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Tbt iI!lI.Iysi, presemed ill llus paper (oDs,ders lbe ulVerter and the 
compcns:nor ~ one uai5c:d generating UM $)I'lIcbrol'JUed to the utility 
ner .... ork.. tu the Invener supplie~ Ibe acti~ power. !hI; compens.1tor is 
respcK'..sible mainly for the reactive-power req\llJ'ed by the illvener. Th..e 
power-fa.::tor of iliis unified-unit (in .-utcr md comp.:/lSDlor)dcpendJ O!'l the 
ex.:: itation level or the compeoS3tOf. It I:all be adjusted 10 get Unity or 0.8 
laeglllg unified power.factor, see Fig.(2). At unit}' power (Klor, the 
compens3tOl" covers only die Inverter requirements At 0.8 lagg:iDg power­
fa ctor, tbe excessive reliC/lVe power is dehVl:red 10 ;he uuli!)" improVlllg 
thereby the power factor and vohage regulation of the utility 
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2. Statement of The Problem 

The idea of applying a syncbrooous compensator in connection with a 
wind energy system needs special anention in choosing the describing 
mathematical model and in writing the relevant computer algorithm. The 
main goal of the presented analysis is to get the steady-state and quasi­
dynamic behaviours of the whole suggested system; especially those of the 
compensator. 

Additioo8.1 Objects of the EUJalySJS arc: 

o Study the effect of excitation-level and damping-circliit of the 
com~ensator on the system stability. 

f) Searching for the opti.m.1i specifications of the compensator machine 
which swt a gi veo system and unified power faclor. 

3. The Mathemoti<oi Model 

The mathematicaJ model describes the whole SYS1Clh 33 Vll<: lW ~ 

according to the control strategies defined above. On deriving this model. 
the follo\\wg asswnptions are made: 

o The system is already synchronized with the utility oel:\vork. 

6 Disturbances are due to wind speed; which is assumed to vary 
exponcotiaUy with proper mecbanica1ti.rne-constant. 

o As the eleclricaJ time-constant is too small compared with tbe 
mechanicaJ one; the mathematical model assumes Time Varyiog 
Elfectlvl; Values, (TVEI1. 

e SLDusojdaJ quanti ties are asswned; neglecting thereby magnetic 

saturation effects and higher harmonics. This assumption is ensured due 
to the ex.istellcc of the utili ty octwork, which is as:swned to act as a 
large filter . 

o The size of the smoothing reactor is large enough such that ripples on 
the dc- side of the lnvener are neglected. Accordingly. the currents­
shape on the ac-sides is assumed to be rectangular, 
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The proposed mathematical model assumes both the inverter and 
compensator as one integrated generating unit (INCOM), syncbrooized to the 
utility network at a given unified. power factor. The quasi-steady behaviour 
of this unit depends mainly on wind-speed variations. 1bese variations are 
applied to the model according to a speed course; simulating thereby the 
wind-speed. It is assumed to vary exponentially (2] from one level to the 
other according to the relation : 

( I) 

Due to speed variatioos the lVEVof tile active power delivered by 
the inverter to the utili ty network will change as the cube of speed. 
Accordingly, the parameters: of the INCOMunit will be sLmultaneously 
cbanged to adapt themselves with the attamed level of active power. 

Among these parameters, the reactive-power delivered by the 
compensator is an important one . Therefore, lhe priucipJe of power· 
equilibrium is an esseotial base for the mathematical model. Each time 
interval (61). the balance of both active and Jeactive power through the 
system will be checked. Equations (2) give the equilibrium of the active and 
reactive power at the output-terminals of the INCOMuOJ(. The dynamic 
equation of the alternator gives its active power-equilibrium, Eq.(3). It may 
be noted here that the reactive power supplied by the alternator covers only 
the rectifier requirements. 

