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Abstract

This thesis deals with the modeling and control of permam&gnet synchronous
generator based wind turbines (PMSG-WTs). The PMSG-WTsvately used in
wind energy conversion systems(WECSSs), due to their marih as high reliabili-
ty, high efficiency, low noise, high torque to weight ratialdast dynamic response.
Usually, a PMSG-WT is connected to the power grid via an AGBC converter
system. The PMSG-WT can rotate at varying speed based abl@mwind power
input and thus achieve high efficiency as it dose not needtdsgnise its rotational
speed with the grid frequency.

An overview of the modeling of the PMSG-WT is give at first, ivitonventional
vector control (VC) strategies applied for machine-side gnd-side converter. The
VC strategy is a popular method widely used in industry dutstdecoupled control
of active/reactive power, but it may not provide satisfagtperformance for the
PMSG-WT as itis required to operate at varying speed in arabipa envelope with
wide operating range rather than one operation point. Tadlfack linearisation
control (FLC) strategy can improve the performance of thet@ a global optimal
controller crossing a wide region and variable operatiomtgo but it has weak
robustness against parameter uncertainties and extastatlénces, and requires
full state measurements.

To improve performance of the VC and the FLC, nonlinear adeontrollers
(NACs) designed based on FLC and perturbation estimatidthair applications in
machine-side and grid-side converter control of the PMSG-ad speed control of
a permanent magnet synchronous motor (PMSM) have beeredtudi the design
of the proposed NAC, by defining a lumped perturbation termprésent coupling
nonlinear dynamics, parameter uncertainties, and othiarawn disturbance, then
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a perturbation observer is designed to estimate the pattarbwhich is used to
compensate the real perturbation and realise an adapie@rising of the original
nonlinear system, without requiring the accurate systemehand parameters and
full state measurements, and still considering all systentinearities and unknown
time-varying dynamics, such as tower shadow, grid fauld iatermittent wind
power inputs.

In this thesis, the proposed control schemes are appliedoiatrol of PMSG-
WT in Region 2, Region 3 and integration with the grid. A NACdisveloped for
a PMSG-WT to extract maximum wind power in Region 2. Simolatnd experi-
ment studies are carried out to verify the design and reshtis/ that the proposed
NAC can provide better performance in MPPT and robustneamsigparameter
uncertainties and time-varying wind power inputs, in congma with a convention
VC and FLC.

NACs are designed for control of the pitch angle and generaatrol of a
PMSG-WT to limit the extracted power from time-varying wimdRegion 3. Sim-
ulation results of the proposed NACs are compared to a coioveh VC and FLC.

The fault ride-through capability (FRTC) of the PMSG-WT #tatent voltage
dip’s levels has been enhanced by a novel NAC applied at idesgte converter.
Simulation results have shown that the proposed NAC cangeatisfactory per-
formances with smaller inrush current and voltage overghdoring grid fault and
better robustness against uncertainties.

A coordinated nonlinear adaptive control (CNAC) of the maekside and grid-
side converter in the PMSG-WT were studied. The NACs aregdesi based on
state and perturbation observers for control of subsyst&msulation results show
that the CNAC can coordinate each other to achieve the oigsaif different oper-
ating regions and enhance the FRTC of the PMSG-WT.

Finally, the proposed control schemes are applied for cbofPMSM. NAC is
developed for PMSM to track mechanical rotation speed andige high robust-
ness against system parameter uncertainties and unknorvérying load distur-
bances. Simulation results show that the proposed NAC ges\better performance
and robustness against system parameter uncertaintiasn&andwn time-varying



load disturbances, in comparison with a nonlinear corgrallith an extended non-
linear observer and a conventional VC.

Vi



Declar ation

The author hereby declares that this thesis is a record & varied out in the
Department of Electrical Engineering and Electronics atiihiversity of Liverpool
during the period from October 2010 to September 2014. Tesighs original in
content except where otherwise indicated.

vii



Contents

List of Figures Xi
1 Introduction 1
1.1 Background . .. .. ... .. ... 1
1.2 Permanent Magnet Synchronous Generator Based Winthéurb. 2
121 PMSGTopology . ... ... ... .. ... ..., 4
1.2.2 Machine-Side Converter . . . . . .. .. ... ... .... 4
1.2.3 Grid-SideConverter . . . . . ... . ... o 5
1.2.4 PMSG-WT Fault-Ride Through . . . . ... .. ... ... 5
1.3 Control of Permanent Magnet Synchronous GeneratordBA&ed
Turbine . . . . . . 6
1.3.1 MectorControl . . .. ... .. ... .. ... ... 6
1.3.2 Feedback Linearisation Control . . . . .. ... ... ... 8
1.3.3 Nonlinear Adaptive Control . . . . . .. ... ....... 9
1.4 Major Contributions . . . . . . .. . ... .. 10
1.5 Thesisoutline . . .. .. .. . ... ... 12
1.6 Publication List Related With PhD Thesis . . . . . . .. .. ... 15
2 Maximum Power Point Tracking Controller for PMSG Based Wind
Turbine 16
2.1 Introduction . . . . . . . ... 16
2.2 PMSG Based Variable Speed Wind Turbine . . . . ... ... ... 18
2.2.1 AerodynamicModel . .. ... ... ... ... 18
2.2.2 Permanent Magnet Synchronous Generator Model . . . 9. 1
2.2.3 Maximum Power Points Tracking (MPPT) Based Wind Speed
Measurement . . . . . . . . . .. ... 20
2.3 Nonlinear Adaptive Control Based On Perturbation Estiom . . . 21
2.3.1 Input-Output Linearisation . . . . . ... ... ....... 21
2.3.2 PerturbationObserver . . . .. ... .. ... .. ..... 22
24 NACDeSIgN . . . . . . o 24
2.5 SimulationResults . . . ... ... . ... 28
2.5.1 Time-VaryingWind . ... ... .............. 30

viii



2.5.2 Robustness Against Parameter Uncertainties . . . .. .38

2.5.3 Robustness Against Measurement Noises . . . . ... ... 39
254 TowerShadow . ... ... ... ... . . . ........ 43
2.6 ExperimentalResults . . . .. .. .. ... ... .. .. ... 43
2.6.1 Ramp-ChangeWind . .................... 47
2.6.2 RandomWind . ... ......... .. ... . ..... 58
2.7 Conclusions . . . . . . ... 58
Pitch Control of Variable-Pitch PM SG-based Wind Turbine 59
3.1 Introduction . . . . . . . . . . . . . 59
3.2 Model and Problem Formulation . . . .. ... ... ........ 61
3.21 PitchControl . . . .. ... ... ... ... ... . . ... 62
3.3 NACDeSIgNn . . . . . . e 62
3.3.1 NAC Design of WT Pitch Control . . . ... ........ 63
3.3.2 NACDesignof PMSG . . ... ............... 65
3.4 SimulationResults . . . ... ... ... . ... . . ... . ... 69
3.41 Ramp-ChangeWind . .................... 69
342 RandomWind ... ........ ... . ... . . ..., 77
3.5 Conclusions . . . . . . ... 78

Enhancing Fault Ride-Through Capability of a Full-Rated Converter

Based Wind-Turbine 79

4.1 Introduction . . . . . . . .. 79

4.2 Problem Formulation . . . . ... ... .. .o 82

4.3 NAC Based ControllersDesign . . . . . . .. .. .. ... ..... 84

4.4 SimulationResults . . . ... ... ... . . oo 87
4.4.1 Fault Ride-Through Capability . .. ... ......... 88
4.4.2 Robustness Against Parameter Uncertainties . . . .. .94
4.4.3 Robustness Against Measurements Noises . . . . . . .. 5. 9
4.4.4 Robustness Against Machine-Side Disturbances . . . . .97

45 Conclusions . . . . . . . . 105

Coordinated Nonlinear Adaptive Control of Machine-side and Grid-

side Converter of PMSG-WT 106

5.1 Introduction . . . . . . . . . . .. 106

5.2 Coordinated Control System . . . . . .. ... ... ... ..... 108

5.3 SimulationResults . . . .. ... L L oo 110
5.3.1 Time-VaryingWind . ... .. ............... 111
5.3.2 GridWltageDips . . .. ... .. ... .. .. ..., 129

54 Conclusions . . . . . ... 149



6 Speed Control of a Permanent Magnet Synchronous Motor With Time-

Varying Unknown Load Torque 150
6.1 Introduction . . . . . . . .. . ... 150
6.2 Permanent Magnet Synchronous Motor Model . . . . . . . ... 152
6.3 Design of Nonlinear Adaptive Controller . . . . . . .. ... .. 153
6.3.1 Input-output Linearisation . . . .. ... .. .. ...... 153
6.3.2 Perturbation and Fictitious State . . . . .. .. ... ... 541
6.3.3 States and Perturbation Observer . . . . . . ... ... .. 5 15
6.3.4 Nonlinear Adaptive Controller . . . . . .. ... .. .... 156
6.4 Simulation and Experimental Results . . . . . . .. .. ... ... 158
6.4.1 SimulationResults . . .. .. ... ... .......... 159
6.4.2 ExperimentalResults . . . . ... .............. 172
6.5 Conclusions . . . . . . . ... 172
7 Conclusions, Future Work and Limitation 174
7.1 Conclusions . . . . .. . L 174
7.2 FutureWork . . . . . . .. 176
7.3 Limitationsofthe NAC . . . . . . . . .. . .. .. . ... ..., 177
References 178



List of Figures

1.1 Major operating regions of the wind turbine . . . . . ce w3
1.2 WECS equipped with a full-rated back-to-back converter ... 4
1.3 The relationships between the work in different chapter. . . . . 12
2.1 Configuration of a PMSG directly driven by a wind turbine . . . 19
2.2 Block diagram of nonlinear adaptive controller . . .. .. ... 25

2.3 Responses of the PMSG to ramp-change wind. (a) Wind syieed
(b) Mechanical rotation speed,,. (c) Relative error of mechanical
rotation speea,,. (d) Power coefficien’,. . . . . . ... ... .. 31

2.4 Responses of the PMSG to ramp-change wind. (e) Relatige e
of power coefficient”,. (f) Stator current,,q,. (g) d-axis stator

voltageV 4. (h) g-axis stator voltag®&,,q. . . . . . . . . . .. ... 32
2.5 Responses of the PMSG to ramp-change wind. (i) Activeiggimg

powerP,,. (j) Reactive generating powél,,. . . . . .. ... ... 33
2.6 Estimate of perturbatiofy o(x) . . . . ... ... ... ... 34

2.7 Responses of the PMSG to random wind. (a) Wind speed V. (b)
Mechanical rotation speed,,. (c) Relative error of mechanical ro-
tation speedv,,. (d) Power coefficient’,. . . . . . . ... ... .. 35

2.8 Responses of the PMSG to random wind. (e) Relative efpmweer
coefficientC,. (f) Stator current,,q . (g) d-axis stator voltage,,q.

(h) g-axis stator voltag&y,. . . . . . . . ... ... 36
2.9 Responses of the PMSG to random wind. (i) Active geneggtow-
er P,. (j) Reactive generating powé},,,. . . . . . .. .. .. ... 37

2.10 Responses of the PMSG to constant wind and fielddfluariation.
(a) Wind speed’. (b) Mechanical rotation speed,,. (c) Relative
error of mechanical rotation speeg,. (d) Power coefficien€,. . . 40
2.11 Responses of the PMSG to constant wind and fielddluvariation.
(e) Relative error of power coefficiedt,. (f) d-axis stator current

ima- (Q) Active powerP,,. (g) Relative error of active powe?,,. . . 41
2.12 Responses of the PMSG to constant wind and fieldfluxariation.

(i) Reactive power),,. (j) Relative error of reactive powép,,,. . . . 42
2.13 Responses of the PMSG to white noisejnmeasurement. . . .. 44

Xi



2.14 Response to constant wind speed considering toweowsheftect.
(a) Equivalent wind speed V under tower shadow effect. (b} Me
chanical rotation speed,,. (c) Relative error of mechanical rota-
tion speedv,,. (d) Tower effect on mechanical torqig. . . . . . 45
2.15 Experimentalsetup . . . ... .. ... ... 46
2.16 Responses of the WT to ramp-change wind. (a) Wind speég) V
Mechanical rotation speed,,. (c) Relative error of mechanical ro-
tation speedu,,. (d) Power coefficient’,. . . . . .. ... ... .. 48
2.17 Responses of the PMSG to ramp-change wind. (a) d-aadisr st
voltageV,,q. (D) g-axis stator voltag&),,. (C) Stator current,,q.

(d) Stator currenty,g. . . . . . .o 49
2.18 Response to ramp-change wind. (a) Mechanical pé&yend ac-

tive generating powep,,. (b) Mechanical torqué&;,,. . . . . . . .. 50
2.19 Estimates of states and perturbations . . . . .. .. ... ... 51
2.20 Estimates of states and perturbations . . . . . ... ... ... 52

2.21 Responses of the WT to random wind. (a) Wind speed V. @ M
chanical rotation speed,,. (c) Relative error of mechanical rotation
speedwu,,. (d) Power coefficient,. . ... ... ... ....... 53

2.22 Responses of the PMSG to random wind. (a) d-axis stattage
Vma- (D) g-axis stator voltage,,. (c) Stator current,,q. (d) Stator

CUMeNting. « v v v v v e e e e e e e e e 54
2.23 Response to random wind. (a) Mechanical poRerand active

generating poweP,,. (b) Mechanical torqué,,. . .. .. ... .. 55
2.24 Estimates of states and perturbations . . . . . ... ... ... 56
2.25 Estimates of states and perturbations . . . . . ... ... ... 57
3.1 Brief overall control structure of the PMSG-WT . . . . . . ... 62
3.2 Block diagram of nonlinear adaptive controller . . . . .. 68

3.3 Responses of the WT to ramp-change wind. (a) Wind speelmbv
Mechanical rotation speed,,. (c) Relative error of mechanical ro-
tation speedv,,. (d) Pitch angle reference. . . . . . .. .. ... .. 70
3.4 Responses of the WT to ramp-change wind. (e) Power cieeiffic
Cp. (f) Mechanical power?,. (g) Active generating powef,,. (h)

Reactive generating powél,,. . . . . . . . . ..o 71
3.5 Estimates of states and perturbations . . . . .. ... ... ... 72
3.6 Estimates of states and perturbations . . . . .. ... .. .... 73

3.7 Responses of the PMSG-WT to random wind. (a) Wind speed V.
(b) Mechanical rotation speed,,. (c) Relative error of mechanical
rotation speedv,,. (d) Pitch angle reference. . . . . . . .. ... .. 74
3.8 Responses of the PMSG-WT to random wind. (e) Power ciftic
C,. (f) Mechanical power’,. (g) Active generating powep,,. (h)
Reactive generating powé,. . . . . . o v o oo o 75
3.9 Estimates of states and perturbations . . . . ... .. ... ... 76

Xii



3.10 Estimates of states and perturbations . . . . . ... ... ... 77

4.1 Fault ride-through requirements of wind farms adoptethke Irish

gridcode . . . . ... 80
4.2 Block diagram of nonlinear adaptive controller . . . . . . 84
4.3 Responses ttHh% nominal grid voltage and-150 A step perturba—

tioninthe DC-link currentges . . . . . . . . . ... L 89
4.4 Estimate of perturbatio; »(x) at 15% nominal grid voltage level

and—150 A step perturbation in the DC-link curreiifo, . . . . . . 90

4.5 Response of grid currefy, to different grid voltage levels and cor-
responding step disturbances of machine side DC-link ntiige,

4.6 Peak magnitudg, (in pu) to different grid voltage levels and cor-
responding step disturbances of machine side DC-link ntiigg;

4.7 Response of DC-link Voltagé,. to different grid voltage levels and

corresponding step disturbances of machine side DC-linlentig.. 93
4.8 The peak currerity (in pu) to a—150 A step change in the DC-link

currentiy., and al5% nominal grid voltage for plant-model mis-

matches in the range af20% (one parameter changes and others

keepconstant) . . . . . . ... .. ... ... 95
4.9 The peak currenty (in pu) to a—150.7 A in the DC-link current

iqe2 at15% nominal grid voltage for plant-model mismatches in the

range of+20% (different parameters may change at the same time) . 96
4.10 Response te1000 A maximum step change of the DC-link current

iac2 @t nominal grid voltage,q and E,q with £2% white noise of

nominalgridvoltage . . ... ... ... ... .. ......... 97
4.11 Response te1000 A maximum step change of the DC-link current

iac2 @t nominal grid voltage’,q and E,, with £2% white noise of

nominalgridvoltage . . ... ... ... ... .. ......... 98
4.12 Transient response to the grid voltagg dipping from 690 V to

414V at 0.02 s and the DC-link current, increases from -1000 A

to-600 Aafter15msdelay . . . . . ... ... ... .. ... 100
4.13 Transient response to the grid voltage dips from 690 YO®@.5 V
at the 0.02 s and the dc-link currept; keeps at-1000A . . . . . . 100

4.14 Transient response to the grid voltagg dipping from 690 V to
552 V at 0.02 s, then increasing from 552 V to 690 V at 0.62 s, and
the DC-link currentiy., increases from -1000 A at 0.02 s to -800A
at 0.465 s, then decreases from -800 A at 0.62 to -1000 A a6k 06.02
4.15 Transient response te-&00 + 50sin(20t) A dc-link currentiy. is
—600 + 50sin(20t) A and the grid voltagé<,, dipping from 690 V
t0414V at0.02s . . . . . .. 103

Xiii



4.16 Transient response to the grid voltagg dipping from 690 V to
414V at 0.02 s, and the DC-link curreiyt, increasing from -600
Ato-700 Aatthesametime. . . . . . .. ... ... ... ..... 103
4.17 Transient response to the grid voltagg dipping from 690 V to
414V at 0.02 s, then increasing from 414 V to 690 V at 0.07 s, and
the DC-link currentiy.» increases from -1000 A to -600A at 0.035
s, then decreases from -600 Ato -1000 Aat0.085s . . . . . . .. 4. 10

5.1 Control block diagram under normal operation and gritege dips 109
5.2 Responses of the WT to ramp-change wind. (a) Wind speéa) V.

Mechanical rotation speed,,. (c) Relative error of mechanical ro-

tation speedv,,. (d) Pitch angle reference. . . . . .. ... ... 112
5.3 Responses of the WT to ramp-change wind. (e) Power ceeitfic

Cp. (f) Mechanical rotation torqué},,. (g) Electromagnetic torque

T.. (h) Mechanical poweP,,. . . .. ... ... ... ....... 113
5.4 Responses of the PMSG to ramp-change wind. (a) d-axiagel

Vma- (D) g-axis voltagé/,,,. (c) d-axis current,,q. (d) d-axis cur-

FeNMMimg. -« v v o o e 114
5.5 Responses of the PMSG to ramp-change wind. (e) Activergen
ing powerP,,. (f) Reactive generating powéJ,,. . . . . . . .. .. 115

5.6 Responses of the grid to ramp-change wind. (a) g-axigmu,.
(b) DC-link VoltageVg,. (c) Active grid powerP,. (d) Reactive grid

POWEIQg. . . v v v v i e 116
5.7 Estimates of states and perturbations to ramp-chanmge wi. . . . 117
5.8 Estimates of states and perturbations to ramp-chanmye wi. . . . 118
5.9 Estimates of states and perturbations to ramp-chanmye wi. . . . 119

5.10 Responses of the WT to random wind. (a) Wind speed V. @ M
chanical rotation speead,,. (c) Relative error of mechanical rotation
speedu,,. (d) Pitch anglereference. . . . . . ... ... .. ... 121

5.11 Responses of the WT to random wind. (e) Power coefficign(f)
Mechanical rotation torqué,,. (g) Electromagnetic torqug,. (h)
Mechanical powef,. . . . . . .. . ... ... ... 122

5.12 Responses of the PMSG to random wind. (a) d-axis voliage
(b) g-axis voltagé/,,. (c) d-axis current,,q. (d) g-axis current,,,. 123

5.13 Responses of the PMSG to random wind. (e) Active gangrat
power P,,. (f) Reactive generating powé},,,. . . . . . . . .. ... 124

5.14 Responses of the grid to random wind. (a) g-axis cutggnt(b)
DC-link Voltage V4. (c) Active grid powerF,. (d) Reactive grid

POWEIQg. . . v v v v i e 125
5.15 Estimates of states and perturbations to randomwind . . . . . 126
5.16 Estimates of states and perturbations to randomwind . . . . . 127
5.17 Estimates of states and perturbations to randomwind . .. . . 128

Xiv



5.18 Responses of the WT to constant wind speed under gtabeotlip-

S. (a) Wind speed V. (b) Grid Voltagl,,. (c) Mechanical rotation

speedu,,. (d) Pitch anglereference. . . . . . ... ... .. ... 130
5.19 Responses of the WT to constant wind speed under gridgeol

dips. (e) Power coefficient’,. (f) Mechanical rotation torqué;,.

(g) Electromagnetic torqug,. (h) Mechanical poweP,. . . . . . . 131
5.20 Responses of the PMSG to constant wind speed underajtat)e

dips. (a) d-axis voltagé/,q. (b) g-axis voltagel;,,. (c) d-axis

currenti,,q. (d) g-axiscurrent,,,. . . . . ... ... 132
5.21 Responses of the PMSG to constant wind speed underajtadje

dips. (e) Active generating powét,. (f) Reactive generating power

Q-+ o 133
5.22 Responses of the grid to constant wind speed under glidge

dips. (a) d-axis voltag®,,. (b) g-axis voltagé/,,. (c) d-axis current

iga. (d) Q-axiscurrentyy. . . . . . ..o 134
5.23 Responses of the grid to constant wind speed under glidge

dips. (a) d-axis voltag®,4. (b) g-axis voltagé/,,. (c) d-axis current

igq. (d) g-axis currenty,. () DC-link VoltageVy.. (f) Active grid

POWEIE,. . . . o 135
5.24 Estimates of states and perturbations to constant spadd under
gridvoltagedips . . . . . . . ... 136
5.25 Estimates of states and perturbations to constant sgiedd under
gridvoltagedips . . . . .. .. ... ... 137
5.26 Estimates of states and perturbations to constant spadd under
gridvoltagedips . . . . . . ... ... 138

5.27 Responses of the WT to constant wind speed with protecin-

der grid voltage dips. (a) Wind speed V. (b) Grid Voltakjg. ()

Mechanical rotation speed,,. (d) Pitch angle referencg. . . . . . 139
5.28 Responses of the WT to constant wind speed with proteatider

grid voltage dips. (e) Power coefficieflt,. (f) Mechanical rotation

torqueT,,. (g) Electromagnetic torquE.. (h) Mechanical poweP,,. 140
5.29 Responses of the PMSG to constant wind speed with piaiemn-

der grid voltage dips. (a) d-axis voltagga. (b) g-axis voltagé/,,,,.

