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Abstract: The BrushlessDoubly Fed ReluctanceGenerator (BDFRG) ik & fiotential dlternative fo the 1
Doubly Eed Induction Generator {DFIG) In &vind power applications dwing fo ks feasonabletost, 1
competitive performance, And high teliability. In tomparison Wwith the Brushless Doubly Fed 1n ,
duction Generator BDFIG), the BDFRG 1s Inore Efficient Jand kasierto Tontrol owing 1o the 1
cage Jessfotor. One &f the inost fireferable &dvantages &f BDFRG @ver DFIG s the thherently tetter 1
performance Linder Lnbalanced @rid tonditions. The $tudy tonducted in this paper showed that 1
conventional Yector ontrol bf The BDFRG Zesults In Excessivebscillations bf the primary Hc,
tive/reactive power, glectromagnetic forque, &nd primary/secondary turrents in fhis tase.In drder 1
to address $uch limitations, this paper presented & hew tontrol &trategy for the inbalanced dpera,
tion df BDFRG pased Wind feneration $ystems. A inodified Yector tontrol $chemevas proposed 1
with the tapability 1o tontrol the positive &nd the hegative $equencesbf the $econdary turrents 1
independently, thus greatly feducing fhe adverse implications of fhe inbalanced &upply. The ton,
troller performance has been ¢alidated by $imulations iising 41.5MW BDFRG tlynamical inodel 1
built Lpon the positive And hegative 3equencetquations. The ain benefits bf the hew tontrol 1
strategy &re fjuantified th domparison Wwith &onventional PI &urrent &ontrol dlesign. 1

Keywords: Brushless Doubly Fed Reluctance Generator; Yector tontrol; Linbalanced grid Loltage; 1
dynamic inodel 1

1. Introduction 1

The Tontinuously Jrowing Energy Hemands from Hepleting tonventional ourcesl
and the dccompanying &nvironmental &éoncernstith harmful §reen house gas&missions1
and high fpollution fnpose gignificant ¢hallengestio dvercome. Eor this eason,improving 1
energy gfficiency furns but 1o be dne df the primary bbjectives for academic &and inhdus ,
trial Tommunities 1o Address, Including the Hlevelopment f Alternative State pf the art 1
generator land low carbon Xechnologies. Emerging Inultiport Zlectrical Inachines land 1
systems [1] are the key glement in providing Increased power tatings, fault folerant ta,
pabilities, &nd higher teliability telative 1o the Existing $olutions. During the past few 1
decades,they have been fapidly @leveloped In fesponsefo increasing lequirements for &1
wide tange bf hew Applications such as1]: Wind &nergy tonversion $ystems{WECS),1
micro grids, &lectric tehicles, inore &lectric aircrafts, &lectric &hip firopulsion, high power 1
industrial #rives, tobotics, &tc. Among them is tertainly the Brushless Doubly Fed Re,
luctance Machine (BDFRM) Wwith fwo &lectrical &and bne Inechanical port, inostly farget ,
ing large Wind Yenerators 2], but hlso tommercial heating, Yentilation &nd &ir tondi,
tioning (HVAC) and thrge fiump type drives, aswell dasturbo thachinery [B]. The BDFRM 1
main &dvantages tan the summarized asthe following [2]: 1

1

1
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,  Maintenance free bperation tlue fo fobust &tructure {no brushes and &lip fings) and 1
high teliability @nlike the fraditional Doubly Eed Induction Machine (DFIM); 1

,  Inherently Inedium speed bperation Allowing 1he Lise bf A iwo stage hearbox, In ,
stead bf & Lulnerable fhree stage tounterpart tvith DFIMs, dffering §reater inechan,
ical iobustness and bwer failure dates, hencethe apparent tost henefits; 1

, A Bmall capacity power glectronics onverter Yapproximately 25-30%Dbf the Ina,
chine dating) for & fiypical §peed fiange @f 2:11h Wind furbines &and pump drives; 1

,  Superior Ibw yoltage fault ride through (LVFRT) &nd grid ihtegration properties fo 1
DFIG afforded by 1he telatively large leakage inductances and lower fault turrent 1
levels allowing impler protection df the partially rated tonverter, bften Without &1
crowbar tircuitry M]; 1

,  Operating inode flexibility asit tan bperate &sa tlassicallM {which I &n important 1
‘fail safe’feature in tasedf the inverter failure), r &s & fixed/adjustable $peed &yn,
chronous turbo machine, énabling high speed,field weakened traction &pplications, 1
astvell ashigh frequency @enerators[5]. 1

The Hrawbacks that inay be AssociatedWwith the BDFRM &re tompromised lorque 1
density 3], &fficiency, &nd power factor 12]. In dbrder 10 ininimize these limitations and 1
enhancelts Inarket tompetitiveness, further performance Improvements &re hecessary,l
especially through fhe fotor dptimization [2]. This promising fnachine fechnology s &till 1
evolving and according 1o the fatest tlesign &And tontrol Advancesit $hould be $eriously 1
considered las Ja dviable Isubstitute to IDFIMs, Xoremost Jasla wind Xturbine Igenerator 1
(BDFRG) 13]. The BDFRMs have therefore fained Increasing Attention iven their hu ,
merous aAdvantages hot bnly bver DFIMs, but &lso its Brushless Doubly Fed Induction 1
Machine (BDFIM) tounterpart, &vhich I inuch fnore difficult fo tontrol dlue fo the heavy 1
parameter flependence af dlynamic fnodels [6]. 1

