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E. ~II 

Nowadays , an ekClric.:I i ~\S l l" m ab road-sh ip ca n b~ bllil l of " ;:,Iml t driven o.lt~ r niltor 
wnich IUpplu;" 1\<: Jc ... ds with <,;C>l1stant vo l t ag<:! .inti freqlX"!'Icy l~rou)!h • n link. The 
s tabl lllY 01 tuch 1 s\'$!e m tJepo!ud~ on Ihf' c hoosmg 01 irs pllr il rneterS and operot. condlt-
1011:;. The ':'Im ,If Inl~ p.lper IS to mves l il-,He ,he clfec( on the al lern(llOr per{o, . once. 
o! the SlllOOthlog_fh:JCtOr, com7'f"nsa \or da mplr g·res is tance a s \Veil a.~ 0: the Itlil ial slip 
o f ~ynC"h r om <!.I!I<ln I)fC( OO:. 
For 11,,_ p(lr pI',r . !ne Pilp (,f' prestn ts a dig ital SimulatIOn whlc~ appli l':S Ih(.:' tlrre vaTnng 
",f" C"~ ~e va:w: lor (oJ,t predIC t Ion of the cu;m- "tcad y stale t-ehavJl.lur of Ille ~y~U:lII . 
Thl~ 1''''na~lO(j r .s due to the generated oscJlla lJom with small shp In thc suggt.Hed ~ ~"':em 
,Olen \ .nsumed 11.1 oe isola. ted from Ihe uulny ne twork. 

n.o L1Yi" UF 5YM60L5 : 
,. 
L 

a lime ,·ary;ng p i t ecl ive value TVE\' o f AC e,,:clla t i on phase vol l<l,l:.e. In voll, 
rVl!v 0 1 ,· omPf!nS1;o.tnr /Olemal phase voltage. m volt. 

:. rVE\' o f AC lermin!l l pha~ "'0110. &<= . ~" V1J I1. 
~ tJ : ~ TVEV 01 DC. ~ oltUKI.: iH::l'imJ smoothing r cac:or. in "'011. 

V<1c :: TVEV of DC ~ oJtag,e appears on inverter te! mmals. in \'011 . 

I : ~ TV[V 01 curr en l. 111 ",roper!!. 
TI .• mCrl l~ torql.c of compensator eqUlval e n l !O one phase. in N-m. 

l'c .- synch ronous torQue of compensa tor, defmed ,].$ above. 
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:~ fI~ynchrOl'loll5 torque of COI''IIpen:;a !or , de fi ned as above. 

.' tl reaklng llJrqUI: o! lOn1l-elllator, def ined us a bove. 

: < inert ia coel llc;en r of compensator equl ... a)en t to one phaSI.: , In kg. mi. 
: ~ synch ronous Imped.lnce per phase , in ohm. 
:= synchrOl'lOUS reactance per phase . in ohm . 
: = com pema lor Pot ier re actance pt!r pha se , In ohm. 

.. armatu re re~1 5Ianc:e po:>r phase , In ohm. 
:: numhr'r of poll.: palfS. 
: = re lative spet'd oj sha h -al terna tor. 

._ Jtl l:'I...)'dniCJ. 1 nnsulnf \'C1OClty D! compensator fo tor, in r<ldJ,cc. 

:= synchronous a ng(jJar ve loc ity o j compensator l tator frequency , In r a<1;sec. 
:~ powcr {ac l or angle . i n fad Ian. 
:= lorque angle. Ln ra dian. 
:= ::onvcrter dej a) a'1g le, in radian. 
:= inverte r advance .:m~l e, In radlef). a nd j $ eQual to T\ .0( . 

