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Abslrnct-This pnper presents n 2-D transient aiinlysis of a 
superconducting AC generntor(SCC) using the finite element 
method(FEM). The compensated 2-D model obtained by 
lengthening the airgap of the originnl 2-D model is proposed for 
the accurate and efficient transient analysis. The accurncy o f  the 
compensated 2-D model is verified by t l ie smnll e r ro r  6.4% 
eompnred to  experimentnl dntn. The trnnsient characteristics of 
the 3 0 W A  SCG model have been investigated in cletnil ancl the 
damper performnnce on various design parameters IS examinecl. 

generator, 2-D trnnsient nnnlysis. 
Index Term?- Finite element method, Superconducting AC 

1. IN1 ROUUCTION 

A SCG has inany advantages over conventioiial gencrators, 
such as teduction in width and size, improvement in 

In  this paper, the compensated 2-D model is obtaincd by 
lengthening the airgap of the primary 2-D model. The airgap 
length of the compensated 2-D model is calculated by the 
airgap flux difference between the 2-D and tlie 3-D 
magnetostatic analysis. 

In  the transient analysis, the eddy current ol'the inner and 
outer damper have been investigated in detail with respect to 
the various materials and widths of the damper. The eddy 
current losses in the damper structures liave been calculated 
also. The efficiency and accuracy o f  the compensated inodel 
i s  verified by the comparison between computed 
electromotive force(EMF) and ineasurcd EMF. 

A. 30KVA S('G n/todcl efficiency, and better steady-state stability. However, the 
SCG still has been unnoticed for commercial applications, 
from the view point o f  reliability and maintainability since it experimental eq,lil,lnent of 301<VA SCG 

which i s  designed and constructed by I<ERl(l<orea Electro requires expensive liquid helium refrigeration plant [I]. 
111 addition, the superconducting winding of the rotor in tec~lno~ogy ~~~~~~~l~ Institute), 1 - 1 ~ ~  SCG consists of 

the SCG i s  extremely sensitive to the induced alternating sllpercon~Llct~ng ,yeld arlllatllre inlier 

as unbalanced loading, harmonics, and transient state. SCG, 
Accordingly, it is necessary to shield the superconducting 
winding of  the SCG by double damper structures [2], [3]. 

The outer damper, oiiterinost shell of the rotor, is sthjected 
to high centrifugal and electromagnetic forces. I t  also In order to describe the static magnetic field using the 
removes transient magnetic fields due to fluctuation iii the scalar potential. its rotational part should be modified by the 
load. The inner damper prevents the heat radiation and magnetic field intensity 

A = F - V Q  ( 1 )  reduces the transient magnetic field over the stator. 
It is important to calculate the transient state accurately 

respect to the current, the lnagnitic flux ~istri~ution, where F is a11 arbitrary fiinction describing input current 
the heat loss of eddy current. SCG has a very large lateral density .?,and Q i s  a magnetic scalar potential. 
leakage flux due to the air-cored structure of t l ie rotor and Equation ( I )  satisfies Alnperc's law and the solenoidal 
stator. Therefore. 3-D analysis is necessary to calculate the condition o f  tlux density. 

Fig, I sllows 

CurreIits during various operations of the power systelii s ~ c l i  damper, and ollter damper. Table I presents~t~le specificiltions 

U. 3 - 0  FEM Formrilutiun 

transient state and predict the SCG p e r f o k n c e  accurately 

However, 3-D analysis requires a long coinputatioii tiiiie 
and large ineinory size due to the accuracy of the analysis. 
Especially, 3.D transient analysis is much iiiore difficult 
because o f  inesli processing at each relative movement 
between stator and rotor. Consequently, considering ,the 
lateral leakage flux, the 2-D analysis using equivalent airgap 
length i s  more efficient than 3-D analysis with respect to the 
computation time and accuracy in the transient analysis ofthe SCG. 
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-.- 
V . / / (  i:- v n) = 0 (2) 

After discretizing (2) by FEM, the iiext equation is 
derived as 

/ I ' [ s l [ n l - [ F ] =  0 ( 3 )  
where S is  the systeiii matrix and F is the force matrix. 

c'. 2-19 F E M  Fortnula 

111 the transient field, if the inagnetic vector potential lii is 
only z-axis coinponent. end-ring o f  the secondary coiiductor 
is short, and the inagnetic inaterial i s  isotropic, t l ie governing 
equations for tlie 2D finite elelnetit analysis are given (4) and 

where 11 is tlie permeability. 2 is tlie magnetic vectcir 
potential, 2. is the eddy current density, .io is tlie inpill 
curre~it density. U is t l ie electrical conductivity, and ui i s  t l ie 
velocity o f  the angular direction. 

Tlie electrical circuit equation of the voltage sotirce is 
expressed as 

" = R,,,I+l.,,,(d/,,,/dr)+E,,, ( 6 )  
where V i s  the voltage source, R,,, is the phase resistance, 
l,,,, i s  the lealtage inductance o f  the end coil and E,,, is the 

einf induced i n  tlie coil. 
After applying the Galerkin inethod to (4). and combining 

(6). then the system matrix equation (7) using the inverse 
difference scheme i s  obtained as 

(7)  

l ' h e  moving line technique is  introduced to carry out the 
tr~i isient 2-D FEM analysis efficiently withotit i i ies l i  
processing at each inioving step between stalor and rotor IS] .  

