Analysis of helical armature windings

with particular reference to
superconducting a.c. generators
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Abstract: An unusual form of polyphase armature winding is described in which conductors lie on a helix
of constant radius as they pass from one end of the machine to the other. There are no end windings, An
analysis of the winding is performed which allows analytical expressions for the flux densities and machine
reactances to be found. Measured and calculated values of synchronous reactance agree to within 2%. Some
of the more unusual properties of helical windings are discussed.

List of symbols

H = magnetic field vector, A/m

H, = radial component of magnetic field, A/m

H, = axial component of magnetic field, A/m

Hy = tangential component of magnetic field, A/m

I = peak phase current, A

I,(nkr) = modified Bessel function of first kind, order
n, argument nkr

Ii(nkr)y = (d/dr)U,(nkr))

K,(nkr) = modified Bessel function of second kind,
order n, argument nkr

Kn(nkr) = (d/dr)(K,(nkr))

Kg = tangential component of linear current den-
sity, A/m

K, = axial component of linear current density,
A/m

L = self-inductance, H

M = mutual inductance, H

Ton = number of turns in series per phase = Z/2q

number of armature condilctors per phase
Ao, Aoz, Aoz, Aoa,
Ags, Aos, Aoz, Ay,
BJ.I,CI)CQ,:DHJFRJ

= Constants in general solution of
Laplace’s equation

UJ lus 'p 2y M, v

P = magnetic flux linkage

Q = magnetic scalar potential

Br(nkr;) = K,’,(ﬂkr;)ff (nkry)

Tn(nkr)) = Kn(nkri)/ly(nkr;)

a = number of parallel paths per phase

b = number of phasebands per phase

f = system frequency (50 Hz)

Kwn = nth harmonic winding factor = kppksn

kpn = nth harmonic breadth factor

k2, = nth harmonic skew factor

Ken = nth harmonic radial-flux-density environ-
mental screen factor

kon = nth harmonic tangential-flux-density environ-
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Kzn = nth harmonic axial-flux-density environmental
screen factor

k = 7/2i

I = armature winding half-length, m

m = number of phases

n = space harmonic order

q = time harmonic order

r = radius of magnetic field point, m

Te = radiation screen radius, m

n = outer radius of outer rotor, m

re = radius of superconducting field winding, m

r = winding radius, m

re = environmental screen inner radius, m

x = Qu/m)i—1),i=1,2,---m

X5 = synchronous reactance, £2, p.u.

Xg = transient reactance, 2, p.u.

Xy = subtransient reactance, £2, p.u.

Xhe = subtransient reactance associated with radi-
ation screen, £, p.u.

o = phaseband displacement, rad

8n(nkr;) = constant = [K,(nkr;) —yn(nkr)I,(nkry)]

7] = circumferential progression, rad

P = resistivity, Qm

a = phasespread, rad

o = permeability of free space, H/m

w = angular frequency 2nf, rad/s

Suffixes

g = phasegroup

n = space harmonic order

ph = phase

r = radial component

z = axial component

] = tangential component

1 Introduction

Since 1940 the unit size of two-pole 3000 rev/min turbo-
generators has increased from 60 to 660 MW. At the same
time, the specific power output has increased from 03 kW/
kg to 2kW/kg;* in order words, there has been almost a
sevenfold improvement in the power/weight ratio. This has
been made possible by the introduction of hydrogen
cooling and, more recently, water cooling, of the stator
conductors, which has enabled more effective use to be
made of the iron and copper within the machine.

Within the framework of the maximum magnetic and
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electric loadings used today, it appears that there may be
difficulties in increasing the size of conventional generators
beyond 2000 MW; difficulties which arise because of two
limits. These are: first, the limit on maximum indivisible
weight which is set by power station cranage and bridge
and ship loadings; secondly, the limit on the length between
rotor bearings, which is set by the critical speeds.* One
possible way of overcoming weight limitations would be
by subdividing the inner stator, which is usually the heaviest
item, and building it on site from smaller factory-built
assemblies.> Other ways of overcoming, for instance, the
problem of rotor length, are by developing slotless
windings* ® or alternatively, superconducting machines.®®
In both cases, higher specific power outputs become
possible, albeit at the cost of introducing new technology.

One advantage of either slotless or superconducting
generators should be increased efficiency. One of the main
reasons why the efficiency of the superconducting generator
can be increased® is because of the elimination of the rotor
excitation loss, which is typically 6 MW for a conventional
1300 MW generator.

The work of the present authors has been confined to
the superconducting generator; the essential components
of which are shown in Fig. 1. A superconducting rotor
winding at 5K, supported in slots in a stainless-steel rotor
forging, is surrounded by an ambient temperature rotor
screen to protect the superconductor from transient and
negative sequence armature fluxes. The ambient temperature
stator consists of two parts: the first is a self-supporting
structure in which the water-cooled copper armature is
embedded; the second is an iron core, or environmental
screen, which screens the environment from magnetic
fields and increases the radial flux density and conse-
quently the induced armature e.m.f. per metre length.
This paper is concerned with the properties and design of
the novel helical stator winding in particular.

Helical windings are not new and found limited favour
for dynamos in Germany in the late 1880s'*'> and have
since been revived for small d.c. machines of the ironless
type, where they offer the advantage of low inertia and
smooth torque at low speeds. They have also been used for
linear motors'® and transverse flux tubular motors.'® The
use in large a.c. machines was first proposed by Ross,
Anderson and Macnab'®!! who suggested it as a suitable
armature winding for superconducting a.c. generators.
More recently, a 4 MVA helical armature winding has been
used by Watanabe er al.'” as the armature winding for use
in either a slotless or a superconducting generator, and
Conley et al.'® have used a helical winding in an experi-
mental 10 MVA superconducting a.c. generator at MIT.

_~laminated iron environmental screen
armature support structure
’-'-::__x_r__adlulmn screen, 70K }

= \m@ﬂﬂﬂ{m "'| T 1M water-cooled
inner-rotor | armature
torgue tu\be [ y X winding
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drive end I non-drive

l_/"“‘ E— - — end

T \\cuter rotor,
\325K

/ | inner rotor, 4K

supérconducting field winding

Fig. 1 Basic components of a.c. superconducting generator
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The helical winding has no distinct division into active
and end regions as has the conventional winding, because
each conductor follows a helical path of constant pitch
from end to end of the machine, see Section 2. In the
conventional winding on the other hand, each conductor
follows an axial path in the active region and only has a
circumferential component to its path in the end regions.
Thus the helical winding is characterised by a circumfer-
ential component of current density, which only decreases
gradually with increasing axial distance from the ends;
instead of being confined to the end winding region as in
the conventional winding. This suggests that there might be
axial flux problems which would not occur with a more
conventional winding. However, work by Tavner er al.'®
has shown that, contrary to what might be expected, the
end-region axial fluxes in the iron core produced by a
helical air-gap winding are less than those produced by a
corresponding conventional diamond winding. Such obser-
vations are also supported by the work of Watanabe ez al.'?

