationary
reference frame ag-bs-cy variables into two-phase stationary referencemé&a(d®-q°®)
variables and then transform these to synchronaesiifing reference fram@®- q°), and vice
versa. Assuming that tl€’- q° axes are oriented étangle, as shown in Figure 2.1, the voltages
Vgs andvgs can be resolved intas-bs-cscomponents and can be represented in the matrix fo

as

H S
Ve cosd sinég 1 Vg

Vs | =] COS@-120°) sin(@-120) 1| vg 2.1)
Y cos@+120') sin(@+120) 1| v,

cs

The corresponding inverse relation is

Vos 5 cosd cos@-120) cos@+120) || v,
Vi, =3 sin@ sin(@-120°) sin(@+120) || v, (22
Ve 05 05 05 v

0s cs
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bs
Vis
S
Vas s .
— > » °-axis
0
\Y
csS Vas
as
Y Vis
CS
\/
dS - axis

Figure 2.1 Stationary frame a-b-c td® - gSaxes transformation

wherev,s is added as the zero sequence component, which nagynot be present. We have
considered voltage as variable. The current and lihkages can be transformed by similar
equations. Figure 2.2 shows the synchronouslyingtd ®-g° axes, which rotate at synchronous
speedye With respect to thd®-g*axes and the angle=wet.

The two-phasel®-g° windings are transformed into the hypothetical dimgs mounted on the
d®-q° axes. The voltagegs andvgs can be resolved intd®-q® components and can be

represented in matrix form as
Vgs | _| COSE,  —sing, | vi, 23
Ve | |sing, cosd, | v, '

For convenience, the superscrigthas been dropped from the synchronously rotatigdr

parameters. The corresponding inverse relation is
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Voo | _| OB, sing, || v, 24)
VS, - -sing, cosd, | v, '

Vs = ~VmsSIin®

Figure 2.2Stationary framed® — g° to synchronously rotating framg® — g€ transformation

2.3 D-Q MODEL OF INDUCTION MACHINE (KRON’S EQUATION )

G. Kron introduced a change of variables that elated the position or time-varying mutual
inductances of a symmetrical induction machine rapdforming both the stator variables and
the rotor variables to a reference frame rotatingyinchronism with the rotating magnetic field.
This reference frame is commonly referred to assyrechronously rotating reference frame.
Consider the two-phase machine shown in Figureve3eed to represent bati-q° andd' -

q" circuits and their variables in a synchronousltating d®-q° frame. For simplicity, the
following assumptions about the induction machireeraade:

» Symmetrical two-pole, three phase windings.

Page 38



Chapter-2

* The slotting effects are neglected.

* Mutual inductances are equal.

* The flux density is radial in the air gap and sation of the magnetic circuit is
neglected.

» The stator and the rotor windings are simplifiechasngle, multi-turn full pitch coil
situated on the two sides of the air gap.

* The harmonics in voltages and currents are neglecte

» Hysteresis and eddy current losses and skin eféeetaeglected.

v dr/‘

dS
Figure 2B3juivalent two-phase transformation

The stator circuit equations can be written as

S HES) d S
Vos = Riig +aqu (2.5)
S S d S A}
vy, = R, JEL'J"S (2.6
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where %, and % are g-axis andd-axis stator flux linkages, respectively. When thes
equations are converteddG-q°® frame, the following equation can be written:

d

Vqs = Rsiqs + ay/qs + a)ey/ds (27)
d
Vis = Rslds + ay/ds - wey/qs (28)

If the rotor is not moving, that isp,=0, the rotor equations for a doubly-fed wound-rotor

machine will be

Vv, =Rig +%5Uqr SR N (2.9)
4
Vor = erdr +ay/dr _a)eTqr (210)

where all the variables and parameters are reféoréte stator. Since the rotor actually moves at

speeda, , thed-g axes fixed on the rotor move at a spegd-«j relative to the synchronously

rotating frame. Therefore, id® - g® frame, the rotor equations should be modified as
qr

V. =Rig, +%¥/qr +(w, — W)V, (217)

Vdr = Rridr +%yjdr _(a)e _a)r)y/qr (212)

The d® - g® dynamic model equivalent circuits are shown inuFég2.21 that satisfies equations

(2.7)-(2.8) and (2.11)-(2.12). The advantage of tiffe- g dynamic model of the machine is

that all the sinusoidal variables in stationaryrfeaappear as dc quantities in synchronous frame.
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|
as Lic=Ls—L Ly,=L,—-L
i W +O - Is s m 'Ir r m_m+ +—
v A
Rs ®WeVds (we —r)ydr Ry
Vgs Lm Var
qu ‘Ilqr
O O
(a)

Figure 2.4Dynamicd® - g® equivalent circuits of machir(@) g - axis circuit

\Vds \lldr

(b)

Figure 2.4Dynamicd® - q® equivalent circuits of machir(@) d€ - axis circuit

The flux linkage expressions in terms of the cus@an be written from Figure 2.4 as:

Vo = Lalgs + Ln(is +igr) (2.13)
Vo = Lyig + L (g +ig) (2.14)
¥ om = Lm(igs +igr) (2.15)
Ve = Liglgs + L (igs +ig,) (2.16)
Vo, =Ly +L (1 Fig) (2.17)
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dem = Lm(ids+idr) (21&

Combining the above expressions, the electricabtest model in terms of voltages and currents

can be given in matrix form as

Vs Rs +SL5 _weLs SLnn _weLm idS

VqS - weLs Rs + Slﬁ a)eLm SI‘m iqS (2 19)
Var SI‘m _(we_a)r)l-m Rr +SLr _(we _a)r)Lr idr -

VQr (we - a)r )Lm SLm (a)e - a)r )Lr Rr + SI‘r iQr

wheres is the Laplace operator. For singly-fed machinehsas a cage motoi=vg=0.

Now splitting equation (2.19) such that the diéiatial terms become separate and rewriting the

equation we get

VdS Rs - a)eLs 0 - a)eLm idS
Vqs _ a)eLS Rs a)eLm O iqs
Vo | 0 (@ -w)L, R ~(w-aw)L, | |
Vo | lw-a)L, 0 (w-a)L, R iy
L. 0O L, O]]|Sigs
0 L. O L,||Slgs
+ s " (2.20)
L, O L O ]Sl
0O L, O L ||Si
where
Vds Sids ids
Vqs — U , S.iqs — X , ?qs - X
Vdr SIdr Idr
Vqr siqr iqr
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& _weLs 0 _weLm
a)eLs RS weLm O
=A
0 -@-@l, R -(w-aw)
(@ - @)L, 0 (@ - @)L, R
and
L, 0L, O
0 L, 0 L,
:AZ
L, 0 L O
0 L, 0 L
So we have the equation as
U=Ai X+ A X (2.21)
Rearranging we get
X =-A7A X + AU (2.22)

Where

L 0 -L, O

o L 0 -L

A2_1 _ 1 r m
Lo 2"l O L 0
"l o0 o-L, 0 L

and‘l’ is the identity matrix.
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Substituting the values oA, A,"*and | in equation (2.21) we get our state equatiothén

form

X = AX +BU (2.23)
Where

A= -ATTA
and

B= A

The matrix A’ has some values which are constants and somesvalhich are functions of
‘w;" . Now separating out thaw,” dependent terms from the matriR’ ‘and rewriting the

equation we get the equation in the form of

Xx = AX +A'X+BU (2.24)

Where matrix ‘A"’ is a constant matrix which is independentaf ‘but the matrix ‘A" is

dependent onw,” and can be written as

A”:CUr* Aur
Where ‘A’ " is a constant matrix.

Hence the final equation is of the form given below

X = AX +o+ A"X+ BU (2.25)
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And is given by the equation 2.26

Sigs
siqs
Sy
siqr

s—r m

Lol — Ly’

LeL, — Ly’

The torque equation for motor can be given as

T, =T +J

da

s=r

Lk

str

tm +Bw,

(2.36

(2.27)
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And the torque equation for generator can be gasen

T +T,.  =J dgtm +Baw, (2.28)

e turbine

whereT, =load torqueTwmine = turbine torqueJ=rotor inertia,w=mechanical speed =2¢p ,

wr = Is the electrical speed of the rotor d&wdpole pares of the machine.

The expression for the developed torque can beetbds
3P . .
Te=-% (Y/dm|qs - lpqm‘ds)
22
_3P . .
_EE(SUds'qs - ’qulds)
3P . .
:Ez(lpdr'qr _Y/qr|dr)
_3P . .
—EE(Tdm'qr —Y’qm'dr)

3P . .
:EE I—m('qs'dr _'ds'qr) (2.29)

Equations (2.26), (2.27),(2.28) and (2.29) give toheplete model of the electro-mechanical

dynamics of an induction machine in synchronous&a

2.4 VECTOR OR FIELD ORIENTED CONTROL

The scalar control techniques is simple to impleinkeat due to inherent coupling
effect i.e. both torque and flux are functions oftage or current and frequency, gives sluggish
response due to which the system becomes easihe gooinstability because of higher order
system effect. This problem can be solved by vectoiield-oriented control. By this control

technigue the induction machine can be controllezld separately excited dc machine. Because
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of dc machine-like performance, vector control isoaknown as decoupling, orthogonal, or
transvector control. Vector control is applicabte doth induction and synchronous machine
drives.

Consider the separately excited dc mn&cais shown in Figure 2.5. The developed torque
is given by

T =Kl (230

where l. = armature current antl =field current. The construction of dc machineuststhat
the field flux ¥ produced by current: is perpendicular to the armature flyx, which is
produced by armature currert. These space vectors, which are stationary inespae
orthogonal or decoupled in nature. This means\ien torque is controlled by controlling the
currentla, the flux ¥ is not affected.

DC machine-like performance can als@ktended to an induction motor if the machine
control is considered in a synchronously rotatiefgrence framed® —g°®), where the sinusoidal
variables appear as dc quantities in steady $tagjare 2.6 shows the induction machine with the

inverter and vector control with the two controkremt inputs, iz and i , (With vector control,

I4s i analogous to field currerit and i is analogous to armature curreiat of a dc machine.
Therefore, the torque equation can be expressed as

T, = K7 i (232
or
T, = K,igd (232

t'ds'gs

The dc machine like performance is only possibkaéfi . is aligned in the direction of; and

i, is established perpendicular to it. This meansiren i is controlled, it affects the actual
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i current only, but does not affect the fly; Similarly, wheni, is controlled, it controls th

flux only and does not affect tli,, component of current.

I
4+— I a
a y ¥,
‘ ’ é I,
o
e

Figure 2.! Separately excited dc machine

—> I

Igs

M

lds*

Ids
Inverter

lgs™*

Yr

Figure 2.tVector-controlled induction machine

2.4.1 EQUIVALENT CIRCUIT AND PHASOR DIAGRAM
Consider thed® —q° equivalent aicuit diagram of induction machi under steady state
condition as shown in Figure .. The rotor leakage inductante is neglected for simplicity

which makes the rotor flux; the same as the air gap flyx,. The stator currer Is can be

expressed as

= i2 +i2, 233
wherei = magnetizing component of stator current flowihgptigh the inductancLm andi =
torque component of stator current flog in the rotor circuit. Figure &.and Figure 2.9 shows

phasor diagrams id® —g°® frame with peak value of sinusoids and air gapagﬂ\?m aligned on
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the g° axis. The inphase or torque component of curri,, contributes the active power acr
the air gap, whereas the reactive or flux comporménturrenti,, contributes only reactiv
power. Figure 2.8ndicates an irrease of the,, component of stator current to increase

torque while maintaining the flu¥ constant, whereas Figure 2r@licates a weakening of tl

flux by reducing the ,, componen

(J ©e ys) .
Rs Vm lqg

o—MN—— *+ - —

- ib \Apr = l’l\jm
~ . R
\A 1ds$§ L

J( OJe-(Dr) Yr

o

Figure 2.7Complex (gds) equivalent circuit in steady <

s
"",—V
-
-
f”'—"
- 'I i N
== . as \"
T. 1 > '2 O)e
|Iqs : q axis
- 1 1
Ids 0 1 1
: 1
1
o' I
1 |/\'
I s
N
Is
A A
¥ =¥
r m
e -
d axis

Figure 2.8teadystate phasor diagram with increase of torque conapbf currer
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q axis

d axis

Figure 2.9Steady-state phasor diagram with increase of femgonent of current

2.4.2 PRINCIPLE OF VECTOR CONTROL
The fundamental of vector control lempentation can be explained with the help of
Figure 2.10, where the machine model is represemea synchronously rotating reference

frame. The inverter is omitted from the figure,uaasg that it has unity current gain, that is,

<—— Control Machine
i i PO is i
ds d a d ds
de'qe > ds'qs i * | a-b-c > ds'qS Machine
i to - to b b to s to : d.-q
| s i - * - i | gs e e
— 3 di-q s a-b-c | I¢ I'e d.-q, gs d.-q, model
—>1i
gs
I ds
cosé, siné, cosf, siné, We
Wy,
< Inverse Transformation

transformation

Figure 2.10Vector control implementation principle with macohid® — g° model
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it generates currents i, , andij_as dictated by the corresponding command currgntg, ,
andj’ from the controller. A machine model with intericainversion is shown on the right. The
machine terminal phase currentsi , and j_are converted tag; and i, components by

3@/ 2@ transformation. These are then converted to spmdusly rotating frame by the unit

vector componentsos). and sinde before applying them to the®-q° machine model as

shown. The controller makes two stages of invewgstormation, so that the control curreijts
and i;S correspond to the machine currengsandiqs respectively. In addition, the unit vector

assures correct alignment igf current with the flux vectow; and i, perpendicular to it.