The BDFRM 1is 4 $elf cascaded,$lip power tecovery inachine 3] with two tonven,
tional, inusoidal $tator tvindings of dlifferent &pplied frequencies and pole humbers [7], 1
and & nodern teluctance totor baving half the lotal humber df $tator poles 10 provide 1
magnetic ¢oupling thetween the windings. Thus, & fire requisite for the torque firoduction 1
is éstablished thy nodulating the &tator ihagneto motive force Wvaveforms and @enerating 1
flux through & tariable air gap. The firimary (power) Winding ik directly ¢onnectedto the 1
grid, While the Becondary Icontrol) Winding 1s Lsually fed by & bi directional bower 1
converter With Yariable Yoltage &nd frequency 1o Allow the Super dr sub synchronous 1
speed Variations In Either bperating Xegime, 1e., hs h henerator IBDFRG) br & Inotor 1
(Figure 1). If the angular frequency and the tiumber &f fole pairs af the primary tinding 1
are 1+p And P, tespectively, And those df the $econdary Winding &re 1ss And Ps, than the 1
BDFRM Inatural’ $ynchronous $peed{i.e., ith the DC $econdary, s £ 0) iis esyn E1 9Pr, 1
where Pr s the humber of fotor poles, Le., Py  Ps. The Inachine bperation I #letermined 1
by the power flow through fhe primary &ide, iLe., from fhe grid for the fnotor {i.e., forque 1
Te2 @), &nd fo the grid for the BDFRG (Te & @), While the $econdary Winding &an tonsume 1
or deliver active power gubjectfo the phase ¢equenceile., the ®s gign: the BDFRM Would 1
absorb {produce) positive rower tia the $econdary &t $uper {sub) synchronous $peedsas 1
a finotor, &nd &t ub (super) synchronous $peedséasa generator. 1
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1
Figure 1. Conceptual diagram &f the BDFRG basedtind &nergy &onversion gystem. 1

Regarding the WECS, Yarious tontrol principles 1o &xtract inaximum power from 1
the tvind furbine have beenfeported i the literature dver fhe $ears. They tan be tnainly 1
classified &s &calar tontrol [5,8-10],%ector tontrol, Which tan be %oltage triented tontrol 1
(VOC) ar field priented tontrol (FOC) M4,11,12],&nd direct forque tontrol [5,13,14].Thesel
control Xechniques an be khaft position kensor based br kensorless]15], Established 1
through Hifferent Josition Ir kpeed Estimation Inethods, including Model Referencel
Adaptive Bystem (MRAS) [12,16]dr bbserver pased &chemesfor &peed, astvell asforque 1
(and flux) tontrol {17]. The iinderlying tontrol %trategies have different bbjectives such 1
as: power winding winity power factor [11,18], ininimum &onverter turrent dr fnaximum 1
torque per Inverter ampere (IMTPIA), Minimum topper losses,inaximum power factor 1
[11], teactive power and forque tontrol [19], br Direct Power Control {DPC) [20-23].Be,
sides, bther approaches such as Dpen Winding Basedtontrol [24,25],improved Particle 1
Swarm Dptimization 1o Adequately frack the $peed ]26], And &tc. bave Also been flocu ,
mented. 1

All df the previous inethods &re toncerned With the balanced bperating tonditions 1
of the BDFRM. There &re two inain teasonsio tonsider lynamic inodeling &and tontrol 1
aspectsfinder tinbalanced toltage &onditions. Eirstly, fvind furbines are tften thstalled i 1
remote dreasWwith Weak grids Where dinbalanced toltages dre @tommon [27]. $econdly,the 1
power $ystem’s fransient &tability fssues®ith high penetration df WECSinh fecent §ears1
and tonsequently their large impact bn the glectricity $ystem $teady state and flynamic 1
operation 28,29]. Therefore, Linder Yoltage Hip tonditions taused by faults Within the 1
grid, Wind fenerators have 1o stay tonnected &nd Act Similarly 1o tonventional power 1
plants providing &ctive power tontrol, frequency tegulation, and tlynamic Yoltage ton,
trol, asivell asbw toltage dide through (LVRT) [28,29]. Thesefequirements &re §pecified 1
by fransmission $ystem @perators as grid &odesfor different tountries &nd fiegions. 1

Under linbalanced Tonditions, hegative sequenceomponents hre present In the 1
grid Yoltage, tausing problems for Wind Yenerators Such As Linbalanced brimary Tur,
rents, Turrent harmonics ht the kecondary kide, Linequal heating, br hot kpots In the 1
windings [30] Which @legrade fhe insulation &nd teduce the life #xpectancy df the tvind ,
ings, as Well &sproducing power pulsations 131,32]. Unbalanced turrents &lso treatea 1
pulsating torque, Which fhay éauseéxtra iechanical §tressan the drive train and gearbox 1
[33-36]&nd Increase acoustic hoise, foo. Therefore, tudying Wind @ienerators Linder in ,
balanced grid Yoltage tonditions and Hlesigning & tonvenient tontrol strategy are Yery 1
important. 1

A hew inodel for the BDFRG Linbalanced dperation Was put forward in §34] iising 1
positive &nd tegative §¢equencegquations. The §ame &uthors @ised the ihodel firesented h 1
[34] fio @levelop & Predictive DPC (PDPC) inethod for the BDFRG linder inbalanced grid 1
conditions i [30]. The proposed PDPC s haseddn & power tompensation &trategy aim ,
ing fo Achieve two tontrol bbjectives: balancing the primary turrents &and iitigating the 1
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electro magnetic forque pulsations. However, the impact df Linbalanced grid %oltage dn 1
the primary &ctive power and the $econdary turrent has hot beenfully fnvestigated. To 1
the best df the authors’ knowledge, there Is ho bther Work dn YLector tontrol Linder in ,
balanced grid &onditions ih the BDFRG (M) literature fo date &ither. 1