(c) d-axis current,,q. (d) g-axis currenty,q. . . . . . . ... . 141
5.30 Responses of the PMSG to constant wind speed with picoriem-

der grid voltage dips. (e) Active generating powey. (f) Reactive

generatingpowef) .. . . . . . . .. 142
5.31 Responses of the grid to constant wind speed with protegnder

grid voltage dips. (a) d-axis voltage,. (b) g-axis voltagé/,,. (C)

d-axis currentyy. (d) g-axiscurrenty,. . . . . . . ... ... L. 143
5.32 Responses of the grid to constant wind speed with grotegnder

grid voltage dips. (e) DC-link Voltag€.. (f) Active grid powerF,. 144

XV



5.33 Estimates of states and perturbations to constant spedd with

protection under grid voltage dips . . . . . .. .. ... ... ... 145
5.34 Estimates of states and perturbations to constant spadd with

protection under grid voltage dips . . . . . .. .. ... ... ... 146
5.35 Estimates of states and perturbations to constant spadd with

protection under grid voltage dips . . . . . .. .. ... ... ... 147
6.1 Block diagram of nonlinear adaptive controller . . . . .. . 157

6.2 Responses of constant mechanical rotation speed unélaown
step-change load torque disturbance. (a) Reference meahem
tation speedv,.t; (b) Load torquel,,,; (c) Mechanical rotation speed
wn; (d) Relative errorofthev,,,. . . . .. ... .. ... .. .... 160
6.3 Responses of time-varying mechanical rotation spegdrumknown
time-varying load. (a) d-axis voltagé,q; (b) g-axis voltag€/;,;

(c) d-axis current,,q; (d) g-axiscurrent,q. . . . . . . ... ... 161
6.4 Estimations of system states and perturbations; {ajb) Estimate

errorzii; (C) z12; (d) Estimate erroes. . . . . . . .. ... ... 162
6.5 Estimations of system states and perturbations:,{gff) Estimate

errorza1; (g) z92; (h) Estimate erroes. . . . . 0 0 o . . oL L 163

6.6 Estimations of system states and perturbationg,{i)j) Estimate

error zy3; (k) Perturbationly; (I) Relative error of perturbatiow;. . 164
6.7 Estimations of system states and perturbations. (nmufeation

Uy; (n) Relative error of perturbatiod,. . . . .. ... ... ... 165
6.8 Responses of time-varying mechanical rotation spegdrumknown

time-varying load. (a) Load torqué,,; (b) Mechanical rotation

speedwu,,; (c) Relative error ofthev,,. . . . . . .. ... ... ... 166
6.9 Responses of time-varying mechanical rotation spegerumknown

time-varying load. (a) d-axis voltage,q; (b) g-axis voltag€/,;

(c) d-axis current,,q; (d) g-axiscurrent,,q. . . . . . . .. ... 167
6.10 Responses of constant mechanical rotation speed unéaown

step-change load torque disturbance. (a) Reference meahem

tation speedv,.s; (b) Load torquel,,,; (c) Mechanical rotation speed

wmn; (d) Relative error ofthev,,,. . . . . ... ... ... ..... 168
6.11 Responses of time-varying mechanical rotation speddnunknown

time-varying load. (a) d-axis voltage,q; (b) g-axis voltag€/;,;

(c) d-axis current,,q; (d) g-axiscurrent,q. . . . . . . ... ... 169
6.12 Responses of time-varying mechanical rotation speddrunknown

time-varying load. (a) Load torqué,,; (b) Mechanical rotation

speedv,,; (c) Relative error of thev,,. . . . ... .. ... ..., 170
6.13 Responses of time-varying mechanical rotation speddrnunknown

time-varying load. (a) d-axis voltagé,q; (b) g-axis voltag€/,,;

(c) d-axis current,,q; (d) g-axiscurrent,q. . . . . . . ... .. 171

XVi



Chapter 1

| ntroduction

1.1 Background

Renewable energy sources have attracted a lot of attemtiogcent years, in
which wind energy is the fastest growing and most competi@newable source so
far, whose worldwide installation has reached 254 GW by titea# June 2012 [1],
because it is a clean, safe and exhaustless renewable pmuweesIn many coun-
tries, wind power is promoted via government’s policy, mehite real commercial
generation projects have been established. In Europe, tagyg-scale offshore
wind farms are planned to be built due to abundant offshorelwesources. By
2020, renewable resources may supplyoatif power consumed in Europe, whose
realisation relies heavily on large-scale offshore winanfd2]. For example, the
target of the UK in 2020 requires that 94of the total installed power capacity is
supplied by offshore wind farms, which is equal to 10 GW [3jeTEuropean Wind
Energy Association has set a target of satisfyingoZBuropean electricity needs
with wind energy by 2030 [4]. Other countries also have psing offshore wind
power resources, such as China and the USA. It is clear thajltdbal market for
electrical power produced by wind turbine generators has lrgcreasing steadily,
which directly pushes the wind technology into a more coitipetarea.

The development of modern wind energy conversion techiydtag been going
on since 1970s, and its rapid development seen from 1990gicadlly, there are
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two well-known strategies for operating wind energy cosi@r systems (WECSS),
i.e., fixed-speed strategy and variable-speed strategit tb@ mid 1990s, most of
the installed wind turbines (WTs) were fixed-speed onesdbas squirrel-cage in-
duction generator (SCIG) directly connected to the grid, generation was always
done at constant speed. Recently, the variable-speed WEW{\$) based on wound
rotor synchronous generator (WRSG), double fed inductemegator (DFIG) and
permanent magnet synchronous generator (PMSG) dominatd warket share
due to their advantages over fixed-speed WTs (FSWTSs), suulglagfficiency and
power quality [5, 6]. Moreover, VSWTs can control WT speed aower output to
reduce load and stresses on blades and tower. Nowadays [2B&8 ¥SWTs have
been widely used in WECSs with the merits such as large apereggion, small
capability of power electronic devices and full controlldy of active and reactive
power of the DFIG [7]. However, One of the problems assodiatgh WECS e-
quipped with DFIG today is the presence of the gearbox whatlptes the WT to
the generator. The gearbox is inevitable to have some dicksbauch as incremen-
t of maintenance expenses, heat dissipation from frictiwh @udible noise [8, 9].
According to statistics of wind farm operation, 1%4f WT downtime is due to
the gearbox and bearing system [10]. The reliability of tH&WT system can be
improved significantly by using a direct-driven PMSG, whisltoupled directly to
WT without the gearbox, with merits such as self-excitatibigh efficiency, low
noise, high torque to weight ratio and fast dynamic resp¢hkel7]. Usually, the
WECS equipped with a PMSG is connected to the power grid vidl-aifted back-
to-back power electronic converter. In this system, the \8EI{®se not need to
synchronize its rotational speed with the grid frequency.

1.2 Permanent Magnet SynchronousGenerator Based
Wind Turbine

The PMSG based WT (PMSG-WT) is a dynamic system with strorgimo
ear coupled characteristics and time-varying uncertgnts The aerodynamic of
WT introduces strong nonlinearities and uncertaintied.[1Bue to time-varying

Jian Chen
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Figure 1.1: Major operating regions of the wind turbine

wind, the WTs are required to operate at wide wind speed rabgierent con-
trol strategies have been applied to WECS. Normally, cbotrjectives of the WTs
are separated into four major operating regions shown in Eid@. In Region 1,
the WT does not operate until wind speed reaches cut-in wirdd/;; in Region
2, wind speed is between cut-in wind spéédand rated wind speed,, and the
main control objective of this region is extracting the nmaxim power from wind
by mechanical rotation speed control or mechanical torqurdraol; in Region 3,
wind speed is between rated wind spdédand cut-out wind speetl,,, and the
main control objective is limiting extracted wind power biadbe pitch control and
generator torque control to protect the mechanical pai®WECS [19]; in Region
4, wind speed is above the cut-out wind spégd the WT is stopped for protection.
When the WT operates, the extracted wind power is conventeceiectrical power
by the PMSG, then supplied to the power grid via a full-ratadksto-back power
electronic converter.

Jian Chen
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Figure 1.2: WECS equipped with a full-rated back-to-bachvester

1.2.1 PMSG Topology

The PMSG-WT equipped with a full-rated back-to-back powecteonic con-
verter consists of two voltage-source converters (VSGxs),machine-side converter
(MSC) and grid-side converter (GSC), shown in Fig. 1.2. A D®-is placed be-
tween the two converters. The main objective of the MSC igrolimg the output
power of the PMSG, which can be realised through controlehtiechanical torque
or the mechanical rotation speed. Meanwhile the GSC is ressple for delivering
active power to the grid via the DC-link and maintaining thé-bnk voltage. Two
VSCs are controlled separately and the dynamic of the PMSIGawd the power
grid is decoupled via the DC-link. A transformer is often nented between the
GSC and the grid.

1.2.2 Machine-Side Converter

The main objective of the MSC is to control the output powethaf PMSG. In
Region 1, no generating power is output. In Region 2, the mari wind power
is required to be extracted. For this purpose, the powefficweft C,, should be
maximumC,,m.x. It can be realised by maintaining tip speed ratiequal to optimal
value \.,; and pitch angles at a fixed value. It in turn requires the mechanical
rotation speedv,, to track its optimal reference,,.,:. In Region 3, the extracted
wind power should be maintained at rated power. It requinescorresponding

Jian Chen
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pitch angle should be achieved, which in turn requires bdogimechanical rotation
speedu,,, and the mechanical torqug, to be kept at their rated values, respectively.
The rated mechanical torqug, is achieved through controlling the electromagnetic
torqueT, to track its rated referencE, when thew,, is kept at its rated reference

Wmr-

1.2.3 Grid-Side Converter

The purposes of the GSC is to maintain the DC-link voltageat constant. The
DC-link can generate or absorb reactive power for voltaggett. The GSC is also
current regulated, with the d-axis curregt used to regulate the DC-link voltage
Viae and the g-axis currerit, component to regulate the reactive power. The g-axis
grid voltageF,, can be taken as zero with correct alignment of the referenaced.
Then, thei,s component can be used to regulate active power. Hence, tive ac
and reactive power flowing between the grid and converteratsm be controlled
independently when DC-link voltage. and grid currentsifq,i,,) control strategies
are applied.

1.24 PMSG-WT Fault-Ride Through

With the fast growing penetration level of wind energy in thierent power grid,
the reliability of WECS has attracted much attention. Toxa#he reliable integra-
tion of large capacity of wind power, most of the current poged codes require
that WECS must have fault ride-through capability (FRTC)law-voltage ride-
through capability (LVRTC) [20-24]. The FRTC specifies ttteg WECS must be
connected to the power grid during and after grid faults,ratargoing voltage dips
due to load disturbances, and to provide active/reactiveepaontrol to the power
grid [25]. The FRTC of WECSs can be enhanced by installingtefél protec-
tion devices, such as a rectifier-boost damping resistgoriatection of the DC-link
voltage [26], active crowbars installed to protect the niaefside converter of the
PMSG [27] and the rotor-side converter of the DFIG [28]. dsthe extra device
increases the cost of the whole system. Another effectteeradtive to enhance the

Jian Chen
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FRTC of WPGSs is to redesign or improve the control algorgtapplied on the
VSCs, which can avoid installation of additional equipmamd allow reduction of
the power rating of the protection devices [29-35]. Moradedtl analysis of WECS
fault conditions and converter protection methods will benmarised in Chapter 4
and 5, with a proposed nonlinear adaptive control (NAC)tsta

1.3 Control of Permanent M agnet Synchronous Gen-
erator Based Wind Turbine

The control system is an important part in a WECS. The confréIMSG-WT
has attracted much attention in the last few decades, arntd¢haology has further
advanced in recent years. In this thesis, the conventiatiby control (VC) with
proportional-integral (PI) loops, feedback linearisatemntrol (FLC) and proposed
nonlinear adaptive control (NAC) are applied for GSC, MS&J] permanent magnet
synchronous motor (PMSM) control.

In this section, three control methods are to be discussedthe VC, FLC and
NAC. The comparisons of these three methods are shown ie Tabl

1.3.1 Vector Control

The Vector Control (VC) was first applied to the induction oroat the begin-
ning of 1970s and latter to PMSM drive. It allows both indootand synchronous
machines to achieve similar torque control performancedeparately excited di-
rect current (DC) motor where torque and flux can be contladieparately. The
VC is the current industrial stand control algorithm for tiegulation of the output
power of the PMSG-WT, which is widely used in industry duettorelative sim-
ple implementation and decoupling control of the active egattive power. The
VC mainly consists two steps: firstly, the system model urad#hiree-phase natu-
ral reference frame (a-b-c) is transformed to a two-phad@siary reference frame
(o — ), which is then transformed to a two-phase d-q rotatingregfee frame in
which the d-axis or g-axis is aligned with the vector of oneydgtem variables; sec-

Jian Chen
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Table 1.1: Comparisons of VC, FLC and NAC methods

Control Methods Advantages Disadvantages

Incapable of providing

D

VC Simplicity; global optimal performancg
for whole operation region

Provide global optimal
FLC performance for whole operation Weak robustness; require
region; fully decouple nonlinear detailed system model.

system;

Provide global optimal
performance for whole operation
NAC region; fully decouple nonlineat Time delay for estimation.
system; high robustness; do
not require detailed system

model;

ondly, decouple the interaction among state variables) the linear relationship
between the controlled variables and the outputs can be\aghi

For the MSC, the output power of PMSG-WT is required to be legd. Tra-
ditional VC scheme has been widely used in PMSG-WT [9, 17485-In Region
2 (Fig. 1.1), the VC consists three control loops. The g-atasor current reference
imqr CAN be obtained from the output of the mechanical rotati@edp,, control
loop or from a reference electromagnetic torque The outputs of stator currents
(ima, imq) cONtrol loops are the stator voltagds,(, Vi,,) generated by MSC, re-
spectively. In Region 3, the output of the mechanical rotasipeedu,,, control loop
generates the pitch angle refererte The required stator voltageg (4, Vi) Can
be obtained from stator currents, i.,q) control. For the GSC, it aims to maintain
the DC-link voltagel. at constant, then the control of the MSC and GSC can be
decoupled. The d-axis grid current refererigg is generated from the outer DC-
link voltageV;. control loop. The inner d-axis curref; control loop controls the
GSC voltagé/,q, meanwhile the g-axig,, control loop is used to contraf,,.

Jian Chen
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Although VC is simple, there are still some disadvantagesising this ap-
proach. The major one is that VC is designed based on onetaepaint, which
may not be capable of providing global optimal performararevirying operation

points.

1.3.2 Feedback Linearisation Control

Compared with linear methods designed based on a linearlrabtiéned from
one operation point, feedback linearisation control (Fb@&thod can provide con-
sistent optimal performance in an operation envelope witlde range rather than
one operation point and has already attracted lots of relsesdforts in design and
application of FLC for nonlinear systems [35, 41-47]. TheCFis an approach
for nonlinear control design. By designing a state tramsfdgron and a nonlinear
feedback control law, a nonlinear system is transformed @nfully or partially
decoupled linear one, then well-known and powerful lineahhiques are used to
complete the control design. A lot of previously intrace&bbnlinear problems can
be converted into much more simpler problems, which can beeddy familiar
linear system methods.

Although the FLC has been used to solved many practical meatiproblems
and had a number of successful applications, it still hasvaofedrawbacks. Firstly,
it requires the accurate system model and system paramstect may not provide
capacity to handle the presence of parameter uncertaortegernal disturbances;
secondly, it requires full state feedback; thirdly, it agaesults in a complex con-
trol law so that the implementation of the FLC is not easy iacgice. In fact, such
a complex nonlinear controller may not always provide bgiggformance than a
simple linear controller. In order to deal with nonlineamdynic system uncer-
tainties and disturbances, adaptive control methods apoged to improve the

performance of the FLC.

Jian Chen
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1.3.3 Nonlinear Adaptive Control

Adaptive control of nonlinear systems attracted attenitotihe mid 1980s and
grown rapidly in the 1990s. It is because that the adaptiverobcan deal with
unknown parameters or slowly time-varying system pararaet& complete and
pedagogical presentation of nonlinear adaptive contr@NAC) has been given in
[48].

Among the early estimation based results are Sastry anori$#®], Pomet and
Praly [50], etc. Marino and Tomei had proposed one of thedingput-feedback de-
sign [51,52]. The partial state feedback problem had beleddy Kanellakopou-
los, Kokotovit and Morse [53]. A tracking design where the regressor depend
only on reference signals was given in [54]. Khalil [44] arashkové developed
semi-global output feedback designs for a class which deguisome systems not
transformable into the output feedback form.

An important technique for the design of the output feedlmmrkrol of nonlin-
ear system has been developed by using the high gain obgetheradaptive output
feedback control strategy. It can estimate robustly thiestar the derivatives of the
output equivalently (under local weak observability) [5%his technique was first
introduced by Elfandiari and Khali and since then it has iberimpetus for many
research results over the past decades [56]. It was usetii®vacstabilization and
semi-global stabilization of fully linearizable systend[57], and to design robust
servomechanisms for fully linearizable systems [58]. Is\aks0 used for the output
adaptive control [59], variable structure control [60] asmkeed control of induc-
tion motors [61]. In most of these studies, the controlledesigned in two steps.
Firstly, a globally bounded state feedback control is desigto meet the design
objective. Secondly, a high gain observer, designed toeatteinough, recovers the
performance achieved under state feedback.

In this thesis, a NAC via high gain state and perturbatioreolss (SPO) has
been proposed for the control of GSC, MSC and PMSM. The desmighanalysis
of the NAC using high gain state and perturbation observerldgen presented in
detail in [62]. In the design of the NAC, by defining a lumpedtpgbation term
to present the coupling nonlinear dynamics, parameterrtaioges, and other un-

Jian Chen
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known disturbance, a perturbation observer is designestimate the perturbation
which is used to compensate the real perturbation and eeatisdaptive linearizing
of the original nonlinear system, without requiring the @ate system model and
full state measurements, and ignoring any system nonliresaand unknown dy-

namics, such as tower shadow, load torque disturbancefagiis and intermittent

wind power inputs. Moreover, as such a controller adopte#tienate of states and
perturbation to yield the control signal, it can be easilyplemented in practice.
This control strategy has been demonstrated by their ajaits for synchronous
generator control and power electronics in power systemg6B

1.4 Major Contributions

The thesis reports the research work undertaken based dimeamadaptive
control of PMSG-WT based on states and perturbation esbmathe major con-
tributions of this thesis can be summarised as follows:

The proposed nonlinear adaptive control (NAC) method iglyirapplied in
PMSG-WT and PMSM.

e A NAC designed based on states and perturbation observdreeasapplied
for maximum power point tracking in Region 2. The proposedI\zan fully
decoupled PMSG-WT system and provide a global optimal otiatrcov-
ering the whole operation region. In addition, the NAC pgsss great ro-
bustness against parameter uncertainties and measuneoiseg. Simulation
results show that the NAC has overcome the drawback of the &yded
based on one operating point and the shortcomings of the Elyihg on the
full state feedback, accurate system parameters andetetahlinear system
model.

e A nonlinear adaptive pitch control of variable-pitch PMS@GF has been in-
vestigated. The control design has been developed basedutiy bneariz-
able model of the PMSG-WT. Simulation studies have been rigkkn on
PMSG-WT and the comparison with the VC designed based onper@ting
point, and FLC designed based on accurate model and fuél fstatiback.

Jian Chen
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e NAC has been investigated for the GSC to improve the FRTC afladted
converter based variable-speed wind turbine [63]. It daatsrequire the
detailed system model and parameters and is an output feledbatroller.
Thus, it has a relatively simpler controller and much bettbustness than the
FLC when there are model uncertainties and unknown distieds Compar-
ing with other nonlinear adaptive methods, the proposed MaCdeal with
time-varying uncertain dynamics. Performance enhancehsnbeen tested
by simulation studies at different voltage dip’s levelsd asarious uncertain-
ties, including model mismatch, measurement noises arehamying wind
power inputs. Simulation results have shown that the pregp®\C can pro-
vide satisfactory performances with smaller current anitge overshoots
during grid fault and better robustness against uncere@ntompared with
the VC and the model-based FLC.

e A coordinated nonlinear adaptive controller (CNAC) hasrbeeveloped for
the machine-side and grid-side converter of PMSG-WT. TheAChNias a
simple form and adaptive nature. Simulation results shaat the CNAC
can coordinate each other, realizes the control objeca¥&segion 2 and 3
without requiring the accurate system model and full sta¢asnrements, and
provides high robustness against grid voltage dips by ysitat control.

The proposed control methods have been applied to designfoiFMSM.

e A NAC of PMSM has been developed to track mechanical rotagpmed and
provide high robustness against system parameter unaetaand unknown
load torque disturbance. The idea of the NAC is based on bk lin-
earizing control and states and perturbation estimatiarth Bimulation and
experimental results have shown that the proposed NAC eeheatisfactory
dynamic performances in the presence of parameter varg&atind unknown

time-varying load torque disturbance.

Jian Chen
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1.5 Thesisoutline

This thesis focuses on wind energy conversion system bas@dRMSG. The
WECS consists two voltage-source converters, i.e., MSC@8G. The MSC is
responsible to control the output power of the PMSG, whetiea®bjective of the
GSC is to maintain the DC-link voltage and deliver active pote the grid. For the
control of the MSC, it requires the PMSG-WT extracts the nmaxn wind power in
Region 2, and limits the extracted wind power in Region 3.sEh®vo different ob-
jectives have been achieved by the proposed NAC in Chapted 3 arespectively.
In Chapter 4, the control objective of the GSC has been aetiby the proposed
NAC. To investigate the performances of the WECS under nbamé fault opera-
tion conditions, the coordinate control of the MSC and GS€leen investigated in
Chapter 5. To further verification of the proposed NAC, theO\ias been applied
in PMSM system in Chapter 6. Hence, the thesis is organiséalles/s. Fig. 1.3
shows the relationships between the work in different atrapt

The thesis is organized as follows.

Jian Chen



1.5 Thesis outline 13

Chapter 2: Maximise Power Point Tracking Controller for PMSG Based @lVin
Turbine

This chapter presents a nonlinear adaptive maximum powet tpacking (MPP-
T) control strategy for permanent magnet synchronous gémdrased wind turbine
(PMSG-WT) when the WT works in Region 2. In the proposed auldr, system
nonlinearities, parameter uncertainties, time-varyimgdyower inputs, and exter-
nal disturbance of PMSG-WT, are represented as a lumpearpation term, which
is estimated by a designed perturbation observer. The a&stiimemployed to com-
pensate the real perturbation and finally achieve adame@ifack linearizing con-
trol of original nonlinear system, without requiring thetaieed system model and
full state measurements. The simulation results showliegttoposed control strat-
egy provides the PMSG-WT with the maximum power efficienay high dynamic
performance even in the presence of parameter uncersagrtieeasurement noises.

Chapter 3: Pitch Control of Variable-Pitch PMSG-based Wind Turbine

In this chapter, a nonlinear adaptive controller (NAC) of B&+HWT is develope-
d to maintain the extracted wind power at rated power, witllequiring accurate
PMSG-WT model, parameters and full state measurementgasidering all sys-
tem nonlinearities and interaction, when the WT operaté&sgion 3.

Chapter 4: Enhancing Fault Ride-Through Capability of a Full-Ratech@ater
Based Wind-Turbine

This chapter investigates a novel controller for the graesconverter (GSC)
based on nonlinear adaptive control (NAC). One lumped peation term is de-
fined in the NAC to include all unknown and time-varying dynesnand external
disturbances of the wind energy conversion system (WEG%®),can be estimat-
ed by designing a perturbation observer. The estimate opdinirbation term is
used to compensate the real perturbation and finally actievadaptive feedback
linearizing control of the original nonlinear system, vath requiring the accurate
system model and full state measurements. The proposed $N#&Cautput feedback
control, which is adaptive to parameter uncertainties arkthawn nonlinearities of
the WECS, and time-varying external disturbances inclydjrid faults, voltage
dips and intermittent wind power inputs. The effectivenesthe proposed NAC

Jian Chen
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is verified by simulation studies and compared with the cohieeal vector control
(VC) and feedback linearisation control (FLC). The simigiatresults show that the
NAC can provide better fault ride-through capability (FRT&en though the grid
voltage levels are far below their nominal values.

Chapter 5: Coordinated Nonlinear Adaptive Control of Machine-sidd @rid-
side Converter of PMSG-WT

This chapter proposes a new overall control strategy foPM&8G-based WECS
in a wide wind speed range. This Chapter extends the authorlsin Chapter 2-4.
In Region 2, the (maximum power point tracking) MPPT operais realized by
mechanical rotation speed control and stator current abniihe proposed MPPT
control method in Chapter 2 is employed in this Chapter. Igi®e3, the extracted
wind power limited by pitch control and stator currents cohpresented in Chapter
3 is also employed in this Chapter. In Region 2 and 3, the aeiind reactive power
injected into grid is regulated using DC-link voltage cahtind grid current control
loop designed in Chapter 4. The proposed control stratetizes the control objec-
tives without requiring the accurate system model and tatlesmeasurements, and
provides high robustness against wind energy conversgtesy(WECS) parameter
uncertainties and grid voltage dips.

Chapter 6: Speed Control of a Permanent Magnet Synchronous Motor With
Time-Varying Unknown Load Torque

This chapter investigates a novel controller for the s@damunted permanent-
magnet synchronous motor (SPMSM), based on NAC to optirhigepeed-control
performance of a SPMSM. In the proposed controller, systemhimearities, param-
eter uncertainties, and external disturbance of SPMSMegmesented as a lumped
perturbation term, which is estimated by a designed peatiob observer. The es-
timate is employed to compensate the real perturbation aathfiachieve adaptive
(feedback linearisation control) FLC of PMSM, without ratpug the detailed sys-
tem model and full state measurements. Both the simulatidreaperiment results
show that the proposed control strategy provides the PMSWM thie optimal dy-
namic performance even in the presence of parameter umteEsaand unknown

time-varying load disturbance.
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Chapter 7: Conclusions

The thesis has concluded with a summary of the results amtadesuggestions
for future work and several suggestions for future work. $hggestions for future
work will highlight the unsolved problems that remain.

1.6 Publication List Related With PhD Thesis

The publications produced from this research work aredigtethis section as

follows:
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Chapter 2

Maximum Power Point Tracking
Controller for PM SG Based Wind
Turbine

2.1 Introduction

In the wind energy conversion system (WECS), an effectivgimam power
point tracking (MPPT) control strategy is essential in impng the overall efficien-
cy and reducing cost [67,68]. To extract maximum power frometvarying wind
power, numerous studies have been carried out, in whichralters are designed
based on an approximated linear model and linear techniguek as convention-
al vector control (VC) with proportional-integral (P1) Ips [17, 36, 37], and linear
guadratic Gaussian (LQG) [69, 70], etc. Among these comstraitegies, the VC
is the current industrial standard solution [71]. Despite advantages of simplic-
ity and decoupled control of active and reactive power, tli&ay not provide
satisfactory performance as permanent magnet synchrgenesator based wind
turbine (PMSG-WT) which is a highly nonlinear system, opieain a wide-range
of operation points, due to time-varying wind speed [36].u3hthe VC designed
and tuned based on one operation point is not capable ofdgingvglobal optimal
performance for varying operation points, which stimusdtgs of research efforts
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on the tuning of VC with PI loops.