There are essentially two generalhods of vector control. One, called the direct or
feedback method, was invented by Blaschke andttiex &nown as the indirect or feed-forward
method was invented by Hasse. These two methodsdifieeent essentially by how the unit
vector is generated for the control.

2.5 CONCLUSION

In this chapter the voltage and flux equations loé induction machine are discussed.
The induction machine is modeled in the synchrohpuetating reference frame and
the final equation of the induction machine is egented in state space using d and g-
axis stator and rotor currents as variables. Thaorecontrol strategy is also discussed
in the chapter. The vector control technique ané #tate space equation of the
induction machine are used in the coming chaptenrs simulation of the induction

generator system.
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Chapter 3
I ndirect vector control of cage induction

gener ator

3.1INTRODUCTION

The control and estimation of wind energy conversgstem constitute a vast subject and
are more complex than those of dc drives. Inductjenerators with cage type rotors have
been used extensively in wind power generationesystfor the variable speed applications
in a wide power range. Generally, variable speeddwenergy conversion system with
Induction generators require both wide operatimpeaof speed and fast torque response,
regardless of any disturbances and uncertaintiesbiife torque variation, parameters
variation and un-modelled dynamics). This leadmtwe advanced control methods to meet
the real demand. The recent advances in the afegdbriented control along with the rapid
development and cost reduction of power electrotésgces and microprocessors have made
variable speed wind energy conversion system ancggical alternative for wind power
applications. The complexity of wind energy coniarssystem increases substantially if
high performances are demanded. The main reasonthifo complexity are the need of
variable frequency, harmonically optimum convepewer supplies, the complex dynamics
of ac machines, machine parameter variations, haddifficulties of processing feedback
signals in the presence of harmonics. The objectitbis chapter is to illustrate the indirect

vector control technique for induction generatowind power applications.
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3.2INDIRECT VECTOR CONTROL OF INDUCTION GENERATOR

The indirect vector control method assentially the same as the direct vector

control, except that the rotor angée is generated in an indirect manner (estimatioimgus
the measured speed and the slip speedy . Figure 3.1 explains the fundamental principle

of indirect vector control with the help of phasbagram. Thed® —g° axes are fixed on the
stator, but thed" —q" axes, which are fixed on the rotor, are movingpeteda, as shown.
Synchronously rotating axed® —q° are rotating ahead of thd" —q" axes by the positive
slip angle 8, corresponding to slip frequenay. Since the rotor pole is directed on tHé
axis ande, = @, + &y, SO we have

0, = [wdt =[(w, +wy)dt =6, + 6, 31
The phasor diagram suggests that for decouplingrapthe stator flux component of current
i Sshould be aligned on tha axis, and the torque component of currgnishould be on the

g°axis as shown in Figure 3.1.

Figure 3.1Phasor diagram explaining indirect vector control
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The rotor circuit equations can be written as

d;’jdr + Rridr _(we_a)r)qur =O
t
%4- Rriqr +(0)e_60, )SUdr :0

By eliminating rotor currents which are inaccessjlve have

dgldr Rr Lm . _
dt +L_5Udr _L_rRrIds_wdglqr =0

r

AV L, .
dtq +%Tqr _L_erqs+ws|¥/dr :O

r r

For decoupling control

Tqr =0
and,
dSUqr — 0
dt
So we have
L, dy .
————+ (Y, = Lni
R,. dt l//, mlds

And the slip frequency for decoupling control ise as:

LR. [
a)d = me Iqs = Rr.qs
‘/Ir I-r I-rlds
If the rotor flux % = constant, we have
517r = Lmids

32

33

(34)

(35)

(36)

37)

(39)

(39)

(310

The block diagram of indirect vector control scheioreinduction machine drive is shown in

Page 54



Chapter3

Figure 3.2The PWM inverters are not modelled and simulatathiswork. The inverter

are considered to haviestantaneous response with fixed ¢

The spee@nd current controllers may be PI controllers, Fuzantrollers or any controlle
which isused to improve theransient as well as steady state performance ointhection
machine drive The simulatiorresults of this drive system with Rientroller:is discussed in
this chapter. The performance comparison of th&edsystem incorporating differe

controllers is done in the next chapt« Chapter-5.)

Grid Power processor block
Bidirectional rectifier PWM inverter

= = b |

ia ,ib ,ic Speed
T T T sensor

Control block

Va , Vb , Ve
wr
* > 30 - 29
wr N | ¥ 2
- L » Vector rotator
fas| iqs Vas| Vs
. A 4 A 4 A4 v
Flux
. estimator
w— Q-
'+wr l l
Wds Was
igs  lds Welas  weds
J. e SinBe
el T we*  wr cosfe
»O

Figure 3.Block diagram of indirect vector controlled induction generator system

In the above given scheme the whole control structureistsnef a speed control loop a
two current control loopsin the speed control loop the rotor speed is @ with the
reference speed and the speed es then fed to the Pl-controller (R)-which generates tt
reference current commangs . Then in the current control loop the current eri®

generated by comparing the curregs with its reference value and the error is then wyitcea
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Pl controller (P1-3) . The output of PI-3 after CEMcompensation gives the reference
guadrature axis voltage commaru;*.vSimiIarly for the direct axis current control l[mohe
reference value for rotor flux is generated frora thtor speed signal through a flux limiter.
According to equation (3.10) we get the referermmmand ds . The direct axis current error
is generated by comparings iwith its reference value and the error is then teda PI
controller (P1-2). The output of controller Pl-2eaf CEMF compensation gives the reference
direct axis voltage commandyy. In this control scheme the control loop consigtiri PI-1
and PI-3 controls the active power of the inductgenerator where as the control loop

consisting of PI-2 controls the reactive power flogvto the induction generator.

3.3SIMULATION RESULTSAND DISCUSSION

The drive system is simulated with PI controlleighwdifferent operating conditions
such as step change in the reference speed anchstege in turbine torque and some sample

results are presented in the following section.
3.3.1 STEP CHANGE IN TURBINE TORQUE

A step change in command for turbinederfom 10 Nm to 15 Nm is given at t = 2.5s
which continues for 0.5s and again returns to tie®ipus value. The electromagnetic torque
response of the induction generator with Pl coldrslis shown in Figure 3.3. With PI
control it takes approximately 0.3s to achieve dyestate which can be seen clearly from
Figure 3.3. From Figure 3.3 it can be seen thaketiean overshoot of 4% which is within

the allowable range.
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22
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Figure 3.Zlectromagnetic torque response

Figure 3.4 shows the speed response of the irmfugegnerator during change in the

turbine torque. From this figure it can be obsertred during the prime mover torque change

even if the reference speed command is 1880 rpenattual speed changes for a transient

period and then settles to 1880 rpm again.

reference speed

actual speed

2.4

1890

wdl ul paads

1870
2.2

Time in Second

Figure 3.45eed response
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The active and reactive power responses are giveigure 3.5. In the Figure 3.6 the
direct and quadrature axis current responses gem.girrom Figure 3.6 it is clear that due to
change in turbine torque the quadrature axis cturoerthe torque component of current
changes whereas the flux component or the dirast @xrent almost remains unchanged,
which is due to the effect of vector control stggteThe rotor flux ¥,’, and flux component
of stator current ¢, are maintained constant through vector cont##al.the speed increases

temporarily, due to the increase in turbine tordueh generated voltage,V and frequency
2

f, increase by the same factor. Thus reactive powiich is given by\;—, increases by the

m

same factor. The magnitude of the active poweemses, as the input power increases.

6000 T T \ T T
| |

1 1 ‘ \ active power
5000 ,,,,,,,,, 1 __ | L 41— ] ) .|

| | | | reactive power
4000 , ‘ - :

| |

| |

| |

3000

2000

1000

activepower and reactive power

-1000

-2000

-3000
2.2

Time in Second

Figure 3.5Active and reactive power responses

Page 58



Chapter3

ids ||
igs

10

aladwre ui shi pue spi

3.4

3.2

2.8
Time

2.6

2.4

2.2

in Second

Figure 3.@irect and quadrature axis current responses

The power factor response is given in Figure 3.@iciwv shows that as the turbine

torque change from 10 Nm to 15 Nm the power fastoreases from 0.342 to 0.42. Figure

3.8 shows the generated phase current response.
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Figure 3.7Power factor
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Figure 3.8hase current

3.3.2STEP CHANGE IN REFERENCE SPEED COMMAND

The performance of the drive system is again et@tlby subjecting the system to a
step change in the reference speed. A step decoé26® rpm, from 1880 rpm to 1680 rpm
is given to the reference speed and the speednsspaf the vector controlled induction
generator is given in Figure 3.9. Figure 3.10 sholes torque response of the induction
generator. As there is no change in the input ®rdbe electromagnetic torque of the

machine changes for a transient period and thenn®to the initial value.
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Figure 3.11Active and reactive power response
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Figure 3.1Direct and quadrature axis current response
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Figure 3.11 shows the active and reactive powegyorese of the induction generator. In this
figure it can be seen that the active power is ceduith the reduction in speed due to the
fact that the power input to the machine is redudéte Figure 3.12 shows the direct and
guadrature axis current response of the machine whghange in reference speed command

is given.

3.4 CONCLUSION

Thus with indirect vector control using Pl conlteos the performance of the wind
energy conversion system using induction genengtomproved. The induction machine
shows a dc machine like performance due to theantvector control. The transient as well
as the steady state performances of the driverayaste improved. The active power, reactive
power and line current values change for a verytdhansient time or else remain constant

thus improving the stability of the system.
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Chapter 4
Performance improvement of field oriented

Induction generator using modern controllers

4.1 INTRODUCTION

In the previous section we have studied the perdoe of a field oriented induction generator
used for wind power applications. The vector cdnédheme in the previous section was done
employing PI controllers due to which the perforeamf the machine in transient period was
improved but could not be made optimum. In thistiseacsome advanced controllers will be

employed in place of the PI controllers to furtheprove the transient performance of the
induction generator system. In this section firg will study the induction generator system
using fuzzy controller. Then a self tuned fuzzy tcoller will be developed for the induction

generator system. Then the performance of the tirmugenerator system employing a hybrid

controller will be studied and the performancesadth controller will be compared.
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42FUZZY CONTROLLER

421 INTRODUCTION
In 1965, Lotfi A. Zadeh of the University of Calihia at Berkeley published
"Fuzzy Sets," which laid out the mathematics ofzfuget theory and, by extension, fuzzy logic.
Zadeh had observed that conventional computer logitdn't manipulate data that represented
subjective or vague ideas, so he created fuzzyc logiallow computers to determine the
distinctions among data with shades of gray, simtdathe process of human reasonikRgzzy
logic, as its hame suggests, is the logic undeglynodes of reasoning which are approximate
rather than exact. The importance of fuzzy logicwés from the fact that most modes of human
reasoning and especially common sense reasoningp@reximate in nature. In doing so, the
fuzzy logic approach allows the designer to hardfieiently very complex closed-loop control
problems. There are many artificial intelligencehi@ques that have been employed in modern
power systems, but fuzzy logic has emerged as tweigul tool for solving challenging
problems. As compared to the conventional Pl, RiBtollers, and their adaptive versions, the
FLC has some advantages such as:
1) it does not need any exact system mathematicdel.
2) it can handle nonlinearity of arbitrary comptgx
3) itis based on the linguistic rules with anTIHEN general structure, which is
the basis of human logic.
422FUZZY SETS
Fuzzy set, as the name implies, istangthout a crisp boundary. The transition from
“belong to a set” to “not belong to a set” is grajand this smooth transition is characterized by

membership functions. The fuzzy set theory is baseduzzy logic, where a particular object
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has a degree of membership in a given set thatbeaanywhere in the range of 0 to 1. On the
other hand, classical set theory is based on Bodtgsic, where a particular object or variable is
either a member of a given set (logic 1), or s (logic 0).
423 MEMBERSHIP FUNCTIONS

A membership function is a curve thatires how the values of a fuzzy variable in a
certain region are mapped to a membership valioe degree of membership) between 0 and 1.
If Xis a collection of objects denoted genericallyxpthen a fuzzy seA in X is defined as a set
of ordered pairs:

A ={(x, ua(X)) X € X}, 4.7)

where ua(X) is called the membership function for the #etThere exist different shapes of
membership functions. The shapes could be trianguégpezoidal, curved or their variations.