This paper dimed 1o partly fill the Existing Yoid by presenting the ain toncepts,1
design aspects,and simulation Yerification df the Advanced Yector tontrol $trategy tle,
veloped for Linbalanced brid Voltage tonditions With the Intention 1o kimultaneously 1
achieve the primary &ctive power and the $econdary turrent tontrol. A inodified Lector 1
control 5chemeivas proposed for the BDFRG 1o tontrol the positive And hegative ke,
quencesbdf the secondary turrents independently. In the primary flux oriented positive 1
and hegative {dg) teference frames, the inodel df the BDFRG With iinbalanced ferminal 1
voltages Wvas tleveloped and $ubsequently Lised fo dlerive the tontrol form telationships 1
between forque and active &nd feactive power, including positive and hegative tompo ,
nents. 1

The paper s drganized asfollows: after the Introduction, fhe @lynamic inodel df the 1
machine tinder balanced tonditions [ fpresented Ih Section2. The BDFRM tnathematical 1
model for dinbalanced grid Yoltages 1Is presented And Hiscussed in Bection B. Bection 1
describesthe $ystem behavior With tonventional Yector tontrol iinder inbalanced ton,
ditions. An improved tector tontrol design & firesented o &ddressthe hegative §equencel
components In Bection b, Where the torresponding turrent teferencesare talculated for 1
different Tontrol 1argets. The Improved tontrol is Yerified by tomputer simulations in 1
Section &, iemonstrating fhe potential af the proposed tontrol &trategy. Einally, the fnain 1
results &re Summarized h the Conclusions. 1

2.BDFRM Model @inder Balanced Conditions 1

The BDFRM(G) Bpacelector Hynamic Inodel In Totating Hqteference frames &s,
suming fnotoringtonvention tan e flepresented asih [37]: 1

. dq Yy
Up Rolp —5 1 &p QO 2
4.Q %l 11
U Ris == i(F (Eso O
dt ¢
_q Lpi_p Lpsj.sm 1/2
. . . Lps 8 l
s Ll I—pé.pm OLis L_p_ pi/“ @1
,CE)S 2

where Wy &and 1s Are the primary &nd $econdary Winding Yoltages tespectively, While lp 1
and lss &re the torresponding fluxes. The temaining parameters &re &s follows: the pri
mary &nd $econdary tvinding fesistancesRp &nd Rs, &nd $elf jnductances Lp &nd Ls, Lpsis 1
the frimary o 4econdary fhutual (magnetizing) thductance, 2% 1-12J(LoLs) 5 the kakage 1
factor, Jeps Is the inutual flux linkage, &nd ¥ tlenotes & tomplex tonjugate as Lisual. All 1
the Yectors In the primary Yoltage And flux tquations Are ktationary in A 1lg teference 1
frame totating &t Jep, &nd %0 &re $econdary tounterparts but in & lsrotating @lqteferencel
frame shown in the phasor fliagram df Figure 2. Note that fsm % & &And fm Eip(in their e,
spective frames) hre the Inagnetically toupled turrents from bne Inachine kide 1o the 1
other, With the same Inagnitude &lbeit & Hifferent frequency 1o the briginating turrent 1
vectors as & fesult af the frequency fnodulating action af the dotor [7,37]. 1
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Figure 2. Phasordiagram and flux priented fieference frames (ised ih the BDFRM #&quations. 1

The fundamental telation between the Angular frequency bf the primary Lep), the 1
angular frequency df the $econdary { *s), And the glectrical Angular Yelocity df the totor 1
(*r) &an e Written &s,1

£ R rmZp s1Z z 3)1

where 2m [5 fiotor nechanical &ngular ¢elocity. 1
Active &nd feactive power af the firimary Wvinding are éxpressedasfollows 1

3 )
Pp ERe%p—'p 8

A wl 41
Ap E'm Uplp 3
where the &lectromagnetic forque &xpression @ising the firimary uantities : 1
3 A - . (5)1
Te jZP,. “plp Opip 1 o .

The flynamic performance bf the BDFRM(G) tonnected 1o the frid Wwith balanced 1
voltages & tompletely tharacterized by (1)—(5).1

3. Mathematical Model Ginder Wnbalanced Grid Yoltage Condition 1

Each@inbalanced three phase §ystem tan fhe divided ihto three bhalanced three phase 1
systems lising the Symmetrical tomponent theory, le., positive, hegative, &And Zero %e,
quence.Assuming ho zero tomponents (becausedf the Isolated heutral), any Yector tan 1
be -decomposed Iinto Isymmetrical Jpositive land Inegative Isequencelcomponents 138]. 1
Therefore, tinbalanced toltages &f & veak @rid ¢an he described asthe gum af the fositive 1
and thegative $¢equencesas ¢hown i Eigure 3.1
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Figure B.1a) Three phase Linbalanced Yoltages Instantaneous Yalues ith 1.0% Moltage Unbalance Factor IVUF), 1b) 1
three phase Yector tliagram df the distorted Waveform, {c) positive $equence,hnd 1d) hegative $equence.Negative se,
quencetoltage fnagnitudes &re 10%af fositive tounterparts &t the $amefrequency 11

In tasedf Linbalanced grid Yoltages, &all primary Yariables {voltages, turrents, and 1
fluxes) tan the &xpressedih & &tationary (...)fleferenceframe asfollows: 1

Fplej( ot Z ep) ‘:pzej( ! Fp),i / (6)1

where Ep1 And Epz &re the inodules df the positive &and hegative $equencestespectively, 1
while 1 and 1 w &re their initial Angular positions. Transforming {6) into the primary 1
referenceframe (by fnultiplying With &i-rt) kadsfo (7): 1

Fp,

i 4 ESRER i2 g z
Fo Fpe ™ szel e B _Fge 1 (M1

where E% &nd E » &re the positive &nd hegative $equencetomponents of Ep, In the fespec,
tive fositive &nd megative feferenceframes fotating &t 2, &nd 1 ¢y, despectively. 1

Likewise, &ny $econdary Winding Yariable tepresented in the $pace¥ector form in 1
the 1 ..frihe ander inbalanced grid ¢oltage tonditions tan e &xpressedés:1

