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ABSTRACT

One of the biggest problems in designing a large
superconducting alternator is the formation of a demper
shield. The requirements to the damper shield may be
classified as transient stability, dynamic stability,
thermal requirement for negative sequence current, stress
and deflection at a terminal fault, shielding of the field
winding, and critical speed of rotor, The purpose of this
thesis is to find the design of a superconducting
alternator which meets these requirements and minimizes the
cost.

Six penalty functions are so defined that the values
of the functions may increase rapidly. 1f the required
limits are exceeded. The material cost of machine active
elements multiplied by these penalty functions is assumed
to be an index of a good design for the cost and the
performance combined. The index called here the cost
function is minimized by using the steepest descent method.

The results show that the cost, the weight and the
efficiency are quite attractive in spite of a thick damper
support required to absord the strong crushing load at a
terminal fault,

Thesis Supervisor: James L. Kirtley Jr.
Titles Assistant Professor of Electrical Engineering
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b damper support
c field winding core
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m ferromagnetic shield
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8 secondary damper Section

st stainiess steel

v field container vessel
0 azimuthal or tangential
0 initial

1 variation

Symbols

A field defined by eq.(3.16) (A/m)
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D field defined by eq.(3.22) (a/m)
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F field defined by eq.(3.24) (A/m)
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M* mutual inductance /length / turns? (Hy/m)
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Nf¢ number of turns in field winding
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Ng number of turns in secondary damper (dummy variable)
ne critical speed (rpm)

P power or power loss (W)



radius (m)

thickness (m)

critical fault clearing time (sec)
damper radial deflection (m)
armature terminal voltage (pu)

weight (kg)

R
ratio of armature inner and outer radius Rai
ao
R
ratio of field inner and outer radius -R—?o_

reactance (pu)

time constant (sec)

power angle (rad)

armature end length (m)
angular displacement (rad)
armature winding angle (rad)
field winding angle (rad)
space factor

phase angle at the instant of a fault (rad)
power factor angle {(rad)
mass density (kg/m3)

stress (N/m2)

conductivity (mho/m)
angular velocity (rad/sec)

cross section coefficient (m3)

See also Tables 1 and 2.
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I, INTRODUCTION

A. BACKGROUND

The application of superconductors to large alter-
nators has recently been considered attractive. There are,
however, a lot of problems to be solved for practical use.
One of the biggest problems is the design of a damper
shield. Superconducting alternators will have one or more
cylindrical conducting shells in the annular space between
the field and armature, rotating with the field. These
shells are called, collectively, the "damper shield" in
this thesis, |

There are various requirements for the damper shield,
and some of them conflict with one another. There are

some previous papers(l'z)

which show optimized design for
large superconducting alternators. In these paper,
however, those requirements for the damper shield were not
considered.

In this thesis, the requirements for the damper
shield will be summarized and an optimum design which
meets the requirements and minimizes the cost will be

shown. Using the results of the design, feasibility of

large superconducting alternators will be discussed.
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B. CCNSTRUCTION OF A SUPERCONDUCTING ALTERNATOR

The principal functions of the damper shield are to
shield the superconducting field winding from alternating
magnetic fields, and to damp the mechanical oscillation of
the rotor. In addition, in the event of a terminal fault,
the damper shield should withstand strong crushing and
torque 1oads$3)

The time constant of the damper shield should be long
enough for shielding and yet should not be too long for
damping. The subtransient reactance should be large enough
for limiting the stress in the damper shield at a terminal
fault but should not be too large for good stability.

d(u) was proposed as a solution

The double damper shiel
to these requirements, According to this principle, the
rotor would have two damper shields, arranged concentrical-
ly as shown in Fig.l. The inner damper shield, called here
the primary damper, would operate at a temperature of about
20°K. have a relatively long time constant, and serve as
the main shield. It shields the field winding not only from
alternating fluxes due to harmonics, negative sequence
current and surges, but also from heat transfer in the form
of thermal radiation. The outer damper shield, called here
the secondary damper, would operate at substantially room

temperature, have a shorter time constant than the primary

damper, and serve as an electromechanical damper. In
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addition, at the first instant of a terminal fault, the
secondary damper would absorb strong crushing and torque
loads. These loads are so strong that the secondary
damper would need a relatively thick damper support.

Thus, the rotor cross section will consist of six
elements. Arranged from inside to outside, they are:
field winding core, superconducting field winding, field
winding container vessel, primary damper, damper support,
and secondary damper. Between the armature and the
secondary damper, a plastic shell is provided to keep the
inside vacuum for reducing the rotor windage loss. The
damper support shell will serve for maintaining high
vacuum for thermal insulation.

A smooth outer shell outside the armature provides
a uniform boundary condition and confines the magnetic
field within the machine. The shell may be of laminated
iron, or of a highly conducting material., In this theslis,
a laminated iron shield is assumed because of efficiency
and economy.,

None of the armature elements are ferromagnetic or
conducting to reduce the eddy current loss, except the
armature winding itself.

A proposed drawing of a 2000 MVA alternator is shown
in Fig.2.



Fig.2 2000 MVA Superconducting Alternator
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II, FUNDAMENTAL EQUATIONS

The field analysis of an air core machine has been
done previously(5'6) for a machine with one damper shield.
Similar methods can be easily applied to a machine with a
double damper shield by using the thin shell assumption for
both the primary and the secondary dampers.

As for reactances, a new quantity, X4™, called here
"sub-subtransient reactance”, should be introduced,
corresponding to the secondary damper. Xq™ can be
calculated similarly to Xd“.(é) The formulas for
calculating the reactances and time constants are shown in
App.I, where only the fundamental component c¢f the space
harmonics is considered. By ignoring the higher harmonic
component, Xd'. xd" and X4™ can be calculated straight-
forwardly from Xd as shown in App.I. The effect of the
space harmonics in the winding distribution on inductances
is demonstrated in Fig.3. As can easily be seen, higher
harmonic components have a negligible effect on the
inductances, and may be ignored.

For dynamic characteriatics of the machine, Park's
equations can be extended by adding one more damper shield
circuit to the direct and to the quadrature axes, respec-
tively. By using the thin shell assumption and Xgq Dbase
per-unit system$7) we can obtain a simple form of the

extended Park’s equations for a double-damper machine.(a)
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IOI, REQUIREMENTS FOR THE DAMPER SHIELD

Requirements for the machine affected by the damper
shield may be classified as: transient stability, dynamic
stability, thermal requirement for negative sequence
current, stress and deflection due to a terminal fault,
shielding of the field winding and critical speed of rotor.
The first three requirements have been previously analyzed,
and in this thesis only the results of the previous papers
are summarized and transformed intc easier forms for
optimizing the machine design. The latter three require-

ments will be analyzed and formulated in this chapter.

A, TRANSIENT STABILITY

The critical fault clearing time under a fixed fault
and system condition may be a criterion of transient
stability of an alternator. The analysis has been done
assuming a simplified fault and system condition as shown
in Fig.4, and the eritical fault clearing time has been
given as a function of each machine parameter.(s) The
reaults are summarized here by using a regression analysis
described in Appendix 35(9) as follows:

Critical fault ciearing time (in seconds)

te = 0.1339 - 0.1330 X4" + 0.0005 Tg + 0,0278 H (3.1)
valid for 2sHsS5 , Tg = 20
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3 PHASE FAULT

Fig.4 System Used for Transient Stability Simulation

Xg-.1=0.2 pu
Xg_»=0.1 pu
Xy =0.15 pu

(pu based on generator rating)
A three phase fault is assumed 10 occur at the
sending end of one of the two parallel circuits
between the unit in question and an infinite
bus. The fault is cleared by opening breakers
at both ends of the circuit.
Initial operating condition is assumed the

rated load at 0.85 power factor.
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0.25 = Xg = 1.00 , 0.15 s Xq' = 0.60
0.125 s Xg" s 0.50 , 0.075 s X4 s 0.30
0.5s Tps 20 , T¢ > 10

Comparing the results of eq.(3.1) with the original
transient stability analysisss) the standard error of
estimate by eq.(3.1) for 25 sample cases is 0,0032 seconds.