The various types of membership functions are ghadow.

4.2.3.1 Triangular M ember ship Functions

A triangular Membership Function is specified byethparametersa{ b, c} as follows:

0, Xx<a
X738 a<x<h
triagle(x; a,b,c) = gji (4.2)
E— b<sx<c
c-b
0, C< X

For example the triangular membership fumdtiiangle (x; 3, 5.8, 8.1 can be illustrated as

shown in Figure 4.1.

Page 66



Chapter-4

Membership Grades

10

o
N
AL
o))
o]

Fig 4.1Triangular Membership Function

4.2.3.2 Trapezoidal M ember ship Functions

A trapezoidal membership function is specifieddayr parametersd, b, c, d}:

0, X<a.
X8 a<xs
_ b-a
trapezoidqx; a,b,c,d) = 1 <x< (4.3)
d=X " c<xed
d-c
0, <X

For example the trapezoidal membershipction trapezoid (x; 4, 5, 7, 8) can be

illustrated as shown in Figure 4.2.

0.75
0.5
0.25
0

Membership Grades

0 2 4 6 8 10

Figure 4.ZTrapezoidal Membership Function
In real time implementation, both the triangle menship functions and trapezoidal membership
functions have been used extensively due to tivaple formulas and computational efficiency.

These two membership functions can have symmetroahsymmetrical shape.
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4.2.3.3 Gaussian M ember ship Functions
A Gaussian membership function is specified by pamametersd o}

_1(X—C]2
gaussiar(x;c,0) = e 2L 0

x4
A Gaussian membership function is determined cotelyleby ¢ and ¢ ; ¢ represents the
membership functions centre andletermines the membership functions width. Figu8plots

a Gaussian membership function definedyayssiafx; 5, 2).

T I T

Membership Grades

Figure 4.3Gaussian Membership Function

4.2.3.4 Generalized bell Member ship Functions
A generalized bell membership function is specifigdhree parameters{b, c}:

bell (x;a,b,c) = ;Zb 4.3)

1+ X—C
a

where the parameter b is usually positive. If hagative, the shape of this membership function
becomes an upside-down bell. Figure 4.4 plots aetadined bell membership function defined

by bell(x; 3, 0.4, 5).
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Figure 4.4%Generalized bell Membership Function
4.2.3.5 Sigmoidal M ember ship Functions
A sigmoidal membership function is defined by:

1
1+ exd— a(x- c)]

%.6

sig(x;a,c) =

wherea controls the slope at the crossover pamt. Depending on the sign of the parameter
a sigmoidal membership function is inherently opeght or left. Figure 4.5 plots a Sigmoidal

membership function defined Isyg(x; 1, -5).
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Figure 4.5Sigmoidal Membership Function

4.24.FUZZY SYSTEMS

The fuzzy inference system or fugggtem is a popular computing framework based
on the concept of fuzzy set theory, fuzzy if-thates, and fuzzy reasoning. The fuzzy inference

system basically consists of a formulation of thegoping from a given input set to an output set
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using FL as shown in Figure 4.6. The mapping p®ga®svides the basis from which the
inference or conclusion can be made. The basictstel of fuzzy inference system consists of
three conceptual componengstule base which contains a selection of fuzzy rulagjata basge
which defines the membership functions used inftizey rules; anda reasoning mechanism
which performs the inference procedure upon thesraind given facts to derive a reasonable

output or conclusion.

Knowledge Base

Data Base| |Rule Base

I

. - Inferencing . .
Inputs[¥] Fuzzification [P Mechanism —P1 Defuzzification [#]Output

Figure 4.6Fuzzy Inference System

The basic inference process consists of the foligvlive steps:
» Step 1: Fuzzification of input variables
» Step 2: Application of fuzzy operator (AND, OR, NO1 the IF (antecedent) part of the
rule.
» Step 3: Implication from the antecedent to the equaent THEN part of the rule
» Step 4: Aggregation of the consequents acrossites r
» Step 5: Defuzzification

4.2.4.1 Implication M ethods

There are number of implication methods to fuzzgidobut only two widely used

methods are discussed here. Those are Mamdaniuype model and Sugeno type fuzzy model.
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4.2.4.1.1 Mamdani fuzzy model

Mamdani fuzzy rule for a fuzzy codleo involving threeinput variables and two
output variables can be described as follows:

[ is AAND X% is BAND x3isCTHEN z;is D,z iSE

wherexi, X2, andxsz are input variables (e.g., error, its first denvatand its second derivative),
andz; andz are output variables . In theory, these variab#gslie either continuous or discrete;
practically speaking, they should be discrete beeawrtually all fuzzy controllers and models
are implemented using digital computeks.B,C, D andE are fuzzy sets. "Ik, is AAND Xx; is
B AND x3 is C" is called the rule antecedent, whereas #meaming part is named the rule
consequent.

The structure of Mamdani fuzzy sufer fuzzy modelling is the same. The variables
involved, however, are different. An example of aritlani fuzzy rule for fuzzy modelling is:

IFy(t) is AAND y(t- 1) isB AND y(t- 2) isC AND u(t)isD AND u(t- ) isE
THENy(t+1)is F
whereA, B,C, D, E, andF are fuzzy setgy(t), y(t -1), andy(t - 2 are the output of the system to
be modelled at sampling tinig-1andt -2, respectively. Andy(t) andu(t - 1) are system input at
timet andt - 1, respectivelyy(t+ 1) is system output at the next sampling tile 1.

Obviously, a general Mamdani fuzzieydor either fuzzy control or fuzzy modelling,
can be expressed as
IFX; is A1 AND Xz is A2AND ... AND ¢ is Ac THEN z; is By, 2is By ..., is By,

wherex; is the input variableF1, 2,..., kandz is the output variablgs1, 2, ...,m A is the input

fuzzy set andB, is the output fuzzy set.
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4.2.4.1.2 Sugeno fuzzy mode

The Sugeno fuzzy model or TSK fuzzy modas proposed by Takagi, Sugeno, and
Kang and was introduced in1985. A typical fuzzyerin a Sugeno fuzzy model has the form

AfisAandyisBthenz= f(x,y),

where A and B are fuzzy sets in the antecedentlewhiE f (x,y) is a crisp function in the
consequent. Usually = f (X, y) is a polynomial in the input variablesandy, but it can be any
function as long as it can appropriately descriteedutput of the model within the fuzzy region
specified by the antecedent of the rule. Whenr f(x,y) is a first-order polynomial, the
resulting fuzzy inference system is called a foster Sugeno fuzzy model. When f is a constant,
we then have a zero-order Sugeno fuzzy model.
4.2.4.2 Defuzzification M ethods

Defuzzification refers to the way a crisp value estracted from a fuzzy set as a
representative value. Several methods are availabldefuzzification. Here, a few of the widely

used methods namely centroid method, centre of sunthignean of maximum are discussed.

4.2.4.2.1 Centroid Method
Centroid method is also known as ceatrgravity method, it obtains the centre of azea
occupied by the fuzzy sétof universe of discoursé It is given by the expression

AL

[, 1a(2) dz @7

for a continuous membership function,

and
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n

zzilu(zi)
=i (4.8)

n

> u(z)

i=1

for a discrete membership function.
Where u,(z)is the aggregated output MF. This is the most widedopted defuzzification
strategy, which is reminiscent of the calculatidmexpected values of probability distributions.
4.2.4.2.2 Centre of Sums (COS) Method

In the centroid method, the overlappamga is counted once whereas in centre of sums,
the overlapping area is counted twice. COS buit@sresultant membership function by taking
the algebraic sum of outputs from each of the dmming fuzzy setsAs, A, As....etc. The

defuzzified value zis given by

n

2% Ha, ()

Z =12 = 4.9)

2D Ha (2)

i=1 k=1

wheren is the number of fuzzy sets aNds the number of fuzzy variables.
4.2.4.2.3 Mean of Maxima (MOM) Defuzzification
MOM is the average of the maximiziagat which the MF reach maximum. In

symbols,

2z

7 = % (4.10)

whereM ={ z|u(z) is the height of the fuzzy set}ajM| is the cardinality of the s&.
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425 DESIGN OF FUZZY LOGIC CONTROLLER

The basic structure of the fuzzy logic controllemjiven inFigure 4.7, where the inputs
the fuzzy logic controller are the normalized valugf error € and change of errorce.
Normalization is done to limit the universe of diacse of the inputs betwer1 to 1 such that
the controller can be successfully operated withimide range of input variation. Here, and
‘K¢e are the normalization factors * error input and change of error input respectivety. this
fuzzy logic controller desigrihe normalization factors are taken as constarits.oltput of the
fuzzy logic controller is then multiplied with aigaK, to give the appropriate contrsignal
‘U’. The output gain is also taken as a constantties fuzzy logic controlle K¢ is taken to be
the synchronous speed because when the machisedsas a generator the slip remains b
8% («ve). So for any variation in reference speed tteed error remains below unity. Simila
Kceis chosen to be the maximum value of change thmbcaur in speed error... is chosen by

trial and error method.

Basically, the fuzzy logic controller consists afuf blocks i.e. fuzzification, fuzz

inferencing engine, knowledge base and a defuatifin block

Figure 4.” Structure of fuzzy logic controller
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4.2.5.1 Input/output Variables

The design starts with assigning themea variables Inputs/output of the FLC. In this
work, the first controller to be designed is thezy logic controller used for speed control in the
active power control loop. The first input varialite the speed controller FLC-1 is the speed
error “e,” and the second is the change in the speed ecet 4t the K sampling time “k”.

The two input variables, (kt) andce, (kt;) are calculated at every sampling time as:

e, (kt.) =& (kt.) - (kt,) (4.11)

ce,(kt,) = e, (kt,) —e,((k—t,) (4.12)

where {,(kts)’ is the actual rotor speedy, (kts)’ is the reference speed ars,(k-1)t)’ is the
value of error at a previous sampling time. Thepauvariable of FLC-1 is the reference value of
torque component of currerits’. Next controller to be designed is the curremteaoller in the
active power control loop. The current controll&iC-3 takes the normalized values of error in
igs and the change of error ingi as inputs. The output of the controller after rgai
multiplication and CEMF compensation gives the gatde axis control voltage o which

controls the active power of the induction geneatato
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Figure 43ntrol scheme using fuzzy logiantrollers

After the design of the FLC’s in the active powentrol loop, comes the design of the FLC
the reactive power control loop. The reference Bignal is generated from the speed comn
through a function generator implementing fweakening controller. The reference flux is tl
divided by ‘L', the mutual inductance of the induction generatoget the reference comma
for the flux component of currentys’. FLC-2, the current controller in the reactive po
control loop is tlen fed with the normalized values of error 4s and the change of error irgs

as the inputs. The output of the controller ‘-2’ after gain multiplication and CEM
compensation gives the direct axis control volteiys* which controls the reactir power of the
induction generator. The whole control scheme usirzgy logic controllers is given in Figu

4.8.
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The nput error memberst functions are shown in Figure 4.Bhe input error fuzzy se
use both triangular and trapezoidal membershipions, which are found to be optimu
Triangular membershifunctions as shown in Figure 4 are used for change of error input. 1
output membership functions are showiFigure 4.11All the membership functions are chos
to be triangular or trapizoitian nature to reduce the computational burdenhencomputer an
to make the controllers more suitable for real tiagplications. The output membersh
functions are chosen by a trial and error basib siat the controller gives optimum res i.e.
faster response with low steady state «. For this reason some unsymetry can be seen i
output membership functions which is clear fromureg4.11 It can be seen that the members
functions are crowdetbwards ‘zero’ which which is done to mathe steady state error ze

This also increases the speed of response of ghens

nh nl z pl
1 ><X
+ t t t t + t
-0.8 -0.6 -0.4 -0.2 (o] 0.2 0.4

-1

ph

0.6 0.8 1

Figure 4Membership furtion for input variable ‘e’

ne = Ps

Figure 4. Membershipunction for input variable ‘ce’

nh nl pl nc PmM ph
1

~—

\\

~—_
~—
~
t t M f Y t t Y
-1 -0.8 -0.6 -0.4 -0.2 o 0.2 o.4 0.6 0.8 1

Figure 4.1 Membership function for output variable
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4.2.5.2 Fuzzification

In this stage the crisp variables lné inputs € and ‘c€ are converted into fuzzy
variables that can be identified by the levels ehmbership in the fuzzy set. Each fuzzy variable
is a member of the subsets with a degree of meimipeys varying between 0 (non-member) to
1. The fuzzy sets for error input are defined asZero, pl = Positive low,ph = Positive high,
nl =Negative low,nh =Negative high. The fuzzy sets for change of emput are defined as
ne = Negative,z = Zero andps = Positive. The output fuzzy sets are givemhas= Negative
high, nl = Negative low,nc= No change,pl= Positive low, pm= Positive medium and

ph= Positive high.

