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Abstract

This thesis mainly concentrates on a model formulation of the structural and mechanical dynamics

of the DFIG based wind turbine systems (DFIG-WT) for the investigation of the grid-structure

interaction, modeling and impact of the gear-train backlash and its estimation for the purpose of

the monitoring. Further, the enhancement of the damping through an optimal control approach,

wind speed based enhanced MPPT scheme for maximum energy capture and a wind speed based

control scheme for the smooth operation of the DFIG-WT have also been proposed in this thesis.

Several aspects of modelling and control of the DFIG-WT, investigated in this thesis are as

follows-

1)

2)

3)

4)

5)

A model has been proposed to investigate the electro-mechanical interaction of the grid
connected DFIG-WT with special attention on the structural dynamics of the wind turbine.
The Euler—Lagrangian approach has been used for the structural dynamics of the wind
turbine while the driving input mechanical power to the wind turbine has been modelled
by the Blade Element Momentum (BEM) method.

A model of the gear-train with backlash has been presented to observe its impact on the
system dynamics. The proposed model has also been used for the estimation of the backlash
for its monitoring which may help to develop equipment maintenance strategies as well as
updating the control schemes. Unscented Kalman filter (UKF) has been used for the
purpose of estimation. The estimation was enabled by the bad-data detection.

Stability enhancement of a grid connected DFIG-WT through an optimal control approach
i.e. a Linear Quadratic Regulator (LQR) has been suggested for low inertia DFIG-WT
exhibiting prolonged oscillations when subjected to an electrical disturbance. The proposed
damping strategy has also been compared with the conventional power system stabilizer
(PSS) and concluded that LQR performs quite good since it uses less control effort and
state energy. The LQR control also works well with multi-machine system.

A wind speed based control strategy to capture the additional energy out of the variable
wind through enhancing the MPPT scheme of the DFIG-WT has also been proposed. The
UKEF based estimation of the wind speed embedded with the proposed control scheme
makes it a sensor-less and hence cost effective method.

A wind speed based control strategy for the smooth operation of the DFIG-WT running



under turbulent wind is suggested. Essentially, the proposal is to make the reference torque
such that it suppress the acceleration and deceleration of the turbine due to the change in
wind speed and make the maximum power tracking slow so that the generator speed
responds smoothly. The estimation of the wind speed by UKF also relaxed from the need

of an additional sensor.

Keywords: DFIG, Wind Turbine, Euler—Lagrangian approach, BEM, gear-train backlash, LQR,
Unscented Kalman Filter, State and Parameter Estimation, Maximum Power Point Technique,
Wind Speed Estimation.
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I NY YT AT T [Fs-Foarer gedarer, Alsfaan iR FRR-goT daeter & wara i
S & fIT uwanssT muiRa yad ctaed @A (SIuhanssi-ssegdl) &
EXATcAS 3R i Afaeliedr & Alsd Biae TR Higd ¢1 38& AfaRkad, &
37o]shel TAAAT TTEHIVT & HEIH & aHeah hl gig, ITARAH Foll Sl Tohsel &
fow gaer aifd 3meRd 3etd TANAE Ao AR ATHEIEST-35eg AT F gars
Tareld & folT gar &1 a1fd 3remRd fAa=or Jiser o 33 ey 7 geaifad $r 9
g1 38 fagid & Ja $1 75 SUEIHSI-SeegLre & Asfadr AR HIT0T & F3 dge],
3 YN -

1) 9aeT eXETSeT T T TACHS MMl W GAT 41T ¢t & a1y a5 & 93
SIUHITSSN-ocldl & Seldel-HbfaAehal ST dI ST & T Teh Al Hl
e AT T g1 YeR-AETST TfeeHIUT FOIUANT Yad &g H
TEATCHS fafierar & fav fFar =r § Sefd gaa e & fov seia
gqCT Aitaeh AfeFd &I sois Tlerde AFeH (NSvA) fafer garr Afsfeer fHar
T g