As a reference value of the fault clearing time,

0.18 seconds, a typical value for 1000 MVA conventional

machine, is chosen.

B. DYNAMIC STABILITY AND THERMAL REQUIREMENT

Dynamic stabllity has two factorss one is positive
synchronizing torque and the other is positive damping.
The former requirement is easily fulfilled bucause of the
relatively small synchronous reactance of a supsrconduct-
ing machine. Positive damping, however, may be a somewhat
more difficult requirement for the secondary damper.

Damping is related to the time constant of the damper
shield. For the time constant of the damper shield,
Einstein gave the range of 0.16 - 1,0 seconds inhis thesis,
(10) and 0.2 - 0.5 seconds in a recent paperfll)as giving

reasonable damping. Hamblem(lz) showed that a double

damper superconducting machine is stable enough for normal
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operation if the time constant is tetween 0.01 and 1.0
second. At any rate, damper resistance must not be too
large (resistance limited) or too short (inductance
limited) for good damping. Time constant should be on
the same order as the swing angular period.

Thermal requirements for negative sequence current
such as 122t are another factor constraining the time
constant of the secondary damper. We may assume from Luck
(3) and Dagalakis(IB) that superconducting alternators
fulfill the thermal requirements in power systems protected
with appropriate relays, if the secondary damper made of
copper is not thinner than the depth of flux penetration
for negative sequence current, which is about 6 mm. This
thickness corresponds to a time constant of 0.1 -0.3
seconds depending on the radius.

Thus, we may choose 0,1 - 1.0 second as a rough

criterion for the time constant of the secondary damper.
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C. STRESS AND DEFLECTION AT TERMINAL FAULT

Suppose a thin conducting shell is so located in
magnetic field with radial component H, and tangential
components inside and outside the shell are Hgy and Hgo,
respectively. The force per unit area (described by

Maxwell's stress tensor) on the shell is given by:

op = 52 ( Hgo? - Het? ) (3.2)

og = uo ( Hgo -~ Hey ) Hp (3.3)

These relations can be applied to the secondary
damper during a terminal three phase fault from rated
load conditions by using the thin shell assumption.
Because the secondary damper is a shell of good conductiv-
ity, the field inside the secondary damper does not change
immediately after the fault. Considering substantially no
current flows in the secondary damper before the fault,
the field inside is the superposition of the fields due to
the rated field current and the rated armature current.

Field outside the shell, however, is induced by the
change of armature current (AC and DC components) and the
damper current, in addition to the initial field before
the fault,

Armature current during a three phase fault from rated
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joad condition is given immediately after the fault, by

applying Thevenin's superposition theorem:

\'}
1a = V2 iar L cos(wt+p+2-¢) + L, cos(wt+p)
2 Xa

\'
- Yomcos® ] (3.4)

The first two components (AC) in the bracket can be
represented by
En.
—)-(-d—..cos(wt+q3+ &™)

where E™ is the voltage behind Xq™ shown in Fig.5 and @

Fig.5 Vector Diagram at Rated Load Condition



is phase angle which depends on the rotor position at the
instance of the fault,

Here, however, it is more convenient to divide the
armature fault current into three components:
initial load current, change in AC current,and DC current,
because the secondary damper current is induced only by the
change in armature current and because E™ is not applicable
to the DC component.

The magnitude of the fundamental component of the
tangential field at the secondary damper due to the average

(6)

rms armature current density J, is given by:

R
Ho = 22 sin(28) Ryo [ 1 - x + I 1-x3) (52212 ] Ja
(3.5)

From eqs.(3.4) and (3.5), tangential field at the
angle 8 outside the secondary damper due to the armature

current immediately after the fault is:

0 R
Hog™ _Z"E_ sin(—3%) Rao Jap [ 1- x+%( 1-x3 )(ﬁ%‘)zj

v
-[%...{ cos(wt+p-0)-cos(p-6)1

+cos(wt+p-0+2-y)] (3.6)

Tangential field inside the secondary damper due to
the rated armature current, which is not affected by the
fault, is given Dby:



=23 -
)
Heao =¥ 81!'1(—?&) Rao Jar[l-x+'3L(1-xj)

R
-(iﬁ%)z]mm(wt+m-9+€%-$) (3.7)

Tangential field at the secondary damper due to fleld
current, which is constant Dbefore and immediately

after the fault, is given by:

0
Hog = —= sin( —4£&) Ry (

Reo (3 , Rg 2
3.“ R ) (1-y3)(1"\ )}

Rmi

Jf cos(wt+p-0+58) (3.8)

The secondary damper current 1s induced so that the
radial component of totel field is kept constant before
and after the favlt. The field due to this induced current

outside the secondary damper immediately after the fault
is:

R 2
1-(=2-) )
fos =~ haz| A otn(—5%) Reo [1-x+F (1-x7)
Rmi

R
-(-R—:%)Z] Jar'%%‘-‘[ cos(wt+p=-0) -cos{p-0)]

(3.9)

Adding up those components, we obtain the total

tangential field outside the secondary damper immediately
after the fault:
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Heo = Heg *+ Heg *+ Hor

2H
= Hgo cos(wt+p-0+-y) + :als 5 [ cos(uwt
1+(-R——)
+¢-9)-003(¢-9)J+Hf cos(wt+p-0+5)

(3.10)

For the irside:

Hgy = Hes * Hego

Hf cos(wt+p-0+8) + Hoo cos(wt+p-0+5-y)
(3.11)

where
e .
Hao = -23"@- sin(-"zie—) Rao Jap L 1-x+—%—'(1-x3)

Rmi 127 (3.12)

H
Hal = = (3.13)

0
He ='§21'r' ain(—"f’l) Rg Jg ( RRf: )2 (1-37) [1
—£-)27 (3.14)

To obtain the maximum value of 0, , we may assume
that the maximum 0y occurs when the traveling wave (sum

of three terms which have wt in eq.(3.1¢) ) comes to the
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gsame phase as the standing wave ( cos(p-9 ) term in eq.

2

(3.10) ), because Hg,~>> Heiz' referring to Fig.6.

From eq.(3.10),

Hoo = VA2 +B2 cos(u)t+cp-0+‘tan-l%) - C cos(p-9)
(3.15)
where
2 H
A = Hgp siny + %éfv + Hf coB8 d (3.16)
+ )2
1+ (g
B = Hgg cosy + He 8ind (3.17)
2H
+ g
1 Rmi )
Two terms in eq.(3.15) have the same phase, when
ot = - tadl (3.19)
Then,
Hoo = F cos(m-e) (3.20)
Hgy = E cos(p-0) +D sin(p-0) (3.21)
where
D = H,, cos( tarrl 2 +y ) - He sin( tafl L _5)
ao A ¥ 4 A -

(3.22)



VA2 + B2 cos(wt +p -9 +tan"1'f§- )
Ho o (TRAVELLING)
-Ccoa(gp-0)
\\ (STANDING)
N ANGLE
Hoy Hecos(wt +p -6 +6 )

+ Hpgcos(wt +p-0+2--y)
(TRAVELLING)

\\/V\\ e

Fig.6 Tangential Flux Wave Distribution at a Three

Phase Terminal Fault
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E = - Hgp sin( tai i +§) - Hp cos(tail4-6)
(3.23)
F=- 3ZF5 - C (3.24)

Substituting eqs.(3.20) and (3.21) into eq.(3.2), we

obtain:

Gp =0p] +0pp cos2(pp-0+y) (3.25)
where

op1 = 42 ( F2- p%. E?) (3.26)
or2 =—‘;;9-J(F2-E2+D2 ¥+ L ESD® (3.27)
Y = —%— tan~1 _FETL—%T (3.28)

We assume a thin damper shell to find the bending
stress due to the radial loading op cos2(@p-0+ 7Y ).
First, we will ccnsider concentrated force as shown in
Fig.7. The radial displacement u, and the bending moment

M are given by(m? 3

2

d u u M
82 T RZ C "EI (3.29)
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) 3

Fig.7 Concentrated Radial Force on the Damper

dpp2co82 (B -a)

Fig.8 Distributed Radial Force on the Damper
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M=-ER (cosa- £) (3.30)
For the bending stress:

ob=--%-== gg (cosa.-er-zt—) (3.31)
The deflection can be solved:

u=%%—3f-%§f-aaina--§-%%cosa (3.32)

For the distributed load as shown in Fig.8, integrating
eq.(3.32), deflection at angle a is:

n
3 3 3
u(a) = J'—é,: OrzzR(é‘? --E%I—Bsinﬁ - -hR—EI—cosB)
-7

.cos 2 (B-a) dB

3 B3 °O8 2q (3.33)

where t is the thickness of the shell.
Similarly, the bending stress in Fig.8 is given by:

20,2 Rz
Op = T cos 2 q (3.34)

Adding the deflection and the stresz due to the
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centrifugal force and the uniform magnetic force to eq.

