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Preface

This thesis was undertaken to develop a simple method for
calculating damper winding reactances. Many engineers have published
papers developing and presenting methods for calculating the reactances
of the synchronous machine, however these papers are written for the
engineer who is an expert in this field, These methods require the
calculation or knowledge of fluxes, induced currents, voltages and/or
other factors. This thesis reduces these methods to equations relating
back to machine geometries only, allowing anyone with the geometries to
calculate the damper winding reactances of the machine,

I 'onldAlike to thank Dr., F, Brockhurst for his patience and
guidance, I would also like to thank my wife for her gu#ﬁance in the

area of grammer and phraseology, and her tolerance of me during the

writing.
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-

A set of equations for calculating the reactance and resistance
of synchronous machine damper windings is developed and presented,

The final equations are in terms of machine geometries, allowing the
user to calculate impedances without knowing fluxes,induced currents
or voltages,

The derivation of this set of equations i1s based on the method
developed by M, E, Talaat. In this derivation, equations for currents
and induced voltages are developed, and then reduced to impedance ratios
in terms of machine geometries only. From these ratios the reactances

and resistances are found.
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I. Introduction

Background

A considerable amount of publication has been presented in the
area of calculating the performance of synchronous machines both in
transient and steady state conditions. Scattered throughout this
literature are sections developing the reaétancee of the synchronous
machine and how they relate to the aforementioned conditions, The
first major article in this area was written by C. J. Fechheimer (Ref 4)
on self-starting synchronous motors in 1912, and was used as a basis for
a number of papers through the late 1920's and early 1930's,

Through this period most of the work was done in the area of
starting performance. Two papers which deal with reactances and how
they relate to starting performance are by H, V. Put;an (Ref 14) and
T. M. Linville (Ref 9). Articles pertaining directly to the reactances
of synchronous machines from this time period are more difficult to find,
but a few include papers by P. I, Alger (Ref 1) and L. A. Kilgore
(Ref 7) and a paper on the theory of synchronous machines by R. H. Park
(Ref 13). '

Since the middle of the 1930's there has been a decrease in the
amount of published work in this area, however, a large portion of what
has been published has been directly relevant to the reactance of the
synchronous machine., G. C. Jain (Ref 6) and C. Concordia (Ref 2) have
written books dealing completely with the synchronous machine, while
A. S. Langsdorf (Ref 8), M. Liwschitz-Garik (Ref 11, Ref Ié) and others

have devoted sections of their books to this subject, Articles

published during this time include one by H, C. DeJong (Ref 3) on the




starting performance of synchronous motors and two by M, E. Talaat

(Ref 15, Ref 16) dealing directly with synchronous machine reactances.

Problem Statement

For the synchronous machine design process it is necessary for
Alr Force Aero Propulsion Laboratory, High Power Branch, to be able to
calculate the damper 'iiding reactances for various machine geometries,
This would then become a part of their 1torativo.deeisn process used
with alternating‘current machines, Presently, however, there is no
simple way of calculating the reactances of the damper windings unless
one is extremely familiar with the literature in this field,

This thesis presents an easy, straightforward method of developing

and calculating these reactances from machine geometries.

Assumptions

1. Saturation, hysteresis and eddy currents are neglected.

2. The space distribution of the mmf by the armature winding is
sinusoidal.

3« Symmetry is assumed about the center of the rotor pole and
armature winding.

4k, Assume only the 0th and an permeance harmonics are present
and the magnitude of the 2 parmonic o armature self and mutual
inductance are equal.

5. The variation of the mutual inductances between any armature
phase and the rotor circuit with respect to the rotor position is
sinusoidal.

6. Reactances of the rotor circuits are independent of the rotor

position.
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7. The effective armature winding flux linkages are produced by
the fundamental component of the air gap flux density.
8. The end rings are continuous and no damper bar slot openings

face the interpole space.

Outline

The object of this thesis is not to develop new and unique
equations, but rather to use material previously presented in the
literature to develop a simple method for calculating the reactances of
the damper windings. The development of the damper winding reactance
equations is presented in Chapter 1I, This development uses basic
principles, ailo'ing the reader to understand the derivation of these
equations, References are also provided for further clarification.
Chapter III then presents the equations developed in Chapter II in a
logical order for calculating the reactances from machine geometries.