:= conllnutation ",ng!e , if) rad",,(\. 
:: com :nlltation angle correspondlflg to ~ero de l;;.y angle, III radl<lIl. 
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Fig. (I) , Di lferen~ Types of Shalt -Al ternator Coupling_ 

Subscripts deno te J, S follows; 

g - shaft-al lc rna tor 
c - synchronous compensator 
re - recllfie r bridge 
In - Invc rler bridge 
D - DC Imk 
L - load receIver 

1.0 INTRODUCTJON : 

As a consequenCe of increasing the cost o( .conven l ional fuel, and In order to improve 
_ .. lhe over311 eff iCIency 01 electric power gener3tLon aboard - ships, prope lle r-shall oriven 

alterna lors are now commonl y In use. In most cases. these a lle rna10rs can be buill dlrectlv 
on the propeller-shall where the sha ft -speed IS IlLgh enough 10 li mi t the !lumber of poles, 
as snown in Fig. ( I). In cases where the shaf l -speed is 100 low, an approp rIate gearing 
GIn reduce the requIred pole numbe r to an acceptab le figure . tn a ll cases , howeve r, 
pC'opeller-shafts are dr iven by gas turbines or diese l engines. . 
11 IS eV Ldent here Ihat the allerMtor pri me-mover o ffers a va riable speed drive . Consequen
tly, the generated c .m. £. wi ll be mainly of " ariaol c fr equency in addition to its va r iable 
value.Mos t of e lect ric ma ins on a ship a re built for AC three phase opera t ion at cOflstant 
vohilge and frequency. Therel ore , one of t he main d iUiculli es o f suppl ying power 01 
propeller-sha lt dri ven alternators to IhesC' mains IS lhe vary jng speed na ture o f the prime 
mover· 
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The tremendous improvemen ts in solLd- state conversion technology mclk c it now possi ble 
to ove( com~ Ih is d!Uic ulty. A DC tink with an Inverte r connectf'd be tween Ihe viulable 
speed al ternator and t he loa ds l~ a well accepted solution to supply eleclrlcal power 
TO the loads at constant frequency and stabilizt>d voltage [H Suer) a system, FIg. {:2-a1 , 
COllVI!r1 !> 1he mechanlc;:,,1 pow<:r taken t ram the propelle r shaft mto elec1flc pow er wL t h 
a freq uency wh Lch corresponds to the shalt speed , and supplies a il e r the converSlOn 
processes t he electric power to the c ommon bus-bars a t Ihe reqU ired rreq uency. 
While the load reqUlre merHs of act h'c power will be supplu~d from the Inverter , a. compens
a tor mus t be connec ted to the inve rter term inals Lf\ order to supply Ihe react i,'c power 
needed for 1I\e inverter as we ll a s for t he load. ThLs compensator IS mam ly a synchrono us 
machme In order 10 : 

i . ob tam natural commuta tion (or the inverte r through the mduced e.m.1. , 
II. opera te, lIltemati vely, as a generator to supply power 10 the shIp ', mall\$ sySi e m 

in ca se o f 1pecds I.lnder ope ra tmg limL t o f the system . 

It IS e VLdent thai this system c ontams [1'10 synchronous maCllmcs which ha ve lWO difleren t 
applicat ions fr om the usual. Each machine IS connected 10 a non·llllear conversion deVICe; 
a recti fL e r or an Jnverter whJch is bUJ h maml y of thyri!l1or groups. Both l'Ilachlfles wdl 
carr y currents of high order harmonic.:s in ei the r st a tor s or rotors even unde r s lead)~s t ll ! ~ 
ope ra lion [JJ . In add itIon to Ihe well known effe c ts of hLgher harruon Lcs on the c urrent· 
shape . JI WI ll increa:it: lhe copper losses [2 J • The mcrca~e in coppf"r IOSSlt5 depends essent~ 
ially on the delay angle o f t he connect ed converSIOn deVIce. ThIS delay angl'.:' mus t be 
conSIdered as an Importan t fa c tor whde desigmn?, It1C correspondtng synChronous mac hine. 
,".no ther faclor which plays a gr"at role in eS\Llf'aling the motlcnine rating 1~ liS operational 
power facl or. In ,hLS system the de lay angle of the re c tif Ier has a "tgllIffcanl e ll ee[ 
on thc iLJ[eroalOr po\,O.er fac tor. Bu t m case 01 synchronous compensator oo tn o( Ihe Invert er 
advance angle and thc load powc( ~ f ac!or ha·~e t he '"flaJor effec ts on t he COlllpenSator 
power-faclor and In turn, on ItS ra ting (1J . 