(3.33) and (3.34), we obtain:

opaR , 205 R?

= . 2 g2

Ototal < o2 cos2a + pw<R (3.35)
_ 9nR hoyo p RZ w3

Utotal - " Et T 3ge3 cfxt—g - (3.6

Maxwell's stress tensor of tangential direction has
two components. One is fundamental frequency alternating
torque component which is induced by the interaction
between the standing tangential flux wave and the traveling
radial flux wave. The other is a sin 26 component of
shearing load induced by the interaction between the
traveling tangential flux wave and the traveling radial
flux wave,

Stress and deflection due to the tangential component
of Maxwell’s stress tensor are much smaller than those due
to the radial component. In eq.(3.3), H,. ie constant
before and immediately after the fault, and Hyp is much

smaller than Ho. Therefores
g9 << Op

In addition, bending stress due to the shearing load
of sin 20 distribution is much smaller than that due to

sinusoidally distributed radial load. Thus, stress and
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deflection due to g, is not chosen as a criterion of the
damper design, although it is a little optimistic
estimation to ignore this factor.

Dagalakis is working for more complicated boundary
conditions, and the stress and deflection are found to be a
little bigger for the thick shellsl3ﬁere. however, the

thin shell assumption is used for rough estimation.
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D. MAXIMUM INDUCED CURRENT IN THE FIELD WINDING

Superconducting wire has a maximum current limit that
depends on the flux density. The flux density at the
field winding is kept practically constant during the
transient state because of long field time constant. The
field current. however, may change according to low fre-
quency alternating MMF such as a transient power swing,
from which the field winding is not sufficiently shielded
by the damper shield. The frequency is so low that we do
not have to consider the AC loss in the winding, but the
magnitute of the total current should be within the limit.

The maximum current induced in the field winding
during a transient power swing can be calculated by using
the same program as the transient stability study.(a)

Einstein gave the relative value of the field current
induced by a rotor angular swing without considering the
damper shieldflo'll) Now we will consider the shielding
effect of the damper shield and the cumulative field current
rise during the fault and after the fault is cleared. Fig.9
is one of the results of the calculation for the rotor swing
and the fleld current. The maximum field current at a
condition very close to the transient stability limit is
plotted as a function of some machine parameters in Fig.10.

If we set that X4q' = 0.6 X4
and Xg" = 0.5 X4
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Fig.9 Rotor Swing and Field Current
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Current
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which is very rough but pessimistic assumption, we obtuin

from the regression analysis that:

—g“i"‘—= 0.9716 +o.3701(1-e”1‘i§l‘)(1-e"1_%§§)
rated
- 0.0288 Xq" + 0.0095H (3.37)
valid for 2sHsg5
Tg . Tp S 20
Tg > 50

00125 = Xd" s 0.5
Xd' ~ 0.6 Xd
Xd" 8 0.5 Xd

Standard error of estimate #*= 0,030 for 20 samples

The effect of the inertia constant H comes from the
fact that larger inertia constant reduces the swing
frequency and lets the alternating flux penetrate into
the fileld winding a little more.
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E. CRITICAL SPEED OF ROTOR

One of the factors that constrain the length of the
damper shield (or rotor length) is the critical speed.
Conegidering that some conventional 3600 rpm turbine
generators are operating with their first critical speed
less than 1000 rpm, the critical speed may rot be a very
strict constraint for design. However, some factor that
1imits the length of the rotor is necessary for optimizing
the design.

The first mode critical speed of a shatt supported at
both ends is given byz(15) |

= job
ne 94'34/-IEF;: (rpm) (3.38)

where E: Young's modulus of material (N/m?)
I+ Moment of inertia of the section (ml)
m: mass per unit length (kg/m)
£yt bearing span (m)

Strictly speaking, eq.(3.39) is not applicable to a
superconducting machine rotor which consists of several
co-axial cylinders. However, for a rough estimation, we

may extend eq.(3.39) as:

Ne © 94'3J hﬁzm (rpm) Z for all elements (3.39)
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IV. DESIGN OF SUPERCONDUCTING ALTERNATORS

A. EQUATIONS FOR DESIGN

Equations for requirements to the damper shield have
been summarized in previous chapter. In this chapter,
gsome other equations which will be necessary to establish

the optimum design are introduced.

Rules of Thumb and Constants

Rules of thumb used here based on Kirtley's rules of

(5)

thumb for superconducting alternator design are
presented in Table 1. Constants used here are listed in
Table 2. Most of the constants are the same oOr almost

(2)

the same as those use in the reference' . However, cost
of superconducting wire is based on a recent report(lé) and
is much lower. Characteristic curve of superconductor

capability is also updated as shown in Fig.1l.

Machine Rat aM

Assuming the croes sectional dimensions and the
current density of the field and armature windings,
we can calculate the output kVA per unit length of the
machine. However, the derivation of the length of the
machine is not so stralghtforward because of armature
end effects. By comdbining several equations given in

previous work(s? machine output apparent power is given
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Table 1 Rules of Thumb

Armature end turn length Af = Rai * Ry,

Ferromagnetic shield inner radius Rpj = Rgyo

Damper support outer radius Rpo ® Rgy
Rotor body length Lrp = Laft _%.’.Rfo
Tearing span fpr= 2ppt 2Rgg
Ferromagnetic shleld length = Lgp

Effective length

Armature self inductance Lg @ Loet+ O
All mutual inductances Lagr= Lgg™ Lap=igp

Armature copper loss Lat ™ lap*t 2402
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Table 2 Constants

Average current density
Armatures J,= 3.0X 10° A/m2 (rms)
Space factor
Armature winding: Ag = 0.25
Field winding: Ag=0.625
Peak flux density
Ferromagnetic shield: B = 1.5T
Iron loss
Ferromagnetic shield: Pp= 4 W/kg
Conductivity
Armatures gg = 6X 10’ mho/m
Primary damper (20K) s op,= 5X10” mho/m
Secondary damper (R.T.) s+ og= 6X 107 mho/m

6 mho/m

Damper support: o0y = 1,38X10
Mass density

Average field windings pgp= 5.56X 107 kg/m3

Field winding core: pg= 7.8X10° ke/m3

Field winding container vessel: p, = 7.8X 103 kg/m3

Armature middle part: p, = 4.5%10° kg/m3

Armature end turnss pye = 4.0X10° kg/m3

Damper supports pp= 7.8X 107 l:g/m3

Ferromagnetic shield: p,=7.5X 102 kg/m3

Damper shield: pg= pp= 8.9X10° kg/m3
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Table 2 Constants (continued)

Young's modulus
Stainiess steel: Eg¢= 2.1X 1011 N/m2

Coppers E,y= 1.1X101 N/m2

Gaps between
Armature and secondary damper:s gag= 0.05m
Damper support and primary damper: gbp = 0,002 m
Primary damper and field container vessel: gpy= 0,002m
Thickness
Field winding core: t.= 0.025m
Fieid contalner vessel: t,=0.005m
Winding angle
Armature: Oyae= 60
Fieldt 8ype= 120

Cost
Non-magnetic stainless steel: cgi= 4.0 $/kg

Oxygen-free coppert cq,=4.0 $/kg
Silicon steel core punching: c,= 2.0 $/kg
Superconducting wir(ela6) ce= ( 0.12+0.018 Bpgy +0.0036
‘Bpa2) X 2 3/kA*m
Material
Armature, primary and secondary damperss copper

Damper support, field winding core and field winding

container vessel: stainless steel
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Fig.1ll Characteristic Curve of a Superconductor
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by

. 2 2

B
>

'[ "xaf ( zaf". AL ) 81n¢ +J lafz - xafz (zaf +AL )2

rcosly ] (4.1)
where

2

Lg' Jg 8 R - x2
ng,)ﬁ a_va “wae Tao (1 x)) (4. 2)

2 Mag' Jf Owpe Rpp<(1-y

L
L.t s—-!—-é— (4.3)
% 25 Ngy

Mg = ‘afmﬁft o (4. 4)
La's Mge' and X . can be calculated from the cross
gectional dimensionz and the current deneity, Armature
end length A2 is alse a2 function of the crose section
using the rule of thumb. Then we can solve eq.(4.1) for
Lop a8 a function of the machine rating, that is, kVA and

power factor.

