©

Enhanced efficiency of large wind power generator applications using power factor

controller mechanism By Obichere, J.K. and Jovanovic, M.G. is licensed under a Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International License

IAENG TRANSACTIONS ON
ENGINEERING SCIENCES

Association of

neers Conferences 2016

1gInNe

m

Sio-long Ao - Alan Hoi-shou Chan
Hideki Katagiri

Ediitors

World Scientific

®OSE

EY HMC HD




IAENG TRANSACTIONS ON
ENGINEERING SCIENCES

Special Issue for the International Association of
Engineers Conferences 2016

Editors

Sio-long Ao

International Asseciation of Engineers, Hong Kong

Alan Hoi-shou Chan

City University of Hong Kong. Hong Kong

Hideki Katagiri

Kanagawa University, Japan

tific

\\5 World Scien

NGAF 3 BeANC AMGHA HONG KONG -«

NEW JERSEY - LONDON - SINGA



Published hy

World Scientitic Publishing Co. Pre, L,

5 Toh Tuck Link. Singapore 596224

USA office; 27 Warren Street, Suite 4071-402, Hackensack, N1 07601
LK office: ST Shelton Street. Covent Garden, London WOZH YHE

Library of Congress Cataloging-in-Publication Data

Names: Ao, Sio-long, editor, | Chan, Alan s editor, | Katagirt, Hideki, editor |
International Association of Engimeers, spunsariis hody, | International Mult-Conterence of
Engineers and Compuier Seientists (2016 0 Hong kong, ¢ ‘hina, author
Waorld Congress on Foginecring (20016 Landon, Foglandy, author.

Title: Special issue for the [nternatiinal Association of Engineers conferences 2006/ edited by
Sio-long Ao (International Association ol Engineers, Hong hongp. Alan Hoi-shou Chan
(City University o Hong Kong, Hong kong). Fideks Katagiri (Hiroshima Eiversity. Japan).

Description New Jerscy World Scientific, [2007] 1 Senes: TALNG transactions on engineering
ceiences | Contams 21 revised papers trom Hong Kong, March 1618, 2016,
the International Multit onterenee ot bgnneers and Computer Scientists (IMECS 2016), and
London, UK, June 29- July 1 206, ander the World Congress on Engmeering (WEE2016). |
Includes bibhographical references

dentificrs: LOCN 2007007198 15BN QTRON13226197 (he falk, paper)

Subjects: [ ONHE L ngineening--L OnEresses. Computer science--Longresses

Classification) LOC TAS 866422017 DIW 620--de23

TOLT I8

LC record available at https: leen loc pos RIV

British Library Cataloguing-in-Publication Data
A catalogue record tor this book s avatlable from the British Librany.

Copyright « 0 2007 by World Sawentiie Publishing o Pre. Lud
PYTH _ i

Al riehs reserve J This haok, e parts thereal, ey ot b reproduced t gy formeor By any mcans,
clectronic vr mechanical, including phiotocapring, ne creding or any pformarton SHrage and retrivved

ciwfem now known or fo e invenied, without Weiler permtissiinn from the priblisher

Ior photocopymg of material 1 this volume, please pay @ copying tee through the € opynght Clearance
Center. Ine., 222 Rosewood Drive, Danvers. MA 01923, USAL In this case permission to photocopy
is not required from the puhlisher,

Desk Fditor; V. Vishnu Mohan

Typeset by Stallion Press

Email; enquiriesi

stallionpress.com

Printed in Singapore



CONTENTS

Preface

An Application of the Change-Point Estitnation for the Poisson
Dhistribntion
D Ghovbanzadet . Phe Dhivaned and Loaan T

Mixed Interal Equations and Their Appheation to Mechanies
Ao Vo Manshirov

Solving for Analvtical Solutions of the Navier-Stokes Maodel
Faguations Using He's Polyvoomials Approach
S0 Lideba, (G, Akandaby and M. Adeasun