This paper proposes gUide lioes for e:mrnatms the rallng 01 the 5i"a ft -al lerna~or 
a na pr~dicts Its pe riormance dUrJng Ihe sy)ten dffC'Cl. sync hroru2:atlorl lS I and the spepd 
\'arilliol'l of sha ft -a l te rnator , by a. simple met hod lor formulating the mat hemattcal model. 

hiS met hod LS based on the time varr ing e JJec li ve ·/alue. TVEV , and LS sHTlul .. led II) 

compu ter progra m which can be processed by ,\I ICfO-compuler . 

.. 0 SYSTEM DESC RIPTION : 

Figure (2 ) shows thl! schemati C- diagra m of \III;!' !>ug!)e.Hc:d 'Y!ltem and th<:! phasor 
diagram s o f the included machi nes. Essentia lly , the sysH~m COflS ln s of tlVO s tages : 

i . A \'ari able-speed constant excitat ion al terna tor connected to a c on trolled rectLfLer 
bridge If1 ord~r to del Lver cons tant power to the DC -lmk under con~ tant vol tage Vdc . 

ii. An II)vcn er triggered with cons tant frequenc y Lm pu lses connet:ted wi th ,,:olltroJled 
eXCi tation synchronous compensator fO suppl)' the AC loads unde r cons tant ireq ucnq 
and vohagc 

The cJec t Tfcal powe r gt:nera tc d by t he: shafl -ahem a lor is charac le nsed by both \'ariable 
vott~C and rrequ~nc y. l'hb vohll8c i !l Iccll h cd by means 01 E. -pulse .. , ]-pha"e con trolled 
rec ttfier , whlLh is connected to the DC slde 01 the Inverter through 11 3nlOO thll1g reactor. 
The lJC vo lt age applJed to the InVerter, Vdc , IS held constan t due to flgf d, but uncon lrollt'!d. 
advdnce ans i<: P ~nd the const anl VOl t age applie d \0 the AC-Slde , V. The e XCli a IJon ot 
synchronous compensa tor IS automat ica lly controlled to keep the las I voltage , V, constant . 
This con lrol is ensured ;)S loog as the c apacity ol {he synchronou1 <:.OLl\pensatOl" tS enough 
10 c:ompensa te I h~ reat: Il ~'e power requJn~d oy bo th load a nd tf\ver ter . The va lue 01 tnc 
a dvance angle Jl should be care lull y c hosen to be small enough m order 10 reduce t he 
~erle( reac .~jve power b~ t must be larger than the cor res;xmdtng commutat ion angle, 
D j:l , 10 avoLd uwenet faLlu re. In order to de!L\'er constan t power to the DC-link, the 

voltage \I de: is held constant by con trolli ng the delay angle o f the rec l ii ie r, O(r~ . Coosequ

entl ) . the voltagc "0 slig'lIl y varies in proportIon 10 , J"1t! currelll I D d\JrLng the transien t 
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periods. The c!'osen y;alue: lor the ll n!l~ anSle a t rale(H.~(:Cd Cle tc-,nll c:l lhe 
lor 0llt:rohon under ('005lant powe r. T1is value should be ..:hose:n carelull v 
the Increase 01 high~ harmon l~ :md reac t ive power. 