Feedback linearizing control (FLC) strategy has been widgplied in pow-
er electronics [35, 45], permanent magnet synchronous miptdSM) [46], and
power systems [47]. The FLC provides nonlinear systems latter dynamic per-
formance than the controllers designed based on an appatedhniinear model and
linear technique [64]. To improve the performance of the ¥ FLC strategy
is designed for PMSG-WT to achieve the maximum wind poweleggtion [72].
The PMSG-WT system is transformed into an equivalent lisgatem via nonlin-
ear feedback control and nonlinear coordinate transfoomat hen the closed-loop
mechanical rotation speed controller and current comtr®kre designed via linear
control method. The FLC strategy can fully decouple theipabnonlinear system
and provide a global optimal controller crossing a wide eagand variable opera-
tion points. The maximum wind power can be extracted witis&aitory dynamic
performance when wind speed varies. However, the desigredft.C requires full
state feedback, accurate system parameters and accustmsyodel to calculate
full system nonlinearities, and thus always results in aglemcontrol law and has
weak robustness against parameter uncertainties anahaktksturbances [73]. It
is because that the parameter uncertainties and extestatltinces affect the cal-
culation of the full system nonlinearities, which may detgdahe performance of
the FLC. In the real system operation, electrical machimarpaters, such as sta-
tor resistance, inductance, field flux and other parameteztectrical machine, are
strongly affected by operating temperature, saturatikin,effects and manufactur-
ing tolerance, which deteriorates performance of the FL3=T7]. To remedy these
shortcomings of the FLC, robust control [78], sliding modetrol [79], and nonlin-
ear adaptive control (NAC) [65, 66] have been proposed tomwenthe dependance
of the detailed model of the FLC.

In this chapter, a NAC of PMSG-WT is developed to extract mmaxn power
from wind power and provide high robustness against systmanpeter uncertain-
ties, and unknown time-varying wind power inputs. In theigie®f the NAC, by
defining a lumped perturbation term to present coupling ineal dynamics, pa-
rameter uncertainties, and other unknown disturbanca,dahgerturbation observer
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is designed to estimate the perturbation which is used tpeosate the real pertur-
bation and realize an adaptive linearizing of the origirailimear system, without
requiring the accurate system model and full state measmesmbut fully taking
into account of all system nonlinearities, unknown dynamand external distur-
bances caused by tower shadow and intermittent wind povertsn

The remaining parts of this chapter is organized as follolusSection Il, the
model of PMSG-WT is given. In Section lll, the nonlinear atiagcontrol strategy
based on perturbation estimation is recalled. The desigimneoNAC, together with
the FLC, is presented in Section IV. Section V carries outiation and experiment
studies to verify the performance of the proposed NAC, casgpavith the VC and
the FLC. Finally, conclusions of this work are presentedeot®n VI.

2.2 PMSG Based Variable Speed Wind Turbine

The gearless WECS equipped with a PMSG is connected to thergpwd via
full-rate back-to-back voltage source converters. Itdigomation block diagram is
shown in Fig. 2.1. Wind energy captured by the WT is trangdito the direct-
drive PMSG. The PMSG converts the mechanical power to &atfpower, then
supplies it to the power grid through a machine-side coevéMSC) and a grid-
side converter (GSC). The MSC is responsible to extract kbetrec power from
the wind by controlling the mechanical rotation speed anahtasing the required
stator voltage, whereas the GSC has to enable independentlcaf the active and
reactive power as the grid codes requires and transfer tines gaower from the
generator to the grid via the DC-link. A DC voltage link deptas the operation
control of the two converters [35].

2.2.1 Aerodynamic M odel

The kinetic power captured from wind by a WT is expressed ksfing [40,68]

P, = %mszi”cp(ﬁ, A) (2.2.1)
Rwy,
A= — (2.2.2)
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Wind
K Kﬂ Turbine
Grid-Side T D—{ b—{ 1 ‘_{ Ti G
PWM — Vde ibs S
Inverter l

and Grid _{ “—{Q‘ _{[{L PMSG

Figure 2.1: Configuration of a PMSG directly driven by a winddine

wherep is the air densityR is the radius of WTV is the wind speed}, is the power
coefficient, is the pitch angle) is the tip speed ratio, and,, is the mechanical

rotation speed. Th€), is a function of3 and\ and defined by the following function
[40]

C, = 0.22(1;6 _ 048 —5)e n (2.2.3)
1 1 0.035

1_ _ 2.2.4
N A+0088 Bl (2.24)

2.2.2 Permanent Magnet Synchronous Generator Model

The state-space model of the PMSG shown in Fig. 2.1 is given as

&= f(z) + gi1(x)ur + ga(z)us (2.2.5)
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where
Ty + ¥ 2 %img
flx) = —L%fqi q—%we(LdemdﬂLKe) )
JM(T — T — Tt — Bwy,)
gi(r) = [z 0 0,
p@) = 0 & o,
z = [ima mq wm]T7
u = [ug,us]" = [Vina, Ving]",
y o= [ywe]" =), ha(2)]" = [img, win]"

wherex € R? , u € R? andy € R? are state vector, input vector and output vector,

respectively;f(z), g(z) andh(x) are smooth vector fieldsV,,q andV,,, are the

stator voltages in thé-q axis, i,,q andi,, are the stator currents in thieq axis,

R, is the stator resistancé,,q and L., ared-q axis stator inductanceg. is the

permanent magnetic flux given by the magnets the number of pole pairs/;;

is the total inertia of the drive train that is equal to the suation of WT inertia

constant and generator inertia constasitis the friction coefficient of the motor,

we(= pwy,) is the electrical generator rotation speed, @pd7, and7; are the WT

mechanical torque, electromagnetic torque, and statitidri torque, respectively.
The electromagnetic torque is expressed as:

TC = p[(Lmd - Lmq)imdimq + ique] (226)

2.2.3 Maximum Power PointsTracking (M PPT) Based Wind Speed

M easur ement

To capture the maximum wind power, the power coefficiénshould maintain
its maximum valueC,,,,., at any wind speed within the operating rangé,,,... is
achieved by maintaining tip speed rali@qual to optimal value,,, and pitch angle
[ at a fixed value.

Cpmax = Cp(Aopt) (2.2.7)
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which in turn requires the mechanical rotation spegdto track its optimal refer-
encew,,, as

V
Wmopt = E)\opt (228)

In this chapter, th€’, function given in [40] is used, in which the pitch angle is
fixed atg = 2°, the optimal tip speed ratio i%,,; = 7.3089, andCpp.x = 0.402
[40].

2.3 Nonlinear Adaptive Control Based On Perturba-

tion Estimation

The NAC based on a perturbation observer proposed in [62yd)e recalled
briefly. A multi-input multi-output (MIMO) system is transfmed as interacted
subsystems via input/output linearisation at first. Thenefach subsystem, a per-
turbation term is defined to include all subsystem nonliiieat interactions be-
tween subsystems and uncertainties. A fictitious statetiednced to represent
the perturbation and an extended-order high-gain obsé&\asigned to estimate
the perturbation and other system states, based upon treuregeent only. The
estimates of perturbations are used to compensate the egatlgations, then an
adaptive linearisation and decoupled control of the oabnonlinear system will be
implemented. Comparing with the parameter estimationsitigated in most adap-
tive control schemes, the technique used in the proposeddotatrategies can be
considered as a function estimation method.

2.3.1 Input-Output Linearisation

Consider a MIMO system

{ i = f(x)+ g(x)u
y = h(z)

wherex € R"™ is the state vector, € R™ is the control input vectory € R™ is

(2.3.1)

the output vectorf(z), g(x) andh(x) are smooth vector fields. The input-output
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linearisation of a MIMO system is obtained via differentigtthe outputy; of the
system until the input; appears. Thus, assuming thais the smallest integer such
that at least one of the inputs explicitly appeargfi’h)
y = Lhi +> " Ly, L™ ha (2.3.2)
j=1
whereyi(”) is thei*"-order derivative ofy;, ngL;ﬁ_lhi(x) # 0 for at least ong.
Performing the above procedure for each outpyields

ygrl) L?}h uy
: = : + B(z) | : (2.3.3)
yﬁg'm ) L?},,L hm um
Ly, L;l—lhl e LgmL}l—lh1
B(z) = : : : (2.3.4)
Lo Ly Yy -+ Ly, Ly hyy,

whereB(z) is am x m control gain matrix. IfB(z) is invertible, the FLC of the
the MIMO nonlinear system can be obtained as
—L?hl U1
u= B(z)™ : + | (2.3.5)
—L’J}mhm U
wherev; are new inputs of the system. Now the input-output relatamesgiven by

y =, (2.3.6)

)

At this point, desired dynamics can be imposed on the systethéonew system
inputs.

2.3.2 Perturbation Observer

Assume all nonlinearities of system (2.3.3) are unknowd define perturbation

terms as
\Ifl L? hl U1l
: = : + (B(z) — By) : (2.3.7)
v, L}” B, U,
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whereV; is the perturbation termi3, = B(z)|,—.() is the nominal control gain.
Then system (2.3.3) can be rewritten as

g Wy (z) Uy
: = : +By | (2.3.8)
y%m) U, (x) U,
For thei'" subsystem, defining state variablesas=y;, - - -, zi, = yi(”‘l) and

a virtual state to represent the perturbatign ,,) = ¥;, thei,, subsystem can be

represented as
)

Zi1 = Zip
(2.3.9)
Zir; = Zi(r;41) T Bo,u
[ Zitr+1) = 0,

whereB,, is thei'" row of the By, and By, is thei" row ;" column element of the
By.

For system (2.3.9), several types of perturbation obsgrgech as sliding mode
observer, high gain observer and linear Luenberger obsdrage been proposed
[65]. This chapter picks up high gain observer as an exangpghow the design
procedure, while other types observers can be designethdini

When all states are available, the perturbation is estinlayea second-order
perturbation observer (PO) which use the last stgateis measurement as follows

i = Zn +lu(za — Zir,) + By,
{ZZ Stz = Zn) + Bou (2.3.10)

Zi(ri41) = liZ(Zin- - 5’m),
wherel;; andl;; are gains of the high gain observer. Throughout this chapter
represents the estimate 9f,. By choosing
=2, 1y =20, (2.3.11)
€; €
wheree;, 0 < ¢; < 1is a positive constant to be specified and the positive cotssta
a;j, j = 1,2, are chosen such that the roots of

S+ ans+ap=0 (2.3.12)
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are in the open left-half complex plan. Throughout this ¢bag;,, represents the
estimate of;,.,.

When the system outpyt = z;; is available, dr;+ 1)"*-order states and pertur-
bation observer (SPO) can be designed to estimate the sg&iten and perturbation

as .
Zi1 = Zio+la(za — 2i1)
) (2.3.13)
Zir, = Zip, + lir,(zi1 — 21) + Bo,u
éi(m—i—l) = li(ri—l—l)(fzz‘l - 5’z’1)7

Qg
)
el

wherez;; is the estimations of;;, [;; = j=1,---,r; + 1 are gains of the high
gain observek;, 0 < ¢; < 1is asmall positive parameter to be specified to represent
times of the time-dynamics between the observer and thesyséém. Parameters

a;;,j=1,---,r; + 1, are chosen such that the roots of
Sm—i—l + aﬂs?"i + .4 Oéiris —+ ai(ri-i-l) = 0 (2314)

are in the open left-half complex plan.
Using the estimate of perturbaticﬁn = Zir,+1) t0 compensate the real system
perturbation, the control law of the NAC can be obtained as

A

2 01
u=B;" : + | (2.3.15)
_\i]m Um
wherev; = — K 2; is an output feedback when a SPO is desigiéd= [k, - - -, ki(ri_l)]T
are the linear feedback controller gains which can be deteivia linear system
method.

2.4 NAC Design

This section will present the design of NAC for the PMSG-WT.
Input/output linearisation of system (2.2.5) can be regmés=d as

yiV F(z)
[yé”]: R | TP

“1 ] (2.4.1)

U2
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$1- Perturbation
Linear Control (2.4.15) 1+ Cancellation
[ n dt J .
] A Nonlinear
L 3 + L g System
' Iy |(22.5)and
mq
Perturbation Observer (2.3.10) Perturbation ¥, 7 (2.2.6)
Cancellation N ; _
V2 lmd W

States and Perturbation Observer

(2.3.13)
w =V, By,
uy =V
Wine
Yy =Wy +

Linear Control (2.4.15)

Figure 2.2: Block diagram of nonlinear adaptive controller
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where
1 , .
Fi(z) = L—(—zdeS—l—weLqumq) (2.4.2)
md
F2(x> = - Jt Z—/ [Ke + (Lmd - Lmq)imd]Lmdwoimd
ot“mq
- tpL (Ko + (Lind — Lung)ima) (Reimg + weKe)
ot4“mq
Plmg : .
+ (Lmd — Lmq)<_RsZmd + Lmqwolmq)
Jtothd
1 dT,
- 2.4.3
Jtot dt ( )
Note that% is not included in the FLC design, which cannot be measured
directly.
By () L 0
B(z) = = s (2.4.4)
‘B2 (.CL’) p mq}f:tngmfmq) P[Ke"‘(gtrztdLnf:rlq) md]
_ plKet(Lmd—Lmq)ima] i i iNn-
As det[B(x)] = g A - # 0 when K, # 0, that is,B(x) is nonsin
gular for all nominal operation points. Thus, the FLC coléras obtained as
—F;
[ = B R ” (2.4.5)
(%) —Fg(l‘) (%)
L 0
-1 _
B(.I) o _ iqumq(Lmd_Lmq) Jtothq (2.4'6)

Ke+(Lmd_Lmq)imd p[Ke‘f‘(Lmd_Lmq)imd}

And the original system is linearized as

y(l) v
Lol = (2.4.7)
(2)
Yo U2
v = Y+ kne (2.4.8)
Vo = o + ka1€2 + koges (2.4.9)
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wherewv; andwv, are control of of linear systems,, k9; andk,, are gains of linear
controller, y;, and v, the desired output references. Define= y;, — y; and
es = Yor — Yo as track errors, the error dynamics are

él + k‘1161 =0 (2410)
ég + ]{Zglég + ]{32262 =0 (2411)

Based on equation (2.3.7) and (2.4.1), perturbation terpis) and ¥, (z) are
obtained as:

p

Uy
Ui(z) = Fi(z)+ (Bi(z) — Bo,) ]
q1 - U2 9
— 1
\ BOl o [ Lao 0 ]
(2.4.12)
( Uu
1
Us(z) = Fa(x) + (Bz(x) — Boy,) ]
qz - Uz
— pimq(Lm _Lmq)) p[Ke)+(L1n _Lqu)im ]
\ B02 o |: JtotzoLdO ( ( Jtoti(}/mqo ‘ ]

whereL,,qo, Limqo: Jioto, Keo, Bo, andBy, are nominal values .4, Lig, Jiot; K., Bi(z)
and By (x), respectively .

Defining the state vectors ag = y1, z10 = U5 andza; = o, 200 = Y5, 205 =
U,, and control variables ag = V;,,q anduy = V;,. The dynamic equations of the
two subsystemg, andg, become as

p

. Uy
21 = Wi(x)+ By, ]
q1 - U2 )
L 11 = U1
. (2.4.13)
221 = 222
. U
Q2 : Zo9 = Wy(x) + By, ] )
Uz
L 221 = Y2

For sub-systeny;, a second-order PO like (2.3.10) is designed to estimate the
perturbationz;, = ¥;; and for sub-systen,, a third-order SPO like (2.3.13) is
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designed to estimate thi®, and perturbatiort,; = 0, By using the estimated
perturbation to compensate the real perturbation, cordawes for sub-systems;
andg, can be obtained as following:

Uy
U2

whereu, » is defined as

— BO—1

_%12 ] + [ v ” (2.4.14)
—Z23 V2

v = ku(zie — 201) + i
vy = Zor + ko221 — 221) (2.4.15)
+ko1 (Zo10 — Z222)
The final control law represented by physical variableshsasccurrents, induc-
tance, total inertia,field flux and mechanical rotation sheee given as following:

U1 = Linao[k11 (imdr — ma) + fmdr — ‘i’l]

_ iququ(Lme_Lqu) y __q ; — |
u2 - KeO“F(Lme_Lqu)imd [kH(Zmdr Zmd) + Zmdr \:[]1] (2 4 16)
JtotOLqu t
+p[K60+(Lme_LIIlq0)in)d] [k22 (wmr wm)

+ko1 (Wmy — Z22) + Wny — ‘i’z]

\

Note that the NAC proposed only requires the nominal valupasémeters of
Lindo, Limqo, Keo @andJioro, and measurements of two output variablgsandw,,.

To clearly illustrate its principle, block diagram of the BAroposed is shown
in Fig. 2.2.

2.5 Simulation Results

In this thesis, Chapters 2-5 investigate the same testmaysttewn in Fig. 1.2.
They focus on different parts of the WECS. This WECS cont&®MSG, WT, a
full-rated back-to-back power electronic converter cstssof two VSCs, i.e., MSC
and GSC, DC-link, and power grid. In the WECS, the wind eneaptured by the
WT is converted into mechanical energy. Then the mechaearealy is transmitted
to the direct-drive PMSG. The PMSG converts the mechanioadep to electrical

Jian Chen



2.5 Simulation Results 29

power, then supplies it to the power grid through a MSC and € 3®%e MSC is
responsible to extract the electric power from the wind bytaaling the mechanical
rotation speed and maintaining the required stator voltadgereas the GSC has
to enable independent control of the active and reactiveep@s the grid codes
requires and transfer the active power from the generattinegayrid via the DC-
link. A DC voltage link decouples the operation control of thivo converters [35].

Chapters 2 and 3 focus on WT, PMSG and MSC of the WECS showrgin Fi
1.3 of the modified manuscript. The GSC, DC-Link and powed dgrave been
investigated in Chapter 4. In Chapter 5, the whole WECS has bevestigated.

To verify the effectiveness of the proposed NAC, simulatistudies are carried
out and compared with the VC and FLC. The parameters of a 2-NWS®-WT
system give in [40] is used?=39 m, p=1.205kg/m?, rated wind speet,=12 m/s,
Jit=10000kg - m?, K,=136.25V s/rad, p=11, L;,4=5.5 mH, L,,,=3.75 mH, and
R=50 uf).

Parameters of NACs for subsysteirandg, are designed based on pole-placement
and listed as following:

q. : observerog; = 3.2 x 10%, a1 = 2.56 x 10%, ¢, = 2 x 1072, which locate alll
poles at-1.6 x 10%; controller:k;; = 1.6 x 10*, which is obtained by placing
pole at—1.6 x 10!.

¢ : observerog, = 1.5x 103, age = 7.5 x 10°, cteg = 1.25 x 108, €, = 1 x 1073,
which locate all poles at5 x 10%; controller:ky; = 1 x 102, kgp = 2.5 x 103,
which are obtained by placing pole-ab x 10'.

Note that FLC uses same controller parameters as the NAGawer the FLC
uses the full state feedback and exact parameter. In the N&@ml, the value of
the observer’s pole is usually chosen approximately 5 tard@g of the value of the
controller’s pole.
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25.1 Time-Varying Wind
Ramp-Change Wind

The response of the PMSG to ramp-change wind is shown in Bg2.%. Wind
speed is shown in Fig. 2.3 (a). As shown in Fig. 2.3 (b)-(cg phoposed NAC
provides the best tracking performance of the mechani¢atiom speedu,, com-
pared with the VC and FLC when wind speed varies. The maxinalative error
(#m—me 5 100%) is approximatelyt 2% by the VC. It can be explained that the VC
is adjusted for a specific operation point of the system andatensure a satisfy-
ing dynamic behavior for varying operation points. Althbuge FLC can provide
a satisfactory tracking performance, the tracking errowgfstill exists. It is be-
cause that the FLC requires the full-state measuremerttthé)%c% in (6.3.3) is not
known in the FLC design.

To extract maximum wind power, the power coeffici€nt should maintain at
its maximum value. As shown in Fig. 2.3 (d), the maximum poweefficient
Comax Can be always achieved by the NAC even though wind varies.etins the
maximum wind power can be extracted by the NAC during varyimgd speed,
but the power coefficienf’, cannot always be maintained at its maximum value
by the VC. It needs more time to reach,,.. when wind speed varies. Fig. 2.4
(e) shows the relative tracking erro?—”% x 100%). Under the VC strategy,
the maximum relative error reaches approximatelys under varying wind speed.
The FLC almost keeps th&, at its maximum valu€,,,,..

As shown in Fig. 2.4 (f)i.q can be well tracked by the VC, FLC and NAC.
Fig. 2.4 (h) shows that bigger overshoot and longer recotierg of voltageV,,,
are obtained by the VC comparing with the FLC or NAC. The resgoof active
power and reactive power generated from the PMSG-WT are shioig. 2.5
()-(), respectively. Response of perturbation estimris shown in Fig. 2.6. The
perturbation can be well estimated to compensate the retairpation.

Note that the FLC uses the full state feedback exéﬁpand extract parameters
of the system, but the NAC is without requiring the detailthaf system information
and extract parameters.
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Figure 2.3: Responses of the PMSG to ramp-change wind. (ajl 8ieed V. (b)
Mechanical rotation speed,,. (c) Relative error of mechanical rotation speed.
(d) Power coefficient,,.
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Figure 2.4: Responses of the PMSG to ramp-change wind. (efiWReerror of
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Figure 2.5: Responses of the PMSG to ramp-change wind. (iyégenerating
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Random Wind

The dynamic responses of the PMSG to random wind is showrnginZv-2.9.
Random wind speed is shown in Fig. 2.7 (a). From Fig. 2.7 (bl) (& it can be
seen that when wind speed is time-varying, the VC cannok ngtimal mechani-
cal rotation speed referenag,,. The maximum relative erro#% x 100%) is
approximatelyl0% by the VC. The FLC can achieve much better tracking perfor-
mance than the VC, but maximum relative erréef = x 100%) reaches about
2%. Comparing with the VC and FLC, the NAC can always providetesfsectory
tracking performance of the mechanical rotation spegaven under time-varying
wind speed.

When wind speed is below the rated wind speed, the maximund pawer
is achieved by maintaining,, at its maximum value’,,,.... The maximum power
coefficient cannot be obtained by the VC due to time-varypgration points shown
in Fig. 2.7 (d) and 2.8 (e). The FLC keep$ very close to its maximum value
Cpmax, bUt Cprax cannot be achieved. The NAC can always maintain the power
coefficientC, at its maximum value. The maximum relative errﬁffﬂ% x100%)
is approximatelyl .2% by the VC. As shown in Fig. 2.8 (f},,q can be kept around
zero by the VC, FLC and NAC. The dynamic responses of compltsV/,q ,, the
active power and reactive power are shown in Fig. 2.8 (g)j2.8espectively.

2.5.2 Robustness Against Parameter Uncertainties

In the real system, the generator parameters vary due tq#rating tempera-
ture variation and saturation effect of the generator. Tlb€ Bhows a satisfactory
dynamic performance as exact knowledge of system parasnaterknown, which
cannot guarantee the robustness in the presence of parametgtainties or dis-
turbances. The NAC can robust against the parameters aimtess and external
disturbances. In order to examine the robustness of the NWIG-&C, the parame-
ter uncertainties tests have been done. In all simulat&ts,tevind speed V keeps at
8 m/s.

The system responses to variation of field filgx is shown in Fig. 2.10-2.12.
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The variation of field fluxi, is shown in Fig. 2.10 (a). It can be seen from Fig. 2.10
(b) and (c) that, the mechanical rotation speggdcannot track its optimal reference
Wy, Under the FLC. The maximum relative errdi—= x 100%) reaches approx-
imately 70%. The maximum power coefficient is achieved by controlling to
track its optimal reference,,,,. When the optimal referenae,,, cannot be tracked,
the power coefficient’, cannot be maintained around maximum valyg,... As
shown in Fig. 2.10 (d) and 2.11 (e), the maximum relativere(ﬂ% x 100%)

is approximatelyt0% under the FLC. The maximum wind power cannot be cap-
tured when the maximum power coefficigfif,,.. iS not obtained. The extracted
wind power has a approximatel% decrement of maximum extracted wind pow-
er under the FLC shown in Fig. 2.11 (h). The maximum relativereof ()., is near
80%.

It can be seen from Fig. 2.10-2.12 that, when the field fliuwvaries, the system
performance under the FLC degrades greatly due to lack cdeparameters. The
NAC almost always have a satisfactory performance and wéthngistent response,
expect that the reactive pow€x,, is affected by the variation of field fluk,.