The synchronous and subtransient reactances are funda-
mental to generator design and performance and, in order
to design a helical winding, these reactance expressions
must be developed in the simplest possible form. In the
present paper the magnetic field distributions within the
generator which are produced by a helical winding are
obtained in terms of Bessel functions and reactance
expressions are then derived, which account for all the
armature space harmonics. In this way the lowest harmonic
sum that gives satisfactory reactances can be used. An
alternative to the above method is to use a transmission-
line analogue.® However, although this method yields
magnetic field values without the introduction of Bessel
functions, the solution is numerical. This is a disadvantage
of the method, since analytic inductance expressions
simplify iterative generator design techniques.® More
recently, Alwash®® has developed an analytic 3-dimensional
method which is expressed in Fourier-Bessel expansions.
The solution requires extensive computation for the bound-
ary matchings, although it is capable of achieving high
accuracy.

2 Development of an helical armature winding

As generator sizes increase, the length between bearings

becomes a limitation, see Section 1. Increased output in
larger machines can only be obtained by increasing the
output per unit length by an amount which keeps the
length between bearings down to an acceptable level. In
the case of the conventional machine, electric and magnetic
loadings can only be increased marginally and therefore
the only remaining variable is the effective stator-winding
diameter. Stator-winding diameter is however closely tied
to the rotor diameter because of the need to closely couple
the two windings and so give an acceptable rotor m.m.f,
and stator magnetic loading. Thus since the rotor diameter
is limited by rotational stresses, so too indirectly is the
stator diameter.

On the other hand such restrictions no longer apply to
the superconducting machine, and a considerable decoupling
between rotor and stator windings becomes possible with-
out incurring the same penalties that would arise in the
conventional machine. This is because the superconducting
winding can operate at current densities at least ten times
greater than is current turbogenerator practice and this, in
turn, permits magnetic loadings at least as high as those
obtained in the conventional machine, i.e. 09T, but at a
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substantially increased stator diameter; even though the
rotor diameter is still limited by rotational stresses to a
value not far different from current practice. Hence the
stator diameter can be increased from 1-6m in the conven-
tional machine to 2:0m in the superconducting machine,
with a consequent increase in the possible output per metre.
Furthermore, in the conventional turbogenerator the
available winding space is limited by the need to support
the windings in slots in the iron core, whereas in the case
of the airgap-wound superconducting machine the pro-
portion of the circumference available for the winding
increases, as does the possible winding depth; this allows
the electric loading to increase from typically 200 kA/m
to 300kA/m in a 1300 MW design. The increased armature-
winding diameter and electric loading combine in the case
of the superconducing generator to produce a short, large-
diameter armature winding with a power output of
300 MW/m instead of the 100MW/m typical for the
conventional turbogenerator.

A secondary result of the absence of clearly defined
closed magnetic circuits to constrain the flux is that the
distinction between active and end regions becomes blurred.

Because of the way in which the active and end regions
merge, it becomes apparent at a fairly early stage in the
design that the conventional winding might not necessarily
be the best and that alternatives should be examined. If
a helical winding is used, then it can be uniformly sup-
ported from end to end; a feature which is particularly
important now that the armature conductors are no longer
shielded from the main flux by the stator teeth and must
therefore bear the full machine forces.

To understand how a helical winding works, consider
the winding length of a diamond winding to be progressively
reduced, as in Fig. 2, by eliminating the so-called central
active region and allowing the two diamond-end windings
to coalesce and form a helical winding. One phase of a
two-pole helical winding is shown in Fig. 3, where each
phase consists of two parallelconnected helical loops,
each of which is termed a phase group. Each phase group
consists of one right-hand (inner) helical phaseband con-
nected in series with a retuming left-hand (outer) helical
phaseband; a right hand phaseband being defined as that
which traces a right hand screw.

Because the development of large generators in the UK
is generally concerned with two-pole 3000 rev/min?
machines, only two-pole helical windings are considered
in the present paper.

3 Method of analysis

3.1 Notation adopted in the description of a helical
winding

Each phaseband is described by three parameters:

(a) + 1 or — | depending on whether a right-hand (rh.)
or left-hand (1.h.) helixed phaseband is considered

(b) the circumferential angular position a at which the
centre of the phaseband crosses z = 0, Fig. 3

(¢) the radius of the phaseband r;.
eg. K. (r;, @, + 1) refers to the axial component of linear
current density for the 7th right-hand phaseband centred
at angular position a and radius r;.

The angular position of the two phasebands in a phase-
group are related as

o(—1) = o(+ 1)+ €9)

while the angular position of a phasegroup is defined as the
angular position of its right-hand phaseband;

ap = a(+ 1) @
and the angular position of a phase as

Qpp = O

letthand
phaseband
~ - - ,
o righthand
< phaseband
phuseg(muﬁy {
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AN \
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Fig. 2  Evolution of helical winding from di d lap winding I rrf“?[ |
a i d lap winding, long 1 —_— :
b Di d winding, short hine with greater specific machine I| e | phasegroup
output |\hﬁ) | N | centre (et )
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helical winding

d Full helical winding Fig. 3  One phase of helical winding
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or
oy = @gtm (3)
because the complete phase is symmetrical.

3.2 Representation of a helical winding

Each phaseband of the helical armature winding is repre-
sented by a linear current density sheet of negligible radial
thickness, with axial and tangential linear current-density
components as described in Section 11.1. In order to yield
a closed analytical solution to Laplace’s equation, a periodic
variation is introduced in the axial direction in a similar
manner to that suggested by Hammond,* by assuming the
helical winding to be one of an infinite number of helical
windings placed end to end. Such a winding is termed an
‘infinite periodic helical winding'.

3.3 Representation of the environmental screen

A superconducting a.c. generator requires an environmental
screen which is normally constructed from laminated
magnetic iron, in order to screen the environment from the
magnetic fields produced inside the generator. However,
conducting environmental screens have been suggested,”
particularly for airborne applications,® and this analysis
contains solutions for both types of screen. The general
effect of the iron environmental screen is, as expected,
to enhance the main magnetic field, whereas the con-
ducting screen has a demagnetising effect.