&S F%el(( rZ p)t ZFS) #@é(( r p)t ‘ES) , lZ / (8) 1
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where F« &nd F« Are the inodules df the positive &nd hegative $equences tespectively, 1
and 1*=and 1 rare their initial angular positions. By inultiplying {8) With &i-stbne db,
tains: 1

Fo Feelr Fdrd?® R F&F 91

where Esand E shre the positive And hegative sequencetomponents In the tespective 1
positive &nd tiegative feferenceframes fiotating at (er 1 *3) &nd (*r % 2p), despectively. The 1
referenceframes &f the BDFRG inbalanced fnodel are llustrated i Figure 4.1

4 4

q ‘/d? A
qp S qs %\\ qﬂp 4
\ / d\
qp \ J/ d p
\ , b
\\ / (;\ é
\\< // dS s
V%N
Lies,

1
Figure 4. The feferenceframes (ised for the BDFRG nodel inder tinbalanced tonditions. 1

The §pacetector fnodel &f the BDFRG @ising the fiositive and hegative $§equencestan 1
be dbtained hy $ubstituting (7) and (9) ihto (1) &nd (2) [34]: 1

d
u, Rplp d;? i549.1 (10)1
. d .
U Riy S5 (Z E,10 an1
_55 Lpi.p Lpsi.S’l (12)1
Q Lsig Lpdp-1 (13)1

It 5 orth doting that the fositive §equencegquations are g&imilar o the §pacetector 1
model tinder balanced tonditions given by (1) and (2). The hegative $equencetinodel tan 1
be tbtained th & gimilar manner [34]: 1

d
o Rolp b 12.Gu1 a1

u
- dt

u R 52z .10 151
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Q Lpip Lpdg 1 (16)1

Q Lsig Lpd, -1 171

Using the aforementioned &pacetector gquations, dne tan how derive the tiq&qua,
tions for the positive &and hegative $equencesasfollows, 1

. d@q 7
Upd  Rplpd at £ od?@
%l (18)1
u R.i d& 3 @
pa  "p'pa Ty pd>
. d Y
Uy Risa 2 (29 of O
i g %1 (19)1
Ugy I:‘)sisq Tq ( er) sd—7°_ o
<

where the fluxes dre: 1
(3 L L ok oq92
d p' pd p& Sd%l

) . (20)1
Bo Lppg Lpbsqy

Q Ldsg L ph pa??
o TPy 1)1

@ Ldsqg Lphpg}

Similarly, for the hegative $¢equence,the dqé&quations are: 1

Jpd  Rplpd — = € p

£l Ryi £

o M d g)t Fo (22)1
dgy  Relsg ?d ( r [¥ sq o

. dQ

gy Rigg Tq (Zr Fsa O

and 1
L L o oq??
d d § sd
G oo Febad (23)1
Ba Lppg Lpbsqy

Q@ Ldsa L ph pa®?
o p_ "1 (24)1
Leisq L ph pag

N

3.1.Powerand TorqueRelationships

The fiower &nd tbrque éxpressionstan e derived by dubstituting the dqfositive and 1
negative ¢omponents ihto 4) &s[34,39]:1
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(Updipd Upd pg U pd pd U ply pl «
3 . . . .
Py = (Upgipg U U nd pg U 0s(2Z t,f
P g e pﬁ Pa Sodp rf'qr)qcl 1 25)1
(Updipg Upd pd U pd pg U p pbSIN(2Z g

I:)pO pp_cos pp_sin

. . H i a
( Updlpg Upd pd Y pd pg U ply p)j «
( Updipg Upd pd U pd pg U ply &COS(ZZt;,l (26)1
(updipd Upd pq Y p& pd U p-b] p)qSin(ZZtF) ::

QpO Qp_cos Qp_sin

N w

Ap

It tan be dbserved from (25) &and 126) that there &re DC tomponents Py &nd Qpo, 0 ,
gether Wwith the bscillating terms &t Houble Supply frequency, Ppsin, Ppcos AN Ppsin, P cos, 1
which hdicate the firesencetf fegative $§equencetomponents. 1

An Average IDC) Yalue And two tomponents bscillating &t 2 «p Also tonstitute the 1
secondary &ctive and fdeactive power given the following: 1

a

(Usdisd Usdsq U shisdU kqlqg «
«

3 . . . .
—  (Ugg u u u 0s(2Z 't
Ps > (Usg s.d s -sq §d. sd 'sq)sﬁ | ( (z’ 1 N1
( usd'sq u sd| sd U sk sq u §q l§'n(22t&

PsO ps_ cos Ps _sin

. . . . a
( Usd'sq usd sd U st sqLI kq ld «

3 . . . .
Js 5 (Usdisq Usdsd U shsqU kg 2:905(22'[25 1
((Usgisg Usdsq U shisdU &g )saiﬂ(ZZt}ﬁ

Q0 Os_cos Us_sin

(28)1

The &lectromagnetic forque &xpression for the BDFRG finder linbalanced &onditions 1
can lhe dbtained ty dubstituting (7) &nd E % Ed £ [Fq ihto (6): 1

. . H i a
. ( pd! pg Opd pd ph pqO ;qu)j O« ©
Te EP,» ( pdipq Op(j pd pji pqo d.q p]]cOS(Z t <§_1 (290)1
( pdipd Opdpg phipd O o pein2 tf0 ©

TeO Te_ cos Te_sin

Therefore, apart from the fundamental tomponent T«, there &re iwo additional bs,
cillating terms at 2 <. Therefore, e ¢an ¢onclude that inbalanced @rid toltages ¢ausethe 1
appearancedf pulsations ih the power &nd fiorque Waveforms. 1