A General Durpose Probabilistic Inference e

Fovig-Jen Yany

Construction of Analvtical Solutions to the Black-Scholes Option
Valuation Maodel by Neans of He's Polyvnonuals Technigue
SO, Kok, O30 O Ughebor and £ A0 Owaloko

A Collaborative Software Developig Method by Mimicking
Army At Altruism Behaviors

T. Iehonura, T, Uemaoto and S0 Kamoada

A Remnforcement Learning with Collective Actions
for Generating a Marshaling Plan of Freight Train

Y. Hirvastima

Landslide Hazard Zonation Using Unsupervised Artificial
Neural Networks
M. A. Dela Cerna

g o

s

1.



viil

Effective Learning Algorithmn for Fuzzy Inference Systems
using Nenral Gas Network a6

Hirofurmi Miyajima, Noritaka Shige ard Hivome Miogajuna

Road Usage Recovery in Mivagi Prefecture Following the 2011
Tohoku Earthquake 111

.-'\"fr'r'm.,l\'r f',‘.fufu

Schednling Alporithin Based on GA for Tasks with Thme

Clonstraints 126

M. Yoo and 1. Yokoyania

A Comparative Theoretical and Benclunarking Fvaluation

of Modern Operating Systemn Kernels 10

Stergios Papadimitrion ane Lefteris Moussiades

Fnhanced Efficicnes of Large Wind Power Generator

Applications Using Power Factor Controller Mechanisi 101

oW Ohechere and M. G Jovanore

Wircless Struetural Health Monitoring Syvstem by Capacitor

Sen=ing Technigne [
A H. M. Zahoral Alam. Nurul Arfah Che Mustapha,
Noor Syamra Asyrgm A Hassan, MDD Rafignl Islam,
Shero: Khan, Amelia Wong Azman

and Muhamad Abu Kusuf

Automated Vermicast Production with Android Application 179

Mary Anne A Macabufiay. ALAL Teresa R Abellera
and Adel I Tiesay

Extended Rescarch on Prefilter Bandwidth Effects
in Asvnchronous Sequential Svinhol Synehronizers Based
on Pulse Comparison by Positive Transitions at (Quarter

Bit Rate 193

Antonio D. Reis. Jose F. Rocha. Atilio S. Gamerro
and Josc P. Carvalho



Senti-SCRM: Sentiment Intellicence Based Social Customer
Relationship Management Tool 2006
Akshe Wumar and Vikrant Dabas

The Role of Tablet PC towards Students” Learning in Higher
Education 222

H.o K. Yau, Y. F. Leung and Y. Youny

The Latest Developments in Virtual Compnter-lntegrated
Manufacturing Systenis 232
Son Duy Dao. Kazem Ablary and Bomeo Maran

An Tmprovenment of Hian Relinhility Analyses Through

the Inelusion of Operator Analvsis 210
P.A Buamnk, J. Nunkz MO Leod and B Culvo Olioares
aned S. 8. e

Modeling Stmart Tpeller actiated by NUTD Shape Memnory
Alloys 20
K. () Sanusi and 2 F Fubean O Lo Ayodeds



ENHANCED EFFICIENCY OF LARGE WIND POWER
GENERATOR APPLICATIONS USING POWER FACTOR
CONTROLLER MECHANISM

1K OBICHERE® and M. GLJOVANOVIC!

Department of Physics and Electrical Engimeering, Novthumbria Universuy,
Newcastle upon Tvne, NETSST, UK
*iudekenncdvobicherea vahoo.cont,

milutin jovanovici northumbric.ac ik
wivw Horthumbric.ac. ik

This work presents a vector control (VO ol an emerging brushless doubly-fed reluctance (BDFRG)
technology tor large wind turbime applications. The BDERG has been recenang inereasimg, attention
due to its low operation and maintenance costs afforded by the use of partially-rated  power
clectronies, and the high reliability of brushless assembly, while oftering performance competitive to
its traditional slip-ring counterpart, the doubly-fed mduction generator (DFIG). A robust VO strategy
has been developed for a custom-designed BDFRG ted frona conventional “hack-to-hack™ 1GBT
converter. Prelimimary studies have evaluated the algonthm under the power factor control (PFC)
conditions which allow the enhanced efficiency of the generator-converter set and the entire wind
energy conversion systems (WECS)