Iron and Copper loss

A procedure to decide the radial thickness of the

ferromagnetic shield is a= follows.
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Maximum redial flux at the inner surface of the

ferromagnetic shield at the rated voltage is given by:

0 Reo
Bui =3 ko Tgo 8in—3% Ry (FEZ)7(1-y3)  (k.5)

If we set the maximum flux density in the ferro-
magnetic shield to be B, , the radial thickness of the
ferromagnetic shield is:

t = —24nl (.6)

The iron loss 1s given by:

where Rpy,=Rpgy *t, , and p, is iron loss per unit mass
at maximum flux density B, .

Armature copper loss is given by:

2
J 2 2
Pg = o7 ':a 3 Owme (Rgo” =Rai” ) 244 (4.8)

Weight of Machine Active Elements

Rotor:

Wrazr'b o z[ D ( Roz "Riz)] (""a 9)

(Z for all rotor 2lements) (L,,, L., See Table I.)
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Armature:

2 2 2
Wa=3 Oae (Rap =Rai” )Pa Lar+6 Oyael (2 Rag=-Rqy)

- Ra1?1p,, A% (4.10)

Ferromagnetic shield:

Wn =1 o (Rpo? = Rg%) 2p (4.11)

Total active elements:

Wi =Wp tWgo +Wp (4.12)

cost of Machine Active Elements
Superconductor:

Cr=Owse (Reo’ =Rp3? ) ( Bgp+1 Rpg ) cp Jppq gy (4.13)

where Jg,,,44 18 the field maximum current density at the
rated field flux density By in Fig.1l.

Total material cost of the active elements:
Cy=WagCat* WeyCoy* ¥nom* Cy (4.14)

where Wgt and W,, are the weight of elements of stainless
steel and that of copper, respectively. (See Table 2,
Material) Small ¢ means cost per unit mass($/kg).
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B. OPTIMIZING PROCEDURE

Our purpose is to minimize the cost within the
performance requirement limit stated in Chapter II.
However, these limits are not very strict., We may use
some penalty functions for the limits, and multiply the
cost given in eq.(4.3) by these penalty functions to get
an index of optimization called here the cost function.
In order to find the design that minimizes the cost

function, the steepest descent method will be used.

Variables to Be Optimized

If the machine rating is given, seven independent
variables listed in table 3 may decide the whole machine
design, using the rules of thumb and constants given in
Tables 1 and 2; Starting from the initially guessed values
of the seven variables, we will find the values that
minimize the cost function by using the steepest descent

method.,

Penalty Functions

From the results of Chapter II, six penalty functions
are established to constrain the design., These functions
are listed in Table 4, The values of the functions

increase very rapidly if the limits are exceeded.
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Table 3. Variables to Be Optimized

xq =Rpj ¢ Inner radius of field winding
x2=t¢ 1 Thickness of field winding
Xq = tp i Thickness of primary damper
xy =ty ¢ Thickness of damper support
Xg =tg t Thickness of secondary damper
X6 =tg ¢ Thickness of armature winding

Xn =Jp 1+ Fleld winding current density at rated load
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Table 4. Penalty Functions
Critical fault ciearing time (Transient stability)
£1(te) =0.95 +0,05 (2422 )t (te in seconds)

Maximum field current density (Shielding effect)

J fmax )15
Bt 1imit
where Jge . 15 given by eq.(3.37), and Je1imit 18 2

£2(Jgnay) =0.9+0.1 (5

function of By ( flux density at the field winding at the
rated load condition ) as shown in Fig.11,

Critical speed

f3(ng) =0.9+0,1 (Lx_;%e_q)B

Damper stress
1
£4(Opay) =0.95+0.05 (5o o 9““:," )

where 0, _ is the maximum value of Ototal N €.(3.35),
and Oy is yleld strength of commonly used stainless steel

that is 4.2 X 108 N/m2

Dynamic stability and thermal requirements

£5(Tg) = 0,95 +0.05 (&) +o.05(—%;%)15

Damper deflection

£6 (upg,) = 0.95 +0.05 (oBX_ )15

where upay i8 the maximum value of uyg4a7 in eq. (3.36).
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Steepest Descent Method

The ste2pest descent method is a method to find the
bottom of a basin by descending along the astesepest slope.
In this case, the basin is located in the eighit-dimensional
space spanned by the seven independent variables and the
altitude.

The flow chart is shown in Flg.12, In this program,
Axy (1=1 - 7) is set as 5% of the initially guessed
value of xj .

Complete program list is shewn in App.II .
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( Start )

Read machine rating and initially
guessad values of 7 variables

k=]

[

Calculation of:
cross section, machine length,
machine parameters, damper stress,
critical speed, loss, weight,
cost, penalty funection, and cost
function

k=k

+1

%
Cro=1008

Y“-ﬂ—< Cek <Cy 1 ?>“°

Y

AC
)

(
Axi

hi=
7
~/mil (

e —

Cy )2
X

A
A

X3, (k1) "%y, ~0%; hy
|

Fig.12 Flow Chart

AR T
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C. RESULTS OF DESIGN

Optimized design sheets for 1000 -~ 10,000 MVA,

3600 rpm machines are shewn in App. V., All machines are
assumed to operate at 0,85 PF, The results are summarized
in Figs.13 -22, A proposed 2000 MVA machine drawing based
on the design sheet is shown in Fig.2,

As indicated by the design sheets, among the six
penalty functions, functions e¢f the critical fault
clearing time, cfitical spead, and damper stress are
conflicting. For larger machines, the damper stress is so
severe that the critical speed and the critical fault
clearing time decrease as a result of the thicker damper
support and the longer rotor.

These designs are based on many assumptions as stated
previously in this thesis, and there will be many
discussions. One of them might concern the penalty
functicns. Obviously, different penalty functions give
different optimum design. If we want a machine with small
damper stress, we could get such a design by setting
appropr}ate penalty functions.

Penalty functions shown in Table 4 seem to have
rather sharp limits. In order to find the sensitivity to

the sharpness, another set of penalty functions are tried.

e
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The new penalty functions have 25% 1linear component

such as,

£1'(85) = 0.70 +0.25 (212 )4 0,05 (2:19)"0 (4.1
c c

for critical fault clearing time, for example. The
results for 2000 MVA machine using the new penalty
functions are plotted with a sign v in Fig.13 - 22, The
25% linear component in penalty functions seems to have
very little effect.

Another discussion might be 2bout the gap between the
armature and the secondary damper. In this thesis, the
gap has been set 0,05m, assuming that the minimum
allowable gap from a constructional point of view would
give the minimum cost. 1In order to confirm this assumption
2000 MVA design was done with 0.075m gap between the
armature and the secondary damper. The results are shown
with a sign * in Fig.,13 -22. We can see that a longer
gap 18 not an economical choice. However, it may be a way
to reduce the damper stress as suggested by Dagalakis(13?

There will be many other points to be checked or

improved for more precise design.
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V. FEASIBILITY OF SUPERCONDUCTING ALTERNATOR

Prospects for large superconducting alternators are
bright from the view point of weight, cost and efficiency
with reference to Figs,13 - 16. Specific weight in Fig.13
is 30 -50% more than that given by a previous study(z)
because of the thick damper support. Stili, specific
weight of superconducting alternators is quite attractive
compared with current conventional machines, even if
multiplied by two to account for bearings, enclosure, etc.