The environmental screen is assumed to be infinitely
long in the axial direction. If it is constructed from lami-
nated magnetic iron it is assumed to have infinite per-
meability and zero conductivity, ie. there are no eddy
currents. If on the other hand it is constructed from non-
magnetic conducting material, it is assumed to have a
relative permeability of unity and infinite conductivity. In
either case the effect of the screen is included in the
magnetic-field analysis by using an image winding with the
appropriate current polarity placed outside the actual
helical winding. In the case of the iron environmental
screen, the image winding assists the radial field and there-
fore is of the same polarity as the armature winding. In
the case of a conducting screen, the image winding must
oppose the radial field and therefore is of opposite polarity
to the armature winding.

In practice, the iron environmental screen tends to be
shorter than the helical armature winding, as indicated in
Fig. 1, and it is likely too that a conducting end screen
would be used. Consequently the assumption of an infinitely
long environmental screen, whilst necessary to enable a
ready solution to the problem, gives a high value of reac-
tance and is mainly responsible for the difference between
calculated and measured reactance values. However, in the
model results of Section 6, the difference in the synchron-
ous reactance is less than 2%, indicating how little the ends
contribute to the reactance.

3.4 Mathematical solution method

The infinite periodic helical winding is analysed in cylin-
drical polar co-ordinates with the origin of the co-ordinate
system taken at the axial centre of the winding such that
the actual winding extends from z=+/ to z=—/ and
constitutes one half-period of the ‘infinite periodic helical
winding’. The magnetic field due to an individual phase-
band at the general circumferential position a; is obtained

132

from a solution of Laplace’s equation, expressed in terms of
magnetic scalar potential, by the method of separation of
variables. Magnetic scalar potential terms produced by the
image winding which represents the environmental screen
are combined with those from the helical armature winding
and magnetic-field distributions are then obtained in the
manner described in Section 11.2.

4 Magnetic field of a helical winding

The magnetic field distributions for an individual phase-
band of an infinite periodic helical winding with an environ-
mental screen are shown in Table 1. The environmental
screen modifies the magnetic field distributions of the
unscreened winding by the geometric factors defined in
Table 2.

The magnetic field distributions described in Table 1
include terms that are independent of axial or tangential
position. The effect of these zero-order terms is reflected
in the magnetic field distributions as a solenoidal field
which is produced by the zero-order component in the
tangential linear current density Kg(ry, o;, *+1). Because
the winding is part of an infinite helix, a magnetic field
component is produced only inside the winding, just as
though it were an infinite solenoid. The zero-order com-
ponent of axial linear current density, K. (r;, a; £1),
produces a tangential magnetic field outside the winding
that varies, in accordance with Ampere’s law, inversely
with radius.

Using superposition to combine a left-hand and a right-
hand phaseband to give a phasegroup, as in Table 3, elim-
inates the zero-order tangential magnetic field. This is
because the zero-order component of axial current density
in the right-hand phaseband, K,(r;, a;, + 1), opposes the
equivalent component in the left-hand phaseband
K.(r;, &g, — 1), as shown in Fig. 4. However, because the
corresponding zero-order components of tangential linear
current density, Ko (r;, a;, + 1) and Kg(ry, &;, — 1) are both
in the same direction their effect is additive and the sole-
noidal magnetic field is increased. This is also shown
schematically in Fig. 4. When two phasegroups are com-
bined to produce a phase, the relative phaseshift of 180°
which exists between the two phasegroups ensures that this
solenoidal magnetic field is eliminated. The influence of
this effect on measured and computed inductances is
described in Section 6.

5 Reactance calculations
5.1 Synchronous reactance

Reactance expressions are obtained by assuming that the
armature winding is concentrated at the geometric mean
winding radius r;, and by only taking account of the
fundamental time harmonic.

Consider the two helical loops shown in Fig. 5; one
centred at # =0 and the other at # = a, and assume there
to be a phasegroup of Z/b turns centred about the second
loop. The flux from this phasegroup which links the first
helical turn is, by Gauss’s theorem, equal to the flux that
crosses normally any surface bounded by the first, like that
shown in Fig. 5. Evaluating the resulting surface integrals as
described in Section 11.4 allows the inductance between
phasegroups to be expressed as in eqn. 51. If the phase-
group inductance values are combined appropriately, phase
and generator inductances are obtained, see eqns. 53 and
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Table 1: Magnetic field distrik produced by a helical phaseband
Linear current-density distributions
Ziph, Ziph
K[ ap +1] = + —2ha 4 Zohe kpp cOs n |8 — oy % kz)
St J 2mabr; mabr; ,,Z, &n i
Zipp Zipha ©
Kalria;, 1] = =249 . —bhq kpp cos n (0 —e; 7 kz)
dne 4lab 2ab ,,Z,, b !
Inside the winding r < r;
Zinhaz _ Zipk kpn Konornnkei) ] (nkr:l
Qlr e, 1] = _<lphg? _Lq 2on2fnin TR AT " sinnle —og ¥ k2
el 4abl ZI & lnkr;) iRkl
Iy lnkr)
. konkrnmlakeg | —Kip_, nkr) + —— & 2 ]
Ziph
H.lr o x1] = 5 —£44 — " si —ay
P lrg o 1 ) 84 inkry) sin n (6 —o; ¥ k2)
Zj o kpnk kri) Iy (nkr)
B 4 s Zlong 5 Konkonvnlnked Inlake) (0 o )
mab 4= & plnkr;)
Zigh konkznnlnkr) Iylnkr).
Hylrj o 1] = + =224 B —o ¥k
2 1ri g, TR ey Z 8,y Unkry) cosnlo —o; ¥ k2)
Outside the winding ry <r <ry
Zipha? _ Ziphg w "‘bn kgnKylnkr)
Qlr o, +1] = 75pha? _P_q ol il o
i, 2 1] = Z k) sin n (0 —o; # k2)
K lnkr)
s o Konkn |[KKp_ (nke) + ——
ipha ¥ i F
H.lr a2 1] = =214 nnle —a; 7 k
it nab “Z;l 8 (nkry) ik i i
Ziph Zipha = kpnkgn Knlnkr)
Hglrj o, £1) = & ﬁ + _uh Z ~bn2éa “nt cos n (0 — oy + kz)

Splnkr;) 1

o kpnkanKnlnkr)
&, lnkr;)

_ Ziphg
2lab

H,lri oy, £ 1]

os nlf —ay = kz)

Environmental screen factors k., kg, k;, defined in Table 2
8plnkr)) = [Kylnkr)) — ynlnke) 1 nkr)]

55. The synchronous reactance of a helical winding, given
in eqn. 55, can be expressed in the more usual form as

m
;w;.{g Tgh kﬁ:m k,.n 2/ ohms.

Xgn =
= 2rm £ 1, 7 any integer (4)
with the winding factor
Kin = Kinkin ()

k2, is the skew factor defined by eqn. 48 and k., the nth
harmonic radial flux environmental screen enhancement
factor defined in the first column of Table 2.