Kevwords: Brushless: Doubly -Fed Generators, I nhaneed Fificiency; Power Factor Control;, Vector

Control, Wind Fnergy.
I. Introduction

The brushless doubly-fed generator (BDFG) has been considered as a viable
replacement to the traditional DFIG for wind turbines [1]. In these applications,
where only a limited variable speed capability is required (e.g. typically, ina2:l
range or so [ 1, 4]). the BDFG should retain the DFIG economic benefits ol using
a relatively smaller inverter (e.g. around 25%, of the machine rating), but with

higher reliability and maintenance-free operation afforded by the absence of

brush gear [5].

The BDFERG has two standard stator windings of different applied
frequencies and pole numbers, unlike the DFIG. The primary (power) winding is
grid-connected., and the secondary (control) winding is normally supplied froma
hi-directional power converter. A BDFG reluctance type (Fig. 1). the brushless
doubly-fed reluctance generator (BDFRG). appears to be more attractive than its
‘nested” cage rotor form. the brushless doubly-fed induction generator (BDFIG)
[6, 7). This preference has been mainly attributed to the prospect for higher

S ——
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efficiency [2] and simpler control associated with the cage-less reluctance rotor
[8]. However, the BDFG rotor must have halt the total number of stator poles to
provide the rotor positon dependent magnetic coupling between the stator
windings required for the machine torque production.

With the recent introduction of the grid codes [9], another important BDFG
merit is the superior low-voltage-fault-ride-through (LVFRT) capability to the
DEFIG [10-12]. It has been shown that owing to the larger leakage inductances
and lower fault current levels, the LVERT of the BDFIG may be accomplished
safely without a crowbar circuitry [V, 13]. These potential LVFRT pertormance
advantages over the DFIG can be carried over to the BDFRG featuring the

leakage reactance values ot the same order as the BDFIG,
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Frg. o Typreal BDERG drive set-up of vanable speed WECS.

Various control algorithms have been developed for the BDFRG including
scalar control [ 1], vector control (VO) [ 1, 17], direct torque control, torque and
reactive power control [ 14], direet power control. shding mode power control,
ficld-oriented control [15]. and even non-linear Lyapunov control theory.
Although a comparative analvsis of some of these control methods has been
partly made in [15] (and more detailed for the DFIG in [10]). it s interesting that
there 1s very little reported specifically on Power Factor Control (PEC) of the
BDFRG being of utmost importance for generator applications [13]. In the
BDFRG, the *VC' term is commonly referred to as the primary winding voltage
control, by analogy to the stator voltage control of the DFIG.

With a proper selection of the reference frames and caretul tuning of the
dedicated Pl controllers, a very good potential and dynamic response of the VC
scheme has been demonstrated without knowledge of any machine parameters.
The VC performance is examined using the power factor control (PFC)



156

mechanism [14. 18-21] on a large, custom-built 2 MW BDFRG [4]. This
control objective has been considered because of the achicvable efficiency gain
at unity line power factor. Extensive realistic simulation results taking into
account the usual practical effects (c.g. transducers” DC offset, noise in
measurements, and a PWM power converter model) are presented to support the
discussions in this work.

