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Summary The large synchronous generators were intensively studied, but not so many papers are entirely dedicated to the analytical
caleulation of the generator’s parameters. Therefore any contribution should be welcomed if it offers an improvement in the existing
procedures or formulae. The paper is dealing with the large synchronous gencrators’ magnetizing and leakage inductances
calculation. A coherent algorithm is presented and the calculated parameters for a generator are given.

1. INTRODUCTION

There have been published an extremely large
number of papers and books on the steady-state and
dynamic behaviour of synchronous machines. Many of
these works are dealing only, or implicitly, with the
machine parameters. Needless to say that accurate
analysis of the synchronous generators behaviour can be
almost entirely jeopardised if the parameters to be
inserted in the analytical equations or equivalent circuits
are quite inaccurate.

The synchronous machine mathematical model
and implicitly its parameters were introduced, almost as
they are used now, long time ago [1, 2, 3]. Quite in the
same time Wieseman performed an extremely accurate
graphical calculation of the magnetic field in the salient-
poles synchronous generator air-gap [4]. A basic book
on the synchronous machine mathematical model and
on the study of its steady-state and transient behaviour
was published by Concordia [5]. Rankin [6] and Talaat
[7] developed and improved Kilgore’s work [3] and
Canay [8, 9] brought an important contribution to the
synchronous machine transient study. From the
extremely large number of published works dealing
with the synchronous machine equivalent circuits and
corresponding parameters two seems to have an impact
nowadays [10, 117, even other tens can be considered as
important in the domain. General design aspects are
covered quite well by Walker's book [12] and elements
concerning the magnetising and the stator leakage
inductances’ calculation are given in [13, 14].

The parameters are usually obtained either by

analytical or 2D-FEM calculation within the design
stage or by means of measurements at the factory or on
the site.
) In this paper only the analytical calculation of
inductances will be discussed. The results obtained for
anexample considered will be compared with the values
obtained by tests or by performing a 2D-FEM magnetic
field computation.

All the given formulae were developed without
ﬁons%cieriag the saturation other way than by introducing
the usual enlarged equivalent air-gap. The saturation
factor employed in the equivalent air-gap calculation

takes into account a global phenomenon not the specific
effects.

2. ROTOR’S ORTHOGONAL MODEL

Only the salient poles rotor is considered. It has
two types of windings:
¢  The field winding which is a concentrated type
winding and produces flux on the D-axis.
¢ The damping cage winding which has
identically bars uniformly distributed only in
the rotor pole tips.
The general two phase machine model is given in
Fig. 1, [5]. For the specific case of the synchronous
generator vp =vp =0, since the D and Q rotor

windings are the equivalent of a damping cage winding.

Fig. 1. The general two phase model.

In order to simplify the machine equations and to
avoid any duplicity in choosing the “per-unit” base
values all the rotor windings parameters are referred to
the stator windings. The orthogonal rotor axes are
named D and @ and consequently all their values will
have these suffices, but for the field winding where will
be used the suffice F. All the actual (physical) rotor
values will be symbolised with “*” and all the referred
to the stator values will have no special notations. As

IS « “
example I, and i, represent the actual field current

and the field current referred to the stator winding
respectively,
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Since the frame is fixed in the rotor there is no
cross coupling between D and Q axis, neglecting the
one which is due to the rotor iron core saturation.

The main overall simplifying assumptions are the
usual ones:

The magnetic coupling between the field.
damping and stator windings is done only by the
fundamental wave of the main field, so no field
harmonics are to be considered.

The magnetising curve is unique.

The air-gap length under the rotor pole is
constant.

The field winding will be considered as example
of the way the rotor parameters are computed.

The field winding is on D-axis, then it is coupled
with the stator equivalent d-axis phase.

The fundamental MMF produced by the field
winding is:

Fpi=ANplp (0

where A, is the coefficient computed by Wieseman [4]
for the flux distribution in the air-gap of a salient poles
machine at no load, only field coil excited, Ny is the
field winding number of turns and /5 is the actual value
of the field current.

An equivalent current Ir flowing through d-axis
stator winding produces the same MMF, hence:
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where
Ay 1s the Wieseman factor for the air-gap field
produced by the d-axis stator winding,
® ks is the stator winding factor,
p is the number of pole pairs and Ny Ny
N S = '\[3-5 NS s
are the d-axis stator winding number of turns and the

total stator number of turns respectively.
The current ratio kyr is:

Ir _ 3 kysNs Ag ‘
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Consequently the referred to the stator field
winding resistance Ry and leakage inductance Ly, are:
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The input power should be the same in both
windings, consequently,

where Vy, Vp are the actual and the referred to the
stator value of the input voltage of the field winding.

3. MAGNETIZING INDUCTANCES

The magnetising inductance calculation will be
given considering the field winding referred to the stator
as in the previous chapter.

The air-gap flux produced by the field winding is:

. DI
Cp=CoByr— (7)
-
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Finally the inductance M p is:
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where Cg is a flux distribution coefficient [4] D and /
are the air-gap average diameter. respectively, the
equivalent active length of the machine iron core [3, 12,
13, 14, 15].