3.2.Methodsfor RealTime $eparatiordf Positiveand Negativebequencebs

The gffectivenessbf the proposed tontrol Inethod highly felies dn the accurate ep,
aration df positive &and hegative $equencesin teal time. There are inainly four inethods 1
reported I the literature: fhe analytically basedinethod [34], 1Signal delay tancellation” 1
[40], land filtering Imethods, li.e., low pass filters 140] Jand Inotch filters Aband lrap, 1
band stop) M1]. Any of fhe listed tnethods leported i the literature tan be ised for this 1
purpose. 1
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The first Inethod, Which is the &nalytically based inethod presented in 34], is He,
rived from fhe fact that Epe, Frpgand Etsa, Frsq tepresent the DC tomponents df Fod, Foq, Esa 1
and Esqfhecausefrequencies @f E+ and E*s &re despectively équal With the frequencies &f dg, 1
and dos frames. In Gther Words, Etpa, Epgand E*sq, E*sqdre the thean Yalues af Epd, Epg, Fsq, &nd 1
Fsq 1

The feal &nd imaginary fpart af (7) &nd (9) &an e éxpressedas, 1

Fod Fpg FpgCos(2 ) F gsin@ 2 Z
p p p B pq . b 2, 1 (30)1
Foqg Fpg qucos(z F;) desm@ 5)2 Z
Fsd Fsd FsaC0S(2 ) F sgsin@ 50)1/2 Z
Yl (31)1
Fsq Fsq Fsf0s(2 ) F sgsin@ tp) Z
Fpd Fpd %
— %l (32)1
Fpg Fra 3
Fsd Fsd #
_ oyl (33)1
qu qu 2

where #,, i, 12, and F3, hre The ean Values bf Fra, Frq, Fsq, and Fsq Tespectively. 1
Therefore, the hegative $equencetomponents &an the abtained from (30) &nd (31) &s:1

Fpd  (Fpd de)COS(Z F) Epg FPQ)San ﬁ)y;

(34)1
Fog (Fpg Fpa)cos2 §) €pg Fpd)sing 5

Fso (Fsg Fsd)cos(2 §) Fsq Fsq)sing 5)%/2
%1 (35)1
Fsq (Fsq FSQ)COS(Z §) Esd FSd)SmQ E))

“Signal delay g¢ancellation” & the $econd inethod, tvhich & dlescribed ih [40]. The &bcl
system is firstly tonverted 1o the %tationary 1.. feference frame ising Clark’s transfor ,
mation, &and then delayed for T/4 asformulated below: 1

Fipr B F (t) Fpcos(tZ ) Apcos( t 3Z /
« » &1 (36)1
FAOS F () R F stz ) F st )2

Ta 0
Fdt D Fosin(tz » B sin(t )% . 1
« » «.1 (37)1
F At I)« F cos(tZ % H cos( t §7 /
4’ ,

The gignals gienerated ih this tnanner &re further processedfo $eparate positive and 1
negative $equencetomponents dasfollows M0]: 1

a o

FD(t)« 1 0 0 k2 FAht) 2 o o
« » « « »

F E(t)« 1 01 >;L 0« F E(t) “«1 » (38)3.
« 21 0 >O I« Fpt T /4)‘ »

Folle 01 21 0 FD T/4 y «

F 0 A et T4 Va 2
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Furthermore, the @iq positive &nd hegative $equencetomponents tan be talculated 1
as:1

F a o . a (o]
d (t)« cos sima FD(t)« 1T 0

. K ) » » (39) 1
Fpc  sin 8035 Foty 7 v, Y
Fs@f cos Csima Fptf 717 ° o
d ( )« » « D( )« L1 » » (40) 1

R s @F-Fs Ty v

Finally, with fhe third fnethod @lescribed In 40] &nd fhe fourth fnethod dlescribed ih 1
[41], the Dositive Inegative) Park’s tfransformation 1s hpplied 1o Yariables F In the hbcl
system 10 produce Yariables F iIn the positive {negative) tigsynchronously totating tef ,
erenceframe. 1t is Well known fact that hegative $equencetomponents inanifest them ,
selves hs Becond prder harmonics In the bositive Hqbynchronously totating teferencel
frame &ccording 10 {7), &nd Yice yversa for the positive Sequencetomponents. Hence, &1
low passfilter 140] dr hotch filter J41] tan be Lised 1o $eparate positive and hegative &e,
guence tomponents i feal ime. 1

Without the aforementioned $eparation inethods, the Linbalanced three phase tolt
agesbr turrents have $econd prder harmonics In fhe @iqpositive $ynchronously fotating 1
referenceframe &s&hown ih Eigure &. This figure &lso firesentsthe fiesults af applying the 1
four listed &eparation inethods. The $eparation df positive &and hegative $equencesinust 1
be accurate, fast, and With aslow scillations s possible &t the beginning and &t the &nd 1
of Yoltage dlip. Baseddn tesults presented in Figure b And According 1o thosentriteria, 1
the 1Signal Helay Tancellation”, br the kecond keparation lapproach bffering the best1
transient performance Was adopted ih the generator inodel tinder tinbalanced tonditions 1
presented in this paper. For the Tontrol Bystem, hotch filter Jresented &s the fourth 1
method Was thosen, Wwhich has & $lightly Worse performance, but simpler implementa |,
tion. 1

Positive q voltage [V]

@1

(b) 1

Figure 5. Unbalanced toltages ih the fpositive diqleferenceframe with &nd Without Wising the &eparation fnethods (a) fos,

itive d tomponent; (b) positive §&omponent. 1

1 1
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4. Conventional Yector Control 1

Using the BDFRG inodel for balanced tonditions given in Bection 2, the following 1
important power telations for the primary Yoltage Yector priented Tontrol IVOC) And 1
flux priented tontrol (FOC) &an the derived []: 1