2. Modeling and Operation of the BDFRG

The dynamic model of the BDFRG in arbitrary rotating reference frames,
assuming motoring convention, can be represented using standard complex

notation as |3 ):

Vp = Ryl + 52 = Ry, + 520, const + iopy
v, = Riiy + dl_:\: = Rii; + % |U~. const T [N
Ry = Liisy +Lsslsr + | (Lgipg = Lpshs) -
- Apid Apy
R = Dt iheg = By ¥ '1‘—[11

where the primary and secondary winding are denoted by the subscripts “p’ and

Ls

‘5" respectively, ¢ = 1 — is the leakage factor, and A, 1s the primary flux
- e (L3 4

SIS
linking the secondary winding (i.e. the mutual flux linkage).
The fundamental angular velocity and torque relationships for the machine
with p, rotor poles and w,, = 2nf,, apphed angular frequencies o the

respective 2p-pole primary and 2g-pole secondary windings are |3]:

Wy + g - f[\+1’.; 5

Wpm = — Ny = 60— (<)
rm Pr rm Dr

- dpy . \ -

le = T(AF‘u!h‘q B Apsu Isd) )

: g dwrm 4

F‘, = f E'I"— = F,, = TI.({-‘)rm) —F. W {4}

Notice that w, > 0 for “super-synchronous’ operation, and @, < 0 at sub-
synchronous speeds (i.c. an opposite phase sequence of the secondary to the
z 3 - 3 g . =
primary winding) in (2) where wgy, = p—p is the synchronous speed (for g =0
r

i.e. a DC secondary) as with a 2p-pole wound rotor synchronous turbo-machine.

T —————

e ! B AR -
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[t 1s also worth mentioning that all the w, rotating vectors in the primary
voltage/flux equations in (1) are in o, frame, whilst the corresponding secondary
counterparts. including the 2. components in (3). are stationary in pewp, —
wp, = Wy [rame [3]. Given that A, and 4, in (3) are approximately constant by
the primary winding grid connection, torque control can obviously be achicved
through the secondary dq currents in the w, rotating frame.

Using (2), one can derive the mechanical power equation indicating
individual contributions of each BDFRG winding:

i . Ty Te.id tabg
Py = Tt = ot + 122 = p (] +—‘) (5)
Pr Py s wpy
¥ &
P P
|| 5

The machine operating mode is determined by the power flow in the primary
winding 1.¢. to the grd for the generating (T, -+ 0) regime under consideration,
while the secondary winding can cither take or deliver real power (P) subject to
its phase sequence e, the w, sign: the BDFRG would absorb (produce) P~ 0 al

sub- or super-synchronous speeds.

3. Controller System Design

The detailed BDFRG system lavout with a generic controller design is presented
in Fig. 2. A standard phasc-locked-loop (PLL) algorithm, readily available mn the
Simudink library, has been used to retrieve the stationary a-f§ frame angular
positions (0/0,) of the primary voltage/flux vectors trom the measured voltages
and/or currents. Furthermore. a conventional vector controller with space-vector
PWM of the active rectifier has been implemented for control ol DC link
voltage and unity line power factor [13, IX-20]. The primary real (P) and
reactive (Q) power calculations are reference frame nvariant and have been
done using the stationary frame voltages (vqp) and currents (i) to avoid
unnecessary conversions into their rotating di-q. equivalents, and the use of
time-consuming trigonometric functions, allowing so the higher control rates
and superior performance in practice. The Q reference 1s often set to zero (Q*
0) for the unity primary power factor but can be any other value of interest for a
given real power setting (P*) in power control mode. or the desired angular
velocity wy,y, in variable speed svstems. For example, either P* or wy,, may
correspond to the Optimum Power Point Tracking (OPPT) of a wind turbine [ 1],
while Q* was chosen to optimize efficiency ot the WECS in this paper.
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. A e

Fig. 2 Structural diagram of the BDERG drve set-up.