5.2 Subtransient and transient reactance

Under fault conditions the armature flux is initially deflected
around the outside of the outer rotor, as if this outer rotor
were a perfectly conducting screen. This effect is included
in the analysis by representing the outer rotor screen by an
image winding at the surface of the outer rotor, which is
equal in magnitude, but opposite in phase, to the armature
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current. This current introduces an additional magnetic
scalar potential term into the magnetic field solution as
described in Section 11.4.4, such that the resulting inte-
gration over the Gaussian surface of Fig. 5 gives for the
subtransient reactance:

| — nlnkrs)
m i Tn{"kr D)
Xgn = —nwnnghkwnkrnzi—T ohms
[1 _ Bu(nkry)
Tn(nkrp) )

where the factors y,(nkr) and f,(nkr) are defined in eqns.
43f and 44b, respectively. This expression is similar to that
for the synchronous reactance except for the geometric
modifying factors, both of which depend, through Bessel
functions, on the armature length. The two modifying
factors relate to the different generator components as

[,_

n(ﬂkn)]
Yn(nkrp)
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a geometric factor relating armature and outer rotor

[1 ﬁn (’Tk’x) ]

Yu(kry)

a geometric factor relating the iron environmental screen
and the outer rotor.

(Note: For a conducting environmental screen v, (nkr,)
replaces §,,(nkr. ). Table 4 details all the permutations).

As the fault period progresses flux will penetrate the
outer rotor and two further reactance expressions require
definition; the first being associated with the radiation
screen, when flux is deflected round the outside of this
screen, and the second, the transient reactance, when flux is
deflected round the outside of the rotor field winding.
These can be obtained from eqn. 6 by substituting the
outer rotor radius rp, by the radiation screen radius r,, and
the superconducting field winding radius ry, respectively.
The transient reactance is unusual in the superconducting
generator because il is associated with a transient open-
circuit time constant greater than 100s compared with one
of less than 10s in the conventional turbogenerator.

5.3 Effect of harmonics on reactance calculation

The reactance between phases and the synchronous reac-
tance are computed for the 1300 MW design of Table 5.
This generator has a six-phase armature winding with
opposite phasegroups connected in parallel. The results
of the reactance calculations are shown in Table 6 first for
the fundamental harmonic only and secondly for the
harmonic sum of n = 1 to 50.

The Table shows that when considering a phase or
phasegroup, the space harmonics form an important con-

Table 2: Expressions for nth space har tal screen

factor

Inside stator Qutside stator
r=rg Fg&r=ry

Iron

) i { an
environmental ke 1+ _] e |
2 screen Ix r,,.
2 Kon | <l R =
£ 2 2
E Conducting fpin L
3 environmental kp, = e 1_(_
‘£ sereen Tx \rx.
= [ \n \an
Kan ol P
Iy Ty
Iron % r
environmental kg, — Bnlnkey) 1 _ Bnlnkry)
= screen Yn lnkrg) ¥ lnkr)
c
5
E kan, k ﬁ,,{nerl'] ! Brlnkry)
fn: %zn =
B Ynnkrg) J Bplnkr)
= E
= Conducting " "
2 environmental kpy = Ynlokry) 1 _Tn[" )
B8 screen vnlnkrg) v nkr)
g
K K 1 Tnlnkry) il Tnl-ﬂkfx’
et ¥ nkry) By lnkr)

If no environmental screen k., kgp, kyp =1
nlnkr] always negative
By (nkr) always positive
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stituent of the reactance and consequently must be taken
into account. However, ance all three phases are combined
to give the three-phase synchronous magnetising reactance,
eqn. 4, many of the space harmonic terms cancel out and
only those terms with n=2rm ® | are left to contribute
to the reactance. The effect of individual harmonics is
reflected into any reactance expression through both the
skew and environmental screen factors but, more domi-
nantly, by the factor k&, ky, being the breadth factor.

For a six-phase winding, with 30° phase spread, har-
monics introduced are the 11th, 13th, 23rd, 25th etc., for
which the variation of kZ,/n is shown in Table 7. The
first harmonic is dominant such that the synchronous
reactance calculated with n = | shows negligible error when
compared with the value calculated using the harmonic
sum.

The variation of k3. /n for the three-phase winding with
a phase spread of 60 is also shown in Table 7, the har-
monics now being Sth, 7th, 11th, 13th etc.. Again, the first
harmonic is dominant, indicating that in calculating
synchronous, subtransient and transient reactance, only
first-harmonic terms need be considered.

5.4 Comparison of reactance of a helical winding with
those of a straight winding

By assuming the armature winding to be infinitely long and
each phase to be represented by a current sheet of the form

2Tpnkwnipn sin nf A/m 7)

Tirg

the synchronous reactance is
m 2 12
Xen = TWHo Tpnkiwnken 2 ohms (8)

where k,,,, the winding factor is

knm = kbnkpn (g)

Fig.4 Zero-order components of phaseband and phasegroup
linear current-density distributions

a Zero-order components of righf-hand phaseband
b Zero-order components of left-hand phaseband
¢ Zero-order components of phasegroup
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Table 3: Magnatic field distributions prod i by a helical ph P

Linear current density distributions
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22 K, (nkr) | —C€OS nkz sin {6 — ;) no
gl ] = + Zlong Y kon konKn'nk
mab nz=i on o Splokr) sin nkz cos nlo —a;) n even
Kplnkr)
Kpnkrn| kK-, (nkr) + =2
22 he 3 breken| kK- (nkr) r ] — cos nkz cos nl6 — a;) n odd
Heglrp oq) = —2=ahg ¥, - -
mab n= Splnkr;) sin nkz sin n(8 —oy) 7. 8van
Hpgl ] 2Ziphq 5 kpnkon Knlnkr) cos nkz cos nlo —ay) n odd
aglri.eil = T
glfi nab np= Gplnkr) sin nkz sin n(6 — ap) n even
1 . ey dd
Zi 2 ki ko Ko (nkr) | SiN nkZ sin nle —a;) no
Higlri ol = w:2iphq Xbn%znn AT
"aq n=i bplnkr;) cos nkz cos n(6 — ;) n.ovan
Environmental screen factors kp,, Kgp, k.p defined in Table 2
Sulnkry) = [Kplnke) — ynlnked 1y (nkrgd]
Table 4: Expressions for the nth space h i bined envir | and rotor screen factors
Inside stator rp <r <rg Outside stator ry <r <ry
4 Ynlnkr) Inkrl 1 _Tn lnkrg)
2 b
ky . = e — =%
o y,,{nkr, - Tn Tnlnkr) &
b b
3 _ Bplnkr) 1- ynlnkrg)
a b a b
kin. k- 1- — - t— —
OneKzn ynlnkrg) . & Bnlnkr) : 3 )
b b
a = fylnkr,) for iron environmental screen
a = yy,lnkr,) for conducting environmental screen
a = 0 for no environmenital screen
b = By lnkrp) for iron rotor screen
b = yplnkrp) for conducting rotor screen
b = 0 for no rotor screen
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kon being the nth harmonic pitch factor. This equation is
of the same form as that for a helical winding, eqn. 4,
except for the winding factor, k,,, and environmental
screen factor k,,. The environmental screen factors obtained
by the two dimensional analysis outlined above, see Ref-
erences 23, 24 and 6, are shown in Table 2 along with the
corresponding values for the helical winding, the funda-
mental difference between the environmental screen
factors being the dependence on winding length introduced
by the helical winding. However, finitelength effects
become less prominent as the length/diameter ratio of the
helical winding increases. Hence, as this ratio tends to
infinity (i.e. as the winding length tends to infinity) the
environmental screen factors for the helical winding tend to
become the same as those for a long straight winding. In
the same way, the modifying factors associated with the
subtransient reactance of the helical winding, defined in
eqn. 6, tend to