Q; (' )=Q, (l)-Q, (I) 

Mere: 

Pm (,) = ( Pm )~,'" . [CD, (') / speed lim i'), 

/\.Pj (,) = J.(f) ~ . ro, (')[{re, (t) - CD, (t ,)) / d'l 
Pb ( , ) = D b . ro, . ro, (t) 

- --
- -- - - - - -

(2) 

(3) 



'kbo::reas, Ito:: stall!; ClJnverters are represented by tb=1f usual 
performance equa.tions, !he IllI(lunery type clelllColS (41u:m(ltbr RIJtI 
'OJ1)~(or) are r~esented oy !he equatioo5 otxalJled &am their relevant 
equiVllleal-ClI'Cw:s The e<juivalell.t circuit cbosen fur the compensator IS tha t 
based on the C4nCllpl ora FicritJous COO~ Polot. (3). This equiv&lelll­
circwl, Fig.(), Ij mOfe convenient Cor cases whcre the SyochrOIlOU' macb.J.Dc 
IS IJpt:fil ti.og under qu.1Sl -steady coodtaons Accordwl! 10 tW~ concept, the 
mutual coupl ing betweeQ !he Stator aDd (Ql:or CItWJts af tbe compensator is 
repre~uled by iUl ldcaI 3-pnast: fictitiOUS convener ... ; Ih rlel:l.y aLlgle; 

(1 = *(1- S) . where S the slip of oscillatlo"". 

a-+CL-S) 
Xal l~) 

Xu l' ) / ' . 
j ~_d A. --v, - 1 • 

., r, r, 
[ , ~ r,_ 

-K:J-
- I • X , '0 ,~ - . 

1- I. 
" " 11 

R 

s 

T 
E,. Lit 
.1.. __ ____ I:-:-:.=.:;:> ci.. N 

Fig (3) : Tho: 3-1'1we Equivaklll-Circuil ofThc S}'1l~ Coa:peaaIOr u~ 
~-K;tJtiow C~D Point 

nus represeotatiOO provides a good revers ib le c.nClgy pass betwecn 
I.bc slalOr and rotor ClCcwlS. Hence, the excitation voltage CUI be expressed 
by· 

Er-V- lc [r.,"'JX, ] 

"""'" X. :: ."<~ + ."<. ( \ - I'-S) k= I,/ I< 
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c, = [{ 1- tan ¢>, (t)} I tan ¢> HI, (t) .cos <l>, (t) I V.,an o,(t)] 

C2 = rc -X$( t). tnn oc( t) 

c] = x. (1) - rc . lao Oe {t) 

D, Compensator dynamic: 

The equation rcpresenung the frequency of compensator- rotor 
osciUatiOG can be obtaiaed fronl the lnslantan~Ous balance of the torques 
acllJlg on LfJ i:: sbaf\. : 

Tj = r T argues == T. + Tas - Td 

Where .-

( Il) 

T, (,) = (3p / ~, ) [( V. Er, (t) / Z, (t)} s;n(8, + 0 ,) - E~ (t) . I, / Z~ (t)] 

T; (t)= J .(~ , / p ) d {ro" (t) } I dt 

Among these torques, the inertia torque Tll) is tbe main source of 
oscLllations With help of Eq.(J J) a differentJal equation IS dcri\'c:d to define 
the: relative rotor speed dunng oscillaoons -

d(m .(t )} 1 dt = (p IJw,) [T, (,) + T. ( t ) - T. ( t) 1 (") 

ne equation is solved using Rl.!NOE KU7TA ME11l0D and the 
computer results ace shown in ,F ig.(7J. 
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4- Computer Simulation and Results 

AIl Lnlcgr-ated compulet program has been Duill carefully 10 simulate 
the proposed WUld energy 5ystcm and 10 get the behaviour of eacb mcludcd 

element, with speCIal focussing on the steady wd dynamic. behaViOurs of 

synchronocs compensator. 