3.0 MATHEMATICAL MODE.L : 

,peed l imit:> 
a~ 10 ~vO!d 

AS $Ioled above, t he propose d ~)'~ I em COln be' secu on",IJZed IniO Iw:) s la J;c~. Ttl~ 
ccrrespooolng mathema,t .cal molkl IS cerl '<f"<! ,u;cordmg 10 these sta~es. ThrOlil1.ht)ul the 
developme"l t 0: mC<leI equa tlOf15, the follOWing assumpllOfls are mltC1~ l1.3,~1 : 
I . /I1t1~I'lI:!lC w ruratl<m I) negJt'cted. 
II . Th~nlton .. re represented by idea l swllch~. 
Ill . Rlpp le5 In l he DC -link c urren ! arc r:egJe<:led, and unly l ilt:: f H<;t ~-1TmOnt~ IS consldf.:rfl' i1 

Hl IlIJ AC c.rC\ll!S. 
iv. The dynamIC f' G".l llan" il re dC:r1vt::d l(lkmS In 10 ilCCQunt t he IInle vtarytng ('lIe live "e. 

The perlo'mance cquolll;)n5 <Jre den vC!"d accord ing to the [l lla»ol diagrams Klven In Ilgure 
(2), ollid on Ih!:! baSlc-rclal l ;)l1) o f power ~kCHOIllC5l6 .7J . 

) _1 Pt:rt<Mm ... llrC Gtl Uo.I t iull) of rirst Stage, 

t'luatIOn'> 0: the torque olngJc: illld termlnlll voltage oi the ~jJafl · alll:: rf\'llo · ar~ 

liln· 1 [ I .X .(;os (Q , (V ... I .X .!oinm ) 1 
g ~ Til. g b g Tf, 

o ) J"2 
I 

. . ( I 1 

.f ? 

\"", the b.1"I .> of c omtant power delivery ."1M variable ~ed condillQrIS, and arcordlllg 
1.1 the above '~~UlllptlOns, , t c an ~ fO .mel that 

Eg~n . E 
, S' 

c:o~ ('f, .,. S" ) ~ 
& g 

• n , 
CO~ (<f! ' b ) I ., 

go go .r 

(» 

( , ) 
Where Ego ' Xgo '~o and Ego are determined at rilled speed. \V lth Ihe l~ h~lp we CQrre~p

olldlflf, values al any rel il li ve ~eed nr can b(! ot:tilincd . 

Wll n help of Ihc vol l ,]~e behind the smoothmg -re.aclor YO' an cx.prc~slon oj lh~ .. h:..ft· 

nl lc rr.il IOr Te rillu lill volt,lge, Vg; ColO be gIVen as : 

v = V, .. I ( (316/TJ). co) 1001" 1- -0 l .n CQS 10." I 2) I g v r e f e 
.. . ( ) ) 

'\c(..ordmg 10 the pr inClplf" of constanT powpr npCra llO(\ , as s t:u ('d ab:wc . -1'1(" v{'lHa;::e 
drop due 10 commuTat ion will be the ~'Tl~ lor anv dclily- angle. It fo1l0 .... 5 tha t the 10JlOWI!:>], 
relation ! 

Sin (0<. ,G"' /21 . s n ( if I V = s,n2 (0,. II) .' .( Eo) Ie re fe 0 

From equa tions (.S) and (6) , In" retauoos CI the colltrolled ocJay -an&leo( and me cor resp -. ,. 
unding comlllutillion-QIlgh:: -0 r.e <:a.n be: found . 

.( 1 ) 

-c - I 2 .". 
U , .. = cos (cosc;:.. - 1 . sin ( II . J 2) 1 - 0<-'" re 0 re . - . I ::$ ) 