3 . . 23
Pp,. T( ps;'sq Opg' sd : o
3 72 Yl (41)
p7p - Sy
9. 5 ([ pslsd Opg sho o
p é
3z, Y
ppfoc 2 Qsﬁlsq :
3,22 o 3, % (42)
o (L_p palsd O pae o
<

By bbserving the YOC #&xpressions, there are toupling ferms &ince ka &nd kq &ppear 1
in toth deal &nd deactive fiower delationships &f @1).The level &f doupling tan e feduced 1
by aligning the tp axis fo the fprimary %oltage Yector (Figure 2). If the d, axis b dligned fo 1
the primary flux linkage (i.e., 2pq % 0), the primary flux priented gontrol {FOC) i fealized 1
[15]. The nost Important advantage df FOC dver YOC Is the inherently @lecoupled ton,
trol of the primary active and feactive power. However, these appealing EOC fproperties 1
come at the tost bf the primary flux angle &stimation. In addition, the primary Winding 1
resistancefnay heed fio the known th bw fo tnedium power &pplications [14]. 1

From Figure 2 it tan be $eenthat if the B, axis lies Along the 1s, the Bs axis df the 1
secondary Icontrol) Trame Will &lign 1o 1es. LUnder this Tondition, the primary Hhctive 1
power Hepends Lipon the 4 axis turrent Tomponent bf the kecondary Windings. Fur,
thermore, teactive power tlepends lipon the @l axis turrent tomponent df the $econdary 1
windings as tlearly fllustrated In {42). Consequently, this #nablesthe #lecoupled tontrol 1
of &ctive &nd feactive fiowers. However, firimary FOC fequires the éstimation af firimary 1
flux angle, tvhich, In furn, élepends dn the primary Winding fesistance{Rp). The &ffect bf 1
primary fesistancels ¢mall With farger machines having bwer fesistances.l1

In brder 1o lemonstrate performance df the tonventional YLector tontrol Linder iin ,
balanced grid tonditions, &imulations &n fhe @élynamical inodel «vere tonducted. The fol ,
lowing lest Was performed: after starting the inachine as & &lip ying jnduction inachine 1
(i.e., with the $horted $econdary Winding) &nd &chieving $ynchronous $peed, the tefer ,
ence $peed df 800imp i Super synchronous generator inode Was fequired. After feach),
ing & $teady &tate, 10% YUF tvas Introduced &t 80 & &nd ferminated &t 100%. The $ystem 1
response for 1the tonventional single PI turrent tontrol design 10 & fiven period df Lin ,
balanced bperation 1s Shown 1n Figure B. The Inaximum lorque Dper Inverter Aampere 1
(MTPIA) bbjective tvas $electedby adopting kd % 0. This approach allowed for the iini ,
mization df the &k inagnitude, and hence the teduction df both the topper and tonverter 1
losses,for & given forque. Although fhe averaged active and feactive powers tvere fegu ,
lated, significant power bscillations Were bbserved Hue 10 the ine And tosine ferms in 1
(25)and (26).1

With the tonventional single Pl econdary turrent tontroller, the primary turrent 1
becamefinbalanced ih the fresenceif grid toltage inbalance (Figure &g). The §econdary 1
currents, Whose angular frequency tan be talculated from 13), tontain both the funda ,
mental tomponent df 10 Hz &nd fhe harmonic tomponent df 110Hz &sih Eigure 6h. The 1
measured brimary Turrent linbalance, Le., the Heviation from the bositive Yalue vas 1
about 5.2% and & 1otal harmonic distortion {THD) bf the $econdary turrent Was about 1
3.7%.In addition, all the fime functions &f the firimary active &nd feactive fpower, and the 1
electromagnetic forque, tontained &ignificant 100Hz pulsations, twhich Were about 14%,1
27.4%,and 11.5%af the average talue, flespectively. 1
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One tan tonclude that, fluring grid Yoltage Linbalance, the positive $equencetom,
ponents Jare vell Xegulated by ommon PI ontrollers, Wwhile the hegative kequencel
component fotating at dlouble grid frequency tannot be fegulated dlue fio fhe tontroller's 1
limited bandwidth. Therefore, tonventional Yector tontrol Without backward $equencel
control s hot Able fo $olve the problems &ssociatedtvith the inbalanced fjrid Yoltage &f,
fects and tonsequently fields &n insatisfactory fierformance. 1

=
— l o
E g
2 =
£ 3
= oy
r— g
N
1 1 1
@1 (b)1 ©1

1 1 1
()1 (e1 1
1200
| i
E 400
]
g -400
WA
-1200
79.8 79.9 80 80.1 80.2
1 Time [s] 1
(91 (h)1

Figure . Bimulated tesults With Tonventional tontrol Linder tfransient primary Yoltage Linbalance df 10% YUF Huring 1
80-100%, With & tonstant totor $peed at 500ipm; {a) primary Yoltage profile; {b) fransient fransaction period between 1
normal &and tinbalanced tonditions; (c) $peed turve df the BDFRG; {d) &lectromagnetic forque; {e) fprimary active power; 1
(f) primary feactive power; 1g) fransient period between hormal and Linbalanced tonditions for fhe primary turrent; th) 1
transient fieriod for the $econdary turrent. 1
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5. Proposed Control $trategy tinder Wnbalanced Grid Yoltage Conditions 1

Under @inbalanced tonditions, the fiositive &nd fiegative $equencetomponents tvere 1
completely dlecoupled &s &hown th (18)—(24),and fhus the BDFRG &an fhe gontrolled th dql
positive and hegative feference frames ihdependently. There &re four $econdary turrent 1
components, lLe., Itsq, Itsq Lse, &nd Lsqfio e dontrolled. Apart from the dverage frrimary ac,
tive &nd teactive power, 1e., Ppo, And D in 25) &nd 126), wo Inore parameters tan be 1
controlled. Hence, there hre four kelectableTontrol 1argets that tan be hddressed J41]. 1
Using fhe EOC approach by aligning the ti* laxis fo kp, le., 2%q % 0, the $econdary tefer ,
enceturrent tan then be talculated for #ach selectabletontrol 1arget, s further &labo,
rated. 1