b -]
<]

iron environmental screen
conducting environmental screen

+

as the winding length tends to infinity. This is identical
with the expression obtained for the long straight winding
with a conducting environmental screen by Appleton and
Anderson® and an iron environmental screen by Miller and
Hughes.”

Unlike the environmental screen factors, which tend to
the same value as winding length increases, the skew factor,

_me
21

Fig.5 Surface of integration for calculation of inductance

= T
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k2, of the helical winding does not tend to 1 as the arma-
ture length tends to infinity, but to 0-5. This arises because,
whatever the length of the generator, a proportion of the
flux must be lost due to skewing of the conductors through
180° over the total generator length. The variation of skew
factor k2, with length/diameter ratio is shown in Fig. 6.

One effect of skewing the armature conductors is to
reduce the amount of rotor flux linking the armature wind-
ing, and consequently the induced e.m.f.. However, as the
rotor flux density at the armature winding falls off towards
the ends of the machine, the majority of the generated e.m.f.
is towards the centre of the machine. Hence in practical
designs this loss of flux is found to be less than 10%.

This loss of flux in the helical winding is compensated
for by the superior winding support and by the reduction
of synchronous reactance (and in consequence the reduced
armature reaction). This drop in synchronous reactance
arises because the skew factor for a helical winding is less
than unity and because the environmental screen factor
Kyn is also less than it would be for a straight winding.
k., has a value of 1:54 for a straight winding and 1-38
for the helical winding design of Table 5.

6 Comparison of inductance calculations with model
results

To assess the accuracy of the inductance expressions of

Table 5: 1300 MW a.c. generator design parameters

Parameter Value
MV A rating 1530 MV A
Power factor 0-85 lagging
Terminal voltage (r.m.s./phase) 16 kV
Armature current (r.m.s./phase) 15-94 kA
No. phases 6

No. parallel paths/phase 2

Mo. phasebands/phasegroup 2

No. phasegroups/phase 2

No. conductors/phase 48
Field-winding radius 0-423m
Radiation-screen radius 0-5m
Outer-rotor inner radius 0-515m
Outer-rotor outer radius 0-65m
Armature mean winding radius 1-03m
Inner radius of iron environmental screen 14m
Armature half-length 29m

Table 6: Calculated reactance values for helical winding with iron
i | screen, showing effect of space harmonics

wMpp(n/6)  wMpy (n/3) xg

Reactance wilpp

p.u.
Harmonic
Sum
n=11to050 0224 0-128 0-056 06018
n=1 0167 0-145 0-084 05013

Table 7: Effect of harmonics on the breadth factor of 6-phase and
3-phase windings

B-phase 3-phase
n khn/n n kin/n

1 0-97736 1 091289
1 0-00073 5 0-00730
13 0-00044 0-00266
23 0-00008 1 0-00069
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Section 5.1, extensive measurements have been made using
a 1:9 scale model of a 1300 MW turbogenerator®:2® at
Leeds University. The helical winding model has a mean
radius of 105 mm and length of 406 mm and is shown in
Fig. 7. To simplify construction, it employs comparatively
few conductors, 24 per layer, which are disposed in three
phases with opposite phasegroups connected in series to
minimise errors due to circulating currents. The inductance
between individual turns can be measured. The iron environ-
mental screen model, shown in Fig. 8, is manufactured from
laminated iron and has an inner radius of 134-5 mm and
length of 356 mm. The ends of the environmental screen
are manufactured from aluminium with an inner radius of
150 mm and extended 88 mm to the aluminium end plates
of the model. The relevant dimensions of the model are
summarised in Table 8.

Measured and computed values of interturn mutual
inductance, both for the helical winding in air and inside
the iron environmental screen, are shown as a function of
coil separation in Figs. 9 and 10, respectively. Computed
inductance values are obtained by assuming a phasespread
of 15° (the total spread of each conductor) and summing
to a harmonic order of 81; this being the maximum order
accomodated by the computation.

2
sn

skew factor k

Fig.6  Graph of skew factor kj, against krg for helical winding

Fig.7 Model helical winding
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Table 8: Model helical winding di

Helical winding: mm
Ih.-layer radius 100
r.h.-layer radius 110
winding length 406
conductor diameter 7

Iron Core:
inner radius 1345
length 356

The presence of the ‘solenoidal’ inductance term in the
phasegroup inductances, and interturn inductances, makes
comparison of measured and computed phasegroup, or
interturn, inductance values difficult because the solenoidal
inductance value computed by the ‘infinite periodic helical
winding’ is that of an infinite solenoid, whereas that
measured is of a solenoid of finite length. The latter can be
substantially different from the former. The interturn
mutual inductances measured in air (Fig. 9), however,
show very close agreement with the calculated values, being
on average higher by 10% of the solenoidal inductance
term. These results suggest that the inevitable overestimation
of solenoidal inductance has been countered by main flux
linkage around the winding ends. When measured in the
laminated iron core (Fig. 10) a more pronounced dis-
crepancy, on average 50% of the solenoidal inductance, is
shown. This arises because the model core is shorter than
the winding and the boundary extended to the machine
end plates by aluminium rings of inner radius 150 mm.
Consequently, any measured results may be expected to be
less than those predicted by the infinite periodic model
with the infinitely long environmental screen assumption.
Also shown in Fig. 10 is an interturn inductance com-
putation using the fundamental harmonic component only.
This clearly demonstrates the high space harmonic content
of interturn, or equally phasegroup, mutual inductances.