As for other factors shown in Figs.17 - 22, none of
them are completely unsatisfactory, although some of them
seem to be very severe, especially in larger machines.

However, we should expect many other problems to
be solved before a superconducting alternator is actually
constructed for an electric power utility in another

decade.
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VI. CONCLUSIONS

Requirements for the damper shield may be classified
as: transient stability, dynamic stability, thermal
requirements for negative sequence current, stress
and deflection at a terminal fault, shielding of

the field winding, and critical speed of rotor.
Among these requirements, damper stress, critical
speed and the transient stability are conflicting
especially in larger machines.

Optimized design sheets for 1000 - 10000 MVA machines
are given by using sueh techniques as regression
analysis, penalty functions, and the steepest descent
method.

With reference to these design sheets, weight, cost
and efficiency are quite attractive. The prospects

are bright for large synchronous alternators.
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APPENDIX I, REACTANCES AND TIME CONSTANTS

Inductances
0
2 “wae
Lg 16 4o 8in — - } Lo 2 3,2
Ly' = = 1-4x3 +3x% +£ (1.%3)
a laNa? BﬂGWae( 2)_2-L 3 3
R 2
. (_R:: )7 ] (A.1)
Lf 16 u, sinz——egfe i b2 5
Lt = 5 = > s L1-by2+3yT +=5 (1-y3)
LeNpyg 3meie (1-y2)
R 2
(72" ] (A.2)
M 32u sin sin——=— Qvae R
Maf' QI_ o fo )
‘afNatht 37 0yse Wae(]L-yz)(l-xz) Rao
1 Rao 2
'(1-y3)[1-x+—3—(1-x3)(-nr1—) ] (A.3)
m
L Hotr R 2
Ly =—P2 =0 14 (=2) (A.4)
P ,prz 5L Rog ]
L
L '= 8 How + -
s “ong 8 —g— L1+ ) ] (A.5)
M 2u,8in 88 ? vae R
M lg—__a.E__:: 2 Rp El-x +—%—(1_x3)

a
P zaPN&NP @ ae (1-x° ) ao

R. 2
-(ﬁ) ] (A.6)
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1.5VZ2 1 J e RZ (1-x2) ¢

X wae ao a
a” J. 0 (1-y° ) £ e
af f "wfe fo
x = xa e r———————
d -xasin¢+J1-XEcos§¢
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f af
X,'=X (].-—-!L——-———-)
d d L Lf! Ea
02 z
- a af
M'Bz Lop
Xg"=Xg (1-—28. _—2l,
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Time Constants
= Mo R 2
Tp —2—-0p tpRpl:l'*'(Tn%.') ]
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Tg =50 0gtg Rg[1+ (=2~ 3 )% +52 ap ty RpL1 +

(A7)

(A.8)

(A.9)

(A.10)
(A.11)
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Rp .2
mi)J

(A,14)
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APPENDIX TI . MULTIPLE REGRESSION ANALYSIS

Suppose y is to be regressed on a number of
variables or "regressors". For the purpose of
simplification, let us assume y is a function of two

variables, x and 2z in the form of:

y=f(x, z) (A.15)

where f (x, z) may contain some coefficients, eay a, B,
and Y. Our purpose is to find the values of a, B and y

which minimize:

n
w=Ilyg-f(xg . 2y)02 (4.16)

where n is the sample size.

This is done with calculus by setting the partial
derivatives of the function u with respect to a, B and y
equal to zerc.

For example, if y is a linear function of x and z,

the relation is of the form:

y=f(x,2)=a+Bx +yz (A.17)
Then,
u=§-(y1-a-ﬂxi-yzi )2 (A.18)

By setting the partial derivatives equal to zero,
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we obtain:

a=y (mean value of y) (A.19)
§xiy1=B§x12+7§xizi (A.20)
);ziyi=8§xi zi +Y§z12 (A.21)
i

These equations may be solved for a, B and Y.
An index of the goodness of fit is a standard error

of estimate given by:

o= ( %eiz/v )% (A.22)

where e; is the error for i th sample, and v is the degree
of freedom given by:
v =n - ( number of coefficients to be estimated)

We may find the confidence level of the estimate by
using t-distribution.
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APPENDIX, T, IRM-1120 PROGRAM LIST

Coaga

Cotapn

10
25

Ctunn
45

Coopn

SUPERCONDUCT NG ALTERNATOR DESIGN MIKE FURUYAMA

DIMENSION VIT)s S(T)s Di714 F(B)

RMa9=414 Xe¢3~3360

EQUIVALENCE (VI1)sRFIDoUVI2) o THF) s (VI3 )9 THP) s (VI4) o THB) s ({V(5)sTHS)

1o (VI6)sTHA) o (VI(T7) sAJF)

NATA FRO » AJA o SFA » SGA » SFF
1/ 60409 3000000es 0e25» 60000000es 00625/
DATA CNDP o CNDS o TF ,CNDRs QHM + RHA » RHAE

1/ 50000004 460000000« #30041380000es 75004445006 ¢40004/

DATA GAS s GBP s GPV § THC y THV s SGY
17 0e059 Ca002s 040029 0e025s 00054 420004/

DATA EST oECP s THWAEY THWFEs BSAT » PM

1/ 2¢10E11 911e1E2]1 o 6060 s 1204C » 155 9 «0046/
DATA RHCP 4 RHST 4 CTST, CTCP , CTM

ls 8900¢0s 7800409 40 » 4o0 » 240 /
THWAE=THWAE/5743

THWFF=THWFE/57.3

PI=3,414159

UVM=4,0E-72P]
NEAD{2+700) PWRyPF 4 VLTIRFI s THF 9 THP 9 THB» THS s THAWAJF
FCO=x140E29

DO 3 Kal,e?
DIKI=Qe05®V (K]
RATING
OMG=2,0*P1#FRQ
POLER2,0

RPV=FRQ #60,0
CRA=PWR#1000,0/VLT/1.73205
1DSG=0

DC 50 J=148

IF(J=2) 45435,25
VIJ=2)=V(J=2)=D(J=2)
VIJ=11=ViJ=1)+D(J=1)
CROSS SECTION
RFO=RF[+THF

RVI=RFO

PVO=RVI+THV

RPI zRVO+GPV
RPO=RPI+THP
RBIaRPO+GRP
RBO=RBI+THR

RS1=RBO

RSO=RSI+THS
RAT=RSO+GAS
RAO=RAI+THA

RMI=RAO

RCOaRFI

RC1=RCO=THC

LENGTH OF MACHINE
X=RA1/RAQ

Y=RFI/RFO
XX=RA0/RM1
YY=zRFO/RM]

Clesl6,0 *UM /l PI®THWAESTHWAE#(],0=X#X)##2)
C2=16.0 UM /U PISTHWFE#THWFE®(1,0~Y#Y)##2)