The universe of discourse of all theialales, covering the whole region, is expressed in
per unit values. All membership functions have asyatrical shape with more crowding near the

origin. This permits higher precision at steadyesta

4.2.5.3 Knowledge Base and I nferencing

Knowledge base involves defining the rules represkas IF-THEN rules statements
governing the relationship between inputs and dutpariables in terms of membership
functions. In this stage the input variable'sand ‘c€ are processed by the inference engine that

executes 5x3 rules represented in rule Table 4typikal rule can be written as follows.

diis g andceis b then output isc

where @, by, o are the labels of linguistic variables of errey, change of errorc€) and output

(V) respectively. Inferencing stage also includes appbn of fuzzy operatokND , OR , NOT
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implication and aggregatioly definition of AND, evaluation of rule sults in a minimum of

tak (X), ok (X) allocated tQuck (X).

Table 4.1
€ nh nl ze pl ph
ce
ne nh nl nc pm ph
ze nh nl nc pm ph
ps nh nl pl pm ph

4.2 5.4 Defuzzification

In defuzzification stage the fuzzy variables arevasted into a crisp variab This

stage introduces different inference methods thatle used to produce the fuzzy set value

the output fuzzy variabl®. In this, the centi of gravity (COA) or centroid method is used

calculate the final fuzzy val.

Defuzzi€ation using COA method means that the crisp dughlU is obtained by

using the centref gravity, in which the crisjU variable istaken to be the geometric cet of

the output fuzzy variable valy,,(U) area, where(U) is formed by taking the union of ¢

the contributions of rules with the degree of faient greater than 0. Then the COA expres

with a discretized universe of discourse can hdem as follows

U

iuktuout(uk)

=

Z luout (U k )
k=1

(4.13)
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4.3 SELF TUNED FUZZY LOGIC CONTROLLER

4.3.1INTRODUCTION

Recently many successful applications of fuzzy rtave been reported in the field of
power systems and electric drives. The performasfca controller is closely related to its
tuning. If the tuning of the controller is optimutmen the controller will give best results. Since
the well known fact remains that the tuning of azfcontroller is more difficult than tuning a
conventional controller. Most of the times the tunbf the fuzzy controller is done on the basis
of ‘hit and trial’ and are arbitrarily chosen. Buatvery rare cases the tuning is optimum. Many
researchers have investigated different methotisnofig a fuzzy controller. The optimum values
of a controller always depend upon the specific ehofl the process that has to be controlled. So
tuning of the controller must be done based orktitavledge of the controlled plant. In most of
the cases the tuning parameters are taken as ntmysdae to which the control action remains
the same in for any nonlinearity such as dead tmgarameter variation. Due to which despite
of optimum tuning parameters the controller fadgtve optimum results. To avoid this kind of
drawback a self tuned fuzzy logic controller schéras been developed in this work.

Before proceeding to the self tuning process itriportant to have an idea about the
different tuning parameters and their effect ongbgormance of the controller.
4.3.2 TUNING PROCEDURE
4.3.2.1 Tuning parameters

Let us consider a fuzzy logic controller with trgatar membership functions. The
parameters of the fuzzy logic controller that cartimed are given below.

» Scaling factors of IF/ THEN part fuzzy variables:
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We define scaling factor as the maximum peak valech defines the universe
discourse of the fuzzy variabl
* Peak value
Peak value is defined as the value at which thelmeeship function is 1
* Rules
* Width value
Width value is given as the interval from the pealtue to the point at whic
membership becomes 0.
4.3.2.2 Effect of parameter changes
Here we consider hoeach parameter affects the performance of a fuaaiyra systen
» Scaling factor: when a scaling factor of a fuzzy variable is chahgee assume tt
definition of each membership function will chanmyethe same rio. Hence, changing
of any scaling factor can change the meaning ofpar, i.e.,the IF part or the THEI
part, in any rule. So we can say that a changecaling factor may affect all of tr

control rules in the rule table as shownthe shaded areas Trable 4.:

Table 4.2
¢ nh nl ze pl ph
ce
ne nh nl nc pm ph
ze nh nl nc pm ph
ps nh nl pl pm ph

Effect of change of a scaling factor
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Peak value: When peak value is chan¢the definition of only one fuzzy label

changed. Hence, changing a peak value can affgctl@rules which use the cheed

fuzzy label. Thelable 4.: shows the affectediles when changing a peak ve of an IF

part variable.

Table 4.3
e
nh nl ze pl ph
ce
ne nh Nl nc pm ph
ze nh nl nc pm ph
ps nh nl pl pm ph

Effect of change of a peak value

Rules: When a rule changes it affects only the rule ingdlas shown in trTable 4.4

Table 4.4
€ nh nl ze pl ph
ce
ne nh nl nc pm ph
ze nh nl nc pm ph
ps nh nl pl pm ph

Effect of change of a rule

Width value Changing the width value affects the interpolathetween two pea

values. If the width values are equal to the irdkhwetween two adjacent peak vall

then its outputhanges continuously and smoothly as the inputggmrBut as the widl

value goes on reducing, the degree of crisp obtliput goes on increasii
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423 SELF TUNED FUZZY LOGIC CONTROLLER DESIGN

An FLC has a fixed set of control rules, usuallyided from experts’ knowledge. The
membership functions (MF’s) of the associated irgnd output linguistic variables are generally
predefined on a common universe of discourse. Rersuccessful design of FLC’s proper
selection of input and output scaling factors ($Fsd/or tuning of the other controller
parameters are crucial jobs, which in many casesdane through trial and error or based on
some training data. Of the various tunable pararse®F’'s have the highest priority due to their
global effect on the control performance. Howevelative importance of the input and output
SF’s to the performance of a fuzzy logic contratsyn is yet to be fully established.

Unlike conventional control, which is based on meahatical model of a plant, a FLC
usually embeds the intuition and experience of endm operator and sometimes those of
designers and researchers. While controlling atpkarskilled human operator manipulates the
process inpufi.e., controller output) based on the knowledgerobr and change of error with a
view to minimize the error within the shortest pblstime. Fuzzy logic control is a knowledge-
based system. By analogy with the human operdierptitput SF should be considered a very
important parameter of the FLC since its functignsimilar to that of the controller gain.
Moreover, it is directly related to the stabilitfthe control system. So the output SF should be
determined very carefully for the successful impetation of a FLC.

Here, we have concentrated only on the tuning wWpw SF, considering that it is
equivalent to the controller gain. Tuning of thepu SF has been given the highest priority

because of its strong influence on the performamcestability of the system. In this scheme, the
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FLC is tuned orline (while the controlle is in operation) by dynamically adjusting its out@F
by a gain updating factou”.

In this scheme a tuning FLC (TFLC) is used to ttheeoutput gain of the main FL The
inputs to both the main FLC and the TFlare normalized values @fror and change error.
The output of the TFL@s the gain updating facterwhich has a value between 0 and 1.Wi«
is multiplied with ‘K, gives the output gain of the STFLC. The main FLGimilar to the FLC
as discussed in ¢éhprevious subsectic The gain tuning mechamisof tte STFLC is shown in
Figure 4.121In the TFLC triangular membership functions asedifor all input as well as outf
fuzzy sets. With a view to impro' the overall control performancee use the rulbase in Table-

4.5 for computation af.

Rule base - 1

Control
rule Defuzzi-

determi- fication 1
nation g

le

Gain !
rule Defuzzi- | ! a
determi- fication :
nation

|

Rule base - 2

Gain tuning scheme

Figure 412 STFLC gain tuning scheme
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Some of the important considerations thavehdeen taken into account for

determining the rules are as follows.

1) To make the controller produce a lower overshodtraduce the settling time (but not at
the cost of increased rise time) the controllengsiset at a small value when the error is
big (it may be —ve or +ve ), bt¢’ and‘ce’ are of opposite signs. For examplegelfis
positive big (pb) andce’ is negative small (ns) them’ is very small (vs) or ife’ is
negative medium (nm) aride’ is positive medium (pm) thet’ is small (s). Observe
that when the error is big big and‘ce’ are of the same sign (i.e., the process is now not
only far away from the set point but also it is nmgyfarther away from it), the gain
should be made very large to prevent from furthersening the situation. This has been
realized by rules of the form: ¥’ is ‘pb’(positive big) andce’ is ‘ps’(positive small)
then'a’ is ‘vb’(very big) or If‘'e’ is ‘nm’ and'ce’ is ‘nm’ then'a’ is ‘vb'.

2) Depending on the process trend, there should bel@ wariation of the gain around the
set point (i.e., where’ is small) to avoid large overshoot and undershieot.example,
overshoot will be reduced by the rule'df is ‘ze’(zero) andce’ is ‘nm’(negative
medium) theria’ is ‘b’(big). This rule indicates that the procées just reached the set
point, but it is moving away upward from the setnpaapidly. In this situation, large
gain will prevent its upward motion more severedsulting in a smaller overshoot.
Similarly, a large undershoot can be avoided uiegules of the form: I’ is ‘ns’ and
‘ce’ is ‘ps’(positive small) therio’ is ‘vs’(very small). This type of gain variation
around the set point will also prevent excessiveillason and as a result the
convergence rate of the process to the set poilitb&i increased. Note that unlike

conventional FLC’s, here the gain of the proposedtroller around the set point may

Page 85



Chapter-4

vary considerably depending on the trend of thetrotiad process. Such a variation
further justifies the need for variable scalingtées.

3) Practical processes or systems are often subjéxtiedd disturbances. A good controller
should provide regulation against changes in loadyther words, it should bring the
system to the stable state within a short timehm évent of load disturbance. This is
accomplished by making the gain of the controleehgh as possible. Hence, to improve
the control performance under load disturbance,gdi@ should be sufficiently large
around the steady-state condition. For example' lis ‘ps’ and'ce’ is ‘pm’ then‘a’ is
‘D or If ‘e’ is ‘ns’ and‘ce’ is ‘nm’ then‘a’ is ‘b’. Note that immediately after a large
load disturbancé&’ may be small bute’ will be sufficiently large and they both will be
of the same sign and in that case,is needed to be large to increase the gain. Adgte
state controller gain should be very small to avcidttering problem around the set
point.

Further modification of the rule base faf may be required, depending on the type of response
the control system designer wishes to achieve Very important to note that the rule base for
computation of &’ will always be dependent on the choice of the hdse for the controller.
Any significant change in the controller rule basay call for changes in the rule base ‘i@r

accordingly.
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Table 4.5
ce ¢ nb nm ns ze ps pm pb
nb vb vb vb b sb s ze
nm vb vb b b mb s VS
ns vb mb b vb vs s Vs

ze s sb mb ze mb sb s

ps Vs s Vs vb b mb vb
pm vs s mb b b vb vb
pb ze s sb b vb vb vb

Rule table

The input and output membership functi for the TFLC are given in Figure 4.13 and Fig
4.14 respectivelyFor designing of the TFL, .Mamdani type fuzzy inferencing is used. T
values of membership functions, fuzzy sets for irgmd output variables, and the rules use
the study arehosen to be the same as those of a general fuzryotter . In this study the

centroid method odlefuzzification is use

nb nm ns ze ps pm pb

-1 -08 -06 -04 -02 O 02 04 06 08 1

Figure 413 Input membership functions for TFLC
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ze VS s sb mb b vb

Figure 414 Output membership functions for TF
Thewhole indirect vector control scheme is same astheme in the previous subsection.
three fuzzylogic controllers are replaced by three self tufezky logic controllers and tr

performance of the system is evalue
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4.4HYBRID CONTROLLER

441 INTRODUCTION

The cage induction machine is one of the most rfolmaghines, which is often used for
wind power generation purpose. There are many tgabs to control the speed of the induction
machine such as stator voltage control and frequenatrol etc. For achieving variable speed
operation, the frequency control method of the aagehine is the best method among all the
methods, of the speed control. Vector control ¢ ttage machine, is considered as a fast
response and high performance method to achievablarspeeds. In vector control method the
induction machine can be operated like a separaetjted compensated DC motor for high
performance applications. In the last decade, n@dosed loop speed control techniques have
been developed to provide high level performanaavéver, the desired drive specifications are
still to be perfectly satisfied aridr their algorithms are too complex.