A comparison of self-inductances is shown in Table 9
and gives two measured and two calculated values of
inductance for the winding in air and inside the laminated
iron core. The first column gives directly measured values,
whilst the second gives values derived from measurements
on the previous subgroup. For example, the phase self-
inductance was derived from the measurements on 60°
spread phasegroups, showing a discrepancy of 2-5% with
the directly measured value. This discrepancy, absent from
mutual values, is attributable to the conductor necessary
to form the series connection spanning 180°, The promi-

geometry, even in the iron core, and exaggerated in the
model by the small number of conductors, 16, that form a
phase. The computed values of self-inductance depend on
conductor size. The first column in Table 9 assumes a full
spread for the current sheet of 15° per tum, whereas in the
second column a spread of 7-5° has been used. The true
angle subtended by the conductor is approximately 3°, but
if this spread is used with infinitesimal depth then excess-
ively high inductance values result. In other words if a
continuous current sheet is used to represent discrete
conductors, a fair model results.

The error between computed and measured values in
Table 9 is in all cases less than 10% and the synchronous
reactance values agree to within 2%. The final row of Table
9 uses only the fundamental component in eqn. 4 to com-
pute synchronous reactance and gives results to within
2%; indicating that only the fundamental component need
be considered when computing synchronous and sub-
transient reactances.

7 Design of a helical armature winding for use in a
superconducting a.c. generator

For the generator design of Table 5, the radial flux density
produced by the superconducting field winding at the
armature in the presence of an iron environmental screen
was computed by GFUN?" with account being taken of
environmental screen length, and the length, depth and
slotting arrangement of the superconducting field winding.
The computed radial flux density variations are shown as a
function of angular position and axial position in Figs. 11
and 12, respectively.

Analysis of the variations in radial flux density with
tangential position at the armature radius indicates a
maximum harmonic content at the axial centre of the
machine of under 1%. Hence the e.m.f. induced in a phase
can be assumed to be due to the fundamental harmonic
only and is given by

nZ
(z) cos — dz volts

_ rwkyZ2 (1,
-[nB’ u (10)

e

where the variation of radial flux density with axial position
B.(z) is shown in Fig. 12.

Computation of the e.m.f. requires numerical integration
of the axial variation of radial flux density produced by the
field winding, B,(z), while the length and diameter of the

nence of this effect is because of the air-cored nature of the  helical winding determines the machine inductances
Table 9: Self-i values, and p i, for model helical winding

Self-Inductance, uH

ex-core incare

measured computed measured computed

direct derived o= 15" o= 7-5" direct derived a=15" o=78"
Helical turn 08 o 0-855 0-892 0827 0974
30° phasegroup 2-36 2-34 2:26 2:61 267 264 27N 2:96
60° phasegroup 6-68 665 672 717 764 755 8-24 8-70
60° phase Ly 151 147 146 155 200 196 196 205

phase mutual M, 4-08 408 4-44 4:38 6-12 6-12 660 653

Synchronous inductance L, 1941 191 190 198 2641 257 26-2 271
Synchronous inductance
(fundamental approx., 60° 18:8* 189** 259* 26-1**

phasespread)

Motes: * This Is equivalent to o = 60°, identical to vectorially adding 4 e.m.f.s with o = 15°, separated by 15°
** \ectorial addition of 4 e.m.f.5 with o = 7.5°, separated by 15°
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through eqns. 4 and 6. For a corect design, at a preselected
terminal voltage and current, the two quantities of induced
voltage and synchronous reactance will satisfy the general
phasor diagram shown in Fig. 13.

To design an armature winding, the generator dimen-
sions, reactances and electric and magnetic loadings are
obtained using an iterative design technique® which
assumes the generator windings to be infinitely long and to
be represented by fundamental harmonic current sheets
at their respective geometric mean winding radii; this
reduces the magnetic field problem to two dimensions. A
field-winding length is then selected and a flux plot such as
that shown in Fig. 12 obtained for the three-dimensional
generator configuration. An iterative computer program
then computes the induced e.m.f. using numerical inte-

—i—'.“’
/

/

/

redial fiux density produced by

superconducling freld winding T

Cngulﬂr position from pelar axis, degrees

Fig.- 11 Circumferential variation of radial component of flux
density produced by superconducting field winding at rg = 1-0mas
computed by GFUN at 100% excitation

iron environmental ..
-\

screen N o

iwo-dimensional 112
. approximation

N 4!1 0

PRSI  Se =
L T T R VI

p ey rotor end
" windings 04

s

fue] (=]
L
=
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peak radial Hux density produced
by superconducting field winding, T

=

@5 16 15 2:0 25 3035
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=]

Fig. 12 Graph showing axial variation of radial component of
Jlux density produced by superconducting field winding fas com-
puted by GFUN ar 100% excitation) with relative position of rotor-
end windings and environmental screen shown to scale

E

Fig. 13 Phasor diggram for supercondicting a.c. generator
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gration of eqn. 10 and an estimate of the induced e.m.f.
E* is obtained from the phasor diagram as

E* =/1+2x,sin¢+x2 pu. (11

For a correct design the e.m.f. £ and its estimate £% must
be equal. If £ and E* are not comparable, then armature
length andfor the number of armature conductors are
varied until a solution is obtained and the subtransient
reactance obtained by eqn. 6 is equal to, or greater than,
the value computed in the two-dimensional design. This
ensures that outer rotor stresses during a short circuit are
acceptable. If varying both armature length and the number
of conductors will not yield a satisfactory solution, then
the length of the rotor field winding must be changed and
the iteration repeated.

For an armature of given length the helical winding has
been shown to have a lower synchronous reactance (higher
short-circuit ratio) than that predicted by two-dimensional
analysis for a section of an infinite straight winding of the
same length. Hence armature reaction effects are reduced
with an helical winding.