C21=32,0%UM/( PI#THWFESTHWAE®#(1a0=Y®#Y)#(]1,0=X%X)}
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C10= THWAE®0 45
Clie THWFE®Q.S
SC10=SINI(C10)
SC11=SIN(C11}
C3=x=3,0
C‘E-IQO
C5-3.0
C6=C4/C5
C1222.0
C7=C1%5C10 BR82/CA8 (LL=CORXREL44,00XRRC542,0%CH%()o0-X#%#C5) %22
1 *xxe2Cl2)
C9=C2%5C11 HR2/CIR(CL=CoRYRBL4L,0uYRRCE5+2,0%CEoEM(]1,0=-YHuC5) 882
1 2YY®#(C12)
C22=C21#SC10#5C11 /(=C3 1=(1,0-Y#%C5)*(RFO/RAQ) ]
1 (1e0=X%#8(=Cl)=COER(Le0-X"RC5) XX RC]2)
ELA= (&4
ELS=ELA®]1,5
ELF= co
EMASs C22 '
XAA=ELS#]44]1621%AJA#THWAE#RAORRAO#(]1,0=X2X)/(EMAF#AJF#THWFE#RFO®
1 RFO®({1,0=Y#Y))
OBB=0e375%1,41421%QMG*EMAF#AA*AJF #THWAE* THWFE#RAO*RAO®RFO®RFO
1 #()1e0=XaX)%(140~-Y*#Y)#0,001 '
CNTH=ARS(PF)
SNTH=SQRT(140=PF*PF ) #PF/CNTH
C31=PRB*PR3#{]1,0~XAA®XAA)
ELAE= RAO+RAI
C32=PAB*XAA*PWR*SNTH+PBB*PBRsXAA2XAA#ELAE
C33=PWR#PWR+2,0%PBR*XAA#PWRESNTH*ELAE+ (PBS#XAARELAE ) ##2
ELAF=( C32+SORT(C32#C32+C31+C33))/C31
CLAS=ELAF+ELAE
ELRA=ELAF+RFO #1,5#P1]
ELBR=ELRB+2,0#RS0O
ELAT=FLAS+ELAE
Cosne MACHINE PARAMETERS
XA=XAA#ELAS/ELAF
Cale  (=XA®#SNTH+SQRT(140=XA#XA®CNTHRCNTH))
XDeXA/C41
XD1=XD®#(1640=1+5%EVAFREMAF/ELS/ELF#ELAF/ELAS)
RP=(RPO+RP1)#0,5
RS={RSO+RS1)%0,5

ELP= PI®UM®(1,0+(RP/RM]) %22 17840 N

ELSS=PI*UM#(1,0+(RS/RM])»#2 1/8.0

EMAP=Z 4 0*uM#SC10 #({RP/RAQ) #(1e0=X+140
.1 /340 #(leN=X"83 )# {RAD/RM] ) »#2)

2 /U THWAE#(]1.0-X®X) )

EMASEEMAP® (RS/RP)
XD11=XD#!140=145*EMAPSEMAP/ELS/ELP*ELAF/ELAS)
XD111=XD#{140~1s5*FVAS*EMAS/ELS/ELSS*ELAF/ELAS)
TPaQ.5#UMeCNDP#THPRRP#(140+(RP/RM] 1 #a2 )#1000s
TS=0s5#UVNSCNDS*THS®#RS®#( 140+ (RS/RM] 1 ##2 )
RB=(RBO+RA1)/2.0
TB=0e5*UMCCNDR#THR®*RAR( 1,0+ (RB/RM] ) %##2)

TSR=TS+TH

SCR=1.,0/XD
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Cesuse MAXIMUM FLUX EDNSITY AT FIELD WINDING
BMX=2,08UV/PI*AJF#RF%5C11 /Y*(1e0=Y+04333333#{]1,0=YRYSY} &
1 - (RFO/RM])a=2)
Cesmsa INFRTIA CONSTANT
AlF=RFO##4-RF[* a4
AIB=RBO##4=RO %84
AlS=RSC##u=~RS] w24
AIC=RCO®#4~RC]w=y4
AIVERVO#®4~RV]I®n4
AIPeRPO%#L=RP ey
AlST=A1C+AlV+Al8
AICP=AIP+ALS :
H=0e3E=3/PWR*ELBR#(RHST#AIST+RHCP#AICP+RHCP#*SFF#*AIF ) 2P [ #OMG#0OMG+13 o
C*®ua DAMPER STRESS
A=(RAO+RAI)/2.,0
RF=(RFO+RF1)/240
RSB=(RSO+RBI) /2.0
THSBeRSO=R81
ZZ=RS/RMI
WW=RP/RM!
SNOLsXA#CNTH
CNDL=SQRT(140-SNDL®#SNDL)
BAOCLo2426%UM/PI#SCLlO¥RAOD*(140=X+{1a0=XRX%X)/3,0%#XXRXX)RAJA
BA1=RA0/XD111
BFO=0e666667#UM/P1#5CL1#RS* (RFO/RS)I##3# (1 =YRYRY ) ¥(]1,0=22822)8AJF
DELT=ATAN(SNDL/CNDL}
THET=ATANISNTH/CNTH)
CCC=240#RA1/(1404+22%22)
AAA=RAQ®SNTH+CCC+BFO#CNDL
B88A=RA0RCNTH+BFO®SNDL
BOT=SQRT(AAA*AAA+8ARB#BBB)+CCC
ATBA=ATAN(BBB/AAA)
EEE=RFO#COS(ATBA~DELT)+BAO#*SIN(ATBA+THET)
IDD=BFO#SIN(ATBA~DELT)~BAC2COS(ATBA+THET)
FR12(ROT#B0OT~FEE#EEE~DDD*DDD) /UM/ 4 40E4
FR2=SORT((BOT#BOT-EEE#EEF+DDD*#DDD) ##2+ (EEE2CDOD) ##2#4,0) /UM/440E4
FR=FR1+FR2
STMR=FR2#2,0%#RSPR*RS3/THSB/THSB
STMU==FR1#RSB/THSH
STMG=STMR=STMU
VL8 =RARU#RBO-RRI*RB!
VLS=RSO#RSO-RS|#RS!
NHSBa (VLB#RHST+VLS#RHCP) / (VLR+VLS)
STCFeRHSB #RSPR#RSPE#QMG#OMG*1,0E~4
STB=STMB+STCF+STMU
ESR=(EST#AIB+ECP®#AIS)/(AIR+ALS)
OFMBe04666667%FR2#2,0E4/ES58/ THSBR#32RSBREL4
DFMU=STMU®RSB/ESA#]140ES
DFMGeCFMR=DFMU
DFCFuSTCFe*RSB/ESA®] 4NEL
DFA=DFMAR+DFCF+DFMU
Cemns CRITICAL SPEED
C42=PI/4s0® (EST#AIST+ECP®AICP)
WVS=RHST #P]#(RCO*RCO~RCI=*RCI+RVO*RVO-RVI#RVI+VLB)
WTC=RHCP #P]1#(RPOSRPO=RPI#RPI+VLS)
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WTF=RHCP Pl ®(RFO#RFO-~RF]#RF])eSFF

ENC=9443/ELRR/ELRR#SQRT(C42 /(WTS+WTC+WTF))

LOSS AND EFFICIENCY

AJO2AJF#C4]

ARM=24 0#UMRAJO®SCL11/3.N/PIaRMIeYYREIR(],0=YR&E2)

THMzRRM#RM] /BSAT

IMO=RMI + THM

WTM=RHM#P [ # (RMO®*RMO -RMI#RM]; #ELAF

PLM=PM®WTM

PLA=3408AJARAJARRAO®RAO# (] 40=X%X)#THWAE/SGA/SFA#]140E=3%ELAT

PLT=PLM+PLA

PLK=PLT/PWR&1000,

EFF=PWR/ (PWR+PLT/PF}

WEIGHT OF MACHINE ACTIVE ELEMENTS

WTR=ELRBR(WTS+WTC+WTF) .

‘1TA=3. 0% THWAE® { (RAO* RAO-RAI#RA])#RHA®ELAF+((2.0%RA0=RA])a®"2=RAID
RA!)®*RHAE*2 ,0%ELAE)

WTTeWTR+WTA+WTM

WTIK=WTT/PWR

COsT

AJFLT=1446E10/(BMX+8o4)=644E8

CTF=2(0e12+40,018#8MX+040036*BMX#BMX I #AJFLT#2,0E=3

CSFeCTF#THWFE® (RFO®RFO~RF1®RFI )% (ELAF+P|#RFO)

CFKaCSF/PWR

CSTe(CTSTHWTS+CTCP#WTC)#ELRB+CTM#WTM+CSF+WTA®CTCP

CTKaCST/PWR

PCNALTY FUNCTION

CFCT=041339=0e1330#XD1140.0005%TS+0.0278#H

AJFR=0e971640+3701#(1e0=EXP(~1401/TS))} #{140=EXP(~1498/TP})

+0+0288%#XD11+0,0095%H '