However in vector control of cage induction maehitne controller plays the most
significant role. The performance of the drive etatmined by the accuracy and robustness of
the controller. The most common and widely usedtrotier is the PI controller. The PI
controller gives very accurate performance i.e.steady state error is very less and most of the
times zero steady state error can be achieved. Witontrollers the computational time is also
very less so it is best suited for real time atians. At steady state the noise is also negégibl
with PI controller. But despite of these advantatpesmajor drawback of this type of controller
is that the transient performance of the controléepoor and the controller also sometimes
suffers from stability problems. Despite of perféahing the controller cannot give optimum
performance due to parameter variation of the itidaanachine. Due to this fact Pl controllers

are not capable of giving high performance.

Page 89



Chapter-4

On the other hand the fuzzy logic approach hasgancreasing interest and has found
application in many domains of control problem. Thain feature is the construction of the
fuzzy logic controller (FLC), which utilizes thenfjuistic imprecise knowledge of human
experts. The main advantage of fuzzy logic contrethod as compared to conventional control
techniques resides in fact that no mathematicaletliod is required for controller design and
also it does not suffer from the stability probldmyvariable speed control problem, fuzzy logic
can be considered as an alternative approach teentanal control. It has been recently
demonstrated that dynamic performance of electiieed as well as robustness with regards to
parameter variations can be improved by adaptiagidn linear speed control techniques. Fuzzy
logic is a non linear control and it allows the idasof optimized non linear controllers to
improve the dynamic performance of the conventiaoaltrollers. The fuzzy logic controller has
very good transient performance but introducesenaighe set reference speed and shows steady
state error during load. The computational burdeathis type of controller is also very high.

In this section the application of hybrid conttol an indirect vector controlled cage
induction machine drive is investigated.

442 DESIGN PRINCIPLESFOR HYBRID CONTROLLER

The hybrid controller is the combination of Pl trotler and self tuned fuzzy controller.
The control law switches between the self tuneaywontroller and the PI control. The hybrid
controller is designed to have all the advantadd?l @ontroller as well as the fuzzy controller.
The hybrid controller is stable and it also givesuwaate performance at steady state. This
controller has less computational burden so itse avell suited for real time applications. The
transient performance is also very good which makes very suitable controller for high

performance drives.
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4.4.2.1 Design of the PI controller

The most popular speed control used in conventiomathine control is Pl control
because the PI control is simple and accuratehAsomputational burden for this controller is
less it is reliable to implement. The Pl controllsed here is a conventional controller given by
the equation

U(t) =K, *eft) + K, * [e(t)dt
WhereK, andK; are the proportional and integral gains respefgtiviehese gains are determined
by trial and error process to give the best peréoroe.

However, since the variation and high uncertainfy induction machine internal
parameters, the tuning of Pl control gains becoaeballenging problem. This problem again
becomes more serious when the system’s statesaafeom their steady state values. At this
condition the PI controller often shows stabilityoblems. Again the transient performance of
this type of controller is also not up to mark. Dioethese draw backs the PI controller is not
considered as a robust controller and is not deiti very high performance drive applications.
4.4.2.2 Design of the SELF TUNED FUZZY controller

The self tuned fuzzy controller design is descrilledhe previous subsection. This
controller doesn’'t have any stability problem. Dtee this advantage the self tuned fuzzy
controller is made active when the system’s statesfar from their steady state values. This
controller is robust and gives appreciable perforoeaduring parameter variations. But during
load changes the controller introduces some stetady error and with this controller some noise
is also introduced during steady state. The contiput@ burden is also very high in this

controller so it is not well suited for real timppdications.
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4.4.2.3 Design of the HYBRID controller

This design appach combines botself tuned fuzzycontrol anda Pl control into an
integrated oneThe control law switches between iself tuned fuzzyontroland the PI control.
It is important to know the swit conditions between both. The idea is as follows.eWkhe
system states are far from ir steady state values, the controller usedthe self tuned fuzzy
controller. Thisself tuned fuzzycontroller drives the system statesvéwnds their steady st;,
evenunder unknown system uncertainties. When the s\ statesare about t approach their
steady state, the Pl contielstarts to work and ensures that the system eventually reach
the equilibrium point under the syst parametric variations and disturbances, as illtedran

Figure 4.15.

PI controller

SELF TUNEDFUZZY
controller

Wr Steady state

Figure 4.1! Principle of hybrid controller
The output ‘Y’ ofthe induction generator is compared with the refeeeinput ‘R’ anc
the error € is fed to the block which decides the s\hing logic as shown iFigure 4.16. The

switching logic is developed on the fact that whiea system’s states are far from trsteady
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state values they may cause instability with Pliler, so in that conditiothe self tuned fuzzy
logic controller is made on which drives the system talwasteady state. When the sys
comes to the range where PI controller is stalsesthich position is changed to Pl control
which takes the system to steady state. self tuned fuzzy logic controllehas a good transient
performance so it drives the system states quitdklsards steady state, so the transient tin
reduced, enhancintpe stability of the system. On the other handrdutow error values the |
controller drives the system to steady state givzep steady state error and minimum nois
steady state. As the PI controller is active thiuug the steady state the ccutational burden is

also reduced which makes the controller suitabledal time applications

|
|
|
| Self-tuned fuzzy |
Switch controller i

Switc !
> C+> U Y

| System
*

Switching logic

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i I
|
i P-1 controller
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Hybrid controller
Figure 416 Block diagram of hybrid controller
Figure 4.17shows the switching between the two controllefse pink area shows tt
working region of the PI controller where the yellarea is the working region of tiself tuned
fuzzy logic controller. Theelf tuned fuzzy logicontroller works till 2.55 secois and after 2.55

seconds the PI controller comes into action andpieed reaches steady state at 2.57 sec
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Figure 4.17.Working regions of Pl controller ancELF TUNED FUZZY LOGIC controll
The performance of the hybrid control is tested byusing it in the indirect vectc
control scheme of induction generator which is sa®mi¢he schee in the previous subsecti

4.2. The three fuzzy logic controllers are replaced thyee hybrid controllers and tl

performance of the system is evalue
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4.5 RESULTSAND DISCUSSION

451 SIMULATIONSWITH A STEP CHANGE IN TURBINE TORQUE

Initially the turbine torque is set at 10 Nm. Astecrement of SNm in turbine torque is
given at 2.5 s. At 3 s the turbine torque againesto 10Nm.
4.5.1.1 Speed Responses
Figures 4.18, 4.19 and 4.20 show the speed resparfsthe induction generator with fuzzy
controller, self tuned fuzzy controller and hybciontroller respectively. With fuzzy controller a
steady state error is introduced in speed whicheases with the change in the turbine torque.
From Figure 4.18 it can be seen that the steadg staor with fuzzy controller is 3 rpm, but
when the turbine torque is increased from 10Nm3Nrh the steady state error increases to 8
rom. But the steady state error with self tunedzyuzontroller is less than that in fuzzy
controller, i.e. the steady state error is 1.5 fpnturbine torque of 10Nm and it increases to 2.6
rpm for turbine of 15Nm which can be seen from Fegd.19. With hybrid controller the steady

state error is zero.
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Figure 4.18Speed response with fuzzy controller
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Figure 4.205peed response with hybrid controller

4.5.1.2 Torque Responses

Figures 4.21, 4.22 and 4.23 show the electromagtwtjue response of the induction generator

with fuzzy controller, self tuned fuzzy controll@and hybrid controller respectively. From these

figures it is clear that the response time is ti@mum with the self tuned fuzzy controllers and
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with the hybrid controller the performance is astéa as that with self tuned fuzzy controllers

but the hybrid control has other advantages suahittigives a noise free performance and has

much less computational burden then fuzzy andtge#d fuzzy controllers.
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Figure 4.23Torque response with hybrid controller
4.5.1.3 Active and Reactive Power Responses
The active and reactive power responses for fuznyraller, self tuned fuzzy controller and
hybrid controller are given in Figures 4.24, 4.26l .26 respectively. From the figures it can be
seen that when there is an increase in the tutbmgeie at 2.5 seconds the active power increases
in the negative direction. The negative sign is tlmaghe convention that power fed to the
machine is taken as positive, but in case of indonajenerator active power is fed to the grid
where as the machine takes reactive power frongtite For that reason the active power is
negative where as the reactive power is positive.
Due to vector control the reactive power variatiowery less as compared to the active power
variation. For fuzzy controller the reactive powaries from 1655 Var to 1750 Var giving
5.74% variation whereas for self tuned fuzzy cdtérdhe reactive power variation is from 1567
Var to 1615 Var giving 3.06% variation. The actp@wver varies from1240 Watts to 1834 Watts

in case of both the fuzzy and self tuned fuzzy aler.
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Figure 4.26Active and reactive power response with hybridticier

With hybrid controller the active power varies frdif240 Watts to 1834 Watts but the

reactive power is higher than both fuzzy and seiet fuzzy controller. This compromise is due
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to the PI controller part of the hybrid controll&he reactive power varies from1945 Var to 1850
Var. giving 5.13% variation.

At steady state both fuzzy and self tuned fuzzytrotliers introduce noise in active as well as
reactive power which can be clearly seen from Eguwt.24 and 4.25. The noise content of the
self tuned fuzzy controller is less in steady statenpared to the fuzzy controller, but with
hybrid controller there is no noise content atiralactive and reactive power, which becomes a
strong advantage of the hybrid controller. The sighchange in the reactive power are different.
With self tuned fuzzy controller, the reactive powemains almost unchanged. With P-I and
fuzzy controllers, it increases. But with hybridnomller (Fig. 4.26) the reactive power is
reduced. This may be due to the switching backfarth between P-I controller and the self

tuned fuzzy controller.

4.5.1.4 Current Responses
In Figures 4.27, 4.28 and 4.29 the variations mue component and flux component of current

are shown.
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Figure 4.2Direct and quadrature axis current response withry controller
Due to vector control technique the induction hiae shows DC machine like performance
that is torque and flux component of current ateependent of each other. With a variationgin i
there is no variation ind and vice versa. From the figures it is clear thiaén there is variation
in turbine torque the torque component of currgn¢thanges but the flux component of current

igs remains unchanged which gives the induction mactecoupled performance.
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4.5.1.5 Power Factor
The power factor of the induction generator withzy controller, self tuned fuzzy controller and
hybrid controller are given in Figures 4.30, 4.3t .32, respectively.
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08 T T T T T
| | | | |
0.75F-------- : —— - ------- e A---—
| | [ | |
e e B e o il R
| | | | |
] e A ity It
| A —— N S b T - B
8 : l l l l
= 055---—----- 4 ————— = — = +-——————— |- ——————— = - —-—-———
| | | | |
% 05—~~~ e b TS R S
| | | | |
045 - -~ R il Too—————-- - e et 1---—
| | | | |
e e e A e el i
| | | | |
0.35F--------q-------o- Tyt Tyt
03— F I R I S 1
2.2 2.4 2.6 2.8 3 3.2 3.4

Time in Second

Figure 4.31Power factor with self tuned fuzzy controller
With turbine torque of 15 Nm the power factor ofluiction generator is maximum with self

tuned fuzzy controller which is 0.75, with fuzzyntwller it is 0.726 and with hybrid controller
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the power factor is 0.71. This is due to the fdeit tamong the three controllers the reactive
power is maximum with hybrid controller, as dis@sbove. There are large transients at 3s in
Fig. 4.26 and Fig. 4.32, with hybrid controller.i¥ts due to (i) step change of turbine torque
from 15 N.m to 10 N.m at that instant, and (ii) e tawitching back and forth between P-I

controller and the self tuned fuzzy controller.
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Figure 4.32Power factor with hybrid controller

4.5.1.6 Phase Current Responses
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Figure 4.33Current response with fuzzy controller
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Figures 4.33, 4.34 and 4.35 show the phase curespionse of the induction generator with

fuzzy controller, self tuned fuzzy controller angbhid controller respectively.
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Figure 4.34Current response with self tuned fuzzy controller
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452 SIMULATIONSWITH A STEP CHANGE IN REFERENCE SPEED

The performance of the induction generator systemgain evaluated by subjecting the
system to a step change in the reference spedepAiscrease of 200 rpm, i.e. from 1880 rpm to
1680 rpm is given to the reference speed and differesponses of the vector controlled

induction generator are given below.