The inductance on the d-axis M, considering the
field produced by the d-axis stator current 1, is:

3
E e \[f SKws
M, = d__ Y5 Ve D, (10)
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and as expected
Mdp = Md (12)
The equivalent air-gap length g is [14, 15]
# - ; R
& =Keskaus (13)

where the Carter’s factor can be calculated by
Keg == (14)

with:

k= 4 (arg'lu ~Inyl+u’ \} i :é’—(ﬁ—, (15)
b 2

\ J ~8

15 being the stator pole pitch and b,s the stator slot
opening.

The stator magnetic field density should be
reduced by a factor K¢ due to the presence of the vent
ducts in the stator iron core [16].
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4. LEAKAGE INDUCTANCES

The stator phase leakage inductance is given by:
2 1
Lso =2upg/N§ ek Lsgow  (16)

where [3, 13, 14, 15]
Pe =Pss HhPis + Pns (7

and the signification of the notations are:
e p,s - the specific stator slot permeance,
s ps- the slot top specific permeance,
®  pus - harmonic differential leakage specific
permeance,
» k.- a coefficient which considers the presence
of two currents in the slot [3, 13],
® L., -stator end winding inductance [3, 17],
¢ g - stator number of slots per pole and phase.
The field winding leakage can be computed by
using the equation [3].

% 2 .
L o =ugNF (!F('p Prop HFee P Foe ) (18)

where:

% lpy lre are the average length of a conductor

on the pole side respectively on the pole end,

® Doy Proe are the specific permeances for the

side coil and respectively end coil leakage.

In the salient poles’ rotor the damping cage is
considered as constituted from independent groups of
bars when the rings connect separately each group of
bars placed on a pole

The basic element for the damping cage is the rotor
loop, on each pole existing the same number of loops.
Each loop contains two consecutive bars and the
corresponding parts of the end ring. The loop leakage
inductance is [14, 15]:

# . o 5 P
L?g w;[lii,(,aigmz =+ Lml (19)
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where L), and L’,, are the bar and end ring leakage
inductance respectively, and « is the electrical angle
between two consecutive bars.

If Ok, is the number of bars per pole, the number
. p I
of loops is Ory-1 equal with the number of rotor phases
My,

The D-and Q-axis leakage inductances are [18]:
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where electrical angle y is:
y = Orp~la 21
2 2 o

The D-and Q-axis leakage inductances referred
to the stator winding are:
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relations which are different of that given in [6, 7].
5. RESULTS AND CONCLUSIONS

The above given analytical formulae were
applied to calculate the inductances for a large
synchronous generator which has the following main
data:

e rated power §=83 MVA,

e rated voltage V=17.5kV,

¢ rated frequency /=50 Hz,

*  number of pole pairs p=5,

»  number of stator slots Q=120

®  stator interior diameter D=3.2 m,

e  stator length [=1.9 m,

o minimum and maximum air-gap length:

gn=25 mm, g4=32.5 mm,

¢ number of bars per pole Qg,=7,
e rotor cage slot pitch 7;=83.8 mm,

¢ number of conductors/slot Nps=2.
The Wieseman coefficients are[4]:

Cy=1.0135, A=1.11, A;=0.896, A,=0.51
The stator Carter’s factor is:
Keg=1.0048
The equivalent air-gap length is:
¢'=25.12 mm

The saturation was not considered since the
comparison is made with the inductance values obtained
on the non-saturated machine by tests or by 2D-FEM
analysis [16].

The calculated values are:

o Magnetizing inductances on d-axis:

M#=11.076 mH, Xm=348 Q, m=0.94
e Stator phase leakage inductance:
Lg~1.5639 mH, X5=0.489 Q, {5,=0.133

¢ Rotor field winding leakage inductance:
L'r=0.179H, ~=1.07 mH, 11=0.091
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¢ Rotor damping cage D-axis leakage
inductance:
L{}rf—-‘mo. 15 mH, «XU{««E{}{)“‘?? Q, lig},{;{}~0 128
o Rotor damping cage Q-axis leakage
inductance:
Ly~=0.0298 mH, X0.=0.0094 0, 1,=0.0025

e  Synchronous d-axis inductances [3]:

iif:???[/‘i‘]xw"»—”ily()YB
L= lg,+1p,=0.1458

e  Damping cage loop leakage inductance:

L'=11.007%10"H
The “per-unit” values measured and respectively
computed via 2D-FEM, are,[16], unsaturated machine,
("d.}sz:{}gSé :{IJ)FEMZO~934

(14" )ies=0.16335(1")pen=0.1849
The base impedance for “per-unit” system is
X5:3.69 Q

The value obtained during the design stage of the
generator was [;=1.139 [16].

It is clear that by using the algorithm proposed in
this paper the results are quite closer to that obtained by
test or by 2D-FEM analysis.

A further improvement, to consider adequately
the saturation, is required and this would be the
direction to continue the actual work.
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