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In the development of a high temperature superconducting synchronous generator it is important to
analyse the magnetic saturation of the machine so that its internal state during load operation prior to
the disturbance is accurately predicted. Furthermore, the use of a superconducting field winding makes
the machine more vulnerable to system instability. A modest increase in the field current may cause
large loss densities in the winding, leading to thermal runaway. This would require the machine to be

shut down while the winding temperature returned to normal, which would compromise the reliability

of machine. In this paper a method, employing finite element analysis, is established to calculate the
 saturated reactances of synchronous machines under steady state operation.

- Introduction

is well known that superconducting generators have many advantages in the terms of
onomic and technical benefits over the conventional generators. The ability to predict
curately the electrical response of the machine ensures that the performance is within
ability margin. In the case of a high temperature superconducting (HTS) synchronous
nerator, two particular areas of concern can be identified both associated with losses
generated in the ‘cold’ regions. The losses in the superconductor increase rapidly as
functions of both temperature and current density. Consequently it is necessary to determine
the temperature and current that may occur in the field winding due to transient events. A
/o dimensional finite element model is employed. Direct and quadrature axis reactances,
e evaluated by finite element analysis taking saturation into account.
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Figurel Sketch of the 100kVA HTS generator.
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The machine used in this evaluation is a 3-phase 2-pole 100-kVA 3000:
synchronous generator with a hybrid salient pole rotor. The stator winding is short pit
(14/24) with two parallel circuits. The design of the machine is shown in Figure 1 an
superconducting generator will be built at University of Southampton, United Kingdom
The rotor will operate in the temperature range 73-77K and be equipped with
high-temperature superconducting field winding made of stainless steel reinforced Ag
Bi-2223 tapes. Since most ferromagnetic materials are brittle at liquid nitrogen tempera
the rotor of the generator will be made of 9% Ni steel. The use of Invar (36% Ni, 64%
was also considered, but the low thermal expansion coefficient of Invar presented gr
difficulty in connecting it to non-magnetic structural materials.

2 2D Finite Element Model

The symmetry of the machine is exploited to halve the area that needs to be modelled. T
reduces the amount of work needed to create the model and reduces the number of eleme
and nodes required. Figure 2 shows the extent of the models used. The losses in the cold
region may be greatly reduced by introducing a thin layer of copper placed over the ro
surface to provide a low resistance path for the eddy currents. The design also includes ¢
nickel steel rings placed between the superconducting coils to divert flux away from
coils and the effectiveness of the diverters is shown in Figure 3.
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Figure 2 The high temperature superconducting synchronous generator 2D model.

3 Finite Element Analysis

In 2D finite element modelling, field current and armature current were used as the input. A
nonlinear Poisson equation is solved to determine the permeability of the iron in the stead:‘
state condition. The finite element solution is iterative in order to account for nonlinear BE
characteristics of the generator magnetic circuits. Linear finite element computations usin;
the permeabilities from the previous solution were then used for calculation of the saturatec
reactances. In these models, the field winding is unexcited and a current of 1A is applied t
the main phase winding with -0.5A in the other two phases. _

In a model with XY symmetry, there will be X and Y components of flux density and
directed currents. The flux linking a rectangular loop with two sides parallel to the
direction is simply given by the product of the length of these sides and the difference in th
vector potential (A,) between the points in the XY plane. The flux linkage 4 is given by



a

2= [a,da-2 [4,da
1 &
a, ay

eay is the region occupied by outward half of the coils in phase A, a,- is the return half

-oils, a; is the area of each outward coil, a; is the area of the return coil and N is the
nber of turns in each coil. The flux linkage of an armature phase per ampere of armature
urrent is the synchronous inductance, L, thus the synchronous reactance is simply x = L.

Figure 3 Distribution of flux lines for direct and quadrature axis investigations

Numerical Results

synchronous generator under load exhibits an interesting symmetry condition. Even
ough the geometry of the generator is symmetric about direct and quadrature axes, the
agnetic field is not symmetric about these axes but does retain rotational symmetry about
the centre of the generator, with a period of 180° for a two pole generator. The direct-axis
reactance, xg and quadrature-axis, x, reactance were found to be 0.1 95 per unit and 0.132 per
unit respectively. The low values obtained are due to the large air gap that is needed to
accommodate the thermal insulation. Calculations were also carried out based on the
constants defined by Kilgore and Walker [2,3] and it was found to be consistent although
some assumptions have been made to the dimension of the rotor pole. A comparison is given

in Table 1.