4.5.2.1 Speed Responses

Figure 4.36, 4.37 and 4.38 show the speed respomsiesa step change in reference
speed. A step change of 200 rpm is given at 2.Bishacontinues for 0.5 s. The speed responses
with different controllers shows that the settliimge with fuzzy controller is maximum which is
0.12 s and minimum with self tuned fuzzy controlidrich is 0.045 s, but both the controllers
introduce a steady state error in the system awrshio the previous sub section. With hybrid

controller the steady state error is zero but #i#iisg time is compromised to a small extent.
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Figure 4.37Speed response with self tuned fuzzy controller
The settling time with hybrid controller is 0.06%vhich is faster than fuzzy controller and a little

bit slower than the self tuned fuzzy controller @an be seen from Figure 4.38.
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Figure 4.38Speed response with hybrid controller
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4.5.2.2 Torque Responses
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Figure 4.40Torque response with self tuned fuzzy controller
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Figure 4.41Torque response with hybrid controller
From the above mentioned figures it can be seentligasettling time is minimum with self
tuned fuzzy controller and maximum with fuzzy cofigr. The settling time of the system with
hybrid controller is much less than that with fuzpntroller but is a bit more than that with self

tuned fuzzy controller, due to the presence oRheontroller in hybrid controller.

4.5.2.3 Active and Reactive Power Responses

Figure 4.42, 4.43 and 4.44 show the active andiveapower responses of the induction
generator system with fuzzy controller, self tunkazy controller and hybrid controller
respectively, with a step change in reference sp&edhere is a reduction in the input power to
the system due to the reduction in machine spéedadtive power reduces in the steady state

from 1240watts to 1100 watts.

Page 110



Chapter-4

=
um
>
N | I
9] N I [} I
gol o = AI-35-1 I s
o ,Op | [32]
£ = 12 |
g s 23 ,
I 5 ©
o Il & @ |
W % I I N
\\\\\\ n IR S '
! c I | I ®
” (o) I | |
I | |
” w I | |
e I | |
I
““““ , A R iiiiaman e SrL R REE [
| e} | | | kel
, S Lo @ ] 5
, 8 , i [ e = | I I | | [ 3 [
| n ” ” ” ” (@] I | | | | | n |
! o £ © o | I | | I I w £ I
\\\\\ — - — = . e ) I ] - - - - - - - —_—— -
, N g A o A R I ~ g |
I S ” ” ” ” = I | | | I I F |
| ~ - I | | | | | —+
! - T T T TN Q I I I I I | |
! ! ! ! ! © I I I I | : |
” ! ” ” () L 1| _]e 1
© — I | | | | | N | | |
|
=T A S
, = | I I I ] [ [ [ I
a I | | | | | | 1 ,77 1 1
I | | | | | o o o o o o
Q Rt el el ol e Bl P 2 98 8 8 8
- — I | | | | | Lal sl Eal Bl L] -
..ﬁ._u I I I I I I ' ' ' ' '
I | | | | |
% | | | | | |
=)
- | | | | | |
A” < I I I I | n
o o~ n — wn o [Te} —
S < i =] (=] !
©
m_l.v Jamod aAl10eal pue Jemodanijoe
Jamod aAnoeal pue Jamodanijoe S
(@)
[

Page 111

Figure 4.43Active and reactive power response with self tuinedy controller



Chapter-4

x 10
o T I T I A a—"
I I I I active power
| | | |
15k -———- o [ TP | reactive power
—_ | | | T T
(]
2 | | | | |
o 1IF-—-=-=-- - __ Lo _ I - __ (I
) | | | |
= | | | |
g | | | |
g 05—~ T FTTTTA | T FT
=] | | | | |
S T i
o 0 777777 N b N A N J
g | ) , | |
- | | | | | |
% | | | | |
.05 777777 JML 77777 |- — — — — = N J IR
l l l l l l
| | | | | |
1 1 1 1 1 1 1
2.2 2.4 2.6 2.8 3 3.2 3.4

-1000F

-1100

-1200

-1300

-1400

-1500 :
2.4 2.6 2.8 3

Figure 4.44Active and reactive power response with hybrid caier

4.5.2.4 Current Responses

Figure 4.45, 4.46 and 4.47 show the direct axis@ratirature axis current responses of
the induction generator system with fuzzy contmlgelf tuned fuzzy controller and hybrid
controller respectively, with a step change innefiee speed. It can be seen from the figures that
except there is a change in quadrature axis cummetie transient period, there no change in it
during the steady state. But as the reference spe@dnand decreases from 1880rpm to 1680

rpm, the direct axis current value increases frad2 amperes to 7.37 amperes.
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ids and igs

Time in Second

Figure 4.4Direct and quadrature axis current response withriy controller
4.6 CONCLUSION

In the above sections three different controllegs fuzzy controller, self tuned fuzzy controller
and hybrid controller, are designed and used tororg the performance of an induction
generator system. In this chapter the performafdheosystem is evaluated. we observed that
the fuzzy controller gave better transient perfarogathan the PI controller but in steady state
the fuzzy controller performance was poorer tham B controller, as in the steady state the
fuzzy controller introduces some error and noige 3elf tuned fuzzy controller gives the fastest
transient response but it introduces some steady stror and noise in the system which is less
than the fuzzy controller, but it remains to be thain drawback of the self tuned fuzzy
controller. With hybrid controller the drawbacksfiuezy and self tuned fuzzy controllers were
compensated. The transient response of the hybnttailer is a bit slower than the self tuned
fuzzy controller but the hybrid controller gaveugsrior steady state response than the self tuned

fuzzy controller which makes the hybrid controleiitable for high performance control.
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Chapter 5

Vector control of grid ssde PWM converter
for power factor improvement

5.1 INTRODUCTION

In the power processor block of Figure 3.8 two V&te connected in back to back fashion
among which the machine side VSI is used for th&orecontrol of the induction generator. It
makes the output voltage of the induction generatbrvariable magnitude and variable
frequency. The line side converter can be made ¢tokwas a controlled converter with
bidirectional power flow and as a STATCOM capablemorking at unity and leading power
factors. Besides, the magnitude and frequencyebthiput voltage can be made constant which
allows the system to be grid connected. Two distiacfeatures in bridge circuit of Figure 3.8
are the inductancds on the ac side and a large capacitance on thaklcTlhe capacitance is
used to ensure fairly constant voltage over a gheribd of time, irrespective of the transients
and the switching the events in the convertor. pin@se circuit inductandeis intended to filter
out the current ripples and assist in the indioecettrol process of the current at a chosen power

factor.

In this chapter the complete wind power generasistem will be discussed which will include

two important strategies, which are

* Maximum power point tracking

* Grid side PWM inverter control
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52 MAXIMUM POWER POINT TRACKING

As shown in chapter-the power extracted by a wind turbinor a given wind speed
maximized ifC, is maximized. The optimum value C,, always occurs ¢a definite value ok
l.e. dopt, this means for varying wind speed, the rotor spehelild be adjusted to adhere alw
to this value o=\ o for maximum mechanical power output from the tuet To achieve this
condition, a strategy known as maxinm power point tracking is used. By using this techmei
the reference speed command for the induction gémeis changed such that the valuei

always remains aiyp:.

Line Power

Vw1

' H
wr1 Wr2 wr3 Wr4

Generator speed in rpm

Figure 5. Maximum power point tracking strategy

For a particular wind velocity, function maximum power point tracking algoritl is to
search the generator speed until the system sdtiles at th maximum power output conditic

As shown in Figure 5,3for wind velocity \w3, the output power is abmt-A if the generator
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speed isw;;. The maximum power point tracking algoritl alters thespeed in steps until
reaches the value,,, where the outp power is maximum at poir- If the wind velocity will
increase to Vwl, the utput power will jump o point-C, and themmaximum power poin
tracking algorithm wil bring the operating point to by searching the spe to ws. Similarly
when the wind speed decreases to Vw2, the openatimg again jumps to point E. From poin
the maximum power pointdcking algorithm again drives the operating pomnpoint F whick
gives the maximum power at wind speed of Vw2 fgeaerator speed 3.

53SUPPLY SIDE CONVERTER CONTROL

With reference to the rectifier conventi and considering the fundamental freque
components only, the steestate acside quantities are related in the manner showthe

Figures 5.2, 5.3 and 5.4.

. A id
: PWM inverter - ‘

Vaber Vabes

Figure 5.. Grid side power circuit configurations
For the rectifier mode of @pation, shown itFigure 5.3 the fundamental frequency compon
V, at the ac input terminals lags behind the sourdéage Vs by an angles, and| has a
component in phase wittk. In the phasor diagram of Figure bthe voltageV, leadsVs when
the ac supply current | has a component which iplasse opposition tVs, implying the

inverting mode of operation, where the power fl@afrom the dc side to the ac side. In eil

Page 117



Chapters

case, neglecting the resistance of the inductdr tw@ power fow through the inductor coil

given by

P= 3V>S<lsin5 (5.1)

L

Whered is known as the load angle and is supposed tooséiye for the lagging

phase.

X IR
laq /\

I v

Figure 5.3Phasor diagram for rectifier mode of operation &M inverte

s
: IX

»~ IR

Vs

I Iq

Figure 5.4Phasor diagram for inverter mode of operation of \ivivertei
Therefore, the current magnitude, power transfed, the mode of operation (rectifier/invert
can be controlled by adjusting the magnitude aodphase (lag or lead) V, in relation to the

ac supply voltag¥s.
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From the phasor diagram in Figure 5.3 the in-phasd the quadrature components of

the converter ac terminal voltages are found to be
Vi cos) = Vs - Rl co® — Xl sing (5.2)
Vi sind = X1 cosp — RIsing (5.3)

For the inverting mode, with the currdritowing into the source at a power- factor angjlegin

equation (5.2) and equation (5.3) is replaced B9 (1,).

Vs, R, and X are obtained from direct measuremeroperate the converter at a desired
power factor anglé for any demand of the currehtor power, equation (5.2) and (5.3) are used
to provide the values of, andd, which decide the magnitude and the phase of theukating

sine waves with reference to the supply voltage.

Inverter terminal voltages,, vp, andog can be controlled by a vector controller for their
magnitudes and required phaségt from the supply to meet the required activel aeactive

powers. The voltage equation for the line inductoes

o diy,
Uab(;s = RIabc + Ld_tb + Uab(;l (54)

In the d®-g° reference frame as shown in Figure 5.5, rotatindpa@tsupply angular frequenay

and thed®axis coinciding with the supply voltage vecto troltage equation 5.4, becomes

Uz = Rig, + Lpig, — La.is + 0%, (5.5)

e'gs

0=Ri + Lpig, + Laig + U, (5.6)

gs
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.
g axis Inverter ac
voltage vector

Grid voltage
vector axis

»
»

stationary d° axis
a —phase axis

Figure 5.5Angular relationships

Where vg and g, are the components of the inverter ac terminalgatvector along thd® and

g axis.
Again
P =0°%si ®as + U%s s (5.7)
but, 02 =3V, (5.8)
and 0L =0

as

From equation (5)7 the active power flow
P =Ugdgs (5.9)

Using equationg5.6) and (5.8) in equation (Y for steady state operation, i.p = 0 and

neglectingR.

3V.Ve
P:—j;?il (5.10)

e
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With reference to the relative positions of thetagé vectors and their components alongdfhe

g°, the power flow given by equation (5.10) becomes

p=-V sind
X

(5.11)
L
Again the reactive power is given by
Q =0°s®as —U°s °gs (5.12)
Sinceu,, = 0, from equation (5.12), the reactive power fisw
Q=-ug, (5.13)

The use of equations (5.5) and (5.8) with voltageter components along thg-g° axes in

figure 5.3 gives

2
Q= % - 3\:(3\/' cosd (5.14)
L L

The vector control scheme to regulate the pdieev is detailed in Figure 5.6. The utility
system voltageancs is transformed into stationay™-g° components. As thd®- axis of the

synchronously rotating reference frame is aligniethgthe supply voltage vector, the angular

position of thed®- axis is computed as

S
6, =arctan—
d

(5.15)
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I . I G N .
i PWM inverter [ 6 U 6 — grid
Vaver
T Vabe Lab
2¢-3p
T T 3p-2¢ 3p-2¢
de.qe
1o <
Voltage
vector
calculation
e
ds,qs ds.q.
1 7
de,ge de.g
dus Iys
Active power
caleulator Vs

Figure 56 Vector control scheme for lirede converte
The actual active and reactive powers, computeddomation (5.9)and (5.1), respectively, are

compared with the reference vallP” and Q to generate the reference values of the invi

terminal voltagesug ™~ and Ug " in accordance with equations (5.5) and ). P* is the active

power generated by the induction generator andetegence reactive power Q* is taken as :

such that the supply side power factor becomey.