E.8' M. M. I. El - SHAMOTY 

' _2 Petformoo<:e Equat ions of Second Stage 

I\s menUGned before , Ihe compensator i5 prnvlded ..... ith controlled e xc.iUlt ion in order 
10 lei constant voltage V on the AC-liJde 01 the- inverte r. In .... cco.-d.1nce 10 the f requency 
on Ihf! \;lime side, It is held ccnSlanl due 10 the indqxndcnt tns.ger ing hequ<: ocy 01 
1M inven ef. Th" Irequency is normally laken equal 10 the l04d Irequcnc). 
Accol'(lmgly, .::11d ilS ;I. resu ll o f corna anf !ldoiancf':-<,ngle p; eLlher 01 V or 111'1 C;I.J"j be Ulcen as 
r~lerfmCe in I~ CCt'respondmg pharo! diagram, fill (2 -<) . ACtually, lin _ s taken ilS re ler-

elH.:t: while deriving the model-equat ions wtuch correspond to this s tage. To get lhese 
eql.lOlllon .. , the 10110.,.lng indiVidual bal ance or C1;j\:GJibnum-cquarrons are o f greal mteres t : 

J.2.J. The b"lance eqUOlions o f CUll t:n ts . 

· . . ( , ) 
.f 10) 

II ;~ considered here that t he sign of Jo.ld ansle . 'PV IS nega tIve [or laAALnK power - feelor. 

l-2.2. The equ.:l lbrium equa tions of vollage$ : 

· • .l I I ) 

• • .( J l. ) 

).2.3. The b"i<u1ce ~ua t lOO of compe nsa tor torques: 

_ .. ( 13 I 

T
f 

~ )~ d ( Q I 52 )/ dt 
, 0 

Te : !V.Ec - Sin ( b e "O<l) I z.c - lEe' 'c)2 - Kc:1 / S'20 

To- . - IE I (R
k 

_ S'2 ) I. (I • S'? f 52) 
~ p 0 r 0 

· .. ( : ~ ) 

where , 

I x,} 

T do :. breaking to rqu," .lI sync:hrooou, ~. N-m . 

). 2 .• The bal,m c:e equ.:l t lOl'l 01 compensator (Olor -90Si1iOn 

· .. 1 I} ) 



T 

\l,;t h hell' of tile abov~ "'<I~ I IotI' I.·J) , lhoe M'tond 
e..., bIr lormul.lled on 1MI' Ilf\II l fo"" , 

(j(S2,Q) /dl ,(T .1 .T,l/JSZ. 
r Q .: U 

... . a c un jl Xc' ClU A 

U R, ' .,n 'PL x",; . cos<J\ 

C Rc: (OS P xc' ~'" ~ 

).). MalnCmlllt .. ;.al Model I.,.. rr., \Vh<ll~ S ~~\O'n' • 

. . ( I ~ ) 

.( I' ) 

.\ I ~ ) 

. .f : 'l ) 

The ' ... 0 ,1Ml" ldulll matt><"n,.IIK •• ~h o f I>m h n~n can bl! ,,,la u'O 10 ~.>Ln .""", 
11o'~UIl~ the DC-J nI( ,,,,,,.ti."~I"'" , 

. • .\ 20 , 

•• ,! 21 I 

"" 
sln- I r ~. (.01 ..... -l.K .• ,,,oc, J ,n ,n 

F,r",ly, the twl m.l~"m !l.u cal ",<;><1,,[ ... prl!'A!rllng 11 ... """,,,'led '1\IC'" can 0. proceued 
ilcCQ,d,,"I 10 tile: following ....q~ 10 &t!1 th~ ,yst"m~\.I" at ucn ,lrre in le, ... ,,1 : 

t- OCI~""""lion oj t~ .. r .. llt.!""" ~ of (!'Ie compcns,lItc' ,520 ~. ,."~ the ~Vlrel9Ofl~lng 
pa.lI/111f1 ansle B . Be by sIllvmg the '.0 <1111""""11.11 t'q"'''on> (II~I Ill\d \111 OlS"'J( ~ 
I'IUmer ,,;a l mo:l~C>d. tile" Oc ,'.an bt ulc .. d.led ",I ... , .. II " ,u,,-rno:d con~I"' 1 . 