4. Voltage Control (VC) System

The control form expressions can be denved from the BDEFRG space-vector
model (1) in the natural reference frames. o (1.¢. dy-d, for the primary winding)
and w, (i.c. d.-g, for sccondary winding) rotating frames (Fig. 3), where the
respective vector components appear as DC quantities. Substituting for i, from

" . . . 3 4 . -
the Ay, equation of (1) into S, = S Vplp would lead to the following relationships

for the primary mechanical and reactive power:

3 5 . .
pp = E“)F‘(?Lpst‘ilﬁq = )‘p.;ql.‘id) (6)

N - mwmre
Qp - 2“)[3 (Lp rl\]:’sril':id }\F‘wlsq) (7}

i
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Fig. 3. Identification of primary voltage tlux vectors 1na stationary a-fi reference frame,

A trade-ofT of the machine parameter independence s that VO of Py oand O
is coupled as both the 1.4 and 1, secondary current components appear in (6) and
(7). The level of this cross-coupling can be reduced by ahgning the gp-axis of the
reference frame to the primary voltage vector as shown in Fig. 3. In this case the
primary flux vector (A,). would be phase-shifted ahead of the corresponding d-
axis depending on the winding resistance values which are getting smaller with

larger machines. Theretore, for the frame alignment choice as in Fig. 30 A, >

}\I,m e Ap = Apg so that the approximations of (61 and (7) become:
P %mp)-_miqq = i%m],)\],im (¥)
QU:‘\ _j“’[l'ﬁ = ;L‘Jp)\p‘:i‘;d (%)
z Ly 2
- i]‘L (A = Lpsisa) = 3 0phpipg (10)
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The P, vs iy and Q, vs 1 functions above are nearly linear, which justifies
the use of PI controllers in Fig. 2. Therefore, all inductance variations in (9)-(12)
can be effectively taken care of by optimal tuning of the PI gains so their prior
knowledge 1s not required for control purposes.

5. PF Operating Principle of the BDFRG Wind Turbine

The preliminary performance of the VC scheme in Fig. 2 has been assessed
using the parameters of a large-scale BDERG [4, 16] in Table | for simulation
studies. In order to make the simulations as realistic as possible, the following
actions have been taken and/or assumptions made: (1) The power electronic
models from the SimPowerSvstems toolbox have been implemented: (1) High-
frequency uncorrelated white noise and unknown slowly varying DC offset have
been superimposed to the ideal signals to account for practical effects of the
measurement noise and current voltage transducers errors: (ii1) Finally, the rotor
position and speed information has been provided by a shatt sensor,

In a typical WECS, the turbine torque on the generator side of the gear-box
for the maximum wind energy extraction in the base speed regron (e between
the mimimum “cut-in’, Uy, and the rated wind speed. up). can be represented as
[1.5]:

Ap CplAgpry ) R ; i 3
e 1 b2 kr,m, Wiy (1)

apt

Iupt = 2‘_:;;"

where p s the air density, Cp(4,y) 1s the power coetficient (1.e. the maximum
- o = n . Ry R o
turbine efficiency as 4 = Ag, in this case), Agpy = T[ is the optimum tip speed
ratio for a given wind speed u, o, 1s the turbine rotor angular velocity, y s the
pitch angle (normally fixed to zero to maximize Cp), R the radius of the circular

Wym

swept area (A~ nR"). and g = is the gear ratio. The shaft torque-speed

Gk

profile in (4) is of the same formas (11

T = _ﬁ.(r“ﬂ)‘ ~ —I‘J,(”ri)2 kNm (12)

wr Amax 1000
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Tablel. The BDFRG design specifications.

Symbol Quantity Values & Units
T Rotor inertia

B. drimary resistance

R, Secondarny resistance

L. Primary inductance

2 Secondary inductance  2.89mH

L5 5 NMurtual inductance .98 mH

b, Rotor poles }

P Primatyv powel 2 NI

11, Ruated speed 1000 tev min
Tosi STaror currents l.SkArms
Primary veoltage S TURANS BETE

t, Supply frequency Sty Hz

IS Windme connections -

P Srator p_."la?.»' b =

6. Simulation Qutcome

The simulation results in Figs. 4-9 have been produced by running the control
alporithms in Fig, 2 at 5 kHz switching rate for the IGBT converter. The DC
link voltage has been maintained at - 1200V by the PWM rectitier (1.¢. the line-
side bridge) supplied at 690 V, 50 Hz, The reference speed trajectory s set as a
steep ramp signal suited for dynamically not very demanding wind power
applications even under extreme turbulent wind conditions.