Actual poweroutput of the grid side converter will be less thilae power output of th
induction generator since the losses of the coekserre to be supplied. Therefore setting
equal to output power of the induction generatdt mot be able to keep the dc k voltage
constant if there are losses taking place in theveders. But for this work the converters
assumed to be lossless so that the power gendratedenerator becomes equal to the pow:
the grid side. So, setting Rqual to the output ahe induction generator will not affect t
control scheme adversely. Closed loop control dfrdcvoltage to generate and j, and closed

loop control of § will be interesting future course of resea
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5.4 RESULTSAND DISCUSSION

In this section the wind power generation systemgusiduction generator is simulated
and the results are presented. The wind power ggoersystem is simulated with varying wind
velocities. The maximum power point tracking alfum decides the reference speed of the
induction generator for extraction of the maximuower from the wind. After the reference
speed has been decided vector control of the imudenerator is done for performance
improvement of the induction generator. Then thetarecontrol of the grid side converter is
done to make the generated voltage and frequenogtard as well as for power factor

improvement. The comparison of the generator sndiegaid side parameters are given below.

5.4.1 Wind velocity Response
Figure 5.7 shows the variation in wind velocigyafunction of time. Initially the wind
speed reduces from 9m/s to 8m/s then remains cdrfeta2 s and again increases to 12 m/s and

remains constant at that value.

wind speed in m/sec

Time in Second

Figure 5.7Wind velocity as a function of time
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5.4.2 Reference speed Response

2000

1500+ - - - -

1000+ - - - -

Reference speed in RPM

500
15

Time in Second

Figure 5.8Reference speed of the induction generator as diyenaximum power point
tracking algorithm

As the wind velocity varies, the maximum power pdimacking algorithm comes into
action and keeps track of the reference speedeirntiuction generator such that maximum
power can be extracted from the wind. The effeanakimum power point tracking technique
can be seen from Figure 5.8. The figure shows hla@@e in the reference speed of the induction

generator in accordance with the wind velocityxtract the maximum power from the wind.

5.4.3 Turbinetorque Response

The mechanical systems of a wind turbine introdbaamonics in the turbine torque
which makes the turbine torque pulsating in natlitee oscillatory torque of the wind turbine is
more dominant at the first, second and fourth hawosoof the fundamental turbine angular

velocity. The oscillatory torque is given as

T... =T (Acosat + Bcos2at + C cosdat) (5.16)
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(5.17)

= Tm + Tosc

Tturbine

The total turbine torque is given as

The variation in turbine torque due to the changevind speed is shown in Figure 5.9.The

pulsating nature of the turbine torque due to teoity torque can be seen in the figure.

anblo} auigin) pue paads puim

Time in Second

Figure 5.9Variation in turbine torque

5.4.4 Electromagnetic tor que Response of induction gener ator

wN ui anbio]

Time in Second

Figure 5.10Torque response of the induction generator
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Figure 5.11 gives the direct axis and quadratxis stator currents at the induction

The electromagnetic torque response of the indugiemerator is shown in the Figure 5.10.
5.4.5 Direct and quadrature axiscurrent response at generator and grid terminals

generator end.

Time in Second

Figure 5.11Generator side direct and quadrature axis currezgponses
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Figure 5.12Grid side direct and quadrature axis current respes
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Due to the effect of indirect vector control teajue the direct axis curreng or the flux
component of current remains constant as the tocqugonent of curren, varies due to the
variation of turbine torque. The pulsations in tekectromagnetic torque of the induction
generator are due to the oscillatory torque ofwiral turbine. The responses of the direct and

guadrature axis currents at the grid side are givéiigure 5.12.

5.4.6 Active and reactive power responses at generator sideand grid side
Figure 5.13 shows the active and reactive powgrorese at the induction generator side.
The figure shows that both the active power andtieapower at the generator side vary as the

turbine torque varies.

[
active power

- - reactive power [
|

I

|

|

L

|

| |

| | |
****** +r—-—— "t —=%4 - === -7

| | |

|

| | |

[

|

|

|

Generator side powers

Time in Second

Figure 5.13Generator side power responses

But due to the vector control of the grid side ingethe reactive power at the grid side becomes

zero and only the active power is transferred éoghd which can be seen from Figure 5.14.
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active power
reactive power

\\\\\\

Time in Second

Time in Second

\\\\\\

\\\\\\

Figure 5.14Grid side active and reactive power responses
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5.4.7 Phase voltage response at generator sideand grid side
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The responses for phase voltage at the generatointds and grid terminals are given in

Figure 5.15 and 5.16 respectively. It is clear frtme Figure 5.15 that the amplitude and

frequency of the generator side phase voltage wéhyvariation in turbine torque, which makes

the induction generator system unsuitable for tiged connection.

55555

Time in Second

55555
oo s d o

Figure 5.16Grid side phase voltage response

But by vector control of the supply side convetter amplitude and frequency of the grid

side phase voltage can be made constant due td wimec system becomes suitable for grid

connection. Figure 5.16 shows the constant amg@itadd constant frequency output phase

voltage of the grid side converter.
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5.4.8 Phase current response at generator side and grid side

From Figure 5.17 it is evident that the frequentygenerator side phase current also

varies with the variation in the turbine torquetBom Figure 5.18 it can be seen that due to the

vector control of the grid side converter the fregqey of the grid side phase current also

becomes constant.

Figure 5.17Generator side phase current response
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Figure 5.18Grid side phase current response
5.4.9 Power factor response at generator sideand grid side
The Figure 5.19 shows the phase relation of theerg¢or side phase voltage and

generator side phase current. It is clear fromfidpgre that the phase current lags behind the
phase voltage by an angle greater than 90 degreadsds than 180 degrees, due to which the
active power becomes negative i.e. active powevdlérom generator to grid, but the reactive
power remains positive and flows from grid to thduction generator. So the power factor at the

generator side remains less than unity which caseka from Figure 5.21.
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Figure 5.1%hase relation between voltage and current of gaioerside
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Figure 5.20Phase relation between voltage and current of gro
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The Figure 5.20 shows the phase relation of theé gide phase voltage and grid side phase
current. From the figure it can be seen that tresplcurrent and the phase voltage are at a phase
difference of exactly 180 degrees, due to whidah dhbtive power becomes negative i.e. active
power flows from generator to grid, and the reacpower becomes zero. So the power factor at

the grid side becomes unity which can be seen Fmure 5.21.

power factor comparison Graph
T T T T T
power factor of generator side

power factor of supply side

1.4

13—~

power factor

Time in Second

Figure 5.21Generator side and grid side power factor
5.5 CONCLUSION
In this chapter the complete evaluation of theugin generator system is done. By
utilizing the maximum power point tracking algorithmaximum power is extracted from the
wind. The vector control of the grid side convemeade it possible to connect the induction
generator system directly with the grid. It alsdplee in achieving unity power factor at the grid

side.
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Chapter 6

Fabrication and testing of control circuit
for a bidirectional converter inverter set
used in line excited induction generator

6.1 INTRODUCTION

The implementation of Pl control, fuzzy controlasty high performance control requires
a complex and fast controller. A microprocessorfogontroller/ digital signal processor
forms an integral part of such a controller. A fashtroller provides a faster sampling
rate as needed, to ensure stable and successfulc#C- based implementation of the
PI control for PWM voltage source inverter-fed iotdlan generator is considered here.
The design and fabrication of the control circut the bidirectional PWM converter
inverter set are described in this section. Theresailts are presented and discussed later
in this section.

A schematic block diagram for the high performaramntrol of induction
generator is shown in Figure 6.1. The digital mdrthe controller involves a Pentium
processor-based PC housed with moderately pricdebadcards, such as analog data
acquisition card (PCL-208) and analog output c&dL(-726). The different units of the

control scheme are:
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 The power electronic converters feeding a variatdikage, variable frequenc
supply to the three phaseduction generator.
» Thebidirectional PWM convert- inverter control circuits.

» Measurement and Data acquisitmodules.

3 phase _‘ 3 phase

IGBT IGBT >
inverter inverter
Gate ’ r :
pulsesﬁ {Fate | VS | | CS |
pulses Techo
| Gatedrive | | || i
I Inverter control circuit '| Filter
: circuit :
i | 4 ;
: Gate pulse :
"""""" | generator I A/D
|
VS --- Voltage : !
sensor o :
CS --- Current Lac—of TWG I
sensor | !
TWG --- Triangular ! N *%
Wave ! Va*Vo* V¥« 1 p/a
generator |
I

Inverter control circuit

Figure 6.1Schematic block diagram for induction generator control

6.2 POWER ELECTRONIC CONVERTERS
The power processor for the scheme three phase sinusoidal pulse width modul:
bidirectional voltage source converter inverter \(B®-VSI) set toconnect variable
voltage, variable frequency pply from the induction generattw the gric.

The experimental set up for the drive uses twcee phase Pulse Width

Modulated (PWM) Voltage SourcConverters (VST using Insulated Gate Bipol
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Transistors (IGBT). The dc input to the inverteolstained from the three phase IGBT
converter and an auto-transformer combination. VB¢ enables the variable voltage,
variable frequency operation of the induction gatmt Figure 6.2 shows the power
circuit diagram of the bidirectional converter imes set employing IGBTs as the

switching devices. Two 10Q0F, 500 V electrolytic capacitors are connected sstbe

input of the VSI to filter out the ripples in the tink voltage.

L]

K

—1000uF

= 1000uF

i

i

§ .

Figure 6.2Bidirectional converter inverter set

6.3 CONTROL CIRCUIT FOR VS

The block diagram of the control circuit is shown Figure 6.3. In this modulation
scheme, the pulse width is a sinusoidal functiorthef angular position at which the
particular pulse is generated. This type of modumtatis realized by comparing a
modulating signal termedontrol consisting of a sinusoidal wave of variable anplé
(A) and frequency (f) and a triangular signal tedroarrier of fixed amplitude (A and
frequency (§). The frequency,.fof the triangular wave decides the number of Eulse
the output voltage in each half cycle.

The various circuits comprising the control circaié:
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» Triangular wave generator circuit

* Three phase reference sine wave generator
e Comparator circuit

* Lock-out circuit

» Over current protection circuit

* Gate drive circuit

Comparator
TWG Lock-out Gate
Circuit 1427 we—r| Drive |—->
Circuit S
D/A .
—> — V, D
+>}_ Lock-out
740 Circuit
TWG: Triangular Wave Gate
Generator Dri
. . 7427 rive |»>
D: Disable signal from the over o
. o Circuit | S
current protection circuit
D

Figure. 6.3lock diagram of the control circuit

6.3.1 TRIANGULAR WAVE GENERATOR CIRCUIT

A double sided triangular carrier signal is reqdifer modulation. The carrier
signal of amplitude, A = A, where A is the peak of the modulating signatda
frequency, § is generated using the circuit shown in Figure. @He carrier signal

waveform is of nearly triangular shape. The prarsi are made to adjust the amplitude
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and the frequency of the carrier signal so thatinkierter performance is improved. The

provision for offset adjustment is also made.

L+
—""J'l‘\l'\f_
20K 20k
11 14
— "y —
T0.1uF . 10k A

EE 22k
q

10k 10k

|
It ——

Figure. 6.4Triangular wave generator with offset adjustment circuit

6.3.2 THREE PHASE REFERENCE SINE WAVE GENERATOR

The reference sinusoidal signal is generated bywaoé using a Pentium
processor-based PC. The reference signals foeghasd phase-b are generated with a
phase difference of 120 The reference voltage signal for phase-c is ig¢ee using a
summing amplifier shown in Figure 6.5, whose inpaits the reference voltage signals
for phase-a and phase-b. The potentiometer is gedvto adjust the amplitude of the

reference voltage signal for phase-c.