2.5.3 Robustness Against M easurement Noises

The proposed NAC is an output feedback controller and orjyires four mea-
surements, the wind speed V, the d-g-axis stator cuttgnt and mechanical ro-
tation speedv,,. However, the FLC needs full-state measurements. To test th
robustness against the measurement noise, the mechastet@m speedv,, has
been injected white noise. The range of white noise addeueimteasurement,,
is +1% of real w,, value. The wind speed keeps at 8 m/s as shown in Fig. 2.13
(a). It can be seen from Fig. 2.13 (b) that, the mechanicatimt speedy,, cannot
track its optimal reference,,;, under the FLC, but it is well tracked under the NAC.
The maximum relative error<.-==x x 100%) reaches approximately0% under
the FLC. Hence, the maximum power coeffici€rt cannot keep at its maximum
value C,,.x When the optimal mechanical rotation speed cannot be tdaskewn
in Fig. 2.13 (c). Fig. 2.13 (d) shows the response of the d-stator current.

It can be seen from Fig. 2.13 that, the NAC is almost immun&eonthite noise
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in w, measurement, but the injected white noise impacts the FlLi®npeance.
Note that in practice, low-pass filter (LPF) can be appliedréanoving all these
measurement noises, without impacting on the overall dymperformance.

254 Tower Shadow

Tower shadow is one inherent characteristic of wind turbired produces peri-
odic fluctuations in electrical power output of a wind turigenerator [80]. Tower
shadow describes the redirection of wind due to the towacsire and produces a
periodic pulse reduction in torque as each blade passesehpwrer [80-82]. For
a three bladed turbine, three pulsations in torque occunarotation known as
3p effect. This inherent characteristic of wind turbines baen considered in the
following simulation case study. In this simulation testna/speed keeps at 8 m/s
measured from anemometer. This measured wind speed is wdgatio optimal
mechanical rotation speed,,, (2.2.8). To emulate the tower shadow, an equivalent
wind speed is given in 2.14 (a), wind speed is reduced%yevery time a blade
passes in front of the tower and the duration of time a bladegmthe tower is rep-
resented by an arc @b° in one cycle for a three bladed turbine [80]. It can be seen
from 2.14 (b) and (c) that, the mechanical rotation spegdannot be well tracked
under the FLC and with a maximum relative errép{fem: x 100%) reaching ap-
proximately0.5%. This is because that the torque variation due to tower shado
is not included in the FLC, which cannot provide high robestgiagainst external
disturbance such as tower shadow. The NAC provides a sabsfatracking per-
formance ofw,, and consistent response. The mechanical toigushows in 2.14

(d).

2.6 Experimental Results

The experiment tests have been done to verify the effedss&of the proposed
NAC. In hardware implementation, the generator to be cdlettas a 5 pole pairs,
250W PMSG with rated 42V input and 5.7A RMS current. It is dedpwith a DC
motor which is used to emulate WT (2.2.3,2.2.4). Both the BVid DC gen-
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dSPACE Control Desk

DC Power Supply

IGBT Inverter

Motor Bench

CLP1104
Connector / LED Panel

Figure 2.15: Experimental setup

erator are driving by an IGBT-based inverter, which is coltdd by PWM signal
produced by DS1104 dSPACE processor board. The dSPACEsseftan compile
the Simulink control loop to C-code by using MATLAB/Simukimeal-time work-
shop (RTW) and then downloads them to DS1104 dSPACE procbssod. The
dSPACE processor board is also used to receive the mechapezd and position
measured by an incremental optical 1000-line encoder,iwisisynchronized with
the motor shaft. In addition, the measured result of motatestan be displayed
on the dSPACE control desk, and both the reference contngetsaand controller
parameters can be adjusted in real time. The experimeritg) geshown in Fig.
2.15.

In the experiment tests, the parameters of the PMSG-WTrsyaste2=0.671 m,
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p=1.205kg/m?3, rated wind speeti=9 m/s,.J;,;=1.23x10*kg-m?, K,=0.015 .s/rad,
=5, L1,q=0.49 mH,L,,,,=0.49 mH, and?,=0.1912, static friction torqu€/; = 0.121
N.m, and the”,, function is the same as (2.2.3) and (2.2.4).

Parameters of NACs for subsysteirandg,; are designed based on pole-placement
and listed as following:

q. : observerog; = 2 x 102, aq = 1 x 10%, ¢; = 5 x 1072, which locate all poles
at—1 x 10?%; controller: k;; = 1 x 10!, which is obtained by placing pole at
—1 x 10'.

qs : Observerﬂgl =3 X 102, (g9 = 3 X 104, 3 = 1 X 106, €9 = H X 10_2, which
locate all poles at-1 x 10%; controller: ky; = 3.2 x 10!, koy = 2.56 x 102,
which are obtained by placing pole-at..6 x 10!.

Note that the FLC has not been applied in comparison with t6eaxdd NAC.
For real motors, some parameters may not same as listed on naoheplate. How-
ever, the FLC requires the accurate system parameters taersatisfactory per-
formances. The inaccurate parameters may cause detemoodtperformance or
failure.

2.6.1 Ramp-ChangeWind

Figs. 2.16-2.18 show the responses of the PMSG-WT to ramapgshwind.
It can be seen from Fig. 2.16 (b) and (c), the VC cannot proadatisfactory
tracking performance of the mechanical rotation spegdas wind speed varies.
The maximum tracking error of the,,reaches approximateB:-%. Hence, the
power coefficient;, cannot always maintain at maximum value shown in Fig. 2.16
(d). Fig. 2.17 shows the d-axis, g-axis stator voltagés:( V..,), d-axis, and g-
axis stator currents, (4, inq). The LPF can be used to remove the noises in stator
voltage and current. The mechanical power,active generating power,,, and
mechanical torqué},) responses are shown in Fig. 2.18 (a) and (b), respectively.
The P, is much less than th&,, due to consumption power of static friction and
resistance. The states and perturbations can be well éstirsbown in Fig. 2.19
and 2.20.
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2.6.2 Random Wind

In this experiment test case, the random winds shown in Fig. 6.12 (a). It
can be seen form Figs. 2.21-2.23 that, time-varying winedpdfects the system
performances under the VC. The NAC can provide satisfagerformances under
time-varying wind speed. Fig. 2.24 and 2.25 shows the statdperturbations can
be well estimated.

2.7 Conclusions

This chapter has proposed a nonlinear adaptive controlte?¥1SG-WT to ex-
tract maximum power from time-varying wind. In the propo$d&&C, the perturba-
tion term includes all unknown and time-varying dynamicsh&f PMSG-WT, such
as system parameter uncertainties, original nonlinearénd uncertain wind power
input, which are estimated in real-time by the designedupestion observer. The
estimate is involved in the FLC loop of the NAC, which is desd based on a
subsystem structure without requiring the accurate PMSGAWdel and full-state
measurements, and considering all system nonlineariigsderactions. The pro-
posed NAC has overcome the drawback of the VC designed basaaecoperating
point and the shortcoming of the FLC relying on the full systgtates and detailed
nonlinear system model. The simulation and experimentltsebave shown that
the proposed NAC extracts the maximum power from wind, zealia satisfactory
dynamic performance and has a high robustness against @@raincertainties and
measurement noises.
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Chapter 3

Pitch Control of Variable-Pitch
PM SG-based Wind Turbine

3.1 Introduction

To keep the wind turbine (WT) within its design limits in Regi3, blade pitch
and electromagnetic torque control is primarily appliedimiting the extracted
wind power [83]. As the electromagnetic torque has muclefagtsponse than the
mechanical torque, thus the decoupled control between tuitdne and generator
can be applied. Above the rated wind speed, for the WT, théraloof the me-
chanical rotation speed is applied to achieve the requitetd pngle. The extracted
wind power will change only in proportion to mechanical taia speed when the
mechanical torque is kept constant; thus, extracted wimgepoegulation is entirely
dependent upon mechanical rotation speed regulation.hiéogenerator, the elec-
tromagnetic torque is required to be maintained at its ragééefence. When the
electromagnetic torque or g-axis stator current and mechlrotation speed are
well regulated, the constant mechanical torque can be\aahie

Numerous studies designed controllers based on an apmtediinear model
and used the linear techniques aim to control pitch angleh as the convention-
al vector control with proportional-integral (PI) loops4[@85] and linear quadratic
Gaussian (LQG) [86]. As WT contains the aerodynamic noaliities, the linear
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controller designed based on one one operation point catmain the optimal per-
formance over a time-varying operation conditions. To iawerthe performance of
the conventional VC and LQG, th€,, control method has been applied for pitch
control of the WT [87,88]. Feedback linearisation conegp(IFLC) has been widely
and successfully applied in solving many practical nordim@roblems [35, 45, 89].
In [83], an FLC with an Extended Kalman Filter has been susfodlg used to con-
trol a FAST model of the WT. In the FLC design, full state infation with no noise
are required to be known. Although the FLC provides bettefopmance than the
linear quadratic regulator (LQR) at low wind speeds, nogrenince enhancements
are seen at high wind speed, due to the effects of model @nges. It is because
that the FLC requires the accurate system model [76]. Sjidiode control and
nonlinear adaptive control (NAC) can be used to enhance ¢nnance of the
FLC, which remove the dependance of the detailed model dfitie®.

In this chapter, a nonlinear adaptive controller (NAC) isaleped for perma-
nent magnet synchronous generator based WT (PMSG-WT) ibthe extracted
wind power and provide high performance in Region 3. In theigteed NAC, it
contains one mechanical rotation speed controller, twmistaurrent controllers.
One third-order states and perturbation observer (SP@)tvem second-order per-
turbation observer (PO) are employed to estimate the ation including cou-
pling nonlinear dynamics, parameter uncertainties, ahdrainknown disturbance
of PMSG-WT, to compensate the real perturbation and reafisedaptive linearis-
ing of the PMSG-WT. The proposed NAC improves the robustoétize feedback
linearisation control (FLC) and remove the dependanceetittailed model of the
FLC and overcomes the shortcoming of the VC designed basedmarating point.

The remaining parts of this chapter is organized as follolusSection Il, the
model of the PMSG-WT is presented. The design of the NAC, dasea FLC,
is presented in Section Ill. Section IV carries out simalatstudies to verify the
performance of the proposed NAC, compared with the VC and-tt@. Finally,
conclusions of this work are presented in Section V.
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3.2 Mode and Problem Formulation

The state-space model of the PMSG-WT is given as [40]:

where

&= f(r) + gi(x)ur + ga(w)us + ga(w)us (3.2.1)

8
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wherex € R*, u € R?® andy € R? are state vector, input vector and output vector,

respectively;f(z), g(z) andh(z) are smooth vector fieldsi ands, are pitch angle

and required pitch angle; is the actuator time constant, 4 andV,,, are the stator

voltages in thel-q axis,i,,q andi,,, are the stator currents in tkleq axis, R; is the

stator resistance,,,q and L,,, ared-q axis stator inductance#, is the permanent

magnetic flux given by the magnet,is the number of pole pair$,, is the total

inertia of the drive train that is equal to the summation of Weértia constant and

generator inertia constan® is the friction coefficient of the mototy.(= pwy,) is

the electrical generator rotation speed, dnd 7. and T;are the WT mechanical

torque, electromagnetic torque and static friction torgaspectively.

The electromagnetic torque is expressed as:
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Figure 3.1: Brief overall control structure of the PMSG-WT

3.2.1 Pitch Control

To maintain the extracted wind power at rated power in Re@ioi requires
the corresponding pitch angle should be achieved, whichrim tequires both the
mechanical rotation speed,, and the mechanical torqug, should be kept at their
rated values, respectively. The rated mechanical toilqués achieved when the
electromagnetic torqué, can track its rated referende, and thew,, is kept at it
rated value. It can be seen from (3.2.2) that, the electroetagtorquel;. can be
maintained afl,, if the g-axis stator current,, can track its rated referencég,
andi,q is kept at O.

The brief overall control scheme is shown in Fig. 3.1. As caséen, the control
scheme consists three controllers: the blade pitch coatrahd two stator current
controllers.

3.3 NAC Design

This section will present the design of NAC for the PMSG-WBéxh on the
feedback linearisation.
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3.3.1 NAC Design of WT Pitch Control

Input/output linearization of WT speed dynamics can beeaggnted from sys-
tem (3.2.1)as

2 _ 1
y =
! Jtot

(T — T2)) (3.3.1)

As the electromagnetic torque has much faster responsethieamechanical
torque, thus from the perspective of control of WIT, ~ 0. The (3.3.1) can be
expressed as

= Fi(z) + Bl(z)uy (3.3.2)

w,, F?

AEB 0.088¢1257 0.08V2  0.10532 ]@
s L F (1+ 32)2 dt

(3.3.3)

AE 08V2 10542
Bl(x) = b [—0.0886_12'5T—008V 01055

5 F +(1+53)

. (3.3.4)

where

prR?V3
2w,
(39.27 — 3197 + 1.1B8)e” 157

wu R+ 0.088V
1 B 0.035
A+0.086 p3+1

e
|

o
[

(3.3.5)

Note that{l—‘{ is not included in the FLC design, which cannot be measunextily.
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As det[B1(x)] = A22[-0.088¢71257 — OOV 4 L4005 ] o4 0 whenV # 0 and

B # 0, that is,B(x) is nonsingular for all nominal operation points. Thus, th€F

controller is obtained as

Uy = Bl(l’)_l(—Fl(l’) + ’Ul) (336)
And the original system is linearized as

y§2) = (3.3.7)

v = Ui + knér + kiger (3.3.8)

whereu; is control of of linear systems;; andk,, are gains of linear controlley;,
is the desired output reference, and= y;, — y; as track errors. The error dynamic
is

él + ]{Znél + ]{31261 =0 (339)

Based on equation (2.3.7) and (3.3.2), perturbation y(m) is obtained as:

1- 2
B1(0) = AE2[—0.088¢1207 — QOB 4 GG

(3.3.10)

whereB1(0) is nominal value of31(x).
Defining the state vectors ag = y1, 21 = y\", 215 = ¥, and control variable
asu; = (3,. The dynamic equation of the subsystenbecomes as

Zn = Z12
q1 - Zl9 = \Ifl(l’) —+ Bl(O)u1 s (3311)
211 = Y

For sub-system, a third-order SPO like (2.3.13) is designed to estimatéthe
and perturbatiort;; = U,. By using the estimated perturbation to compensate the
real perturbation, control laws for sub-systentan be obtained as following:
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u; = B1(0) (=215 +v) (3.3.12)

wherev; is defined as

v = Zir + k(zir — 211) + k(2 — Z12) (3.3.13)

3.3.2 NAC Design of PMSG

Input/output linearisation of system (3.2.1) can be regme=d as

(1) F
[ o ] = | POy | ] (3.3.14)
Ys Fy(z) us
where
1 . .
FQ(‘T) = L—(_ZdeS + wchquq) (3315)
md
Ry . 1 .
F3(x) = — — —We(Lmaima + Ke) (3.3.16)

—lmq
Ly Ly

(3.3.17)

Note that% is not included in the FLC design, which cannot be measured
directly.

By()

B2(z) = Ba(e)

1
= {Lm ; ] (3.3.18)
0 1

L mq

As det|B2(z)] = “Kef]fi‘zd;i:z”md] + 0 whenkK, # 0, that is,B(x) is nonsin-

gular for all nominal operation points. Thus, the FLC cohléras obtained as

U9 1 —FQ(JZ‘) (%)
— B2(x 3.3.19
B R ot O I |
B2(z)™" = Lm0 ] (3.3.20)
0 Lung
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And the original system is linearized as

y(l) Vs
fl) = (3.3.21)
Ys U3
where
vy = Y + ko€ (3.3.22)
vg = Y3 + ksies (3.3.23)

wherev, andvs are control of of linear systems;; andks; are gains of linear
controller, y», and ys, the desired output references. Defise = 15, — y» and
es = Y3, — Y3 as track errors, the error dynamics are

ég + ]{72162 =0 (3324)
é3 + ]{73163 =0 (3325)

Based on equation (2.3.7) and (3.3.14), perturbation tdras) and\V;(z) are
obtained as:

RO F2<x>+<Bz<x>—B2<o>>[Zz] |
| B0) = [ 0]
(3.3.26)
. W@ = B+ (By) - B(0) Z]
| Bs0) = [ g% 0]

whereL,,q0 andLy,qo, B2(0) andB3(0) are nominal values af,,4, Ly,q, B2(z) and
Bs(z), respectively .

Defining the state vectors as, = 9, 200 = ¥y andzz; = ys, 230 = yé?’), 233 =
U3, and control variables ag = V;,,q andus = V;,4. The dynamic equations of the
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two subsystemg, andgs; become as

;

U
,'(:,'21 = \Ilg(l’)‘i‘Bg(O) !
qz - U2 3
L 21 = Y2
(3.3.27)
(
U
G = U(a) + Bs(0) |
qs - U2 ;
231 = Y3

\

For sub-systeng,, a second-order PO like (2.3.10) is designed to estimate the
perturbation,, = U,; and for sub-systeng;, a second-order PO like (2.3.10) is
designed to estimate the perturbatigh= ;. By using the estimated perturbation
to compensate the real perturbation, control laws for stgesnsg, andgs can be
obtained as following:

[“2 :B%m*[[_?2]+[”2” (3.3.28)
us —Z32 U3
wherewv, ; is defined as
= k r — 2 : r
{ (2 21(201 f’m) + 7«"21 (3.3.29)
vs = ksi(z31r — Z31) + Z31r

The final control law represented by physical variableshsasccurrents, induc-
tance, total inertia,field flux and mechanical rotation shege given as following:

:Lm k ) mdr — Ym +1mr_\ij
{ Us do[k21 ({mdr — ima) + md Az] (3.3.30)

U3 = Lingo k31 (imar — fma) + tmar — W3]
Note that the NAC proposed only requires the nominal valupasémeters of
Lo, Lmqo, @and measurements of two output variallgsandi,,,.
To clearly illustrate its principle, block diagram of the BAroposed is shown
in Fig. 3.2.
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Pitch Control . P
Perturbation L B
Cancellation 4} B17'(x)
VI

States and Perturbation Observer
(2.3.13)

+
+
er
+
Wm

Linear Control (3.3.13)

- Perturbation
Linear Control (3.3.29) 3+ Cancellation

'
]

> .
Nonlinear

21 +

T
I +
&

\
AN

— B27'(x) Vnd (3.82},. slt)e I;Ld

= (3.2.2)

Linear Control (3.3.29) l J J
iy | K *

Perturbation Observer (2.3.10)

| Generator Control |

Figure 3.2: Block diagram of nonlinear adaptive controller

Jian Chen



3.4 Simulation Results 69

3.4 Simulation Results

To verify the effectiveness of the proposed NAC, simulatistudies have been
carried out. A 2-MW PMSG-WT given in Chapter 2 is investightd he parame-
ters of the PMSG-WT system arg=1 s, pitch angle ratg,,..=+10 degree/$;=39
m, p=1.205kg/m?, rated wind speed;=12 m/s, J;,;=10000kg - m?, K.=136.25
V.s/rad, p=11, L;,a=5.5 mH, L,,=3.75 mH, andR,=50 u2. In this chapter, the
mechanical rotation speed rated reference)js = 2.2489rad/s, The d-axis s-
tator current referencg,q, is O A. The rated electromagnetic torque reference is
T, = 889326.7Nm. According to (3.2.2), the g-axis stator current refereniceis
593.3789 A.

Parameters of NACs for subsystems ¢», andg; are designed based on pole-
placement and listed as following:

q: Observerbén = 5)(101, Q1 = 1875)(103, Q13 = 15625)(104, €1 = 2)(10_1,
which locate all poles at2.5 x 10%; controller: ko = 4 x 102, k;; = 4 x 10%,
which are obtained by placing pole-a® x 10!.

g2 : observeroy; = 4 x 102, apy = 4 x 10%, 5 = 1 x 107!, which locate all poles
at—2 x 10?; controller:k,; = 1.6 x 102, which is obtained by placing pole at
—1.6 x 102

g3 : observeros; = 4 x 102, aisy = 4 x 104, 5 = 1 x 1071, which locate all poles
at—2 x 10?; controller:ks; = 1.6 x 102, which is obtained by placing pole at
—1.6 x 10%

Note that FLC uses same controller parameters as the NAQl three subsys-
tems. Moreover, the FLC uses the full state feedback andxidet parameters.

34.1 Ramp-ChangeWind

The responses of the PMSG-WT to ramp-change wind is showigir8i3 and
3.4. Wind speed is shown in Fig. 3.3 (a). As shown in Figs. B)3afd (c), the
proposed NAC provides the best tracking performance of teehanical rotation
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Figure 3.3: Responses of the WT to ramp-change wind. (a) Wpekd V. (b)
Mechanical rotation speed,,. (c) Relative error of mechanical rotation speegl.
(d) Pitch angle reference.
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Figure 3.5: Estimates of states and perturbations
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Figure 3.6: Estimates of states and perturbations

speedw,, compared with the VC and FLC when wind speed varies. The VGHeas
biggest tracking error and requires longest recovery tithean be explained that
the VC is adjusted for a specific operation point of the sységth cannot ensure
a satisfying dynamic behavior for varying operation paimihough the FLC can
provide a satisfactory tracking performance, the tracldngr of w,, still exists. It
is because that the FLC requires the full-state measursr,rimnitthefﬁl—‘t/ in (3.3.1)
is not known in the FLC design. To maintain the extracted wioder at the rated
power, the pitch anglg, will change with the varying wind speed, as shown in Fig.
3.3 (d). Fig. 3.4 (e) shows the response of the power coetffiCigto ramp-change
wind. The extracted wind power can be maintained at the ne@ce by the NAC
even when wind speed varies, that both the VC and FLC canoetda shown in
Fig. 3.4 (f). The active generating powgf, and reactive generating powey, of
the PMSG are shown in Fig. 3.4 (g) and (h), respectively.

During the whole operating period, the NAC can always keepsistent re-
sponses of’,, and(@),,. The performances of the VC and FLC are affected by the
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Figure 3.7: Responses of the PMSG-WT to random wind. (a) \§pekd V. (b)
Mechanical rotation speed,,. (c) Relative error of mechanical rotation speegl.

(d) Pitch angle reference.
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Figure 3.8: Responses of the PMSG-WT to random wind. (e) PowedficientC,,.
(f) Mechanical powel?, . (g) Active generating powef,,. (h) Reactive generating
powerQ),,.
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Figure 3.9: Estimates of states and perturbations
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Figure 3.10: Estimates of states and perturbations

varying wind speed. Note that the FLC uses the full statelfaeki except% and
extract parameters of the system, but the NAC is withoutireguthe details of the
system information and extract parameters.

The estimates of the states and perturbations are showiy.ir3FB and 3.6. It
can be seen from Fig. 3.5 and 3.6 that, both the states andlperons can be well
estimated by the observers. The estimated perturbati@hsding nonlinearities,
uncertainties and disturbance are used for compensatitve oéal perturbation.

3.4.2 Random Wind

The responses of the WT to random wind is shown in Fig. 3.7 a@d\W&/ind
speed is shown in Fig. 3.7 (a). When wind speed is time-vgnpnth the VC and
FLC cannot provide satisfactory tracking performanceshefrhechanical rotation
speedw,, shown in Fig. 3.7 (b). The NAC keeps,, around rated mechanical ro-
tation speed. Fig. 3.8 (f) shows that the NAC almost maintiagnextracted wind
power at rated value, that the VC and FLC cannot achieve.nguhe whole oper-
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ating period, the NAC can always keep consistent resporisés and(@,, shown in
Fig. 3.8 (g) and (h). The performances of the VC and FLC aextdtl by the vary-
ing wind speed. The estimates of the states and perturlsaaim@shown in Fig. 3.9
and 3.10. It can be seen from Fig. 3.9 and 3.10 that, both éitessaind perturbations
can be well estimated by the observers.

3.5 Conclusions

This chapter has proposed a nonlinear adaptive pitch dtfor PMSG-WT
to limit the extracted power from time-varying wind in Regi8. The proposed
NAC has overcome the drawback of the VC designed based omatmgegpoint and
the shortcoming of the FLC relying on the full system stated detailed nonlin-
ear system model. The simulation results have shown thairttygsed NAC can
limit the extracted wind power in Region 3, and realize assatitory dynamic per-
formance without requiring accurate PMSG-WT model, patanseand full-state
measurements, and considering all system nonlinearitig$nderactions.
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Chapter 4

Enhancing Fault Ride-Through
Capability of a Full-Rated Converter
Based Wind-Turbine

4.1 Introduction

To enable the reliable integration of large capacity of waaver, most of the
current power grid codes require that a wind power generatstem (WECS) must
have fault ride-through capability (FRTC) or low-voltagde-through capability
(LVRTC) [20-24]. When many wind turbines disconnect witle thower grid un-
der grid voltage dips, it may result in more serious faultewven cause the grid
to collapse. The FRTC enables WECSs to remain connectedthatpower grid
during and after grid faults, or undergoing voltage dips thuéad disturbances,
and to provide active/reactive power control to the powed §25]. In addition,
the wind turbine and generator can still operate normallxtoact wind power and
generate active/reactive power, respectively, undengrithge dips if no new con-
trol strategy has been applied in controlling wind turbimegenerator. The Irish
grid code, as shown in Fig. 4.1, is adopted as an example tomgnate a typi-
cal FRTC requirement [35]. Permanent magnet synchronousrgtr based wind
turbine (PMSG-WT) connects the grid via a back-to-backagstsource converter
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Figure 4.1: Fault ride-through requirements of wind farmsgted by the Irish grid
code

(VSC) and a step-up transformer, as shown in Fig. 1.2. It lees bvidely used,
especially for offshore wind farms due to merits such as raslyex, self excitation,
high efficiency and low noise. As the VSC decouples dynanfitiseogenerator and
the grid, the FRTC of the PMSG-WT mainly depends on the cbatrd operation
of the grid-side converter (GSC) [29, 30].