1_ o..l~'f\IIU:ll'l of l hoe (We,le, c~rrenl I'll Iro!!. ~qUlllio~ (l S" ,~ ,r.c DC-III'II< (""'etl' 
10 811(1 tr.c YUlllI!~ bellind Ihl! smoolhm& , net1M' Vo Irom equal")'" (211 and (2~) .r~~ec· 
th~ l r. can t>c: I~ • 

J - O~lermw;)"o~ of cDrlpen~tur power. tlCI I)I' angleR ~I\CI CUtrenl Ie hom tl>e "'<1"11101\5 
(9 ) . .. d U!)) . 

~- Oetermll"lll l"'" lhot ,rdlle~ ~oll4&es 01 cornpen ' I ICIr, Ec and Ep , from follow,", equ.o t'OOI: 

ec • (V • Ie . Ie C(I'; Jc) I ~ o. ~ 
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( "D ) 

fj&.O) Flow-C tlnrt 0 1 It..: Coded I'rO~';1"" 
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where. 

\ ~ 'P .. - 1( 
p cp 

5- Determim:!.l ion for tecllfie(~c and O re from Eqs. (7) and (3) . 

6 - Determination 01 shat t-.aiterna tor parame ters as foHows 

j)ower - jaclor angle CPg. ::: o<.re ... ( Ore 12) 

armature curren t I ~ (V6 / rr ) . lD . cos nf I 2 , cc 

po wer OUlput p g ~ J . V • Ig . cos <P g ; and 

torque angle 'Og frorn equallon (1 ) . 

E. • 92 

If It is time of speed varia tion ho th of E.g and Xg must be recalcuJaed accoldmg to the 
new rela t ive speed . 

Il, COMPUTER PROGRAM 

The ma the matical model de~cribed to the prev IOus 5eCt ion has been coded in a 
FORTRN program al..cordmg to the f1ow -(:hClri g iven JI) f i gure 0 ) . The rnat herTl<lllcal 
model contains t w O l.Ypes of equa tions ; algebraic equauons and oromar y mJleren\!al 
('qua t fen .. , 
The ordinary differen t ial equations are solved, uSing lime varying et fecllvc value, by 
uSing Jounh order Runge Kutta method. The lime mterval of Ihe calcula t ions IS taken 
,),0 I ~e(""onds . 

14. I. Program Terminat ion : 

Program terrlllnallQl1 1\0 111 1.,,= recorded for the folJowi ns :: <lSCS : 

(a) I! vol ta!!.e behind the smoo thing-reac tor, VD. becomes less Ih.;II1 the c rttical value. 

vDCR : I hl s OCLUI~ , whtoll tt,~ srx-ed ot the shaft -iJ.l t c rt"lQ tor is Ics ~ than the cril;c;)' ! 
value which reul ts in zero delay angle . 

(b) If thl! DC-link cur ren t fall s to zero for a long duration ; under the condition that 
YD IS greater than VOCR . 

(c) H the value of Jnvert er commuta tion ang le Oln , e )(cee d~ the va lue of the chosen advance 
angle ~ . 

(d) If the torque <I ngle or the synchronous co mpensa tor be, c;>;ceeds "l\ I 2 : Ihls ()ccure 
durmg the oscdJauon per iod and forces Ihe machine . as we ll as the system, to go 
out o f st.lbJl ity . 

1l.2. Data 01 Systl!:m E;>;all1pie : 

The d a t il 0 1 il syS I ~m CXllmp le .H rQted speed IS ;1S follows; 

- Sha ft Alternat or ; V f line:: 4800\1011 , X :. /j~ ohm, R :. 0.0 
g g g 

- R~c t ifie r Bn dg ; 0<- "ZZ,}O elee. • "!C ,, 25· elec . 
re "'0 

- OC-Llnk : LO " 22~ mH , RO ~ O.} ~ ohm 

- Synchronous COOlpensa lor : V/line : 4800 volt , Rc ~ O.2}6 ohm 

Xa '" JO.l~ ohm , Xp = I.n ohm , 

Rk ~ O.2~ ohm, Fr ict ion and Windage 

losst"s ~ 5 % 01 raled KVA , 
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