This program IS able II:) produce internally I.be required irutial 
ccocL.uons at:cording 10 tbe control type. The progra.ro is also able 10 
~Iennlne . 

o 'The SLZC and the differen! speclficalioU!) of both the wind alternator and 

synchronous compensator according 10 the ma:.omum avaLlable \llmd 
speed ami the reqwred power-faclor of the uw.Iied uwt. 

e The SUItable SI:t:e of smoothing reac tor, ( fe .L,J, ro hay.; ~1I.:uvtl1e ll 

current in the dc-link according to given vnlue of peak· to-peak de 
vollage . 

In Or(ler 10 permit p<lmai conO'o l operatJon, the speed rant.'C of the 

wind-rurbine is taken wilhJll {O.85 to J.J5)li)r' Ln this range, optimal power 

of wtnd-!urbUlc IS proVllied [1,2], Accordi!:gly, the speed COW-SCII delivcred 
to Ute COlUputalJO IlS are designed 10 suit thi3 rauge. 

The computer program IS eqUlpJ)ed With il deeply teSted logic 
5tnJCru.rt: .. '\11 plopabJe systclO-operallOn !illiures and instabilities are built In 

.his structure. Values o f thc vanables in rdabOu !O these lueul.loced falJLlr~s 

~ lflstllbihrics Wi ll be compared w eacb titm I!Ite rvaJ WIth their expected 
;.afe valUe! or limits. A detected fail ure "Will be sigoaliud with it 

corresponding comment on the morutor. and the prOeTasn SlllpS. Example! 
ior such fail ures and instaoililJes are . 

o The upper or lower Ulalgin of the speed range lies out oithe ~p::ed 
slabdl:Y luwls. The proeram determines intemaJly these lUuits. 

o EI«.tncai and thenn",] inStabilities whach may ~cur L!l the al lernalOr or 
the compensator and the corresponding excitation system. 

o Tbc advance anGie .pM of the inv~rter exceeds its lirailS defined in the 
mput daaa. The UPP;::f value is takeD equal 1d3 and the lower value is 
equal 10 the msm.."ltaneous calculated va!ue of lhc commutation angle. 
The ma:ci.mllm value of the I..llverter commutation tingle muSt be less 
than the minimum value of lhe advOlllCe angle "~ .• by 50 elee .i.e . 

(P .. n - Y 1Qt ):S 5° dec. 
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The computed results ~ illwtrated in figures (4) to (9). Vl!J"iatlOns of 
the LN~I param:ten due to a wtnd speed COI.I(St: are given 11\ fi~s 

(': ) and (5) These lIanlUoDS rcpreuot almOSt me steady-5tate performance 
of we INCQM.U/lit. 

The parameters 00 fjg. (4) arc: computed for unifiet1 0.8 !aggmg power 
faclor and the rOUT typeS of coo.trol strategy. It cae be concluded here, I..h.i!.\ 
fast respoose conttol is expecled USIJII type (3) of control strategy To show 
the effect of the unified poWCT .r~lor 00 IJ1 c pcrformaoce of r.he JNCOM­
UlUI, same parameters are given 011 ligures (5) IJStng type (3) of oonlrol 
Slrati::gy and two u."'Iific~ po .... 'er-faClor.i 0.8 lagging IUId tl.D.uy. Figures (6) to 

(9) illU$01lte the I;T'MSlcot beh:W10ur of the oompec.sator during the period of 
speed vmallon lalung lJIto tcllSldc, ztloo the effect of dampmg cirC Uli 
resislDnee The V"oIIlDb!cs lepreseot\ll@ this bcllavi()W" are tile Merent 
machine torques (TJ, T I' amI T,.J. the frequeocy of the COUlpell53 lOf I:;urrcm. 
and the per.wuI rotor speed. To exclude the effect of COfItroi method, Type 
(l) o{ cor.tro l strate!;), IS I.l..'<e:l it is seen thai oscillating be!iaviour can be 
avoided by sw~ole choice or t.he per-phase value of dampmg.c.irwit 
reS LSIWlee. Having thIS vAlue, 1'1 re ... ~~ design process Wlll be Il~ecssary to 
gel a do:l.-mcn aboul the proper damping eir=il 