The FRTC of WPGSs can be enhanced by installing additioraeption de-
vices, such as a rectifier-boost damping resistor for ptioteof the DC-link volt-
age [26], active crowbars installed to protect the macikside- converter of the
PMSG [27] and the rotor-side converter of the doubly fed oiaun generator (D-
FIG) [28]. Using the extra device increases the cost of thelevkystem. Another
effective alternative to enhance the FRTC of WPGSs is tosigdeor improve the
control algorithms applied on the VSCs, which can avoiddtation of additional e-
guipment and allow reduction of the power rating of the pebts devices [29-35].
In addition, modification converter topology, such as reupoint clamped con-
verters controlled by symmetrical components based vectoent controller, have
been presented [25, 90]. When the grid-voltage sags happergdhe operation of
PMSG, a conventional vector controller (VC) with proponiad-integral (P1) loops
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cannot limit the inrush grid-side current and the DC-linktage within their safe
boundaries and thus will damage converters or other powetrehic devices [91].
This is partly because the conventional VCs are derived fitoensteady-state op-
erating conditions of the WECS and the PI loops are tunedapebased on one
operation point, both of which make them incapable of dgaliith faulty condi-
tions which are far away from the designed point and havengttansient nature.
Thus it is a challenging task to tune the parameters of VC éwige a consistent
performance over a wide range of operating conditions [92].

Feedback linearising control (FLC) has been applied to avpthe FRTC of a
full-rated converter based wind turbine by controlling 8C [35]. By designing
a state transformation and a nonlinear feedback contrgldawonlinear system is
transformed into a fully or partially decoupled linear otieen powerful linear tech-
niques are used to complete the control design [77]. The FuCptovide a glob-
al optimal controller covering the whole operation regionl greatly improve the
FRTC, as it takes into account the system nonlinearitiesvé¥er, the FLC requires
the accurate system model and will result in a complex cofgvoand a weak ro-
bustness to parameter uncertainties and external distcebd73,76,93,94]. On the
other hand, most FLC controllers require full states feeldlmand many measured
variables to calculate the nonlinear controller [29, 309. ifiprove the robustness
of the FLC, several methodologies have been proposed, suslidang mode con-
troller [29, 95, 96] and a FLC based on revised control ouf@i}. All these work
assumed that the generator output can be reduced simultgelpemd proportional-
ly to the drop of the grid voltage. Moreover, most of them haweconsidered the
machine-side dynamics during the test of different voltdigs.

This chapter is closely related with the FLC reported in [3Fhe designed
NAC improves the robustness and reduces the controller lexipof the FLC by
removing the requirement of a detailed model and full stagelback, and provides
adaptivity for time-varying parameter uncertainties artbmal disturbances. The
NAC proposed will be compared with the FLC and the VC in sirtialastudies
under different situations. The NAC methodology is basedhenauthor’s previ-
ous work which has been proposed to improve the robustnettge dfLC against
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parameter uncertainties and external disturbances andveethe dependance of
the detailed model of the FLC. The FLC has been applied saftdBsin power
systems [65, 97, 98]. The NAC defines a lumped perturbation te include cou-
pling nonlinear dynamics, model uncertainties and othé&nawn disturbances. It
then designs a perturbation observer to estimate the patton which is used to
compensate the real perturbation and realize an adaptearilzing of the original
nonlinear system, without requiring the accurate systerdehand full-state mea-
surements, and still considering all system nonlineardred unknown time-varying
dynamics, such as grid faults and intermittent wind powputs.

The remaining parts of this chapter are organized as foll@estion Il presents
system model and problem formulation. In Section lll, thalimear adaptive con-
trol based on perturbation estimation is recalled. Thegiestf NAC, based on an
FLC, is presented in Section IV. Section V carries out simoiastudies to verify
the performance of the proposed NAC, compared with the VQlaa&LC. Section
VI presents the conclusions of this work.

4.2 Problem Formulation

Fig. 1.2 shows the detailed scheme of a PMSG-WT connectitigetgrid via a
back-to-back VSC. The output power of the generator is ollett by the machine-
side VSC, while the grid-side VSC is responsible for deinvgractive power to the
grid via the DC-link and maintaining the DC-link voltage. 3WSCs are controlled
separately and the dynamic of the PMSG-WT and the power gritcoupled via
the DC-link. As the FRTC of the WECS mainly relies on the cohtif the grid-side
VSC and the DC-link, the detailed model of the machine-si@&C\Vthe generator
and the WT has not presented in this chapter. Moreover, tlohimaside dynamic
is simplified as a controlled current source, assuming tatXC-link voltage is
maintained as a constant. The time-varying active powepuiudf the generator
due to the change of wind power input is simulated by varyireghachine-side DC
currentiq.. Note that to fully investigate the impact of the machingesilynamic
against to the FRTC, the detailed model and dynamic of thdnmasside should be
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considered together with that of the grid-side VSC.

When there are voltage dips caused by grid faults or loadrtiahces, the DC-
link voltage and the grid-side current of the GSC will ingeasharply and may
exceed their safe boundaries. Another disturbance is ttigla active power gen-
erated from the wind turbine due to the variable wind poweuis. The objective
of this chapter is to design an NAC controller for the GSC tpriave the LVRTC
of the WECS, i.e., reducing the magnitude and variation efghd-side current
and DC-link voltage and limiting them within their safe baolamies, under grid-side
voltage dips and the variable wind power inputs.

Under symmetrical operation voltage and synchronousBtiraj d-q reference
frame, state-space model of the grid-side VSC and the DiCdapacitor of the
WECS can be obtained as [35]

&= f(z) + gi(x)ur + ga()us (4.2.1)
where
= 7, Pad — ng + Wigy
fla) = ng Egq — Lg lgq — Wigd | -
3Egalgd _ idco
20V, C
() = & 0 O
p) = 0 - o,
r = [iga fgq Vac',
u = [ur,u]" = [Vea, ng]Ta
y = e’ =), ha(2)]" = [igq, Vad]"

wherez € R3, u € R*> andy € R? are state vector, input vector and output
vector, respectively;f(z), g(x) and h(x) are smooth vector fields(E.q, E,,),

(Vad, Viq) @aNd (igq, 15q) ared-axis andq-axis components of three-phase grid volt-
age(FE,, Ey, E.), three-phase GSC voltagg,, 1, V.) and three-phase grid current
(ia, in, ic) respectivelyR, and L, are equivalent resistance and inductance between
GSC and the high voltage terminals of the grid-connectewfoamer,(C' is DC-link
capacitor andv is angular speed of grid voltagg,; is the grid-side DC-link cur-
rent,iq.o is the machine-side DC-link currernf, is the capacitor current, and. is
DC-link capacitor voltage. Note that thieaxis of the synchronous rotating frame
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Figure 4.2: Block diagram of nonlinear adaptive controller

is aligned with the grid voltage vector, which resulti, = 0 andE,q = E (peak

value of the grid voltage).

4.3 NAC Based Controllers Design

This section will present the design of NAC for the grid-si&C. Following the

procedure described in Section 2.3, input/output lin@#ina of the system (4.2.1)

{1 Fi(x) Uy
= B(x 4.3.1
()= (i) () e

can be obtained as
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where
1 R
Fi(z) = —Ey — 2igq — Wigg (4.3.2)
Lg gq Lg g9 g
3E 1 R, . ,
Fy(r) = QC‘g/j (L_Egd - L_glgd + wzgq)
C g g
3igaFga (3Fudiga 1
et (e - ge) (33
1.
_E'deZ
B 0 -+
B(z) = < (%) ) = v, (4.3.4)
By () - 20ngvdc 0
0 _2CLeVac
B(z)™' = 3Hga (4.3.5)
~L 0

As det[B(z)] = % # 0 whenE, # 0, that is, B(z) is nonsingular for all
g
operation points. Thus, the FLC controller is obtained as

( Zl > = B(x)™! (( i?ig ) + ( Zl )) (4.3.6)

Note FLC controller (4.3.6) is the one proposed in [35], viahiclcudes dynamics
of Edcy 7;dc2 andidc}

The original system is linearized as

( yl ) - ( E ) (4.3.7)
Yo U

V1 = Yir + kuieq (4.3.8)

Vg = Yor + ko162 + kaoes (4.3.9)

wherewv; andwv, are inputs of linear systems;, ko; and k,, are gains of linear
controller, y;, and y,, are the desired output references, and= y;, — y; and
e = Yor — Yo aS track errors, the error dynamics are

él + k‘1161 =0 (4310)

Jian Chen



4.3 NAC Based Controllers Design 86

ég + k’glég + ]{?2262 =0 (4311)

Based on equation (6.3.5) and (4.3.1), perturbation terpis) and ¥, (z) are
defined as:

U(x) = Fi(2)+ (Bi(z) - Bo,) “]
q U s
L B = [0 -]
(4.3.12)
Us(x) = Fy(x) + (Bs(x) — Boy) “]
q2 - U
Bo, :[_2c§5§fvdc 0}

whereCy, and L, are nominal values af’ and L respectively, and?,, andB5,, are
nominal control gains. Here we assufig, is measurable.

Defining the state variables ag = yi, 212 = V1, 201 = Yo, 290 = yél), 293 =
¥,, two subsystemg, andg, are given as

(

. Uy
Z211 = \Ifl(l') —+ Bol ]
q1 - U2 )
L 1L = U
- (4.3.13)
221 = Z22
. Uy
qo : 290 = Wao(x) + By, ]
U2
L 221 = Y2

For sub-systemg, andg,, one second-order SPO and one third-order SPO like
(6.3.12) are designed to estimate the perturbatigns- Uy, 293 = U,, and states
Z11, 291 andzqys. By using the estimated perturbations to compensate theeear-
bations, output feedback control laws for sub-systepnendg, can be obtained as
following:

Uy = = (—210+0
wid T Eg Tt (4.3.14)

v = kn(zie — 211) + 21
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U = 3321 (—223 +U2)

Q2 V2 = i+ kaa(2o1r — 221) (4.3.15)

+ka1 (2210 — 222)
The final control law represented by physical variableshsag voltages, cur-
rents, resistances, inductances and capacitances, areag\ollowing:

up = 26‘%2‘@0[_@2 + koo (Vaer — Vaae)
+k521(vdcr — Z3) + Vdcr] (4.3.16)
Uz = _Lgo[_‘ill + k1 (igqr — iga) + tgar]

Note that the NAC proposed only requires the nominal valupasémeters of
L, andC), measurements of two output variablgsandV;., and the grid voltage
E.q. It is worth noting that performance is only degraded sligithen the mea-
surement of the grid voltage,, is replaced by its nominal valug,,, which can
be demonstrated in the simulation studies. This furthenges the requirement of
measurements of the NAC.

To clearly illustrate the principle of the proposed NAC, adi diagram is shown
in Fig. 4.2.

4.4 Simulation Results

Simulation studies are carried out to test the improvemémRY C provided
by the proposed NAC, comparing with the VC and FLC. A 1-MW gaate-speed
WT connected with a transformer rated at 1.2 MVA given in [Bblised, which is
conceived to step-up voltage of 690 V to the grid voltage & KY. The transformer
is represented as an ideal transformer with a series registe 1.98 x 107 Q) and
inductor L, = 6.31 x 10" H at the low voltage side of the transformer. The dc-
link capacitor value i = 0.1340 F. Some grid codes, such as in Irish and UK,
require that the WECS should export the active power to tle igr proportion
to the retained grid voltage level, to prevent the grid-s#&C from damaging by
the large inrush current caused by the voltage sags [23], [RAus the machine-
side DC-link current., is assumed to be reduced at the same time when the grid
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voltage is reduced [35]. Based on the power balance equ@iari) and assuming
iqe1 = lqc2 At the steady state, for a givéf.(¢), iq.2 IS Obtained as:

ZdCQStep 2‘/vdc(0) gd( ) ( )

The rated operating condition of the WECS¥4; ) = 1050V, Ezq(0) = 690V,
i5da(0) = —966.18 A andi,,(0) = 0. Based on this rating condition, the maximum
step ofigqeo corresponding to the maximum expected change in the maskdee
DC-link current for this drive rating is-1000 A. To limit the rate of the disturbance,
the step change of thig.; is smoothed via a low-pass filter during the simulation
study.

Parameters of NACs for subsysteandg, are designed based on pole-placement
and listed as following:

¢, : observer:a;; = 1.6 x 10%, ag2 = 6.4 x 107, ¢ = 1 x 1072; controller:
]{511 =1.6x 103

g : observeriag; = 6 x 103, ag = 1.2 x 107, aig3 = 8 x 10, €5 = 1 x 1072,
controller:ky; = 8.5 x 102, kgy = 3 x 10°.

Note that FLC uses same controller parameters as the NAQy@hdv/C and FLC
use same parameters as reported in [35].

4.4.1 Fault Ride-Through Capability

FRTC of the WECS with NAC is tested at different reduced gottage levels
and corresponding step disturbanégs. In each case, the grid voltage is set at
different levels and kept at that level for the whole testqubrthen a step disturbance
iqe2 1S calculated via equation (4.4.1) and applied at20 ms.

Responses of different controllerst6’ of nominal grid voltage and a150 A
step disturbancg,; are shown in Fig. 4.3. From Fig. 4.3, FLC and NAC can reach
their steady states within 10 ms and VC cannot damp the a8oitls even after 120
ms, while their control efforts are almost same, as shownign #3. Response of
perturbation estimation is shown in Fig. 4.4.
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Responses to different grid voltage levels reducing friai®% to 15% of its
nominal, including grid current,y and its peak magnitude, and DC-link voltage
Vae, are shown in Fig. 4.5, 4.6 and 4.7, respectively. Note thattominal peak
magnitudes of4 of three controllers are different.

As shown in Fig. 4.5, the response:gf provided by VC degrades significantly
when the grid voltage level is reduced fra0% to 15% of the nominal, with an
increase of peak value ¢fyq| from 1200 A to 1400 A. Both FLC and NAC can
provide a consistent transient responsé,gffor varying grid voltage levels, and
smaller overshoot and faster transient response compaithghe VC. As shown
in Fig. 4.6, the peak value di,4| is increased by approximate% under the
VC, while FLC and NAC can almost have the peak valugigff unchanged. Fig.
4.7 shows that the dynamic of DC-link voltagg. by VC has bigger deviation
and longer transient period than FLC and NAC which resultlimost consistent
transient dynamic.

This is because the VC is designed based on one operatiorgooimot capable
of providing optimal performance for varying operation msi[35]. Both the FLC
and the NAC can achieve satisfactory performance at difteyed voltage levels as
the nonlinear dynamics caused by variation of operationtp@nd external distur-
bances have been compensated. The FLC can almost keep keabea of |iyq|
unchanged, and the decrease is less thal. The peak value ofi.q| is little af-
fected by the varying grid voltage levels under the NAC. Thakpof|i,4| decreases
by approximately2%. The FLC behaves a little better than the NAC because the
NAC relies on state and perturbation observer which hameasitin error. However,
the FLC is based on full state feedback and accurate systaelntbe NAC only
employs the output feedback and does not require the dgtiktem model.

4.4.2 Robustness Against Parameter Uncertainties

When there is a fault in the transmission or distributiomlgthe resistanc&,
and inductancé,, values of the grid may change significantly [35]. Severaldan
tions are performed for plant-model mismatchegadnd L with +20% uncertain-
ties. All tests are under5% of nominal grid voltage and a correspondirg50 A
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Figure 4.8: The peak curreni, (in pu) to a—150 A step change in the DC-link
currentiq.o and al5% nominal grid voltage for plant-model mismatches in the eang
of +20% (one parameter changes and others keep constant)

step disturbancg,., at 0.02 s.

As shown in Fig. 4.8, the peak grid currgafy| (in pu) controlled by NAC is
almost not affected, while FLC results in small range of aton, i.e., less than
0.5% to R and2% to L, respectively. Responses to mismatch.aind R changing
at the same time are shown in Fig. 4.9. The magnitudg,ef changes around
3% under the FLC and almost does not change under the NAC. Thicesuse the
proposed NAC estimates all uncertainties and does not reeddcurate system
model and thus has better robustness than FLC which recuirescurate system
model.

4.4.3 Robustness Against M easurements Noises

The proposed NAC is an output feedback controller and ongdaehree mea-
surements, the DC-link voltagg,., grid-voltageE,q and g-axis grid current,.
However, FLC requires all state variables and other measemés to calculate the
system nonlinearities. To test the robustness against daswmement noise, white
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voltage

noise of+2% of nominal grid voltage has been injected i, and £, respec-
tively. As shown in Fig. 4.10 and Fig. 4.11, the performantéhe NAC is not
affected by the noise in the measurement of grid voltagetH®iperformance of
the FLC has been degraded greatly. It is worth noting thagtic voltage only
contributes to the control gain of the NAC, the measureménh® grid voltage
E4q could be further replaced by its nominal value, which canhfer reduce one

measurement. Similar results can be obtained by injectigenintoi ...

444 Robustness Against Machine-Side Disturbances

Above simulation studies are carried out to test the stgaqprocess of the wind
turbine, i.e., the WECS is operated under different gridage levels with zero
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output power and then the maximum expected power injectmm the WECS is
applied according to reduced grid voltage level, as use2ldr35]. However, during
the normal operating condition, the grid voltage dips catuoat any time and the
machine-side output poweiy(;) cannot be reduced simultaneously due to the slow
behavior of wind turbine in change of its generation outg&eyveral measures, in-
cluding change of the operation mode or installation of tilidal hardware devices,
can be used to improve the FRTC via consuming the energy arsdaitcelerating
the reduction of the active power output of the WECS durirggubltage dips, such
as dissipating via braking chopper, or storing in the iaeofithe WECS and addi-
tional energy storage devices [25], [99], [100].

To test performance of the proposed NAC considering the anpfathe slow
dynamic of the wind turbine output, the following six tessea are designed: 1)
1qc2 1S reduced aftet5 ms; 2)iq.0 Will not be reduced; 3)4.2 Will be reduced based
on a real GE wind turbine with ramp rate 0.45 p.u./sec [1014;4 is set as-600+
50sin(20t) A; 5) iq.2 Will be increased at the same time;i§), will be changed after
15 ms and based on a real GE wind turbine with ramp rate 0.45pau./

The first test case is set as: the grid voltage dips from 690 V to 414 V at 0.02
s and the DC-link current,.; increases from -1000 A to -600 A aftés ms delay.
This 15 ms time delay is introduced to simulate the respoinse of the WECS
after detecting the grid fault and taking actions, assuragigjtional measures such
as braking chopper or energy storage [25], [99], [100]. Bid.2 shows that larger
overshoots and longer recovery time of current and voltag®htained by the VC
comparing with the FLC or NAC, and that the NAC obtains thet pesformance.

In the second case, itis assumed that the output of the WEIC&owvbe reduced
during the period of voltage dips. The test case is set agyrilevoltage dips from
690 V to 103.5 V (0.15pu) at 0.02 s and the dc-link currgpt keeps at -1000 A.
From Fig. 4.13, it can be seen that the NAC can obtain smalleent and voltage
overshoots and shorter recovery time than the FLC, whil&/tbeannot maintain a
stable current and voltage response.

The third case simulates a real GE wind turbine with powerpraate 0.45
p.u./sec [101] and is set as follows. The grid voltdgg reduces from 690 V to
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552 V (0.8pu) at 0.02 s and stay at 552 V for 600ms, and therveesdrom 552 V
to 690 V at 0.62 s. The DC-link curreit., is changed based on the ramp rate limit
0.45 p.u./sec: increasing from -1000 A at 0.02 s to -800A 469 s, then decreas-
ing from -800 A at 0.62 to -1000 A at 1.065 s. It can be seen fragn B.14 that
the NAC has the lowest current and voltage overshoots andesth@ecovery time
comparing the VC and the FLC.

The fourth case is to test the fluctuation of the input wind @oly injectingiq..
as—600 + 50sin(20t) A and reducingE,q from 690 V to 414 V at 0.02 s. Note
that no control action is assumed to be taken at the machiedsireduce the active
power output during the grid voltage dips. From Fig. 4.15¢aan be seen that both
the FLC and the NAC have smaller current and voltage ovetstmmmparing with
the VC. A constant DC-link voltag&. is critical for both grid-side and machine-
side converters, but thi,. cannot be kept constant and without oscillation during
the whole period of test under the VC.

The worst case is that the machine-side power injection iisayat the instant of
grid voltage dips, due to the intermittent wind power. In tase five, the grid volt-
ageFE,, dips from 690 V to 414 V at 0.02 s, but the DC-link currépt increases
from -600 A to -700 A at the same time. This case is to simulaedalen increment
of the wind speed at the same instant of the grid voltage dips.simulation results
are shown in Fig. 4.16, it can be seen that both the FLC and Noki2ee a satis-
factory performance. Compared with the FLC and NAC, largerent and voltage
overshoots and slower transient responses are obtainéda MQ.

To test the transient performance when grid voltage sagsaapand disappears,
the sixth test case is set as: the grid volt#gg dips from 690 V to 414 V at 0.02
s, lasts for 0.05s and then increases from 414 V to 690 V atg$).8id the DC-link
currentiy.e increases from -1000 A to -600 A at 0.035 s, then decreases-560 A
to -1000 A at 0.085 s. The 15 ms delay is introduced to simuleeesponse time
of the WECS corresponding to the fault, assuming additidealices installed for
dissipating or storing the energy of the WECS. Note that¢hise is similar to the
third case in which a real power ramp rate is considered. 4y shows that larger
overshoots and longer recovery time of current and voltag®htained by the VC

Jian Chen



4.4 Simulation Results 102

700
o
S 650
o
> 3
Tw 600f
)
550 : :
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)
c
o -800 1
8
x o —900f
£ s
|
Q  -1000
D Il Il Il Il Il
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)
_. —800
<
'Z° -1000
c
D
S -1200
O
0 0.2 0.4 06 0.8 1 1.2
Time (s)
o 1056
= I - ==VC
£ 0ape e FLC
O> 1
>Z  1052f# — NAC
€8 1050/
> 1050 1
O 1048 !
D Il Il \! Il Il
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)

Figure 4.14: Transient response to the grid voltagedipping from 690 V to 552
V at 0.02 s, then increasing from 552 V to 690 V at 0.62 s, andi@dink current

1qe2 INcreases from -1000 A at 0.02 s to -800A at 0.465 s, then dees=from -800
A at0.62t0-1000 A at 1.065 s

Jian Chen



4.4 Simulation Results

103

< -600

=° -800 i

= '

[} s

£ -1000

o 2

-1200 i N -ie i i i
0 0.02 0.04 .0.06 0.08 0.1
Time (s)
(@)
—~ 1058
Z 1056} TN
S / AN

>° 10541 N

) N N

=2 1052} o s\ IO PON

S 1050 F=——=A—> — - —
s\ ’ ~o s

> 1048 i i [ i i -

0 0.02 0.04 0.06 0.08 0.1
Time (s)
(b)

Figure 4.15: Transient response te-800 + 50sin(20t) A dc-link currentiy. is
—600 + 50sin(20t) A and the grid voltagé’, dipping from 690 V to 414 V at 0.02

S

__ -600 - ==VC
S L FLC
'=° -800 ——NACH
c
o
S —1o00 ‘ — 2
Ao
0.04 0.06 0.08 0.1 0.12
Time (s)

(a)
g 1056 .
=8 1054} [N '

A Y
O 1052} . . ]
S N \
= S S
S 1050 e —
0 0.02 0.04 0.06 0.08 0.1 0.12
Time (S)
(b)

Figure 4.16: Transient response to the grid voltagedipping from 690 V to 414
V at 0.02 s, and the DC-link current., increasing from -600 A to -700 A at the

same time.