111. Rt:suurs AND DISCUSSION 

The SCCi has a large lateral leakage flux due to its air- 
cored striictiire in the rotor and stator. Consequently, t l ie error 

ratio o f  2-D an;ilysis coinpiired to 3-11 analysis is r emar l~~b ly  
large. 

Thus, the modified 2-11 analysis i i ie f l iod wliicli can 
accouiit for 11112 Iiiteral lciiltage Ilux sliould be introduced. 
Among [lie niodificd 2-D iiiialysis ~netlicicls. l l i e  iiietliod using 
equivalent airgap length h a t  i s  calculated by cciiiipiiring tlie 
difference between airgap tlux in tlic wigi i ial  ?-[I i iodcl  and 
3-D inodel of'SCG i s  applied. 

111 this paper. the coinpciirated 2-D iiiodcl is  obtaincd by 
lengtliening the airgap ol' t l ie primary 2-L1 Iniodel to the 
equivalent airgap length 111 the 3-1) ~iiagnctostatic analysis 
using FEM, the airgap(gap length : 16.5 i n i i i i )  f l u x  is 0.004 
Wb the same as tliat o f  the 2-D magnetostatic analysis(gap 
length : 44.6 inm). l'lierel'ore. tlie cquiviilenl airgap lengtli of 
tlie compeiis;~fed 2-D iiiodel is 44.6 t i i i i i .  wliile tlic origiiial 2- 
D iiiodel is 16.5 i i i i i i .  

Fig. 2 shows tlie 3-D finite elei i ic i i f  i i iesl i  of the SCG 
which has I 16,624 elements and 2 I ,3 I7 nc~des. 

Fig. 1 shows the phase voltage caIc~iliited using the 
coinpensated 2-D iiiodel. The inaxiinuiii pliase vollage is 
187.9 V a n d  tlic phase angle with tlie iliree pl i~scs l ias 120 
degrees each. 

Fig. 4 shows tlic results of t l ie 2-0 I%M and experinicnt o f  
the line vollrige betwcen tlie u-v pliase. The iiiaxiiiiuiii EMF 
value of the primary 2-D ~nodel(inotlcl I ) and compensated 
2-D ~iiodeI(niodel 2) i s  405.6V and 325.XV. respeclively. The 
expcriinental rest111 is 306. I V. V i e  analysis crror hctwecii the 
simulated and expcriiiiontal res~i l t  i s  32.5% in incidel I, 6.4% 
iii inodel 2. IJy the restilt, it, clarifies Ilia1 the coinpcnsated 2- 
D model can be efliciently used for [ l ie  accurate analysis o f  
the SCG. 
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Fig. 5 shows the flux distribution in the transient state 
when the value of the exciting current reached at mid-value 
o f  the steady state. Therefore, it can illustrate that the inner 
damper protects the time varying magnetic flux in the 
transient state. 

Fig. 6 represents the analyzed results o f  eddy currents in 
d i e  inner damper by five different conducting inaterials such 
as copper(5.80x101s/m), aiuminuin(3.82~~0~sim), tungsten 

From the results, the more conducting inaterials are used for 
(1.82xI07s/in), brass( 1 SxlO's/in) and iron( 1 .03xlO7slin). M 

' l i " ld , ">CGl  

the outer damper, the inore protection of the inner damper Pig. 4, The comparison of EMF between simillatioii and expcriiiient . 
. . ., 

.....,,, from the transient magnetic flux due to the magnetic 
fluctuation both in space and time occurs. 

Fig.  7 shows other transient analysis results b y  the 
different outer damper widths. I n  case 4, the width o f  the 
outer damper does not change. Cases 1,2, and 3 have shorter 
widths than that of case 4 that i s  to say -24mm, -20mm and 
-1Oinm respectively. Cases 5 and 6 have longer widths than 
that of case 4 that is to say lOmin and 20mm respectively. As 
shown in Fig. 7,  the more longer width o f  the outer damper is 
used, the less eddy current o f  the inner damper occurs. 
The eddy current losses in the inner damper o f  the SCG with 
the outer damper(mode1 3) and the SCG without the outer 
damper(inode1 4) have been investigated and the results are 
s'hown in Fig. 8. The eddy current losses in the inner damper 
o f  the SCG with the outer damper structure are about 10' 
times smaller than that of the model without the outer damper. 
From these results, the role o f  the outer damper which 
protects the transient magnetic field is clarified. 

Fig. 5 .  Nux  distribution ofthe coiiipensatcd 2-D iiiodei in  transient state. 

IV. CONCLUSIONS 

In this paper, the transient characteristics of the damper in 
the SCG are analyzed using the 2-D FEM. The results show 
that the compensated 2-D model is efficient and accurate for 
analyzing the transient analysis o f  the SCG. The accuracy o f  
the compensated 2-D model is verified by a small analysis 
error 6.4% compared to the experimental result. Using the 
compensated 2-D model, the transient characteristics o f  the 
outer and inner damper are made clear by various conducting 
inaterials and outer damper widths. 

'rimsonreo) 
Fig. 6. Eddy ciineiit in iiinerdainper by tlicniuterial veria(ioiiofouterdaiiiper. 
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