Conclusion 

80m stcady and tr.IJIsienl behaVl.OW" of ) SyncluOOOUl cQmpctLsalOf 
opcralUli 31 tbe output tel1lllJlals of a wind-eue:gy system fe;!~l1.og a ulility 
nerwOlk ha~'c been lD'Oesugatcd. fo; this purpose, an integr.ued compt.l(u 
program hilS been bu.1l1 calefully 10 SUJl the complicated !lat~ of the 
suggested system This ualU."e IS due to d!¢ sp«d varying opctaliOll of [he 

wind-turblnc and the mixed mBCh.ineipower-eleceorucs st"ucn..re of the 

system. Ac<:ordingly. ! peeial attentlOIl lias been given 10 !he modeling 
problem. In addition 10 the meotiooed beh.av:cUJ'S, the program i! able to 
give the performancc of each ele:nem included III the system Wld il proper 
suegMtiou of its spoclficalJons. Theldore. the pcogrm is a Ilelp:uI 1001 in 
hallds of the system designer. AJtbough the tdea of using a Sytlctu-ooou~ 
eompcosator seeltlS to be some how expensive bUI it yields an adequate fout 
response methO<! of controlling lile (cactive power required; compared wilil 
othcr Static compensaltDg :nethods. Applying the synchroooll1 compeoUlor 
method, the sb.ort -clrcuit and resonance pfOblerns affec ting th(: uwener 
operntion can be Ilvoidcd. 
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list of Symbols 
~ Tile breaking torque OOnsll!nt, Nw.m. 

Ere The ac excitation voltage ofsyn. compensa tor, Volts . 

Ep The syn. compensator internal \/0113se, Vohs. 

Id The d.c. link CUtTenl, Amperes. 

Ig The wind ,generator armature o:;u lTent, Ampere3. 

[i T he Le. inverter current, Amperes. 

III The ut ility netwOrk t UlTcnl, Amperes. 

~ The syn. compensator armature current, Amperes. 

If The syn. compensalOr field current, Am.peres. 

[~ The syn. compensalO( magnetl7jng cumml, Amperes. 

'it The syn. compensator damping CIrCUlI current, Amperes. 

Ir The syn. compens3tOf equivalent ro tor current. Amperes. 

J The lOlai polar moment ofincl'li&, kg.m2, 

4 The mductaslce: of d,c. link smoot king reactor, Henery 

ro:; The synchronous compensator resistance, Ohms 

fd The d c. link resistance, Ohms. 

r g The wind geotf3tor resistance, Ohms. 

rk The syn. compensator per phase damping reSIstance, Ohms. 

fr The $)ITt. compensator field ruis tance. Ohms. 

5 The slip of oscillation. 

'm The mechanical time·constant. 

T as The compensator asynchronous torque, kg.m. 

T d The compensator breaking torque, kg.m. 

T s The compensator synclvonous torque, kg.m 

Tj The compensator inertia torque. kg.m. 

dt The time interval in seconds 

VI The wind alternator terminals volu.ge. Vole. 

Vr The d.c. voltage beh.ind smoothing reactor, Volt. 

Vi The d.c. voltage applied to the invener, Volt 

V The utility network voltage, Volt. 

(l)r The instant relative speed of the wind-turbine. 

con The propo~ relat ive speed of the wind-rurbine . 

cole The instant relat ive speed ofthe syn. eompenSlior 

I&)s The syn. compensator relative spttd. 

N Constant ¢qUa/IO ..J6/lt. 
p The syn. compensator number of pole pairs. 

Pb The friction and damping power of windlalu:mator, Walls. 
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