Jian Chen



4.4 Simulation Results 104

700
— L i
S 600
3
W s00r .
400 1 1 | |
0 0.02 0.04 0.06 0.08 0.1 0.12
-500 :
< -1000
<
__'O
-1500 .
I - 4 i i I I
0 0.02 0.04 0.06 0.08 0.1 0.12
Time (s)
1060 —~
' .
_ lossp H \ TN 1
e K \ /] o
~ 3 /] il
© 1050 R 7
>'c \‘ e W ’, == =\VC
4
1045 - \ ’ ‘\/’ """ FLC | -
\ NAC
1040 | | = | | |
0 0.02 0.04 0.06 0.08 0.1 0.12
Time (s)

Figure 4.17: Transient response to the grid voltagedipping from 690 V to 414
V at 0.02 s, then increasing from 414 V to 690 V at 0.07 s, and@dink current
142 INCreases from -1000 A to -600A at 0.035 s, then decreases 600 A to

-1000 A at 0.085 s

Jian Chen



4.5 Conclusions 105

comparing with the FLC or the NACand the NAC obtains the bestggmance.

45 Conclusions

This chapter has investigated a novel NAC for the grid-sateserter to improve
the FRTC of a full-rated converter based variable-speed wirbine. The proposed
NAC adopts a state and perturbation observer to obtairtirealestimates of system
states and perturbations, which include all uncertairtnestime-varying nonlinear-
ities and external disturbances, especially the dynanaigsed by grid voltage dips
and the variable wind power inputs, and the original nomiitees. The proposed
controller outperforms the conventional VC by providinglall optimal perfor-
mance across the whole operation region. It does not rethareletailed system
model and parameters and is an output feedback controheis, Tt has a relatively
simpler controller and much better robustness than the Fh@&wthere are model
uncertainties and unknown disturbances. Comparing witbratonlinear adaptive
methods, the proposed NAC can deal with time-varying uagedynamics.

Performance enhancement has been tested by simulatioesatdifferent volt-
age dip’s levels, and various uncertainties, including ehatismatch, measurement
noises and time-varying wind power inputs. Simulation lsswave shown that the
proposed NAC can provide satisfactory performances withllemcurrent and volt-
age overshoots during grid fault and better robustnessisigancertainties, com-
pared with the VC and the model-based FLC.

Finally, the proposed NAC can be easily extended to enhdnecERTC of other
types of energy sources which are integrated with the grttd wifull-rated back-
to-back converter, such as solar photovoltaic and enempage. Further studies
will focus on carrying the experimental test of the proposexthod on a hardware
prototype and investigating its potentiality of dealingthvasymmetrical voltage
sags.
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Chapter 5

Coordinated Nonlinear Adaptive
Control of Machine-side and
Grid-sde Converter of PMSG-WT

5.1 Introduction

In the wind energy conversion system (WECS) shown in Fig, it.@onsists
two voltage-source converters (VSCs), i.e., machine-dwerter (MSC) and grid-
side converter (GSC). The GSC is responsible to maintaitdink voltage and
deliver active power to the grid, whereas the objective ef MSC is controlling
output power of the generator. The control of the MSC and G&Che decoupled
when the DC-link voltage can be well regulated. In additfonthe machined side,
as the electromagnetic torque has much faster responséharechanical torque,
thus the decoupled control between wind turbine (WT) anekggor can be applied
in Region 3.

For the control of the MSC, several literatures regardingimam power point
tracking (MPPT) have been published, such the use of wirlwinar(WT) speed
control or torque control in Region 2, e.g., [11,68, 102]ntegreviously published
works proposed pitch control methods to limit the extrastétd power when wind
speed is above the rated speed, e.g., [83,103-105]. Howbeee are relatively
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few works that suggest control strategies based on varypegating condition for
WTs. In this chapter, the control strategy of the MSC inckudechanical rotation
speed control at speeds lower than rated rotor speed aidcpitdrol at rated power
area.

Numerous designed controllers have been studied for theat@f the GSC,
i.e., conventional vector control (VC) with proportionategral (PI) loops, feed-
back linearisation control (FLC), sliding mode control arahlinear adaptive con-
trol (NAC) [29, 35,63,91]. Although these advanced contnethods have provided
satisfactory performances of the GSC and enhanced theifdeHthrough capability
(FRTC) of the permanent magnet synchronous generator NMa3e@PMSG-WT),
all these work assumed that the generator output can bedaska current source
which can be reduced simultaneously and proportionallyheodrop of the grid
voltage. In addition, the dynamics of the machine-siderduthe tests of different
voltage dips have not been considered in [29, 35, 91] or haea Bimply simulated
by varying current in [63]. However, a real WT cannot be siymeplaced by a cur-
rent source. To investigate the performances of the PMSGuvder normal and
fault operation conditions, it requires the coordinatedton for the GSC and MSC
of the PMSG-WT.

This chapter presents a coordinated nonlinear adaptiveatd@NAC) of the
MSC and GSC of the PMSG-based WECS. This chapter integrageatithor’s
work reported in Chapter 2-4. Under normal operation caowljitfor MSC con-
trol, the MPPT operation is realized by mechanical rotaspeed control and stator
current control in Region 2. The proposed MPPT control megtimoChapter 2 is
employed in this chapter. It requires mechanical rotatjmees to track its optimal
value. In Region 3, the power is limited by mechanical rotagpeed control and s-
tator current control. The mechanical rotation speed aect®imagnetic torque are
required to track their rated values, respectively. For G8@rol, in Region 2 and
3, the active and reactive power injected into grid is regudaising DC-link voltage
control and grid current control loop designed in Chaptdddder the grid voltage
dips, the GSC control strategy is the same as it in normalatioer. For the MSC
control strategy, only pitch control is applied. The pitamntrol is employed to help
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enhance the FRTC of the WECS. The extracted wind power caadueed through

increasing pitch angle. The proposed control strategysesathe control objectives
without requiring the accurate system model and full staé@sarements in differ-

ent operating regions, provides high robustness againstger uncertainties, and
enhances the FRTC of the WECS.

5.2 Coordinated Control System

The proposed control block diagram for the WECS is showngn 5il.

In normal operation, for the MSC, the MPPT algorithm presdnt Chapter 2
is applied to extract the maximum wind power when the WECSaips in Region
2. In Region 2, the mechanical rotation speegl is required to track its optimal
referenceuv,,qpt, While the d-axis stator current referengg, is 0. When the WECS
operates in Region 3, the pitch control developed in Chepteremployed to limit
the captured power from wind. In this region, the extract@advwpower should be
maintained at rated value. It in turn requires both the meiclaa rotation speed
wy, and mechanical torqué, to keep at their rated values, respectively. For the
GSC, the active poweP,, generated by the PMSG is first transferred to DC-link,
then from DC-link to grid. Two VSCs are controlled sepamat@hd the dynamic
of the PMSG-WT and the power grid is decoupled via the DC-iidien dc-Link
voltageV. is always maintained at its referentg... In order to regulated the dc-
link voltage V., a novel dc-link voltagé/;. control strategy has been developed in
Chapter 4. In addition, g-axis GSC current referefyges O, d-axis grid voltagé’,,
is rated voltage, and g-axis grid voltagg, is 0. The injected grid reactive power
(), should be around 0 when GSC controller can realize its cboljectives.

Under the grid voltage dips, the GSC controller is the sameiasormal op-
eration. Both the active and reactive current referencethogrid-side converter
given by the FRTC requirement has not been applied in GSCatart Hence, the
dc-link voltageV;. should be kept constant. It will not absorb excess activegoow
For the MSC, the generating active power is still deliveriaghe grid during the
grid voltage £, dips. The generated active powgy, is the same as the injected
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grid active powerP, when MSC controller does not take any control action. The
GSC current,y will increase rapidly when the dc-link voltadg, is well regulated
and the grid voltage dips. This may damage converters or gihser electronic
devices. Hence, the WECS should export the active poweretgial in propor-
tion to the retained grid voltage level, to prevent the guiide VSC from damaging
by the large inrush current caused by the voltage sags [23], [The generated
active powerP,, should reduce at the same time when the grid voltage is relduce
For this reason, pitch control is applied to assist in renigigenerated active pow-
er P, in this chapter, thus enhancing FRTC or low voltage rid-tigto capability
(LVRTC). When the pitch control is applied in MSC under thélgroltage dips,
the mechanical rotation speed referengg,, , is the same as before. However, the

electromagnetic torque referentg,  is in proportion to the retained grid voltage

fault

level shown in (5.2.1).

_ L (t)
€l fault Egd (O) €I'normal

is the electromagnetic torque reference applied in pitaitrobafter

(5.2.1)

whereT,,, .
the grid voltage dipsf,q(t) is the value of the grid voltage after the grid voltage
dips; E,4(0) is the rated grid voltage; arifl,,__ is the electromagnetic torque in
normal condition.

According to (3.2.2), the g-axis stator current refereingcg,

fault

applied in pitch
1 Tcrfaul
control Is— i

5.3 Simulation Results

To verify the effectiveness of the proposed NAC, a seriesmiiktions studies
are carried out and the VC and FLC are employed for compars@MW WECS
is investigated. The parameters of the PMSG-WT systemRa@ m, p=1.205
kg/m?3, rated wind speeti;=12 m/s,J;,;=10000kg - m?, K,=136.25V.s/rad, p=11,
Lia = 5.5 x 1073 H, Lyq = 3.75 x 1073 H, and R,=50 p{2; the parameters of the
grid areL, = 6.31 x 107° H, C' = 0.06 F, andR, = 1.98 x 1072 Q.

Parameters of NACs for WECS are the same as listed in ChapgteNdte that
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FLC uses same controller parameters as the NAC, moreovéiLiGeuses the full
state feedback and the exact parameters.

5.3.1 Time-Varying Wind
Ramp-Change Wind

The responses of the WT to ramp-change wind is shown in Fig.abd 5.3.
Wind speed is shown in Fig. 5.2 (a). In the Region 3, the VCaas the worst
tracking performance of the mechanical rotation spegavith the longest recovery
time and biggest overshoots among the three controllerg. mMidximum tracking
error (et x 100%) is more than 5% under the VC. The tracking error of the,
still exists under the FLC. The best tracking performangaravided by the NAC.
In Region 2, both the FLC and NAC provide satisfactory tragkperformances of
thew,,. However, the VC still has tracking error of the,. It can be explained that
the VC designed based one operation point and cannot propiteal performance
in the whole operation region. The FLC exists tracking eimndregion 3, because
the fil—‘t/ is not known in the FLC design. In Region 2, the FLC know the $téte
measurements and accurate system parameters. Hence,GheaRklachieve high
performance.

In Region 3, the pitch anglg..; changes with the varying wind speed to limit
the extracted wind power. In Region 2, thg; will keep constant. The response of
the f,¢ is shown in Fig. 5.2 (d). In Region 3, the VC requires more ttmeeach
the expected,.; comparing with the FLC or NAC.

Fig. 5.3 (e)-(h) show the responses of the power coeffidignt’;,, and7; to
ramp-change wind. The expected wind power can be achievedebNAC even
when wind speed varies, that both the VC and FLC cannot pegaisishown in Fig.
5.3 (h).

The responses of the PMSG to ramp-change wind is shown irbHgand 5.5.
Fig. 5.4 (a) and (b) show that larger overshoots and longenvery time of the stator
voltagesV,,q, are obtained by the VC comparing with the FLC or NAC, moreover
the NAC obtain the best performance. The stator curitgntan be well tracked by
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Figure 5.2: Responses of the WT to ramp-change wind. (a) Wpekd V. (b)
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all controllers shown in Fig. 5.4 (c). Fig. 5.4 (d) shows teeponse of,,,. The
active powerP,, and reactive powep,, of the PMSG are shown in Fig. 5.5 (e) and
(), respectively.

The responses of the grid to ramp-change wind is shown in%ig. Fig. 5.6
(a) show that the g-axis curreijt, can be almost maintained at O by all controllers.
The VC has larger overshoots and longer recovery time of @difik voltageV..
The injected active poweF, and reactive powef), of the grid are shown in Fig.
5.6 (c)-(d), respectively.

During the whole operating period, the NAC can always keepsistent re-
sponses of?,,, O, P, and(),. The performances of the VC and FLC are affected
by the varying wind speed. Note that the FLC uses the fulegedback excer%‘ti
in Region 3 and extract parameters of the system, but the NAGthout requiring
the details of the system information and extract pararaeter

The estimates of the states and perturbations are showg.i®#-5.9. It can be
seen from Fig. 5.7-5.9 that, both the states and perturismtan be well estimated
by the observers. The estimated perturbations includimgmearities, uncertainties
and disturbance are used for compensation for the realrpattan.

Random Wind

The responses of the WT to random wind is shown in Fig. 5.106ahtl. Wind
speed is shown in Fig. 5.10 (a). When wind speed is time-ngroth the VC and
FLC cannot provide satisfactory tracking performanceshefrhechanical rotation
speedw,, shown in Fig. 5.10 (b). The NAC keeps, around reference mechanical
rotation speed. The maximum tracking errofg s x 100%) are approximately
13% and 5% under the VC and FLC, respectively. Fig. 5.11 (f)-(h) shoe tb-
sponses of mechanical torqilig, electromagnetic torqug,, and mechanical power
P,, respectively. The responses of the PMSG to random wincossin Fig. 5.12
and 5.13. During the whole operating period, the NAC can gdAaep consistent
responses oP,, and@,,. The performances of the VC and FLC are affected by the
time-varying wind speed. It can be seen from Fig. 5.15-51&7, the observers can
well estimate the states and perturbations to compensateahperturbations.
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5.3.2 Grid Voltage Dips

In the following test cases, wind speed keeps at 10 m/s angrith@oltage dips
from 690 V at 0.58s and recovers at 0.68s.

Grid Voltage Dips Without Protection

Figs. 5.18-5.21 show the responses of the WT and PMSG toarargind speed
under grid voltage dips, respectively. From Fig. 5.22 (cyan be seen that the d-
axis grid currenti,y increases to approximately 1400A during voltage dips. The
dc-link voltageV,. can be well controlled around 1500V by these three contsalle
The responses of the injected grid active is shown in Fig3 §)2

LVRT Compliance With the Pitch Control

During grid voltage dips, if the extracted wind power doesatange, the grid
currentigy increases under well controlled DC-link voltage. The fast increasing
grid currentiy may damage the devices. If the captured wind power is redticed
increasing grid current,; can be reduced. In order to reduce the captured wind
power, the power coefficient is decreased by using pitchrobrithis control strat-
egy can be applied to assist the WECS in protecting the dewicd improving the
FRTC of the WECS.

From Fig. 5.18-5.23, satisfactory performances can beirwddaby all three
controllers under rated grid voltage. When the grid voltdges are detected, the
pitch control is applied to reduce the captured wind powerheWpitch control
strategy is applied, the mechanical rotational spegdshould keep constant, and
the mechanical torquE,, is reduced to the required value. However, the mechanical
rotational speedv,, increases when pitch control, as shown Fig. 5.27 (c). Itis
because that the pitch angle rate is limited in the ra#gé degree/s under the
emergency condition. From 5.27 (d), it can be seen that ttoh pingle reference
B: rate is much higher tha#t20 degree/s under the FLC and NAC. Hence, the real
pitch angles applied to the WT cannot be same as thalue to pitch angle rate
limit. It in turn results in the increment of the,,. Fig. 5.28 (e) shows the power
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Figure 5.20: Responses of the PMSG to constant wind speest gmidl voltage
dips. (a) d-axis voltag&,,. (b) g-axis voltagél},,. (c) d-axis current,,q. (d)
g-axis current,,,,.
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Figure 5.21: Responses of the PMSG to constant wind speest gnidl voltage
dips. (e) Active generating powét,,. (f) Reactive generating powér,,,.
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Figure 5.22: Responses of the grid to constant wind speeergril voltage dips.
(a) d-axis voltagél,y. (b) g-axis voltagel,,. (c) d-axis current,y. (d) g-axis

currentiy,.
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Figure 5.23: Responses of the grid to constant wind speeergril voltage dips.
(a) d-axis voltagél,y. (b) g-axis voltagel,,. (c) d-axis current,y. (d) g-axis
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Figure 5.24: Estimates of states and perturbations to aotwsind speed under grid
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Figure 5.25: Estimates of states and perturbations to aothsiind speed under grid
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Figure 5.26: Estimates of states and perturbations to aotsind speed under grid
voltage dips
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Figure 5.27: Responses of the WT to constant wind speed witteqtion under
grid voltage dips. (a) Wind speed V. (b) Grid Voltagk,. (c) Mechanical rotation
speedwu,,. (d) Pitch angle referengé.
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Figure 5.29: Responses of the PMSG to constant wind spe&dwatection under
grid voltage dips. (a) d-axis voltage,q. (b) g-axis voltagé/,,. (c) d-axis current
ima- (d) g-axis current,,.
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Figure 5.31: Responses of the grid to constant wind spedd pritection under
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igq. (d) g-axis current,,.
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Figure 5.33: Estimates of states and perturbations to anhatind speed with pro-
tection under grid voltage dips
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Figure 5.34: Estimates of states and perturbations to anhatind speed with pro-

tection under grid voltage dips

Jian Chen



5.3 Simulation Results 147

150 ,
---Real
— Estimated
<
"% 150 V A
>
149 A4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
0)
X 108 ‘
1.2 “--Real |
— Estimated
3
> 1r |
>
0.8- 1
0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
()

Figure 5.35: Estimates of states and perturbations to anhatind speed with pro-
tection under grid voltage dips

Jian Chen



5.3 Simulation Results 148

coefficientC,, can be reduced by varying pitch angle. The decrement of’this
much larger under the FLC and NAC than the VC. It can be expththat the VC
has much slower response of theeompared to the FLC or NAC. If thé cannot
decrease quickly, the’, cannot has fast reduction. Both tlig, and 7. reduced
quickly under the FLC and NAC, as shown 5.28 (f) and (g). Hoevethe VC has
smaller reduction and longer recovery time. Fig. 5.28 (lowshboth the NAC and
LFC has larger reduction of captured wind pow&r than the VC when the grid
voltage dips.

The responses of the PMSG to constant wind speed with prateahder grid
voltage dips is shown in Fig. 5.29 and 5.30. When the gridagdtdips, the elec-
tromagnetic torque referende, is reduced proportionally to the grid voltage dips
to keep balance between the generating pa#gand injected grid powep,. It in
turn limits the increasing grid curreiy; to protect the devices. If the stator current
ima 1S Well controlled, the, is proportional to the,,,. However, it can be seen from
Fig. 5.29 (d) that, the,,, cannot track its reference under the VC. Both the FLC
and NAC provide satisfactory tracking performance,Qf. Fig. 5.30 (e) shows the
active generating powdr,, has bigger reduction with shorter recovery time under
the FLC and NAC than the VC.

Fig. 5.31 and 5.32 shows the responses of the grid under glidge dips. It
can be seen from Fig. 5.31 and 5.32 that, the grid cuiggrichieve smaller current
under the FLC and NAC than VC when voltage dips happen. Whieh pontrol
strategy is not applied under grid voltage dips,theeaches approximately 1400A
shown in Fig. 5.22 (c). Théy can be reduced to approximately 1300A under the
FLC and NAC When pitch control strategy is used, as showngn 5i31. However,
the VC does not limit the,, significantly as FLC or NAC. The dc-link voltagé,.
has smaller overshoots and shorter recovery time underlt6eaRd NAC than the
VC. When pitch control strategy is applied, the injectedvacgrid powerF, has
bigger reduction under the FLC and NAC compared to the VC. HREC of the
WECS can be enhanced by using the FLC or NAC. Note that the EQyGires full
state feedback and accurate system model and parameters.
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5.4 Conclusions

This chapter has proposed a CNAC for the GSC and MSC of the WiaS&d
PMSG. The objectives of different operating regions candieexed by using the
NAC. It provides better performances of the WECS than the ¥€lghed based on
optimal operating point and FLC requiring accurate systesdehand detailed sys-
tem model in different operating regions. In addition, tlmlmear adaptive pitch
control has been used to assist in reducing the extractedipawer to enhance the
FRTC of the WECS. In the future work, the active crowbars carapplied in en-
hancing the FRTC of WECSs to protect the WECS.
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Chapter 6

Speed Control of a Permanent
Magnet Synchronous Motor With
Time-Varying Unknown Load Torque

6.1 Introduction

Permanent magnet synchronous motors (PMSMs) has becoraetiaé and
competitive in AC drive applications with merits such ad-gsiitation, high ef-
ficiency, low inertia, low noise, high torque to current caéind fast dynamic re-
sponse [106, 107]. The vector control (VC) with proportieiméegral (PI) loops is
already widely applied in the PMSM system due to its relasiveple implemen-
tation and decoupled power regulation. It aims to achiex@lai torque control
performance to a separately excited dc motor where torgddlax can be decou-
pled controlled. However, a practical PMSM system is a madr system and faced
with unavoidable uncertainties and load disturbance, sischarameter variations,
friction force, and unknown load disturbances. As a redinéar control schemes
like linear quadratic regulator control algorithm may naotyade high dynamic per-
formance for a PMSM over a time-varying operation condgi¢t08—111].Some
nonlinear control strategies have been proposed, suctedgfiwve functional con-
trol [110], robust control [111], feedback linearisatiammtrol (FLC) [112,113], s-
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liding mode control [108,109,114], fuzzy control [115]audive control [116—-119]
and backstepping control [46, 120, 121].

The drive robustness against disturbances like load torguation and system
parameter variations is an important requirement of higliggmance drives. This
leads to the necessity of a compensation for the torquerbatee. Unfortunate-
ly, the load torque disturbances are not easily measuredttjiror predicted. In
view of the robustness against a certain disturbance, teereér-based controller
has been proposed as a successful scheme in industriadatpis to suppress load
torque disturbance [78, 116, 122-127]. However, since Xaetly known system
parameters are required for observers, parameter varsagidl seriously affect the
performance of such schemes. In [124], a model-based meitiad a nonlinear
reduced-order observer was introduced for speed and rottign estimation of
PMSM. It can provide a satisfactory performance under lmadue disturbance,
but it lacks of experimental verifications. A sensorlesslim@ar control scheme
for driving an unknown load torque is proposed [125]. An exiied nonlinear ob-
server (ENO) is applied to estimate the states of the motddasturbance torque.
The proposed control scheme presents a very satisfactdoripance in the whole
speed range, under slowing varying load torque and unoégsiin the mechanical
parameters. However, the observer performance is semtitiglectrical parameter
variations that may lead to dynamics of the scheme unstabld.26], a nonlinear
speed control for a PMSM using disturbance estimation aubres developed to
achieve satisfactory performance under the presence gpfttaeneter variation and
the external disturbances caused by the inertia of the dirare and load torque
variations. However, the resistance and inductance shmilekactly known, and
the estimated parameters need to be unknown constant dy slarying. In [116],
an adaptive speed controller for the PMSM speed-regulatstem combining the
extended state observer (ESO) with the inertia identibcatechnique together is
developed to provide robustness against the variationsestia. However, this
adaptive controller requires full system states and thatgatinertia information by
using inertia identification techniques, and the casesauf torque disturbance and
other parameter variations have not been considered iil.datfl27], a composite
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control frame based on the extend state observer (ESO) eaped to achieve a
satisfactory position response in the presence of inestid Vvariation or load dis-
turbance. However, this research treats only the positmotrel, the speed control
and performance robustness of the position control to gthexmeter variations are
desired to be extended. In [78], a robust current-conttoéste for a PMSM with a
linear discrete disturbance observer is developed to geavibustness against elec-
trical parameters variations and an efficient solution dogtie-ripple minimization
in PMSM drives. However, the load torque disturbance hadaeh considered.

In this chapter, nonlinear adaptive controller (NAC) is eleped for PMSM
to track mechanical rotation speed and provide high rolegstagainst system pa-
rameter uncertainties and unknown time-varying load distuces. In addition, a
nonlinear controller with an extended nonlinear obserddCENO) based on the
control method proposed in [125] is used for speed contrahefPMSM in d-q
model. In the NCENO design, the mechanical rotation spesdy position and
stator current are required to be measured, only the unkdoadtorque and it-
s derivative are estimated by the ENO. The designed NAC iwgsrthe NCENO
adaptivity to parameter uncertainties. The NAC proposédido@icompared with the
NCENO and VC in simulation and experiment studies undeerbffit situations.

The remaining parts of this chapter is organized as follolwsSection Il, the
PMSM is reviewed. The design of the NAC, based on a FLC, isgnmtesl in Sec-
tion Ill. Section IV carries out simulation and experimdntsults to verify the
performance of the proposed NAC, compared with the VC and NIGEFinally,
conclusions of this chapter are presented in Section V.

6.2 Permanent Magnet Synchronous Motor Model

The state-space model of the PMSM is given as [112]:

T = f(x) + g1(x)ug + g2(x)usy (6.2.1)
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where
Ty + ¥ 2 %img
flx) = —L%fqi q—%we(LdemdﬂLKe) )
JM(T — T — Tt — Bwy,)
gi(r) = [z 0 0,
p@) = 0 & o,
z = [ima mq wm]T7
u = [ug,us]" = [Vina, Ving]",
y o= [ywe]" =), ha(2)]" = [img, win]"

wherex € R? , u € R? andy € R? are state vector, input vector and output vector,
respectively;f(z), g(z) andh(x) are smooth vector fieldsV,,q andV,,, are the
stator voltages in thé-q axis,i,,q andi,,, are the stator currents in tieq axis, R,
is the stator resistance,,q and L,,,, ared-q axis inductancegy. is the permanent
magnetic flux given by the magnegsjs the number of pole pairg, is the total
inertia of the drive train that is equal to the summation of Wartia constant and
generator inertia constanB is the friction coefficient of the mototy.(= pw,,) is
the electrical generator rotation speed, dnd 7., 17y andTy = T,, + 1; are the
load torque, electromagnetic torque, static friction tmr@nd disturbance torque,
respectively.