8 Conglusion

A closed analytical solution has been presented for the
magnetic field distribution and machine reactances of a
superconducting a.c. machine with an helical armature
winding. There is a significant harmonic content in the
phasegroup and the phase inductances, but when all three
phases are combined to give the synchronous, subtransient
and transient inductances many ol the harmonics caneel,
except those of order n = 2rm £ 1, where m is the number
ol phases and r any positive integer. Hence the important
synchronous, subtransient and (ransient inductances are
largely dominated by the fundamental and therefore can be
readily calculated. The reactances can be expressed in a
similar form to those lor a section of an infinite straight
winding, but are modified by two factors, namely a skew
factor k2, and an environmental screen factor Kpn, both of
which contain Bessel functions that depend on the ratio
of length to diameter (k2, =1 for a straight winding).
Laboratory measurements on a model helical winding
indicate that the synchronous reactance expressions are
accurate to within 2%.
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11  Appendixes
11.1 Linear current density distribution

11.1.1 Notation: The total linear current-density distribution
of a phaseband in terms of its axial and tangential linear
current density components is

Kirnan+1] =Kglr, ot 1ag + ke [re o5+ 1] 6z
(12)

while the linear current density distribution of a phase-
group, with phasebands on different radii is

Kylrj o)) = Klrpog, + 1] + K05+, — 1] (13)

For a phasegroup centred at o; +m, the current flow is
normally reversed such that the linear current density
distribution of a phase is

Kpn [ri i o) = Kglri g 00] —Kylrijo 0+ 7l (14)
The phase current is given by

iphg = Iphq 5in q(wi —x)

(15)
x = 2—Wl::‘—l). = ey
m
and the total current per phaseband is
Zi
= ~ehe 16
'a b a (16)

A phaseband current distribution of magnitude K, spread
o and centred at ¢; can be represented by a periodic pulsed
square wave with Fourier series

1) = ;%4- “il z—gsin {Ez‘_’] cos n(0 —o;) (17)

=) nw

Fig. 3 shows that a right-hand phaseband advances linearly
with 6 such that

¢f = kz+ o (18)
Likewise for a left-hand phaseband
¢ = —kz+o (19)

Since the total machine length is 2/ over which a phaseband
circumscribes one pole pitch the helix periodicity is k = m/21.

11.1.2 Axial linear current-density distribution: If the phase-
band subtends a phasespread o the circumferential distance
occupied by the phaseband is or; and

K‘:{rl"ai:i 1.] e

+

~Iphq (20)
Substituting in eqn. 17 and for f(6)

Zi,
K:[ra‘aabi I] = ¢ —PM

2mabr;

kpn cos n(0 — oy F kz)
(21)

The linear current density for the corresponding ith phase-
group is, from eqn. 13, (with r; =r})

rimab n=1
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Klrio] = 2Zipng i kyp cos n(0 — ;) cos nkz

abmr; 2,
nodd
271 o
4 kg Y. kpn sinn(0 —ay) sin nkz
abmr; .2,
s ©22)
with the corresponding phase value
4Zi, =
Kepnlriy o] = _bfp_g Y. kyncosn(8 —a;) cos nkz
abmr;  n=i
s (23)

11.1.3 Tangential linear current density distribution: Tan-

gential linear current density is again a pulse wave advancing

in the z-direction for increasing 0, i.e. ¢; = £ kz + oy, with

wave period 4/. The phasespread is 2/o/m implying
Zn |

—i

2labo P

giving after substitution in eqn. 17 for the phaseband

Eg [rf. o, = I] = (24)

Zi
Kg[}‘;,&;, + l] = 'Jiiﬂbg
+‘§-l’ﬁﬂ Y. Ky, cos n(8 —a; ¥ kz)
2lab n=1 25)

and for a phasegroup

Zi
Kolreq] = 508

+Zi’-'~'5 Y. kpp sin n(0 — ) sin nkz
l'ﬂb n=1
n odd

n=2

+2;qu Z, kyn cos n(0 — a;) cos nkz
Hern (26)

and finally for a phase

27i - . .
Konlag, il = Ti!;ﬂ" ,‘Zﬂl kyn sin n(6 — o) sin nkz

n odd (27)
11.2 Solution of Laplace’s equation

11.2.1 Winding in air: Laplace’s equation in cylindrical
co-ordinates is

2 2 2
2a 100 12 20

— =0 28
a2 roor et 8z (28)

A solution of the form
Q = Fi(nF(0)Fs(2) (29)

can be obtained by the separation of variables such that
Q, = {duly(r) + BuKy(vr)H{Ci cos (ud +vz +yy,)
+ €, cos (uf —vz + Yay)}

wr #0 (30a)
o = (010 + A ) Az + Aos NAos + Aos In (),
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Introducing the boundary conditions of Section 11.3 gives
(a) inside the winding

cos [n(8 —kz) + ya,] r.h.helix
Q, = A, 1, (nkr)
cos [n(0 + kz) + ¢,,]  Lh.helix
(3la)
8 = Az (31b)
(b) outside the winding
cos [n(6 —kz) + ¢ r.h. helix
Gl B,.K,,(nkr)[ [n( )+ Vanl
cos [n(8 + kz) + ,;,]  Lh. helix
(320)
\Qa = Aogﬂ (32b)

before the introduction of the environmental screen.

11.2.2 Modification of the potential distribution by the
environmental screen: The image winding produces a
potential distribution

Q, =D, !n(nkr){cos [7(8 —kz) + P3,]  rhohelix
cos [n(6 + kz) + Y1,]  Lh. helix
(33)

which is incorporated in the potential distributions (egns.
31 and 32) as,
(a) inside the winding
cos [n(0 —kz) + Ya,]
2. = (A, +D,.)f,,(nkr)[ @Vl )
cos [n(0 + kz) + Yia]
§lp = Apz (34b)
(b) outside the winding
cos (6 —kz) + Y3, ]
cos [n(6 +kz) + Yy,
(35a)
ﬂo — AQ&@ (35b)

D, is determined by the boundary condition (iv), Section
11.3, and describes the type of environmental screen used.

Q, = [B,K(nkr)+ Dy, I,(nkr)) {

11.2.3 Magnetic field distributions: The separate com-
ponents are obtained from H =—V{ to give:
(i) Radial fields

r<rg

0 —kz)+ Yap
Hon= [An+Dn1af,:wcr>|';°s >
cos [n(6 + kz) + Y inl
re 2r=rg

H. =

cos [n(0 — kz) + Y2,]

— [BpKp(nkr) + D, I (nkr)] [
cos [n(0 + kz) + Yy,

(37)
(i) Tangential fields
rrg
n(sin [n(0 —kz) + Ya,]
- S 38
Hﬂn [An+DnIfn(nkr)r{sin [ﬂ(ﬂ“'kZ)‘l‘\bl"] ( )
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e 206 27,
Hﬂrx =
in [1(0 —kz) + Y2,
(BoK n(nkr) + D I, (nkr)] '—'rm @kt ¥zal
rlsin [n(0 + kz) + ¥y,
» (39a)
Hyg = == (39b)
(iii) Axial fields
rsrs

sin [}1{8 —kz) + 'phll

H,,=—[4, +D,,]f,,(n.~'cr)nk[_ sin [0 + k2) + Y1, ]

(40a)
Hy = —An (400)
ey
e =

sin [n(0 —kz) + ]

— D Ln(nkr) + BoK p(rikr)] nkl
—sin [n(8 +kz) + ]