2) Sl & AT FR-¢A &7 U Alsl Qe AfaMedr oX 9% GHG &l
fAieTor e & faU yeqga fRar r @1 yedrfad Afser @1 3udter saedhr
IRl & forT Soler & e & forw off fohar arar § S 3Uhor IER@d
YA & fasfia e AR 30T A3t Fi 3eTasd X H Agg
Fehdll &1 3HAHES FHelde hoed (FhUh) HT IAT oFlel & 3T & 3TN
fohdm aram §1 AT WIS 3T Ygdlel caRT HaTH fohdr aram |

3) Ueh SScad =0T EfSChIUT & ATLTH & Ush IS & IS SUHIHTSSAT-Sec] et
1 FRRAT gig Il Th iR Fargfes W[ered (TIaag3iR) &l e Sisdr
SUHINSAN-3eeg e & T o AT deh foatel & 3renfd & e o gAg
deh Telel dlel TN & foIv gorra e arm g1 JEarfad sfer oeEifa
I Joroll URURS R [fFed Raager (NvdwH) & @y & 7% § 3R
fosehy ¥epTel § foh Toleg3R &1l 30T YeRled &Xdl ¢ @il Ig &A
fe=oT 9T 3R ST FAT H1 3TANRT FAT | TAFRGIR AT Fedl-7efeT
BecH & Ty o 38T RE T FH =T gl

4) FTHEIMSAT-SeegLIeT T THNIE JISTaT I Tghe & ALTA & TRAdAI gaT
T faRea FaT & sy & OT e gaa a1fa 3menRa [@g=or Iorenfa off
yEdifad T a8 g1 gEdiad IA0T QST F HIY UHISS gal i A F




5)

ThUh MR 3Mehels] o 38 FE-HA IR SHIAT et gHmer fafer =
fear g1

3RATT §aT o AT el T§ STHIHTSI-Seeg<l & K HATelol & [T Teh qaef
fer 3merRa =0T oMY @1 gena @ Srar €1 AfRad 79, awde
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Generator angular speed

Shaft twist angle

Base electrical speed

Turbine power
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Vqs' Vds: Vqr and Vdr

Shaft torque

Generator electrical torque
Turbine torque

Shaft damping coefficient
Stiffness of the shaft

Wind speed

Air density

Area swept by the turbine blades

Power coefficient

Per unit Power coefficient

Pitch angle

Tip-speed ratio

DC link voltage

Stator terminal voltage

Infinite bus voltage

Transmission line reactance

Grid side converter transformer reactance
Generator active power

Generator reactive power

Reference DC-link voltage across capacitor
Reference rotor reactive power

Reference stator voltage

Reference active power

Reference electromagnetic torque of generator
Modified reference electromagnetic torque
Proportional gain of n' P1 controller
Integral gain of n' PI controller

Angular position of the turbine shaft

Angular position of the generator shaft

g-axis and d-axis stator and rotor voltages, respectively
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lys, 1gs, Igr and 1y,
C

)

q(t)
M(wg, t)
C(wg, t)
K(w;, t)
Fyina(t)
Fg4(t)

F ()
Yj

l

Al

g-axis and d-axis stator and rotor currents, respectively
Capacitance of DC-link capacitor

Backlash in gear-train

Generalized variable considered as states

Mass matrix of rotating blades and tower

Damping matrix of rotating blades and tower

Stiffness matrix of rotating blades and tower
Tangential force on blades

Gravitational force on blades

Accelerating force on blades

Edgewise displacement of blade j

Radial distance of an element of a blade from hub
Fractional length of the blade, I = /L

Length of a blade

Mass per unit length of a blade

Mode shape along the blade length depending on stiffness and inertia
Azimuth angle of a blade at time, t with vertical upward position
Relative wind velocity

Axial induction factor

Tangential induction factor

Flow angle

Angle of attack

Set of state equations

Set of algebraic equations

Set of output equations

Measurable output vector

System state and predicted state vector

Input vector

Process/model noise

Measurement noise
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R, Measurement covariance

Q. Process covariance

R State weighted matrices used in LQR

Q Control weighted matrices used in LQR
P, P~ State covariance and predicted state covariance matrix
nx Sigma points and predicted sigma points
Y~ Predicted measurement sigma points

M Measurement covariance matrix

C Cross covariance of y~ and Y~

K Kalman gain matrix

“nn Estimated value of the respective variable
Subscript pu Per unit value of the respective variable
Subscript REF Reference value of the respective variable
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