X  Targetl. Balancing Jprimary Xurrents 1o knsure Liniform heating In the Jrimary 1
winding . 1
The balanced primary turrents Imply that Lpa % 0 &nd Lpq £ 0. According o 23),the 1
primary fhegative $¢equenceturrents are @iven &s:1

Ld Oy Ly
- pd Lpdsd pg - Pssq
'pd L—, |pq L—l (43)1
p p
Thus, the deference iegative $equencedecondary turrents gan e defined as:1
SR Ba
Isq L—, | sq L_ .1 (44) 1
ps ps

Therefore, the tonverter iIntentionally injects the backward $equenceturrents into 1
the éecondary tvinding fo $uppressthe torresponding ¢omponents ih the frrimary [39]. 1

X  Targetll. Eliminating the dlouble frequency fulsations a@f the primary active power. 1

In this tase,there Will be ho Houble frequency power bscillations Appearing in the 1
primary &ctive power. Considering 1%q £ D, the Dscillating terms bf the primary hctive 1
power in 125) $hould be fero 1e., Pp cos £ Pp_sin £ 0. This tan dbnly be Achieved iinder the 1
following gonditions: 1

%
i (UpgUpg ”pd“pd)i (UpgUpg Updlphy &2
pd 2 2 pd 2 2 " P,
Upd Upg Upd Upg °

%l (45)1
i (UpgUpd ”pq“pCPi (UpdUpg Updph ©
pq 2 2 pq 2 2 ' pd°
Upd Upgq Upd Upg ¢

According 10 123), the teference hegative sequencesecondary turrents for tontrol 1
purposes tan then he éxpressedasfollows: 1

a
] L, (u u ] (u u
iy % I_7!) pqur;q pzdjpalpd dezpq Zpdi’ﬁgpoill (46)1
PS.TPS Upd Upg Upd Upg 4
a
i Lp (Upgupg “pq“pai (Updlpg Upd gy gpql 41
sa | 2 2 Pq 2 2 P | (47)
ps Upd Upg Upd Upq  Ps

X  Targetlll. Providing tonstant torque 1o teduce Inechanical stressesbn the turbine 1
system. 1
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For this farget, the fiulsating fierms af the &lectromagnetic forque ¢hown h (29) have 1
to e &liminated, ile., Te cos% Te sin £ Q. This &ondition gan tnly be achieved I the BDFRGIs 1
controlled With the fieferenceturrents formulated &s:1

(0 (0
. d. .
ig = (i g1 (48)1

(49)1

x  Targetlv. Eliminating the $econdary turrents fiulsations 1

In this tase,he onverter tontrol attempts fo &liminate the hegative $equencedf the 1
secondary urrents. TThe Inost Etraight forward hpproach bf Initigating the kecondary 1
current tscillations & $etting the hiegative $equencedecondary gurrent feferencesto zero, 1

Isd 0%
. ¥l (50)1
isq 02

In brder 1o Implement the &forementioned tontrol ktrategies, i hew tontrol Algo,
rithm Wvas firoposed &s &¢hown i Eigure .1

I —H

Yvy

o TP, U -~
N ji( N
Y

Iy, ¢ « o 1(T Bl D |0
25 | ] T

| Saq
1
AR &
le—
Q A
dg ‘ﬁﬁ,ﬁ q °
%Ip 4—\5 T Nl @ E
[ | P «_|calculation
Paq Pdq q AA
y u u
< ‘u Pugq Ipdq e i < e Poe D < Pabe
< 2 4 B e ;
U - eJ b € | «—o
U Puq Pdq u Pag ! Pag Poe | Pabc 1

Figure I.A block @liagram of fhe proposed tontrol &trategies inder inbalanced grid %oltage tonditions {sign * denotes 1

reference talues). 1
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Under @inbalanced tonditions, fhe primary flux tontains both positive &nd hegative 1
sequencetomponents. lts §tationary frame tomponents &an e éstimated &s: 1

QDE $uF’ DE RJIP zEdt 1 (51)1

To &chieve &n accurate fieferenceframe transformation, the PLL fnust @nly fecognize 1
the positive dequencefririmary flux 42]. Therefore, & totch filter Was applied &and tuned &t 1
twice the line frequency tb iemove the fiegative $equencetomponents (Figure &). 1

Once the angular Lelocity Zp &nd position IEdf the positive $equenceprimary flux 1
are Hetected by the PLL, primary Turrents And flux in the ktationary 1... fradme tan bel
transformed 10 #ig, And tlg p Totating teference frames. Likewise, the $econdary turrent 1
can be fransformed fo digs &nd dq s feferenceframes. 1

ey Q T
— D Gh [Notch filtef P 1 P

d QL s
o, o D ) EUSHES

G 0 1

Figure &. Block dliagram &f the phase Jocked bop (PLL). 1

In fhe digr feference frame, the positive $equencetomponents éppear &s DC and the 1
negative $equencetnes are dscillating &t 2 <, &nd tice tersain the diq . Thus, fo $eparatel
the positive and hegative $equencetomponents, hotch filters funed &t 2 «p Wvere Lised in 1
the flespective fieferenceframes fio iemove the tscillating terms asillustrated i Eigure .1