The electromagnetic torque is expressed as:

6.3 Design of Nonlinear Adaptive Controller

6.3.1 Input-output Linearisation

For system (6.2.1), choose the output of the first subsystem-a hy(z) = imq
and output of the second subsystemyas- hy(x) = wy,, we have

i

U2

i ] (6.3.1)
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where
1 , .
Fy ('T) = I (_Zdes + woLmquq) (632)
md
F2('T) = - T pL [Ke + (Lmd - Lmq)imd](Lmdwoimd
tot&“mq
-m Lm - Lm .
+ Rslmq + W Ke) + Pima(Lma ) (— Rgima
Jtothd
. 1 dT,, dI;
Lm elm - 5 T3 1.
FLmqteimg) = 7(=3= + )
- J2 [p(Lmd - Lmq)imdimq + pique - Tm
tot
—T; — Bwy) (6.3.3)
Bl(llf) 1 0
B(x) = =| . Jma L (6.3.4)
‘B2 (JI) p mq}f:tngmfmq) P[Ke"‘(gtrztdLnf:rlq) md]

As det[B(x)] = HEtlni—tmaind £ (o when K, # 0, that is, B(z) is non-

singular for all nominal operation points. The system (B.has relative degree

6.3.2 Perturbation and Fictitious State

Assume all nonlinearities of system (6.3.1) are unknowd define perturbation

terms as
(4

Wy

Fl(.l’)
FQ(ZE)

+(B(x) — By)

o ] (6.3.5)

Uz
whereV; is the perturbation term3, = B(z)|,—.(0) iS the nominal control gain.
Then system (6.3.1) can be rewritten as

h

+ By
U2

" ] (6.3.6)

For the first subsystem, defining state variables as- y,, and a fictitious state
to represent the perturbatian, = ¥, the first subsystem can be represented as
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11 = N
7;’11 = Zio+ Bolu (637)
2';12 = \ill

where By, is the first row of theB,, By, is thei*” row 5% column element of the
By.

For the second subsystem, defining state variables,;as vy, andz,, = yél),
and a fictitious state to represent the perturbatign= V,, the first subsystem can
be represented as

221 = Y2

= (6.3.8)
Zog = zo3+ Boyu

Ly = Ty

whereB,, is the second row of th8,.

For subsystems (6.3.7) and (6.3.8), several types of jpation observers, such
as sliding mode observer, high gain observer and linear hergier observer, have
been proposed [65]. This chapter uses high gain observéle wther types ob-
servers can be designed similarly.

6.3.3 Statesand Perturbation Observer

When all states are available, the perturbation of the filgsgstem is estimat-
ed by a second-order perturbation observer (PO) which Umetast stater;; as
measurement as follows

{ 75’11 = Zi+ hi(z11 — 211) + Bo,u; (6.3.9)

5’12 = 512(2’12—5’12),

where z;; is the estimations of;;, andl,;, j = 1,2 are gains of the high gain
observer. By choosing
hj="2j=12 (6.3.10)

€1
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whereel, 0 < €, < 1is a positive constant to be specified and the positive cotssta
a1, j=1,2, are chosen such that the roots of

82 + 0118 + Qo = 0 (6311)

are in the open left-half complex plan.

When the second subsystem output= 2z,; is available, a third-order states
and perturbation observer (SPO) can be designed to estiheasystem states and
perturbation as

P = et la1 (221 — Z21)
é22 = 223 + l22(221 — 221) + 302u (6312)
Zo3 = 523(2’21 - 5’21),

where z;; is the estimations of;;, l;; = %,j = 1,2, 3,4 are gains of the high
gain observers,, 0 < e5 < 1is a small poQSitive parameter to be specified to rep-
resent times of the time-dynamics between the observertendetll system. The
parametersw;, j = 1,2, 3, 4, are chosen such that the roots of

83 + Oé2182 + (998 + (g3 = 0 (6313)

are in the open left-half complex plan.

6.3.4 Nonlinear Adaptive Controller

For sub-systeng;, a second-order PO like (6.3.9) is designed to estimate the
perturbationz;, = ¥;; and for sub-systen,, a third-order SPO like (6.3.12) is
designed to estimate th®, and perturbatiort,; = U,. By using the estimated
perturbation to compensate the real perturbation, cofdmesd for sub-systemg,;
andg; can be obtained as following:

Uy
U2

whereuv, , is defined as

— Bo—l

_%12 ] + [ o ” (6.3.14)
—Z23 V2
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Figure 6.1: Block diagram of nonlinear adaptive controller
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v = ku(zie — 211) + i
vy = Zoir + koo(2o1r — 221) (6.3.15)
+ko1 (2010 — Z222)
The final control law represented by physical variableshsagcurrent, induc-
tance, total inertia,field flux and mechanical rotation shege given as following:

Uy = Lme[kH(imdr - 7'md> + imdr - \ill]

_ iququ(Lme_Lqu) ; 4 ; _ T
u2 KeO"F(Lme_Lqu)imd [kll (Zmdr Zmd) + ,Lmdr \];Il]

Jtoto Lqu _
+p[KeO"‘(Lme_Lmqo)imd} [k22 (wmr wm)

+ko1 (Wmy — 222) + Winy — ‘i’z]

(6.3.16)

Note that in the controller design, the NAC proposed onlynexs the nominal
value of parameters okf,,q9, Lmqo, Ko and Jio0, measurements of two output
variablesi,,q andw,,, andi,=5 A is chosen.

The following parameters are used in the VC employed in teed@and current
control loops. Speed control loog;, = 2; k; = 4. Current control loopsk, = 2;

k; = 6.

Parameters of NACs for subsysteirandg; are designed based on pole-placement

and listed as following:

¢, : observer:ay; = 3.2 x 10%, a9 = 2.56 x 10%, ¢; = 1 x 1072; controller:
]{511 =4 x ]_01

g 1 observerog; = 2.1x 102, a9y = 1.47x 10%, ap3 = 3.43x10°, e, = 2x 1072,
ContrO”er:k‘gl =2.2X ]_01, koy = 4.84 X 102

To clearly illustrate its principle, block diagram of the B4roposed is shown
in Fig. 6.1.

6.4 Simulation and Experimental Results

To validate the effectiveness of the proposed NAC, simaiiaind experimen-
tal results are presented. For simulation and experimbeatspecifications of the

Jian Chen



6.4 Simulation and Experimental Results 159

PMSM are given as follows: rated powét...q = 250 W, rated current (RMS)
Latea = 5.7 A; rated voltage/,...a = 42 V, rated spee, .. = 4000 RPM, p = 5;
R=0.19Q; Lqg = Ly = 0.49mH; K, = 0.0151 V.s/rad; B = 2.6 x 10~* N.m.s/rad;
J = 1.23 x 1073 Kg.m?; and static friction torqué; = 0.121 N.m.

Note that the simulation and experiment use the same sentfotier parame-
ters.

6.4.1 Simulation Results

Case 1: Constant Mechanical Rotation Speed

The reference mechanical rotation spegdand a unknown step-change load
torqueT,, are shown in Fig. 6.2 (a) and (b), respectively. It can be $e@n Fig.
6.2 (c) and (d) that, the NAC can achieve the best trackinfppaance of the me-
chanical rotation speed when the unknown step-change load torque is applied.
The maximum relative error{-===t x 100%) is approximatelyt% and3% un-
der the VC and NCENO, respectively. Although the perforneaatthe NAC is
little impacted by the unknown load torque variation, thexmraum relative error
(“’“w‘i“’nff x 100%) is less thanl%. The voltage and current responses are shown
in Fig. 6.3. From Fig. 6.3, it can be seen that both the VC, NOEid NAC can
keep they around 0.

The estimates of the states and perturbations are showg.i®B-6.7. It can be
seen from Fig. 6.4-6.7 that, both the states and perturimtan be well estimated
by the observers. The estimated perturbations includimgjmearities, uncertainties
and disturbance are used for compensation.

Case 2: Time-Varying Mechanical Rotation Speed

Both the mechanical rotation speed, and load torquel,, vary, which are
shown in Fig. 6.8 (a) and (b), respectively. The NAC achiesassfactory tracking
performances of both the,, andi,q, and provides high robustness for the load
torque disturbance shown in Fig. 6.8 and Fig. 6.9. When bwthvt, and7;, vary,
the tracking performance of the,, is not satisfactory and with approximatey %
and2.3% maximum relative errorﬂ(%ﬂfmf x 100%) under the VC and NCENO,

Wmre

respectively.
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6.4.2 Experimental Results

The experiment tests have been done to verify the effedss&of the proposed
NAC. The experiment setup is the same as that in Section 2&PMSM is coupled
with a DC motor which is used to produce load torque to PMSM.

Case 1. Constant Mechanical Rotation Speed

Figs. 6.10 and 6.11 show the experiment results. In thistlestunknown load
torqueT,, is provide by the DC motor, which is different with the loaddoe in
simulation test shown in Fig. 6.2 (b). Fig. 6.10 (a) and ()veh the reference
mechanical rotation speed.; and unknown time-varying load torque,, respec-
tively. The mechanical rotation speed, and relative errorw x 100%) are
shown in Fig. 6.10 (c) and (d), respectively. Fig. 6.11 shthedd-axis, g-axis stator
voltages Vg, Vinq), d-axis, and g-axis stator currents,{, i. ) respectively. From
Fig. 6.10 and 6.11, it can be seen that the proposed NAC aah@better dynamic
performance than the VC and NCENO.

Case 2: Time-Varying Mechanical Rotation Speed

In this experiment test case, the applied time-varying koaqueT;, is shown
in Fig. 6.12 (b). It can be seen form Fig. 6.12 and 6.13 that ajplied unknown
load torque affects the system performances under the VQN@ENO. The NAC
can provide high robustness against unknown load torquartence even when
the mechanical rotation speed, varies.

6.5 Conclusions

This chapter has proposed a perturbation estimation base€dféoi PMSM. In
the proposed NAC, the observers are designed to estimasgdtean states and per-
turbation which includes all unknown and time-varying dynes of the PMSM,
i.e., system parameter uncertainties, nonlinearitiesuamkdown load torque distur-
bance . The estimates of perturbations are employed tovechoaptive feedback
linearisation. The proposed NAC does not require the detdihowledge of the
nonlinearities, parameters of the PMSM and full state messants, and considers
all system nonlinearities and external disturbances. Bottulation and experi-
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mental results have shown that the proposed NAC can achidegestory dynamic
performances in the presence of parameter variations akaowm time-varying
load torque disturbance, compared with the structured VC.

Jian Chen



Chapter 7

Conclusions, Future Work and

Limitation

This chapter has summarised the obtained results of thasstaed contributions.
At the end of this chapter, suggestions for future invesitiga are also listed.

7.1 Conclusions

At the beginning of the thesis, the background, control méthogies, motiva-
tions, objectives, and the contributions of this researarkwave been presented. In
order to improve the dynamic performance of the permanegnetasynchronous
generator based wind turbine (PMSG-WT), this thesis hagsed on the devel-
opment of advanced control algorithms for the PMSG-WT. Herthe nonlinear
adaptive control (NAC) has been firstly used to control theSBWWT and PMSM.
In addition, it has improved the performance of the VC and FLC

For the maximum power point tracking (MPPT) in Region 2, Gbha has
proposed a nonlinear adaptive controller for PMSG-WT toagttmaximum pow-
er from time-varying wind. Both the VC and FLC are applied l6PPT control
under time-varying wind. The simulation and experimentitsshave shown that
the proposed NAC extracts the maximum power from wind, zeaslia satisfactory
dynamic performance and has a high robustness against @i@raimcertainties and
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measurement noises. It has overcome the drawback of the %iGneel based one
operating point and the shortcoming of the FLC relying onftilesystem states and
detailed nonlinear system model.

Chapter 3 has proposed a nonlinear adaptive pitch contriaiePMSG-WT
to limit the extracted power from time-varying wind in Regi8. The simulation
results have shown that the proposed NAC can maintain thaa&t! wind power
at rated power in Region 3, and realise a satisfactory dynaserformance without
requiring accurate PMSG-WT model, parameters and fulésteasurements, and
considering all system nonlinearities and interaction.

In Chapter 4, a novel NAC for the grid-side converter has beeestigated to
improve the FRTC of a full-rated converter based varialpleesl wind turbine. The
proposed controller outperforms the conventional VC byliag a global opti-
mal performance across the whole operation region. It doesequire the detailed
system model and parameters and is an output feedback kentrdhus, it has
a relatively simpler controller and much better robustribas the FLC when there
are model uncertainties and unknown disturbances. Congwaith other nonlinear
adaptive methods, the proposed NAC can deal with time-mgryncertain dynam-
ics. Performance enhancement has been tested by simusatidies at different
voltage dip’s levels, and various uncertainties, inclgdimodel mismatch, measure-
ment noises and time-varying wind power inputs. Simulatesults have shown
that the proposed NAC can provide satisfactory performamath smaller current
and voltage overshoots during grid fault and better rolesstimgainst uncertainties,
compared with the VC and the model-based FLC. Finally, tlopased NAC can
be easily extended to enhance the FRTC of other types of ysergces which
are integrated with the grid with a full-rated back-to-badnverter, such as solar
photovoltaic and energy storage. Further studies will $oon carrying the exper-
imental test of the proposed method on a hardware prototygeraestigating its
potentiality of dealing with asymmetrical voltage sags.

Chapter 5 has proposed a coordinated nonlinear adaptiiteot¢@NAC) for
the GSC and MSC of the WECS based PMSG. The objectives ofeliff@perating
regions can be achieved by using the NAC. It provides begeiopmances of the
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WECS than the VC designed based on optimal operating pothEaQ requiring
accurate system model and detailed system model in diffepgrating regions. In
addition, the nonlinear adaptive pitch control has beed ts@ssist in reducing the
extracted wind power to enhance the FRTC of the WECS.

In Chapter 6, a NAC of the PMSM is developed to track mechamatation
speed. In addition, the conventional VC and NCENO based emantrol method
proposed in [125] have been used for speed control of the PME&IVh simulation
and experimental results have shown that the proposed NA@\as satisfactory
dynamic performances in the presence of parameter vars&atind unknown time-
varying load torque disturbance.

7.2 FutureWork

The possible future work is listed based on the followinggle

e In Chapter 2, the effectiveness of the NAC in extracting treximum wind
power has been verified by simulation and experiment testsweder, the
experiment test is based on a small scale prototype WT eetulat a DC
motor. The experiment verification of the NAC based on a redligVmore

persuasive.

e In Chapter 3, the simulation studies have been carried odemmonstrate
the performance of the proposed nonlinear adaptive cofitidC), based on
MATLAB/SIMULINK. In the future work, a NAC of two-mass windurbine
model will be studied and an aeroelastic simulator, FAST], e used to
validate the proposed NAC.

e In Chapter 4, the simulation studies have demonstratedftbetieeness of
the proposed nonlinear adaptive control (NAC) in enhandimgyfault ride-
through capability (FRTC) of a full-rated converter basadable-speed wind
turbine. In the future work, the verification of the proposenhtrol strategy
can be realised via experiment test.
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e In Chapter 5, the proposed control strategy can providsfaatory dynamic
performance and enhance the FRTC of the WECS. It can assisWHCS
in reducing the large inrush current when grid voltage dip®@wever, this
control strategy cannot fully limit the increasing curreviten severe grid
voltage dips occur. In the future work, the active crowbas be used to
enhance the FRTC of WECSs to protect the WECS.

e The NAC also can be used for speed control of the inductioron{t¥l). We
have successfully applied the NAC in IM, and the experimesitsthave done
based dSPACE. It is not included in this thesis. In the futupek, a observer
will be designed to estimate the rotor flux based on the staitiage and
current.

7.3 Limitationsof the NAC

Although the NAC provides satisfactory system performarared high robust-
ness against uncertainties and disturbances, but it ssllttvo major limitation-
s. Firstly, it cannot provide high system performances wieninputs occur step
changes. It is because that the observer cannot estimapettuebation so fast to
completely compensate the real perturbation. Secondtiigimeal experiment test-
s, the values of the parameters of the observer cannot berthos large, it will
expand the system noise influence that may affect the systeiormances.

Jian Chen



References

[1]

[2]

[3]

[4]

[5]

Y. Zhao, C. Wei, Z. Zhang, and W. Qiao, “A review on positispeed sensor-
less control for permanent-magnet synchronous machiseebaind energy
Conversion systemslEEE J. Emerging Sel. Top. Power Electron., vol. 1, no.
4, pp. 203-216, Dec. 2013.

J. Yang, “Fault analysis and protection for wind powenegeation systems,”
Ph.D. Thesis, University of Glasgow, Mar. 2011.

British  Wind Energy Association. Offshore Wind. Avdilke:
http://www.bwea.com/offshore/index.html, 2010.

H. Li and Z. Chen, “Overview of different wind generatgrssems and their
compaisons,TET Renew. Power Gener., vol. 2, no. 2, pp. 123-138, Jun. 2008.

M. E. Haque, Y. C. Saw, and M. M. Chowdhury, “Advanced ecohscheme
for an IPM synchronous generator-based gearless varigbledswind tur-
bine,” |EEE Trans. Sustainable Energy, vol. 5, no. 2, pp. 354-362, Apr. 2014.

[6] Y. S. Kim, I. Y. Chung, and S. I. Moon, “An analysis of vabie-speed wind

[7]

turbine power-control methods with fluctuating wind spédthergies, vol.
6, no. 7, pp. 3323-3338, Jul. 2013.

R. Pena, J.C. Clare and G.M. Asher, “Doubly fed inducti@merator using
back-to-back PWM converters and its application to vagadpeed wind-
energy generationJET Electr. Power Appl., vol. 143, no. 3, pp. 231-241,
May 1996.

178



REFERENCES 179

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

M. Chinchilla, S. Arnaltes, and J. C. Burgos, “Controlpd#rmanent-magnet
generators applied to variable-speed wind-energy systemsected to the
grid,” IEEE Trans. Energy Convers., vol. 21, no. 1, pp. 130-135, Mar. 2006.

M. E. Haque, M. Negnevitsky, and K. M. Muttaqi, “A novel cwol strategy
for a variable-speed wind turbine with a permanent-magmettsronous gen-
erator,”|EEE Trans. Ind. Appl., vol. 46, no. 1, pp. 331-339, Jan./Feb. 2010.

J. RIbrant and L. M. Bertling, “Survey of failures in wdrpower systems with
focus on Swedish wind power plants during 1997200BEE Trans. Energy
Convers., vol. 22, no. 1, pp. 167-173, Mar. 2007.

C. M. Hong, C. H. Chen, and C. S. Tu, “Maximum power poirscking-
based control algorithm for PMSG wind generation systerhevit mechan-
ical sensors,Energy Convers. Manage., vol. 69, pp. 58-67, May 2013.

S. M. Muyeen, A. Al-Durra, and J. Tamura, “Variable spegind turbine
generator system with current controlled voltage sourserter,” Energy
Convers. Manage,, vol. 52, no. 7, pp. 2688-2694, Jul. 2011.

M. Seixas, R. Relicio, and V. M. F. Mendes, “Fifth hami®and sag impact
on PMSG wind turbines with a balancing new strategy for capaolt-
ages,’Energy Convers. Manage., vol. 79, no. 7, pp. 721-730, Mar. 2014.

M. L. Corradini, G. Ippoliti, and G. Orlando, “Robust miwol of variable-
speed wind turbines based on an aerodynamic torque obSeBEE Trans.
Control Syst. Technol., vol. 21, no. 4, pp. 1199-1206, Jun. 2013.

A. D. Hansen and G. Michalke, “Multi-pole permanent magsynchronous

generator wind turbines’ grid support capability in unmtgted operation

during grid faults,"|ET Renew. Power Gener., vol. 3, no. 3, pp. 333-348, Sep.
20009.

J. A. Baroudi, V. Dinavahi, and A. M. Knight, “A review gfower converter
topologies for wind generatordRenewable Energy, vol. 32, no. 14, pp. 2369-
2385, Nov. 2007.

Jian Chen



REFERENCES 180

[17] S. H. Li, T. A. Haskew, R. P. Swatloski, and W. Gathing§ptimal and
direct-current vector control of direct-driven PMSG wingtbines,” |EEE
Trans. Power Electron., vol. 27, no. 5, pp. 2325-2337, May. 2012.

[18] W. E. Leithead and B. Connor, “Control of variable speeitd turbines:
dynamic models,Int. J. Control, vol. 73, no. 13, pp. 1173-1188, Sep. 2000.

[19] W. E. Leithead and B. Connor, “Control of variable speeitd turbines:
design task,Int. J. Control, vol. 73, no. 13, pp. 1189-1212, Sep. 2000.

[20] C.T. Lee, C. W. Hsu, and P. T. Cheng, “A low-voltage ritieough technique
of grid-connected converters of distributed energy resesjt IEEE Trans.
Ind. Appl., vol. 47, no. 4, pp. 1821-1832, Jul./Aug. 2011.

[21] K. H. Kim, Y. C. Jeung, D. C. Lee, and H. G. Kim, “LVRT schemnf PMSG
wind power systems based on feedback linearizatiteEE Trans. Power
Electron., vol. 27, no. 5, pp. 2376-2384, May 2012.

[22] M. Popat, B. Wu, and N. R. Zargari, “Fault ride-througipability of cascad-
ed current-source converter-based offshore wind falBEE Trans. Sustain-
able Energy, vol. 4, no. 2, pp. 314-323, Apr. 2013.

[23] F. lov, A. Hansen, P. Sorensen, and N. Cutululis, “Magpof grid faults and
grid codes, Risoe Natl. Lab., Tech. Univ. Denmark, Copenhagen, Tech. Rep.,
2007

[24] M. Tsiliand S. Papathanassiou, “A review of grid codehteical requirements
for wind farms,”|ET Renew. Power Gener., vol. 3, no. 3, pp. 308-332, Sep.
20009.

[25] S. Alepuz, A. Calle, S. Busquets-Monge, S. Kouro, ant8, “Use of stored
energy in PMSG rotor inertia for low-voltage ride-throughhkack-to-back
NPC converter-based wind power systemhEEE Trans. Ind. Electron., vol.
60, no. 5, pp. 1787-1796, May 2013.

Jian Chen



REFERENCES 181

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

J. Yang, Y. J. Gao, and J. O'Reilly, “Permanent magneichyonous gen-
erator converter protection analysis during DC wind farneroircuit fault
condition,” inProc. IEEE EPEC, pp. 1-6, 2009.

M. Rizo, A. Rodriguez, E. Bueno, F. J. Rodriguez, and @ofg “Low volt-
age ride-through of wind turbine based on interior permamnesmgnet syn-
chronous generators sensorless vector controlled®iacs. IEEE ECCE, pp.
2507-2515, 2010.

S. Seman, J. Niiranen, and A. Arkkio, “Ride-through lgse of doubly fed
induction wind-power generator under unsymmetrical netvdisturbance,”
|[EEE Trans. Power Syst., vol. 21, no. 4, pp. 1782-1789, Nov. 2006.

J. Matas, M. Castilla, J. M. Guerrero, L. Garcia de Viauand J. Miret,
“Feedback linearization of direct-drive synchronous wimdbines via a slid-
ing mode approachJEEE Trans. Power Electron., vol. 23, no. 3, pp. 1093-
1103, May 2008.

J. Y. Dai, D. W. Xu, B. Wu, and N. R. Zargari, “Unified DCak current

control for low-voltage ride-through in current-souraaigerter-based wind
energy conversion systems$EEE Trans. Power Electron., vol. 26, no. 1, pp.

288-297, Jan. 2011.

J. Q. Liang, W. Qiao, and R. G. Harley, “Direct transieaintrol of wind
turbine driven DFIG for low voltage ride-through,” ifroc. IEEE PEMWA,
pp. 1-7, 2009.

A. P. Grilo, A. S. A. Mota, L. T. M. Mota, and W. Freitas, tAanalytical
method for analysis of large-disturbance stability of iciiion generators,”
IEEE Trans. Power Syst., vol. 22, no. 4, pp. 1861-1869, Nov. 2007.

T. Vrionis, X. Koutiva, N. Vovos, and G. Giannakopuld$;ontrol of an
HVDC link connecting a wind farm to the grid for fault ridertugh en-
hancement,1EEE Trans. Power Syst., vol. 22, no. 4, pp. 2039-2047, Nov.
2007.

Jian Chen



REFERENCES 182

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

W. H. Hu, Z. Chen, Y. Wang, and Z. A. Wang, “Low voltageeithrough of
variable speed wind turbines with permanent magnet syncusgenerator,”
in Proc. Ecologic \ehicles and Renewable Energies, 2009.