(41)
where
I (nkr) = ad-r{f,,(nkr)[ = ﬁk[;n_l(,,k,)_%]
(42q)
Kn(nkr) = %[k"(nkr)] = -nk{gn_,(ﬂ,ﬂ,} +%;kr)}
(42b)

Substitution of the boundary conditions of Section 11.3
gives

An = Tn(ﬂkrf)Bﬂ (433)
VYan = Yip = —ne; +7f2 (43b)
A
_ =%'pha
Rt 2mab (&)
Zi,
= by
Ao Hlab (43d)
* Zkpnion
Bylri,0, 1] = pha
sl =] naab [Kn(nkry) — v, (nkry) Ly (nkry))]
(43e)
where
_ Kn(nkr) @3f)
T"(nkﬂ) F fé(llkn)
For an iron environmental screen
Dl’l = =3 ﬁn(ﬂer)gn [rix a;, l] (445)
and
K, (nkr,)
= ——— 44b
Balrkry) = S (440)
and for a conducting environmental screen
D, = —yn(nkre)Bulri, o £ 1) (45a)
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and for no environmental screen
D, =0 (458)

Substitution of these constants with the magnetic-field
expressions, eqns. 36 to 42, gives the magnetic field distri-
butions for an individual phaseband listed in Table 1.
Corresponding linear current-density distributions are also
shown in this Table. Magnetic-field distributions for a
phasegroup, phase and total machine phases can now be
obtained by progressive use of superposition; the first
stage, that of combining phasebands to form a phasegroup
being shown in Table 3. Table 2 defines the environmental
screen factors used in Tables | and 3.

11.3 Boundary conditions

(i) By comparison with the linear current density
distributions of Section | 1.1 for pariodicity in 6 and z

u=n
the space harmonic number and
mn
v=nk = a
for a right-hand helixed winding
C, =0, G =1
for a left-hand helixed winding
=1, G =0

(ii) As r— 0, K,(nkr)—+< while the magnetic fields
are finite.

B, = 0. for

(iii) For a helical winding in air (no environmental
screen) as r—+ oo, [, (nkr)—> e while the magnetic fields
tend to zero. A, =0 forr >r;.

(iv) The boundary conditions at the environmental
screen depend on the type of screen:

(@) No environmental screen. In this case no image
winding is necessary and the previous boundary conditions
are sufficient.

(b) Iron environmental screen. (u, = =2, p = =°). All the
flux enters the iron core normally such that at r=r,,
Hﬂ = = 0‘

(¢) Conducting environmental screen (g, =1, p=0).
All the flux is excluded from the environmental screen such
thatatr=r,,H, =0 forall § and z.

(d) At the stator current sheet radial flux density is
continuous and

r<r

Hongutside ~ Honinsige = Kon
H -‘KBR

Hon puiside ~ Heninsige =

11.4 Inductance calculations

11.4.1 Phasegroup inductances: The total flux entering
the Gaussian surface of Fig. 5 from a phasegroup of Z/b
turns centred at § = a is

+1 m=kz
¢m(a) = Mo J. j. —H,m[r,,a]r,ded.z
T kz
+ o j [ Heanlrosadrdodr (46)
0 =w
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Evaluating this integral and replacing the first helical loop
by a phasegroup of Z/b turns and breadth factor kp,
gives the mutual flux linkage between phasegroups as

woZ2mrt

Bgola) = "M, o (47)
2uors 22 kinkZo Ko

B () = —-7'“ krsar;;” ™ jpp COS N

where k2, is defined as the skew [actor, and
_ ‘}’,,(ﬂkfs)[k'f;f“ -1 (nkrs) =3 In (ﬂ'k?‘s)]
[Kn(nkrg) — yn(nkro)l, (nkr,)]

k,n is the radial flux environmental screen factor defined in
Table 2, column 1. Mutual inductance is obtained from

K2, =

(48)

P ()
M) = === (49
&n ) fphflla )
giving
uoZari
M, = Seo—= 50
Z?. 2 2
Mg (@) = %{w‘cos noe H
foralln

the total mutual inductance being the sum of the harmonic
components

My(@) = Meo(@) + 5 My (@) (51)
n=|l

11.4.2 Phase inductance: Phasegroups may be interconnec-
ted in a variety of ways to produce a phase, the most usual
being:

(i) a phase and phasegroup are identical

(i) two phasegroups 180° phase displaced are connected
in parallel

(iii) two phasegroups 180° phase displaced are connected
in series to give

b2
Mpin(0) = 775 Mgn(®) (52)
o Z2 KR k2 K2l
Mppn(@) = —2?;!;; = cosna H
53)
n odd (

11.4.3 Synchronous inductance: For an m-phase generator
with no saliency the synchronous inductance is

Lyn = %Mphn(t}) (54)

n=2mz=l
T any integer
giving

mﬂczzkgnksnkmﬂ
Ly = 02 ikl

4mna®

H (535)
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11.4.4 Subtransient inductance: The image winding repre-
senting the outer-rotor screen introduces an additional
magnetic scalar potential distribution of the form

cos [n(0 —kz) + Ya,]  rh helix
Q, = F,K,.(nkr)
[cos [r(6 + kz) + ¢ ,]  Lh. helix
(56)

which combined with egns. 34 and 35 gives
(a) inside the winding

Q, =
cos [n(6 —kz) + Ya,]

A, +D,]1 F 4
{l b n] n(nkf}'l’ nKn('nk }]}L‘,DS I_ﬂ(e +kz)+ W:nj

(57a)
o = Agyz (57b)
(b) outside the winding
0=

(D I (nkr) + (B + F) Kn(,fkr)}{ms (70 —k2)+ ¥2n)
cos [n(0 +kz)+ Y ipl

(584)

Qo = Agsl (58h)
Introduction of the additional boundary condition at the
outside radius of the outer rotor modifies the scalar mag-
netic potential and field distributions in such a way that the
environmental screen factors kg,, k., and k., of Table 2
are modified to those of Table 4. Consequently, with an
iron environmental screen the radial field outside the stator
winding is given by

Hrn:

., ZKon iph K, (nkr,)
nmab  |K,(nkry) —vn(nkrg) L, (nkrg)]

 Yalnkry)
Yalnkrp)

[1 _ Balkry)

| Bulnkre)
n(nkrg)

sinn(f —o; ¥ kz)

7n(nkTD)

(59)

For nonzero n there is no net axial flux entering the Gaussian
surface of Fig. 5 and so the phase inductances are entirely
due to radial magnetic fields and the subtransient inductance
is

o Yn(nkrs)
1~ MitoZ Kinkrn2l Tulnkrp) (&0)
dn — 2 r
i [l B ﬁn(ner)]
Tn (nkr D)
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