6. Simulation S$tudies 1

The 1simulations 1of 1the 1proposed 1control lalgorithm 1were 1carried lout 1in 1
Matlab/Simulink Lising the parameters bf 2 1.5 MW BDFRG pased WECS provided 1n 1
Appendix A. The tated DC Jink YLoltage Wvas $et1o 1200V and & $tandard SpaceVector 1
Modulation (SVM) Wwith & §witching frequency @&f 4 kHz Was @ised. The Maximum Torque 1
Per Inverter Ampere {MTPIA) &trategy 143] Was implemented in Figure ¥ for the iain 1
controller, by $etting I'sa £ 0. The $imulated furbine tvas dssumedio have & forque speed1
profile asfollows M4], 1

T T (r:‘}—m) 1 (52)1

where @r &nd T &re the fated $peed &nd torque despectively, fim s the BDFRG §peed. 1

Under fegular grid tonditions With hegligible Yoltage imbalance, fhe $ystem is leg ,
ulated With & Ttonventional tontroller, vhile the Auxiliary bne li.e., hegative sequencel
current tontroller) is flisabled. When 1he Yoltage iinbalance is Hietected, the latter s in ,
stantly &nabled &nd the hegative $equencefeference gurrents are enerated dubjectfo the 1
selectedtontrol farget. The positive &nd fhegative $equencefeference turrents are passedl
to the inain &nd auxiliary PI déontroller tb firoduce the fequired §econdary tontrol foltage. 1

Initially, fhe &ystem tuns linder balanced tonditions tvith the BDFRG being §tarted 1
as & §lip ting Ihduction tnachine {i.e., tvith the $horted $econdary tvinding). After feach,
ing the %teady state, the tonventional FOC is &nabled, and & 10% Yoltage Linbalance in ,
stigated at 80 § fime Instant. Figures. 9—12%how & tomparison df the lesponsesbtained 1
by tonventional ¥ector tontrol and fhe proposed tontrol flesign In different inodes. The 1
difference hetween the &ontrol fnodes & & tonsequencedf different fiarget &election. 1

Following the linbalance inception &t 80 §, the tonventional tlesign tannot provide 1
adequate tontrol of the hegative sequenceturrents, fesulting I &ignificant active power 1
oscillations &nd linbalanced turrents in the primary Winding. On the tontrary, With the 1
proposed tontrol dlesign, the hegative $equenceturrents tvere tompletely tontrolled &c,
cording fo the TargetlLfequirements asillustrated i Eigure 2.1
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1 1 Time [s] 1

@1 (b)1 (©1

Figure 9. Comparative &imulation fiesults for 10%toltage Ginbalance @ccurring &t 804 Wwith Targetll@a) frimary &urrent; (b) 1
positive &gomponents; (c) iegative tomponents. 1

It ¢an &lso the deenthat With the firoposed tontroller, the @peration &f the dystemivas 1
much &moother tvith feduced primary #&ctive power fpulsations @ccording fo the Targetll 1
requirements &s &hown i Eigure 10.1

o o——

Active power components [MW]

@1 (b)1

Figure 10. Bimulation tesults tomparison With Targetll for primary &ctive power tipple &limination. {a) Primary &ctive 1
power fiesponse;(b) Active fhower gomponents. 1

Figure 11 shows that the proposed tontrol Hesign Wwith Targetlll tan improve the 1
BDFRG @eneration g¢ystem during the toltage tnbalance fieriod ty @&liminating the forque 1
oscillations, Which &re the Inost toncerning 1ssue Huring Jrid Yoltage Linbalance J41]. 1
According fo (26) &nd (29),the firimary feactive fiower fiulsations are &lso $uppressed. 1

T T T T ;
| 1 \
Conventional | Targetll 1 | :
! I
| |
| ) —

-12 ¢

-16 |

I
I
l
-20 -
75 80 85 90 95 100

Time [s] 1 1 1
@1 (b)1 (©1

Figure 11. $imulation desults tomparison Wwith Targetlll for forque &nd feactive power fdipple &limination. (a) Torque fe ,
Schemel0.Hz fundamental @gomponent {positive &lip 60-50Hz) and the 110Hz harmonic tomponent (negative &lip 601
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Hz $30Hz), thich &an e &radicated ty &pplying fhe firoposed tontrol With TargetlV. Hence, the &econdary gurrent 1
immediately hecamefarmonic free asit s tlearly dbserved from Eigure 12.1

1200

Conventional | Targetll 1 ' !
800 ‘ ! | 2
400 | i —_—
0 i '
-400 | ]
R e ——
800 — — ] |
-1200 : ! : | 1 ‘
79.8 79.9 80 80.1 80.2
Time [s] 1 1 1
@1 (b)1 (©1

Figure 12. Simulation fesults tomparison @luring %oltage Linbalance bf 10% &tarting &t 80 & With TargetlV. {a) Secondary 1
current; (b) fpositive tomponents; (c) hegative éomponents. 1

In brder 1o hssessthe tontrol targets Linder tonsideration, they ivere hpplied ke,
quentially With & 10% %oltage linbalance factor &s $hown In Figure 13a.For all four ton,
trol bbjectives, Pro And Qpo Were tontrolled 1o be tonstant. As & tesult, the positive e,
guence tomponents, 1*pdq AINd 1*sdqg Temained Tonstant, 1oo. With Targetl, 1 paq vas ton,
trolled &t zero. 1

L , . : 1 r T " : " -

(@1 (b)1 ©1

Figure 13. 8imulated fesults With 10% frrimary foltage tinbalance: 80-1004: Targetl; 100-1104: Targetll; 110-1204: Targetl
IIl'; 120-1304: Targetlv; (a) primary turrent; (b) positive domponents; (c) hegative tomponents. 1

With Targetll, further feduction af active power tscillations tvas &chieved &s $hown 1
in Eigure 14.Although, i frinciple, the ascillations ghould ke fully femoved, this Wwas fot 1
accomplished dlue o 2 «p harmonic &ffects. This phenomenon has dlso kheen fieported With 1
DFIGs, &nd BDFIGs &nd they have bheen attributed fo donverter ihfluences [39]. 1
