Va o —yyy
10k
Vo -y
10k

Figure. 6.55umming amplifier circuit
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6.3.3 COMPARATOR CIRCUIT

Figure 6.6 shows the comparator circuit using Té-OBnhree reference sinusoidal
waves are compared individually with the triangwieve to output the Sinusoidal Pulse
Width Modulated (SPWM) signal as required. The miggaportion is clipped by the

diode and then the output is scaled to +5 V.

4
Carrier wave  9—"h—+——* v
10k * o

Lo A ;g:‘v T °  To lock-out circuit
) B—— M ———- k!
Modulating wave 10k 1

Figure. 6.6 Comparator, clipping and scaling circuit

6.3.4 LOCKOUT CIRCUIT

Figure 6.7 shows the lockout circuit. The outputtleé comparator is passed
through a hex inverter gate (7404). The invertgshali and the non-inverted signal are
meant for two complementary IGBTs on the same feth@® inverter. These two signals
are passed through R-C differentiator and diodeuttirwhich give a trigger pulse to the
monostable multivibrator (555) at the negative edfehe signals. The multivibrator
circuit generates a pulse, whose width is constlegending on the values of the
resistance and capacitance at the pin numberso6, the 555. The width of this pulse

(generated by 555) is the interlock delay periode Tnterlock delay period between a
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pair of switching devices (IGBTs) in the same ledkept at 3@ sec. This delay pulse,

the signal from the comparator, and tBeable/Disable signal from the over current

protection circuit are the three inputs to the N@&e (7427). NOR gates provide the

gate pulses to the gate drive circuits of the IGBThree such circuits have been

fabricated. The timing diagram of the pulses geteeray the lockout circuit are given in

Figure 6.8 and Figure 6.9 .

.+5V
5.6K3
>
From w 8 4
Comparatof 2.2nF /
circult o I( A ) 555 3
5.6K 6 L
i
0.01pF<
T 0.01yF
V o SO0K ligy I
.+5V
5.6K:E
1 8 4
2.2nF 7
—|( 1+—2 555 3
5.6K 6 L
1
0.01,F=
T 0.014F
o 50K lygy I

Figure. 6.7 Lockout Circuit

To Gate
Drive circuit

D D (From
over current
protection)
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Input for
555 of S1
Input for
555 of S4

i 8§ B B §

Figure 1.8Timing diagrams for output pulses of 555

Delay for
S1
Delay for
S4

Lockout
Circuit
Output

Figurel1.€ Timing diagrams for output pulses of lockout circuit

S1

S4
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6.3.5 OVER CURRENT PROTECTION CIRCUIT

Figure 6.10 shows the over current protection dirdthe principle of the circuit
is that, when the dc link current exceeds a pdercset value, a +5 V output (logntgh)
(S =1, R = 0) is obtained. This loglegh is NOR-ed with the gate pulse from the
comparator circuit, and thus, the gate pulse iabdexi (D = 1). When the fault is cleared
and dc link current is below the set value (S =18);pressing thetart Push Botton
switch (R = 1), the gate pulse is enabled (D =A8)long as the fault exists (S=1, R =

0), the gate pulse can never be enabled.

s
A ‘
3.3k 7427
[
DC link - |R w D
current 74
sensor : ey A7k
ED
1k
7427 =

Sart Push
Button

switch I

Figure 6.10 Over-current Protection circuit

6.3.6 GATE DRIVE CIRCUIT
The output of the gate pulse generator circuited fo the gate drive circuit,
shown in Figure 6.11. At the input of the gate drisircuit, there is an opto-isolator,

MCT-2E, which isolates the gate drive circuit frén@ control circuit. The circuit uses a
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+15 V power supply. +15 V is required to tuonthe IGBT and —15 V is required to turn
off the IGBT. Gate drive of the IGBT is supplied by ttransistor, SL-100. Reverse
recovery current of the IGBT is taken by the tratwsi SK-100. Base drives of both the
transistors, SL-100 and SK-100 are supplied by dbgout transistor of the voltage
comparator, LM-311. LM-311 also increases the spafedwitching, which otherwise

would have been restricted by the switching freqyesf the opto-isolator, MCT-2E. The

output voltage of the complimentary pair of tratmis (SL-100 and SK-100) is clipped at
+15 V and —15 V by a pair of zener diode connebi@tk to back. Six such circuits have

been fabricated with individual power suppliesdaring the IGBTs of the VSI.

el

1000pF 8.2K

. : B (@
2200 5 SL100
E
1K N\ls

2 4700 220
71 am
1K 1 6 LmM311 YWYy

36V, = A ! E
50 Hz 1 2 MCT2E 5 H Aj T@ SK100
AC - o—3 4

[ | :

1000uF T
{7915}

M
AMA
VWV

Figure 6.11 IGBT Gate Drive Circuit
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6.4 FABRICATED CIRCUITSAND TEST RESULTS

This section includes the photos of the differantuits those have been fabricated and

the outputs of each circuit taken from the CRO.

Figure 6.12 Triangular wave generator, summer and comparator circuit
Figures 6.12 is the photo of triangular wave getoerasummer and comparator
circuits fabricated in one board. The input to thiguit is a sinusoidal wave which
has been generated from a signal generator. Tlhwsadal signal is then compared
with a triangular wave which is generated by thenyular wave generator present in
the fabricated circuit shown in Figure 6.12. Fig6r&6 shows the wave forms of the
triangular as well as the sinusoidal signal. Figéré7 shows the PWM signal
generated by the comparator due to the comparigothe sinusoidal and the
triangular signal. This PWM signal will then be fexthe lock out circuit to create a
delay between the gate pulses of the switchesanséime leg of the inverter. The

fabricated lockout circuit is shown in Figure 643d the output of the lockout circuit
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is shown in the Figure 6.18. The outputs of thekdot circuit are pulses having

amplitude below 4 volts and the pulses are unipbiaving only positive magnitudes.

Figure 6.14Gate drive circuit

So the output of the lockout circuit is not suigafdr being used as gate pulses for the
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IGBT’s used in the inverter. So the output of thekbut circuit is fed to the gate
drive circuit to get appropriate gate pulses fa thverter. Figure 6.14 shows the

fabricated gate driver circuit. The gate drive git@roduces bipolar gate pulses and

Figure 6.16Triangular carrier and sinusoidal control signals
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also provides isolation between the control cir@ant the power circuit. The gate

pulses at the output of the gate driver circuitsdrewn in Figure 6.19.

il Stop Pos: -600,0,us CH1

T T TTTTTTY

Coupling

BY Limit
100MHz

R N l\l%

—_Pmtne
10%
Yoltage

1* \tllllll;lllilllll;l‘ll

(AR EEINEN)

CH1

- Cﬂ'}ﬁ“"?

1 BW Limit

JOHHZ
Yolts/Div

Probe
10%
Yoltage

Invert
§ "-4—?_.3n‘|","
pr=10 10:54 1.70933kHz

Figure 6.180utput of the lockout circuit
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£33

oIS P T T

| 3-Agi-10 164 !
Figure 6.19Gate pulses for switch S1 and $4

6.5 CONCLUSION

The various components of the control circuit needer measurement and data
acquisition have been fabricated and individuakgstéd before integrating into a
complete set-up. The test results of the controludi were obtained after extensive tests

in the laboratory and are satisfactory.

Page 148



Chapter-7

Chapter 7

Conclusion and scope for future work

7.1 CONCLUSION

In this work the d-q modeling of the cage induction generator is successfully done. Then indirect
vector control technique is employed to enhance the transient performance of the cage induction
generator system by decoupling the active and reactive power of the induction generator. Due to
the use of indirect vector control strategy the transient performance of the induction generator
system is improved as compared to that with scalar control techniques, but is not optimum. This
is due to the fact that the control strategy implemented for the control of induction generator
employs conventional PI controllers. So for further improvement in the performance of the
induction generator a fuzzy controller is developed and implemented in the same control
strategy. The use of fuzzy controller made the transient response faster than that with Pl
controller but the fuzzy controller introduced some noise in the system. Apart from that the fuzzy
controller also introduces some error in the steady state. For further improvements in the overall
performance a self tuned fuzzy logic controller is developed. Due to the implementation of the
self tuned fuzzy logic controller the noise is greatly reduced and the transient performance of the
system became the fastest. But the error in the steady state still remained though its magnitude is
reduced. Next to be designed is a hybrid controller, which employed two controllers, the self

tuned fuzzy logic controller for faster transient response and better decoupling of active and
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reactive power and the conventional Pl controller for noise free and error free steady state
response. The strengths of the two controllers are added up, to overcome their individua
drawbacks. With the hybrid controller the induction generator system gave the best transient as
well as steady state performances. The biggest drawback of the wind power generation system
employing cage induction generator is poor power factor. This drawback is aso overcome by
performing vector control of the grid side converter. Due to the vector control of the grid side
converter the supply power factor could be made perfectly unity. Thus the overal performance

improvement of the wind power generation system was achieved.

The main contributions of the thesis are:-

1. Performance improvement of indirect vector controlled induction generator using:
i. Fuzzy logic controller.
ii. Sdf turned fuzzy logic controller.
iii. A novel hybrid controller combining P-1 controller and self tuned fuzzy logic
controller.
2. Performance comparison with al the controllersin sl. no 2 and 3.
3. Power factor improvement of wind power generation system through control of grid side
converter.

4. Fabrication and testing of control circuit for PWM-converter-inverter system.

7.2 SCOPE FOR FUTURE WORK

The author recommends the following topics for future work on the performance improvement

of acage induction generator based wind power generating system.
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» Study the control schemes incorporating sensor-less vector control and to compare the
performances of different speed sensor less control algorithms.

» Develop robust controllers which would give high performance control even if subjected
to machine parameter variation.

 Develop dgorithms for accurate estimation of stator and rotor resistances for
improvement in flux estimation.

* Improve the total wind power system efficiency by developing control methods for
optimization of efficiency.

* Improvements in the control algorithm such that the double sided converter should be
able to handle any type of abnormal situations such as fault detection, fault handling,

overload control etc.
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APPENDIX-1

MACHINE, TURBINE AND SYSTEM PARAMETERS

Induction Generator:

3¢, 4 pole

Power = 10 kW

Voltage = 415V

Current = 36A

Stator Resistance = 0.435Q

Rotor Resistance = 0.816 Q

Stator (rotor) leakage inductance, Lls (LIr) = 1.973 mH
Magnetizing inductance, Lm = 69.347 mH
Inertia = 0.089 Kg-m*

Turbine Parameters:

Gear ratio = 5.7

A=0.015

B=0.03

C=0.015

System parameters:

Series inductance = 12 mH

Line resistance = 0.1 Q

DC link capacitance = 500 pF

Line side phase voltage = 220 V

DC link voltage = 500 V
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LIST OF SYMBOLS
Vas, Vs, Vs = Three phase supply voltages
Vs, Vgs = d- q axis voltages in stationary reference frame
Vs, Vgs = d-q axis voltages in synchronously rotating reference frame
Rs, Ry = stator and rotor resistances
Ls, L, = stator and rotor inductances
Lm = magnetizing inductance
Wds, Was, War, Yo = Stator and rotor flux linkages
e = Synchronous speed(electrical)
or = rotor electrical speed
om = reference rotor speed (mechanical)
Te = electromagnetic torque
Tturbine = Prime mover torque
J=moment of inertia
B = frictional damping coefficient
wg = slip speed
®m = rotor mechanical speed
P = pair of poles of the machine
p = active power
g = reactive power
K, = Proportional gain
Ki=Integra gain

Ko = output gain of fuzzy logic controller
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Ke, Kece = Input normalization factors for error and change of error respectively

a = Gain updating factor for self tuned fuzzy logic controller

U = Control input
Y = Output of the system

e = Error

C, = Power coefficient of wind energy converter

A =Tip speed ratio

hopt= Optimum value for tip speed ratio

L = Line inductance

R = Lineresistance

V a = Converter line side voltages

V anes = Grid side line voltages

X, = Inductive reactance of theline

6 =Load angle

P = Grid side active power

Q = Grid side reactive power

V., = Wind velocity without rotor interference
Po = Power contained in wind

p = Air density

R = Radius of the wind turbine swept area
A = Swept area of the turbine rotor

Tm = Turbinetorque
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LIST OF COMPONENTS USED

LM 324 --- Quadraopamp

TLO84 ---  Opamp

LM311 --- Opamp

4148 ---  Switching diode

7427 --- NOR gate

7404 ---  NOT gate/ Inverter

555 --- Multivibrator

N1007 --- Diode

MCT2E --- Opto-isolator

SL100 ---  n-p-n Transistor

SK100 --- p-n-p Transistor

7815 --- Voltage regulator (+15 volt)
7915 --- Voltage regulator (-15 volt)
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