AJFMX=AJF#AJFR

PFTS20495+0405%{0s19/CFCT)I®R]5

PFFC®0s90+0¢10%(AJFMX/0e8/AJFLLT)RR]5

PFSS20s95+0405%(STB/049/5GY ) ##15

PFDD=0495+0,05%(DFR/04002)%%15

PFDS=C«95+40,05#TSB##]15+0,05#(041/T7SB) ##15

PFCS=0e9+0e1# (RPM/ENC) #23

COST FUNCTION

FC=CSTRPFTS®PFFCRPFSS+PFDS*#PFCS*PFDD

IF(J=1) 49:49,50

CONT INUE

IDSG=IDSG+1

1PASE=]

WRITE(3s701) 1DSGeIPAGE

WRITE(36703)

"YRITE(34+705)

WRITEL39707) PWR

WRITE(3+709) PF

WRITE(3,711) VLT

WRITE(3+713) CRA

WRITE(3+715) FRO

WRITE(3+717) RPM

WRITE(3+719) POLE

WRITE(3+703)

URITE(3e721)

K




WRITE(34723)
WRITE(349725)
WRITE(34726)
WRITE(3¢727)
WRITE(3+729)
WRITE(3+730)
WRITE(34731)
WRITE(30733)
WRITE(30703)
WRITE(30741)
WRITE(30743)
WRITE(34745)
WRITE(30746)
WRITE(3,747)
WRITE(34751)
WRITE(3,753)
WRITE(3,755)
WRITE(35,757)
WRITE(3,9759)
WRITE(35703)
WRITE(30761)
WRITE(34763)
WRITE(3,765)
WRITE(30767)
WRITE(36769)
WRITE(39703)
IPAGE=2

YIRITE(3,701)
WRITE(30703)
WRITE(3,781)
WRITE(3,783)
WRITE(3,785)
WRITE(3:787)
WRITE{3,789)
WRITE(34791)
WRITE(3,703)
WRITE(3+801)
WRITE(3,803)
WRITE(34+805)
WRITE(3,807)
WRITE(3,+809)
WRITE(3+811)
WRITE(3+813)
WRITE(34+815)
WRITE(3+817)
WRITE(3+819)
WRITE(3+703)
WRITF(3+821)
WRITE(3+823)
WRITF(34+825)
WRITE(3+827)
WRITE(3+829)
WRITE(3,831)
WRITE(3+833)
WRITE(3+835)

RAO
RAI
THA
ELAF
AJA
ELAS
SFA
SGA

RFO
RF I
THF
ELAF
AJF
SFF
BMX
AJFMX
AJFR

RP1
RPO
THP
CNDP

IDSGy IPAGE

RSI
RSO
THS
FR
CNDS

RB1
RBO
THB
STCF
STMG
sT8
DFCF
DFMG
DFB
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“IRITE(3+837)
WRITE(39703)
WRITE(349841)
WRITE(34+843)
WRITE(3+845)
WRITE(34703)
WRITE(39941)
WRITE(34943)
WRITE(34945)
WRITE(39947)
WRITE{(3+703)
IPAGE=3

WRITE(347C1)
WRITE(349703)
WRITE(34851)
WRITE(3+852)
WRITE(3,853)
WRITE(34703)
WRITE(34£81)
WRITE(3+883)
WRITE(34885)
WRITE(34887)
WRITE(3+£89)
WRITE(3+891)
WRITE{39703)
WRITE(3+901)
WRITE(3+903)
WRITE(34905)
WRITE(3+907)
WRITE(3+909)
WHRITE(3,911)
WRITE(34+703)
WRITE(3+861)
WRITE(3+863)
WRITE(39R65)
WRITE(3:867)
WRITE(3,4873)
WRITE(3+869)
WRITE(34871)
URITE(39703)
WRITE(3+921)
WRITE(34923)
WRITE(34+925)
WRITE(34927)
WRITE(39929)
WRITE(3+931)
WRITE(3,703)
FlJ)=FC
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H

CFCT
SCR

RMO
RMI
THM

IDSGs IPAGE

ELBR
ENC

PLM
PLA
PLT
PLK
EFF

WTR
WTA
WTM
WTT
WTK

PFTS
PFCS
PFSS
PFDD .
PFDS
PFFC

CSF
CST
CFK
CTK
FC

VIT)=v(T7)=DI(T)

SUM=040
IF(F(1)=FCO)
D0 70 K=1+7

609609100

SIK)a(F(K+1)=F(1))/F(1)
SUM=SUM+S (K)#S(K)

DO 80 K=1+7



7

V(K)=VI(K)=5(K)/SQRT{SUM)#D (K )

IF(VIKY) 75,7548

V(K)=2040001

ZONT INUE

FCO=F (1}

GO TO 10

CALL EXIT

FORMAT(F9.048F740+F11,0)

FORMAT(1H1+10X¢40H SUPERCONDUCTING ALTERNATOR DESIGN SHEETs5X
1NOe s 12+4X9s5H PAGE¢12)

703 FORMAT(/T2H =—==cm—me oo oo oo —————— e e -

l===mmmemmemmameeany)

75
80

100
700

701 s4H

705
707
709
711
713
715
17
719
721
721
72%
726
727
729
730
731
733
741
743

745

746
147
751
753
755
757
759
761
763
765
767
769
781
783
8%
787
7RS
791
80l
803
805
807
809

FORMAT (13H %%
FORMAT (5Xy46H
FORMAT (5Xs46H
FORMAT (5Xe46H
FORMAT(5Xs46H
FORMAT (5Xy46H
FORMAT (5Xs46H
FCRMAT(5Xs46H
FORMAT (15H %=
FORMAT (56X s46H
FORMAT(5X946H
FORMAT(5Xs46H
FORMAT (5Xs46H
FORMAT(5Xs46H
FCRMAT (5X946H
FORMAT (5Xs46H
FORMAT (S5Xs46H
FORMAT(20H #*#
FORMAT (5Xs46H
FORMAT (5X s 46H
FORMAT(5X946H
FORMAT (5Xs46H
FORMAT(5X946H
FORMAT (5Xs46H
FORMAT (5Xs46H
FCRMAT(5Xs46H
FORMAT (5X y46H
FORMAT(Z1H *#%
FORMAT (SXs46H
FORMAT(5Xeb4EH
TORMAT(5X 946H
FORMAT(5Xs46H
FORMAT (23H ##%
FORMAT(5Xs46H
FORMAT(5Xs46H
FORMAT(5X s 46H
FORMAT (5Xs46H
FORMAT(5Xs46H
FORMAT(21H ##
TORMAT(5X946H
FORMAT(5Xs46H
FORMAT(5X946H
FORMAT(5Xs46H

RATING ##%)

RATED POWER (KVA)
POWFR FACTOR sesececevcesenssauvsssnssasesssssnsfFl0oa3l)
LINE TO LINE VOLTAGE (V)
ARMATURE CURRENT (A) ssesssseasisssscsssosssnnygfFl0e0)
FREQUENCY (HMZ) cessceescscscscseancosnssssscncayfFlQel)
SPEED (RPM) seessecescivossscscssssscssnessssenessfFl0e0)
NUMBER CF PCLES
ARMATURE %%)
CUTER RADIUS OF ARMATURE WINDING (M)
INNER RADIUS OF ARMATURE WINDING (M)
RADIAL THICKMESS OF ARMATURE WINDING
LENGTH OF ARMATURE MIDDLE PART (M)
CURRENT DENSITY OF ARMATURE WINDING (A/M2) o443F1040)
ARMATURE TOTAL ERFECTIVE _ENCTH (M) seeeeesaedFl0a4)
ARMATURE WINDING SPACE FACTOR seseosesevsccee9sFlOess)
ARMATURE WINDING CONDUCTIVITY (MHOS/M) eseseesFl0e0!}
FIELD WINDING #*#) :
OUTER RADIUS OF FIELD WINDING (M)
INNER RACIUS OF FIELD WINDING (M) ocesesecencesfFl0es)
RADIAL THICKNESS OF FIELD WINDING (M) seesaeesFl0et)
LENGTH OF FIELD WINDING MIDDLE PART (M) seaeasFl0e4)
AVERAGE CURRENT DENSITY (A/M2) seaosssecasaessFl0s0)
FIELD WINDING SPACE FACTCR esesecescecesssccssasFlOets)
MAXsFLUX DENSITY IN FIELD WINDING (WB/M2) oeesFlQe&)
MAXaCURRENT DENSITY AT TRANSIENT (A/M2) seseesFl0e0)
MAX s CURRENT RATIO AT TRANSIENT seseccsssssssvsFlOes)
PRIMARY DAMPER #%%)