The top plots in Fig. 4 show the excellent speed tracking with no overshoot
following the start-up period m both super- and sub-synchronous modes of the
BDFRG over the limited speed range of 600-900 rpm. The primary clectrical
power (1) and clectro-magnetic torque (To) curves retlect (12) for the specific
speed settings. Except for a difference in losses, and considering that w, =
const, P and T, are directlv related as follows from (5) and (6) which explains a
close resemblance in their shape. The T. deviations from the desired profile
during the speed transients refer to the acceleration or deceleration torque term
in (4) depending on whether the machine 15 to speed-up (T, = 0) or slow-down
(T, = 0). The reasonably accurate and smooth Q. = 0 control can be observed to
be little affected by the variable speed dependent loading disturbances, which
means that the optimum power factor control (OPFC) conditions have been
largely met. Note that the outer Pl speed control loop 1s required to ensure
effective variable speed operation at opumum tip-speed ratio,
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Fig. 4. PF performance of BDFRG in a limited range at synchronous speed (750 rpm).
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Fig. 5. PI responses of BDFRG current components in the rotating reference frames.
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Fig. 6. PWM space Sectors, angular (theta) positions and switching times of active
voltage vectors of BDFRG showing phase sequence reversal during the speed mode
transition at unity power factor.
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Fig. 7. BDFRG angular (theta) positions and secondary voltage waveforms showing a
phase sequence reversal during the speed maode transition at unity power factor.
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Fig. & Enhanced BDEFRG secondary voltage waveforms showing a phase sequence
reversal during the speed mode transition at umity power factor.
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Fig. 9. Primary voltage and current al unity power factor,
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The secondary (iy) and pnmary (i) current waveforms in Fig. 5 show no
transient over-currents as the Pl regulators do not need to be saturated to allow
accurate tracking of the desired trajectories for the moderate ramp speed
variations. A close link between the active g currents and the real power
(torque), as well as the magnetizing d currents and Q, 1s immediately visible
from the respective wavetorms. The coupling effects of the i, clearly manifest
themselves as speed (torque) dependent disturbance (e.g. offsets) in the
respective non-controllable 1. profiles by analogy o the P and Q scenario n
Fig. 4.

Figure 6 illustrates the step-wise PWM angular positions of the modulated
secondary voltage veetor (vo). and the respective space sector variations, while
Fig. 7 shows the respective secondary currents and voltages, during a speed
reduction, from 900 rev'min. to 600 rev'min. That 1s, the speed mode change,
from super- to sub-synchronous. [n the super-svnchronous mode, v, rotates anti-
clockwise as indicated by the ascending angular steps for the same phase
scquence of the windings and o, - (0 in (2). The situation is reversed at sub-
synchronous  speeds when v, rotates  clockwise  with  the  angular steps
descending, which comes from the opposite phase sequence of the sccondary to
the primary winding since o, = (0 in (2). Notice that v, becomes stationary at
synchronous speed as the secondary currents are then DC e g O (2),

Figure 8 shows the enhanced secondary voltage while Fig. 9 shows the
respective phase voltage and current wavetorms which are -rad out of phase as
cxpected for unity power factor control (-1 in generating mode) in steady-state

period.

7. Conclusions and Perspectives

A novel power factor control (PFC) mechanism for enhanced cfficiency of the
BDFRG has been carried out and evaluated by comprehensive simulation
studies under typical operating conditions. Such vector control implementation
can serve as a platform for further research on this emerging and prominent
brushless machine topology for apphecations in large wind turbines and
industries, where the cost advantages of partiallv-rated power electronies and
high rehability of brushless structure can be fully utilized.

The enhanced simulation works in Matlab™/Simulink™  have clearly
demonstrated the immense potential and effectiveness of the controller(s) using
the power factor control mechamsm. The presented results are more than
encouraging and can serve as basis for further research work on this machine.
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