A. Mullane, G. Lightbody, and R. Yacamini, “Wind turlerfault ride through
enhancementJEEE Trans. Power Syst., vol. 20, no. 4, pp. 1929-1937, Nov.
2005.

W. Lin, C. Hong, T. Ou, and T. Chiu, “Hybrid intelligenbatrol of PMSG
wind generation system using pitch control with RBFEfiergy Convers.
Manage., vol. 52, no. 2, pp. 1244-1251, Feb. 2011.

S. H. Li, T. A. Haskew, and L. Xu, “Conventional and noweintrol designs
for direct driven PMSG wind turbinesElectr. Power Syst. Res., vol. 80, no.
3, pp. 328-338, Mar. 2010.

S. Morimoto, H. Nakayama, M. Sanada, and Y. Takeda, $8dass out-
put maximization control for variable-speed wind gen@mtsystem using
IPMSG,” IEEE Trans. Ind. Appl., vol. 41, no. 1, pp. 60-67, Jan./Feb. 2005.

W. Qiao, L. Y. Qu, and R. G. Harley, “Control of IPM syndmous generator
for maximum wind power generation considering magnetigrsaion,”| EEE
Trans. Ind. Appl., vol. 45, no. 3, pp. 1095-1105, May/Jun. 2009.

A. Uehara, A. Pratap, T. Goya, T. Senjyu, A. Yona, N. @asand T. Fun-
abashi, “A coordinated control method to Smooth wind powecttlations
of a PMSG-based WECSIEEE Trans. Energy Convers,, vol. 26, no. 2, pp.
550-558, Jun. 2011.

A. Isidori, “Nonlinear control systems3pringer-Verlag, Berlin, Germany,
1995.

A. Isidori, “Nonlinear control systems Il 3oringer-Verlag, London, 1999.

J. J. E. Slotine and W. P. Li, “Applied nonlinear conttdPrentice-Hall Inc.,
London, 1991.

Jian Chen



REFERENCES 183

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

H. K. Khalil, “Nonlinear systems,Prentice-Hall Inc., London, 1996.

J. Jung and S. Lim, “A feedback linearizing control stigefor a PWM
converter-inverter having a very small dc-link capacitdEEE Trans. Ind.
Appl., vol. 35, no. 5, pp. 1124-1131, Sep. 1999.

M. A. Rahman, D. M. Vilathgamuwa, M. N. Uddin, and K. J.€Fg), “Non-
linear control of interior permanent-magnet synchronoasam’ |EEE Trans.
Ind. Appl., vol. 39, no. 2, pp. 408-416, Mar./Apr. 2003.

O. Akhrif, F. A. Okou, L. A. Dessaint, and R. Champagn&pplication of
a multivariable feedback linearization scheme for rotoglarstability and
voltage regulation of power systems$EEE Trans. Power Syst., vol. 14, no.
2, pp. 620-628, May 1999.

M. Krstic, I. Kanellakopoulos, and P. V. Kokotovic, “Mbnear and adaptive
control design,'John Wiley Inc., New York, 1995.

S. S. Sastry and A. Isidori, “Adaptive control of lineable systems,EEE
Trans. Autom. Control, vol. 34, no. 11, pp. 1123-1131, Nov. 1989.

J. B. Pomet and L. Praly, “Adaptive nonlinear regulatiestimation from the
Lyapunov equation EEE Trans. Autom. Control, vol. 37, no. 6, pp. 729-740,
Jun. 1992.

R. Marino and P. Tomei, “Global adaptive output-feeckaontrol of non-
linear systems. |. Linear parameterizatioiisEE Trans. Autom. Control, vol.
38, no. 1, pp. 17-32, Jan. 1993.

R. Marino and P. Tomei, “Global adaptive output-feeckbeontrol of nonlin-
ear systems. Il. Linear parameterizatiofEEE Trans. Autom. Control, vol.
38, no. 1, pp. 33-48, Jan. 1993.

I. Kanellakopoulos, P. V. Kokotovic, and A. S. Morse,daptive nonlinear
control with incomplete state informationyit. J. Adapt Control Sgnal Pro-
cess., vol. 6, pp. 367-394, Jul. 1992.

Jian Chen



REFERENCES 184

[54] A. R. Teel, “Adaptive tracking with robust stabilityih Proceedings of the

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

32th IEEE conference on Decision and Control, San Antonio, TX, pp. 570-
575, 1993.

H. Khalil, “High gain observers in nonlinear feedbaatntrol,” Springer,
London, 1999.

F. Esfandiari and H. K. Khalil, “Output feedback stamgtion of fully lin-
earizable systemslit. J. Control, vol. 56, no. 5, pp. 1007-1037, 1992.

F. Esfandiari and H. K. Khalil, “Semiglobal stabilizamh f a class of non-
linear systems using output feedbadiEEE Trans. Autom. Control, vol. 38,
no. 9, pp. 1412-1415, Sep. 1993.

H. K. Khalil, “Robust servomechanism output feedbacktrollers for a class
of feedback linearizable system#utomatica, vol. 30, no. 10, pp. 1587-
1599, Oct. 1994.

H. K. Khalil, “Adaptive output-feedback control of nbnear systems repre-
sented by input-output model$EEE Trans. Autom. Control, vol. 41, no. 2,
pp. 177-188, Feb. 1996.

S. Oh and H. K. Khalil, “Nonlinear output-feedback tkawg using high-
gain observer and variable structure contrdljtomatica, vol. 33, no. 10, pp.
1845-1856, 1997.

H. K. Khalil and E. G. Strangas, “Robust speed contrainafuction motors
using position and current measurementSEE Trans. Autom. Control, vol.
41, no. 8, pp. 1216-1220, Aug. 1996.

L. Jiang “Nonlinear adaptive control and applicatianspower systems,”
Ph.D. Thesis, University of Liverpool, Mar. 2001.

J. Chen, L. Jiang, Wei Yao, and Q. H. Wu, “Perturbatiotinegtion based
nonlinear adaptive control of a full-rated converter windbine for fault ride-
through capability enhancementBEE Trans. Power Syst., vol. PP, no. 99,
pp. 1-11, Apr. 2014.

Jian Chen



REFERENCES 185

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

L. Jiang and Q. H. Wu, “Nonlinear adaptive control viadsig-mode state
and perturbation observelET Control Theory Appl., vol. 149, no. 4, pp.
269-277, Jul. 2002.

L. Jiang, Q. H. Wu, and J. Y. Wen, “Decentralized nonéinadaptive control
for multimachine power systems via high-gain perturbatbeerver,”|EEE
Trans. Circuits Syst. Regul. Pap., vol. 51, pp. 2052-2059, Oct. 2004.

L. Jiang, Q. H. Wu, G. P. Liu, and D. Rees, “Robust adaptwntrol of
induction motor based on perturbation Estimatid®rgc. IEEE IEMDC, pp.
101-106, 2007

M. A. Abdullah, A. H. M. Yatim, C. W. Tan, and R. Saidur, ‘#eview of max-
imum power point tracking algorithms for wind energy syssgrRenewable
Sustainable Energy Rev., vol. 16, no. 5, pp. 3220-3227, Jun. 2012.

Y. Xia, K. H. Ahmed, and B. W. Williams, “A review of maxiom pow-
er point tracking algorithms for wind energy system&EE Trans. Power
Electron., vol. 26, no. 12, pp. 3609-3620, Dec. 2011.

I. Munteanu, N. A. Cutululis, A. I. Bratcu, and E. Ceant@ptimization of
variable speed wind power systems based on LQG approHeBE Trans.
Power Electron., vol. 13, no. 7, pp. 903-912, Jul. 2005.

B. Boukhezzar and H. Siguerdidjane, “Comparison betwinear and non-
linear control strategies for variable speed wind turbin€entrol Eng. Prac-
t., vol. 18, no. 12, pp. 1357-136, Dec. 2010.

S. Z. Chen, N. C. Cheung, K. C. Wong, and J. Wu, “Integhalirsg-mode
direct torque control of doubly-fed induction generatorsler unbalanced
grid voltage,”|EEE Trans. Energy Convers., vol. 25, no. 2, pp. 356-368, Jun.
2010.

F. Delfino, F. Pampararo, R. Procopio, and M. Rossi, “@dieack lineariza-
tion control scheme for the integration of wind energy cosien systems
into distribution grids,"EEE Syst. J., vol. 6, no. 1, pp. 85-93, Mar. 2012.

Jian Chen



REFERENCES 186

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

I. C. Baik, K. H. Kim, and M. J. Youn, “Robust nonlinearesgd control of
PM synchronous motor using boundary layer integral slidimage control
technique,1EEE Trans. Control Syst. Technol., vol. 8, no. 1, pp. 47-54, Jan.
2000.

R. Krishnan and P. Vijayraghavan, “Fast estimation eohpensation of ro-
tor flux linkage in permanent magnet synchronous machime®foc.|EEE-
ISE, vol. 2, pp. 661-666, 1999.

A. Yoo and S. K. Sul, “Design of flux observer robust toenor permanent-
magnet synchronous motor flux variatiohZEE Trans. Ind. Appl., vol. 45,
no. 5, pp. 1670-1677, Sep./Oct. 2009.

J. M. Mauricio, A. E. Leon, A. Gomez-Exposito, and J. Al$na, “An adap-
tive nonlinear controller for DFIM-based wind energy corsien systems,”
|EEE Trans. Energy Convers,, vol. 23, no. 4, pp. 1025-1035, Dec. 2008.

C. L. Xia, Q. Geng, X. Gu, T. N. Shi, and Z. F. Song, “Inpuitput feedback
linearization and speed control of a surface permanentetagynchronous
wind generator with the boost-chopper convertidZE Trans. Ind. Electron.,
vol. 59, no. 9, pp. 3489-3500, Sep. 2012.

Y. A. R. I. Mohamed, “Design and implementation of a rebcurrent-control
scheme for a PMSM vector drive with a simple adaptive distode observ-
er,” IEEE Trans. Ind. Electron., vol. 54, no. 4, pp. 1981-1988, Aug. 2007.

F. Valenciaga and P. F. Puleston, “High-order slidingtecol for a wind ener-
gy conversion system based on a permanent magnet syncksrgeoerator,”
|EEE Trans. Energy Convers., vol. 23, no. 3, pp. 860-867, Sep. 2008.

D. S. L. Dolan and P. W. Lehn, “Simulation model of winaline 3p torque
oscillations due to wind shear and tower shadd®EZE Trans. Energy Con-
vers., vol. 21, no. 3, pp. 717-724, Sep. 2006.

F. M. Hughes, O. Anaya-Lara. G. Ramtharan, N. Jenkind,@&. Strbac, “In-
fluence of tower shadow and wind turbulence on the performah@ower

Jian Chen



REFERENCES 187

system stabilizers for DFIG-based wind farm&EE Trans. Energy Conver-
S., vol. 23, no. 2, pp. 519-528, Jul. 2008.

[82] R. Fadaeinedjad, G. Moschopoulos and M. Moallem, “Trhpact of tower
shadow, yaw error, and wind shears on power quality in a wiedel sys-
tem,” |EEE Trans. Energy Convers., vol. 24, no. 1, pp. 102-111, Mar. 2009.

[83] A. Kumar and K. Stol, “Simulating feedback linearizati control of wind
turbines using high-order model$find Energy, vol. 13, no. 5, pp. 419-432,
Jul. 2010.

[84] E. A. Bossanyi, “The design of closed loop controlleos Wwind turbines,”
Wind Energy, vol. 3, no. 3, pp. 149-163, Jul./Sep. 2000.

[85] V. Akhmatov, H. Knudsen, A. H. Nielsen, J. K. Pedersarg &l. J. Poulsen,
“Modelling and transient stability of large wind farmdit. J. Electr. Power
Energy Syst., vol. 25, no. 2, pp. 123-144, Feb. 2003.

[86] B. Connor, W. E. Leithead, and M. Grimble, “LQG contrdl @ constant
speed horizontal axis wind turbine,” Proc. IEEE CCA, pp. 251-252, Aug.
1994.

[87] R. Sakamoto, T. Senjyu, T. Kaneko, N. Urasaki, T. Tak&giSugimoto, and
H. Sekine, “Output power leveling of wind turbine generabgrpitch angle
control usingH oo control ,” in Proc. |IEEE PES, pp. 2044-2049, 2006.

[88] M. J. Grimble, “Horizontal axis wind turbine control omparison of classi-
cal , LQG andH oo designs,”Dyn. Control, vol. 6, no. 2, pp. 143161, Apr.
1996.

[89] J. Y. Seol and I. J. Ha, “Feedback-linearizing contriol”RM motors consid-
ering magnetic saturation effect EEE Trans. Power Electron., vol. 20, no.
2, pp. 416-424, Mar. 2005.

[90] S. Alepuz, S. Busquets-Monge, J. Bordonau, J. A. Magikelasco, C. A.
Silva, J. Pontt, and J. Rodriguez, “Control strategies thasesymmetrical

Jian Chen



REFERENCES 188

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

components for grid-connected converters under voltage, "dEEE Trans.
Ind. Electron., vol. 56, no. 6, pp. 2162-2173, Jun. 2009.

J. Matas, P. Rodriguez, J. M. Guerrero, and J. C. Vasd&ede through im-
provement of wind-turbines via feedback linearization,Proc. IEEE ISE,
pp. 2377-2382, 2008.

J. B. Hu, H. Nian, B. Hu, Y. K. He, and Z. Q. Zhu, “Direct a& and reactive
power regulation of DFIG using sliding-mode control apmtoal EEE Trans.
Energy Convers,, vol. 25, no. 4, pp. 1028-1039, Dec. 2010.

J.G. Zhou and Y. Y. Wang, “Real-time nonlinear adaphbaekstepping speed
control for a PM synchronous motoiControl Eng. Pract., vol. 13, no. 10,
pp. 1259-1269, Oct. 2005.

A. Kaddouri, O. Akhrif, and H. Le-Huy, “Adaptive nonlear control for
speed regulation of a permanent-magnet synchronous iatétoc. |IEEE
I[ECON, vol. 3, pp. 1079-1084, 1999.

Y. J. Huang, T. C. Kuo, and S. H. Chang, “Adaptive slidimgde control
for nonlinear systems with uncertain parametdiSEZE Trans. Syst. Man Cy-
bern. Part B Cybern., vol. 38, no. 2, pp. 534-539, Apr. 2008.

C. M. Lin and Y. J. Mon, “Decoupling control by hierarciail fuzzy sliding-
mode controller,IEEE Trans. Control Syst. Technol., vol. 13, no. 4, pp. 593-
598, Jul. 2005.

L. Jiang, Q. H. Wu, J. Wang , C. Zhang, and X. X. Zhou, “Rstobserver-
based nonlinear control of multimachine power systents Proc.-Gener.
Transm. Distrib., vol. 148, no. 6, pp. 623 -631, Nov. 2001.

Q. H. Wu, L. Jiang, and J.Y. Wen, “Decentralised adaptientrol of inter-
connected non-linear systems using high gain obserer,J. Control, vol.
77,n0. 8, pp. 703-712, May 2004.

Jian Chen



REFERENCES 189

[99] J. F. Conroy and R.Watson, “Low-voltage ride-throughacdfull converter
wind turbine with permanent magnet generattET Renew. Power Gener.,
vol. 1, no. 3, pp. 182 -189, Sep. 2007.

[100] T. H. Nguyen and D.-C. Lee, “Advanced fault ride-thgbutechnique for
PMSG wind turbine systems using line-side converter as £€W1,” IEEE
Trans. Ind. Electron., vol. 60, no. 7, pp. 2842-2850, Jul. 2013.

[101] K. Clark, N. Miller, and J. Sanchez-Gasca, “ModelirfgGE wind turbine-
generators for grid studiesyersion 4.2, GE Energy, 2008.

[102] H.Li, K. L. Shi, and P. G. McLaren, “Neural-network4®d sensorless maxi-
mum wind energy capture with compensated power coeffiCiHREE Trans.
Ind. Appl., vol. 41, no. 6, pp. 1548-1556, Nov./Dec. 2005.

[103] M. Simoes, B. Bose, and R. Spiegel, “Design and perérte evaluation
of a fuzzy-logic-based variable-speed wind generatiotesys | EEE Trans.
Ind. Appl., vol. 33, no. 4, pp. 956-965, Jul./Aug. 1997.

[104] D. Leith and W. Leithead, “Implementation of wind tumb controllers,Int.
J. Contral, vol. 66, no. 3, pp. 349-380, 1997.

[105] H. Camblong, “Digital robust control of a variable sgpitch regulated wind
turbine for above rated wind speed€gntrol Eng. Pract., vol. 16, no. 8, pp.
946-958, Aug. 2008.

[106] R. KrishnanElectric Motor Drives: Modeling, Analysis, and Control., Upper
Saddle River, NJ, Unite States: Prentice-Hall, 2001.

[107] H. Nakai, H. Ohtani, E. Satoh, and Y. Inaguma, “Devehl@nt and testing
of the torque control for the permanent-magnet synchromeotr,” |EEE
Trans. Ind. Electron., vol. 52, no. 3, pp. 800-806, Jun. 2005.

[108] V. Q. Leu, H. H. Choi, and J. W. Jung, “Fuzzy sliding mageed controller
for PM synchronous motors with a load torque obsent&EE Trans. Power
Electron., vol. 27, no. 3, pp. 1530-1539, Mar. 2012.

Jian Chen



REFERENCES 190

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

X. G. Zhang, L. Z. Sun, K. Zhao, and L. Sun, “Nonlineaesg control

for PMSM system using sliding-mode control and disturbacampensa-

tion techniques,TEEE Trans. Power Electron., vol. 28, no. 3, pp. 1358-1365,
Mar. 2013.

H. X. Liuand S. H. Li, “Speed control for PMSM servo s§st using predic-
tive functional control and extended state obsend&2E Trans. Ind. Elec-
tron., vol. 59, no. 2, pp. 1171-1183, Feb. 2012.

N. T. -T. Vu, H. H. Choi, R. -Y. Kim, and J. -W. Jung, “Rosiuspeed control
method for permanent magnet synchronous molt&f’Electr. Power Appl.,
vol. 6, no. 7, pp. 399-411, Aug. 2012.

C. -K. Lin, T. -H. Liu, and S. -H. Yang, “Nonlinear Pomih Controller De-
sign With Input-Output Linearisation Technique For An hibe Permanent
Magnet Synchronous Motor Control SystertET Electr. Power Appl., vol.
1, no. 9, pp. 14-26, Mar. 2008.

B. Grcar, P. Cafuta, M. Znidaric, and F. Gausch, “Noeér control of syn-
chronous servo driveJEEE Trans. Control Syst. Technol., vol. 4, no. 2, pp.
177-184, Mar. 1996.

H. Kim, J. Son, and J. Lee, “A high-speed sliding-modsearver for the
sensorless speed control of a PMSNEEE Trans. Ind. Electron., vol. 58,
no. 9, pp. 4069-4077, Sep. 2011.

J.-W. Jung, T. H. Kim, and H. H. Choi, “Speed control glexmanent magnet
synchronous motor with a torque observer: a fuzzy approdef, Control
Theory Appl., vol. 4, no. 12, pp. 2971-2981, Dec. 2010.

S. H. Li and Z. G. Liu, “Adaptive speed control for pemeamt-magnet syn-
chronous motor system with variations of load inertilEEE Trans. Ind.
Electron., vol. 56, no. 8, pp. 3050-3059, Aug. 2009.

Jian Chen



REFERENCES 191

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

H. H. Choi, N. T. -T. Vu, and J. -W. Jung, “ Digital impleantation of an
adaptive speed regulator for a PMSNET Electr. Power Electron., vol. 26,
no. 1, pp. 3-8, Feb. 2011.

S. J. Underwood and I. Hussain,“Online parameternegion and adaptive
control of permanent-magnet synchronous machinggE Trans. Ind. Elec-
tron., vol. 57, no. 7, pp. 24352443, Jul. 2010.

K. -H. Kim, “Model reference adaptive control-basethptive current control
scheme of a PM synchronous motor with an improved servo peence,”
|ET Electr. Power Appl., vol. 3, no. 1, pp. 8-18, Jan. 2009.

M. Morawiec, “The adaptive backstepping control offpanent magnet syn-
chronous motor supplied by current source invertd&EE Trans. Ind. Inf.,
vol. 9, no. 2, pp. 1047 -1055, May 2013.

T.-H. Liu, H.-T. Pu and C.-K. Lin, “ Implementation ohaadaptive position
control system of a permanent-magnet synchronous motoitsiragpplica-
tion,” IET Electr. Power Appl., vol. 4, no. 9, pp. 121-130, Feb. 2010.

J. A. Solsona and M. I. Valla, “Disturbance and Nonéinduenberger
observers for estimating mechanical variables in permanegnet syn-
chronous motors under mechanical parameters uncer&ginteEE Trans.
Ind. Electron., vol. 50, no. 4, pp. 717 -725, Aug. 2003.

G. C. Zhu, L. A. Dessaint, Q. Akhrif, and A. Kaddouri, §&ed tracking
control of a permanent-magnet synchronous motor with staddoad torque
observer,TEEE Trans. Ind. Electron., vol. 47, no. 2, pp. 346 -355, Apr. 2000.

J. Solsona, M. |. Valla, and C. Muravchik, “A nonlingaduced order observ-
er for permanent magnet synchronous motdfSEE Trans. Ind. Electron.,
vol. 43, no. 4, pp. 492-497, Aug. 1996.

J. Solsona, M. 1. Valla, and C. Muravchik, “Nonlineamntrol of a permanent
magnet synchronous motor with disturbance torque esttmAtEEE Trans.
Energy Convers,, vol. 15, no. 2, pp. 163-168, Jun. 2000.

Jian Chen



REFERENCES 192

[126] K. -H. Kim and M. -J. Youn, “A nonlinear speed controlrfa PM syn-
chronous motor using a simple disturbance estimation tqakii |IEEE
Trans. Ind. Electron., vol. 49, no. 3, pp. 524-535, Jun. 2002.

[127] Y. X. Su, C. H. Zheng, and B. Y. Duan, “Automatic distarizes rejection
controller for precise motion control of permanent-magyetchronous mo-
tors,” IEEE Trans. Ind. Electron., vol. 52, no. 3, pp. 814-823, Jun. 2005.

Jian Chen



	List of Figures
	Introduction
	Background
	Permanent Magnet Synchronous Generator Based Wind Turbine
	PMSG Topology
	Machine-Side Converter
	Grid-Side Converter
	PMSG-WT Fault-Ride Through

	Control of Permanent Magnet Synchronous Generator Based Wind Turbine
	Vector Control
	Feedback Linearisation Control
	Nonlinear Adaptive Control

	Major Contributions
	Thesis outline
	Publication List Related With PhD Thesis

	Maximum Power Point Tracking Controller for PMSG Based Wind Turbine
	Introduction
	PMSG Based Variable Speed Wind Turbine
	Aerodynamic Model
	Permanent Magnet Synchronous Generator Model
	Maximum Power Points Tracking (MPPT) Based Wind Speed Measurement

	Nonlinear Adaptive Control Based On Perturbation Estimation
	Input-Output Linearisation
	Perturbation Observer

	NAC Design
	Simulation Results
	Time-Varying Wind
	Robustness Against Parameter Uncertainties
	Robustness Against Measurement Noises
	Tower Shadow

	Experimental Results
	Ramp-Change Wind
	Random Wind

	Conclusions

	Pitch Control of Variable-Pitch PMSG-based Wind Turbine
	Introduction
	Model and Problem Formulation
	Pitch Control

	NAC Design
	NAC Design of WT Pitch Control
	NAC Design of PMSG

	Simulation Results
	Ramp-Change Wind
	Random Wind

	Conclusions

	Enhancing Fault Ride-Through Capability of a Full-Rated Converter Based Wind-Turbine
	Introduction
	Problem Formulation
	NAC Based Controllers Design
	Simulation Results
	Fault Ride-Through Capability 
	Robustness Against Parameter Uncertainties
	Robustness Against Measurements Noises
	Robustness Against Machine-Side Disturbances

	Conclusions

	Coordinated Nonlinear Adaptive Control of Machine-side and Grid-side Converter of PMSG-WT
	Introduction
	Coordinated Control System
	Simulation Results
	Time-Varying Wind
	Grid Voltage Dips

	Conclusions

	Speed Control of a Permanent Magnet Synchronous Motor With Time-Varying Unknown Load Torque
	Introduction
	Permanent Magnet Synchronous Motor Model
	Design of Nonlinear Adaptive Controller
	Input-output Linearisation 
	Perturbation and Fictitious State
	States and Perturbation Observer
	Nonlinear Adaptive Controller

	Simulation and Experimental Results
	Simulation Results
	Experimental Results

	Conclusions

	Conclusions, Future Work and Limitation
	Conclusions
	Future Work
	Limitations of the NAC

	References