Table 1 Reactances of the generator

Parameters Finite element | Calculations
x, (direct-axis reactance) 0.195 p.u. 0.226 p.u.
x, (quadrature-axis reactance) 0.132 p.u. 0.148 p.u.
x, (direct-axis transient reactance) 0.041 p.u. 0.052 p.u.
| x; (direct-axis sub-transient reactance) 0.015 p.u. 0.019 p.u.
| x, (quadrature-axis sub-transient reactance) 0.013 p.u. '0.016 p.u.
| x, (negative sequence reactance) 0.015 p.u. 0.013 p.u.

During transient conditions, the synchronous machine exhibits further parameters that
need to be considered: transient reactances (direct-axis, x, and quadrature-axis, x, ); and
sub-transient reactances (direct-axis, x; and quadrature-axis, x, ). The direct-axis transient
reactance is lower than the corresponding synchronous reactance since eddy currents in the
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field winding prevent any instantaneous change in its flux linkage. There is no difference
between the corresponding quadrature-axis reactances, since flux can pass sideways
through the field coils without linking them. The sub-transient reactances are lower than
transient reactances, since eddy currents in the damper winding (which in this case is the
copper screen used to reduce high frequency eddy current losses) excludes the flux from thé
rotor. The direct and quadrature axis reactances at different frequencies are shown i 111
Figure 4. The values at appropriate frequencies are included in Table 1.
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Figure 4 Direct and quadrature axis reactances of the generator at different frequencies

5 Discussion

The direct and quadrature axis reactances were calculated for range of frequencies. The "
direct axis reactance was calculated with the field winding open circuit to give the
synchronous reactance, and with the field winding short circuit to give the transient
reactance. All three graphs converge to the sub-transient reactance at high frequencies. The
values of the saturated reactances calculated using the above method are most appropriate
for modelling small transients. If fault currents were to be considered, a non-linear AC
model might be more appropriate.

6 Acknowledgements

The development of the high-temperature superconducting rotor at the University of
Southampton is sponsored by Engineering and Physical Science Research Council, United
Kingdom, and the research team is led by Professor J.K. Sykulski. :

References

1. Al-Mosawi M. K., Beduz C., Goddard K., Sykulski J. K., Yang Y., Xu B., Ship K. S.,
Stoll R., and Stephen N. G., 100kva high temperature superconducting generator,
Paper presented at Nineteenth International Cryogenic Engineering Conference,
(Genoble, France, 2002)

2. Kilgore L. A., Calculation of synchronous machine constant - reactances and time
constant affecting transient characteristics, A.LE.E. Trans. 60 (1931) pp. 1201-1214

3. Walker J. H., Large synchronous machines - design, manufacture and operation
(Oxford University Press, New York, 1981) pp. 131-137




Published by

Imperial College Press
57 Shelton Street
Covent Garden
London WC2H 9HE

Distributed by

World Scientific Publishing Co. Pte: Ltd.

5 Toh Tuck Link, Singapore 596224

USA office: Suite 202, 1060 Main Street, River Edge, NJ 07661
UK office: 57 Shelton Street, Covent Garden, London WC2H 9HE

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

RECENT ADVANCES IN COMPUTATIONAL SCIENCE AND ENGINEERING
Proceedings of the International Conference on Scientific and Engineering Computation (IC-SEC) 2002

Copyright © 2002 by Imperial College Press
All rights reserved. This book, or parts thereof, may not be reproduced in any form or by any means, electronic or

mechanical, including photocopying, recording or any information storage and retrieval system now known or to
be invented, without written permission from the Publisher.

For photocopying of material in this volume, please 'pay a copying fee through the Copyright Clearance Center,
Inc., 222 Rosewood Drive, Danvers, MA 01923, USA. In this case permission to photocopy is not required from
the publisher.

ISBN 1-86094-345-4 (pbk)