INNER RADIUS OF PRIMARY DAMPER (M)
OUTER RADIUS OF PRIMARY DAMPER (M) essesesessesfFlCads)
RADIAL THICKNESS OF PRIMARY DAMPER (M) seacessFl0o4)
PRIMARY DAMPER CONDUCTIVITY (MHOS/MM) sceeevesfFl0e0)
SECONDARY DAMPER ##)

INNER RADIUS OF SECONDARY CAMPER (M)
OUTER RADIUS OF SECONDARY DAMPER (M)
RADIAL THICKNESS OF SECONDARY DAMPER (M) ssee9F1l0e4)
MAXsRADIAL FORCE AT SHORT CIRCUIT (N/CM2) eeesF1l0,1)
SECONDARY DAMPER CONDUCTIVITY (MHCS/M) ecaveoesFl040)
DAMPER SUPPORT #=#)

INNFR RADIUS CF DAMPER SUPPORT (M)
OUTER RADIUS OF DAMPER SUPPCORT (M)
RADIAL THICKNESS OF DAMPER SUPPORT
CENTRIFUGAL STRESS AT RATED SFPEED

esecsessosscensdssccssssssspfFl0e0)

e0s00s00seencstcseeeyfFl0a0)

sessesssessnecnscsesccasassecssFl10e0)

..lo..a..FlOc“)
secscencesfFl0ad)
(M) soeesFl0es)
seoscesessesdfFlCeds)

sesssunsecencsFl0e4)

cc‘ooccooo.F1004l

.....l...Flo.A,
.I..l&...Flol“’

sceasssneesFl0el)
.llol..o.o’FlO-“)
(M) caseeesFlOad)
(N/CM2) se03F10,0)



LI

811
813
815
817
819
821
623
a2s5
827
829
8131
8313
8135
837
841
8413
845
asi
852
as53
861
863
867
865
869
871
873
8al
8R3
8Rs
rR7
8R9
891
901
90>
905
907
509
911
921
923
925
927
929
931
941
943
945
947

/7 XEN
2303200
// ®EN

FORMAT (5X»46H
FORMAT{5X946H
FOR“AT(5Xs46H
FCR¥AT(5X s LbH
FORMAT(SX94b6H
FORMUAT (25H =e
FORMAT (65X s 46H
FORMAT [5Xyu6H
FORMAT(5X246H
FORMAT(5Xs46H
FCRMAT(5Xs6bH
FORMAT (5X946H
FORMAT(5X st 6H
FORMAT(5Xs&6H
FORVAT(16H #=
SORMAT(5XsL6H
FORPMAT(5Xe46M
FCRMAT (30H #=
FORMAT(SXe4b6M
FORMAT (5Xs46H
FORVAT(23H nr#
FORMAT(5Xs46H
FORMAT(5Xs4b6H
FORMAT(5X s46H
FORMAT (5Xs466H
FORMAT (65X 94u6H
FORMATI5Xsb6H
FORMAT (26H #%
FORMAT(5Xs46H
FORMAT (65X sbLbH
FORMAT(SXo46H
FORMAT (5X9bbH
FORMAT(5X s46H
FORMAT(13H ==
FORMAT (5Xg46H
FORMAT(S5Xsb46H
FORMAT(5Xs46H
FORMAT(5X ¢4 6H
FORMAT (5Xs46H
FORMAT({11H ##
FORMAT (5Xs&6H
FORMAT (65X 946H
FORVAT(5Xe46H
FORMAT{5Xs&6H
FORMAT (5Xs46H
FORVAT(33H &=
FORMAT(5Xs46H
FORMAT(5Xy46H
FORMAT(5X 94 6H
END

O Je85 29000, 0.26 0,028 0.002 0,138 0.006 06155 260000000,

0JOB
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MAGNETIC STRESS AT SHORT CIRCUIT (N/CM2) so0es9F1040)
TOTAL STRESS AT SHORT CIRCUIT (N/CM2) seesecasFl0e0D)
CENTRIFUGAL DEFLECTION AT RATED SPEED (M) sea9F1045)
MAGNETIC DEFLECTION AT SHORT CIRCUIT (M) sacesFl0e5)
TOTAL DEFLECTION AT SHORT CIRCUIT (M) sascseasFl0s5)
MACYINE PARAMETERS ##)

SYNCHRONQUS REACTANCE (PU) sescscseessesassecesFl044)
TRANSIFNT REACTANCE (PU) sessccccsscascacsscsrFl0ass)
SUSTRANSIEMNT REACTAKRCE (PU] eceesencessesesnsssFl0es)
SUB=SUBTRANSICNT REACTANCE (PU) ceesassseacessFl0es)
FIELD TIME CCNSTANT (SEC) «esesscsassessssscesFl0o4)
PRIMARY DAMPER TIME CCNSTANT (SEC) aeescsseeasFl0es)
SECONDARY DAMPER TIME CONSTANT (SEC) asseossvesFl0e4)
INERTIA CONSTANT INCLUDING TURBINE (SEC) esesesFl0e&)
STABILITY =e)

CRITICAL FAULT CLEARING TIME (SEC) esesessceaesFl0e4)
SHORT CXRCU’T RATIO ‘PU' .-0......-0la-ltl-ollF!.OllO,
NATURAL FREQUENCY ## }

BEARING SPAN (M) seeececccccesacsracsossossneessFl0at)
CRITICAL SPEED OF ROTOR (RPM) sesescsssssseesoFl0el)
PENALTY FUNCTION ##)

TRANSIENT STABILITY soscesc000en00snsesassscsssFl0es)
DAMPER STRESS sessacucsssnssssssssscssscsasaceypfFl0ey)
CRITICAL SPEED ecececcncasscssanssncsssatascnesFl0as)
DYNAMIC STABILITY eccccoaceoccccoscossessaasscesFl0ets)
FIELD CURRENT LIMIT cceecscesncasassssosnsssssegFl0at)
DAMPER DEFLECTION sesncevscssncsassssesescecensfFlOed)
LOSS AND EFFICIENCY #+#)

lRON LOSS (K”) ou----o-uo-;----.ooncoanono.cl.FlOl“l
ARMATURE COPPEK LOSS (KW) seecsccacsancssasesscsnsFlOet)
IRCN AND COPPER LOSS (KW) cssessssscccansssaassFlOrd)
IRCN AND COPPER LOSS PER KVA (W/KVA) soessesasFl0as)
EFFICIENCY (PU) ossccecencncncsccscnsscscnssaseesFl0e4)
WEIGHT ##=)

ACTIVE PART OF ROTOR (KG) ssecocccscosesssnsspFl0Oe0)
ACTIVE PART OF ARMATURE (KG) sssecascsseassssassFl0e0)
OUTER FERROMAGNETIC SHIELD (KG! esseessceseaasFl040)
TOTAL ACTIVE PART (KG) eseesscecscscconsscensasFl0e0)
ACTIVE PART WEIGHT PER KVA (KG/KVA) seessaasesFl0e6)
COST n#)

FIELD WINDING (%) csvsececsccsssccsssssssessesFl0e0)
ACTIVE PART MATERIAL COST (%) eeeasescessosscesFl040)
FIELD WINDING COST PER KVA (%/KVA) aseeesnasasFl045)
ACTIVE PART “ATERIAL COST PER KVA (3/KVA) +sesF10s5)
COST FUNCTION (S) eeeescccccsccecscsccossscsnesFl0e0)
OUTER FERROMAGNETIC SHIELD #s)

OUTEZR RADIUS OF FERROMAGNETIC SHIELD (M) seeasFl0as)
INNER RADIUS OF FERROMAGNETIC SHIELD (M) esaaesFl0es)
THICKNESS OF FERROMAGNETIC SHIELD (M) seseeecsFl0es)
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