The appendices contribute to the material covered in this thesis.
All nomenclature from Chapters II and III is given in Appendix A,
including a separate list of the machine geometries necessary for
calculating the reactances. Appendix B presents a computer flow chart
and FORTRAN program source listing to calculate the reactances.
Included in the source listing are comment cards showing the input
order of the machine geometries, Appendix C presents changes necessary

in the equations to calculate the reactances of the damper windings

referred to the rotor side.




II. Equation Development for Damper Winding Reactance

There have been many papers published on the reactances and
starting performance of synchronous machines, but unless the reader has
a clear understanding of the machines, he can easily become lost in the
theory and even in the final equations, To alleviate some of this
confusion, a straightforward method for the development of equations
for calculating the damper winding reactances from machine geometries is
presented. The development of the equations follows the method developed

by M. E. Talaat (Ref 15, Ref 16), with clarification from other authors,

Calculation of the Mmf Due to the Equivalent Damper Bar Winding
(Ref 15:179)

Currents of equal magnitude and opposite direction will be induced
in any two damper bars equidistant from the pole center by either the
direct or quadrature flux., The pair of damper windings farthest from
the center of the pole will have maximum current. Let the current

induced at 90 electrical degrees from the pole center be given as ID&'

t
The current induced in the n - damper bar pair would be

:Iﬁ .Ihi3an(??)
where G% is the electrical angle between the nth pair of damper bars.

The fundamental component of the mmf due to.this current is

= . (6 ) (2)
sS= Zn.
amp turns per pole per bar pair. The resulting mmf due to all damper
bar peirs is

M":%- [g Insm(%‘] (3)
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where NDA is the number of damper bar pairs. Replacing I, in Eq (3) by

Eq (1) yields
2 _2/© (%)
Iw - Sin (7'!"'
which can be reduced to
Moo= TrIDd[NDaL ﬁ‘:cc’se] o

Defining the uniform damper bar conversion factor as

e 35
by N (n:, cos ,)) (6)

Eq (5) becomes

pfﬂ' Dd D.L(1 Aod.) ™

If the damper bars are uniformly spaced and if Py the number of

damper bars per pole, is odd, then

2N+ (8)
and 61=qu )ez "}0( o o o © e -ZMDd % (9)
where o% i8 the electrical angle between two adjacent damper bars. If

"b is even, then

= 0
b ZNDaL (10)

and 61=“b)62=3qb‘ ¢ . 'eNA:(ZNDd.—1)qb (")
If Bqs (9) and (11) are substituted into Eq‘(6) and this finite trig-

n

onometric series is reduced,

= —1—- - . (12

Mpa= 0Ly, (1-k,) )
_Sin N, Sp _

where Kb = n, Sl‘norb ADd. (13)

for " even, If n,_ is odd, then

b




Mpa= (0 1) Ty, (1-K ) (%) :

sin n_of, - sin o :

where K, = Lb ,' bz A (15)
b ("5‘1)$m qb Dd 14

The equations for the amplitude of the damper bar mmf in the

quadrature axis can be calculated by similar reasoning:

|
' (16) g

”n
MD{ TT'I%NM“ +Ap)
where : f‘TL- (f cos 6) (6)
for “b even and 4
1 Her :
A =;J— (’ COse + —) (17) 3
for "b odd.
For uniform spacing of the damper bars and with h, even,
Mo 7 Lo ny(1+K) - a8
q’
with k& as defined in Eq (13). s:l.lilarly, with hb odd,
M 1=7’r-l (n-1)(1+ k) (19)
where k = Sin Ny =A (20) |

b (h,-1)sin o1,

Calculation of the Direct and Quadrature Damper ¥inding Reactances

(Ref 15:180)

The amplitude of the fundamental component of the armature mmf

due to an equivalent direct axis damper winding circuit is

M =AMk o (21)

for the first term of the Fourier series for the stator mmf, N is the

number of stator series turns per pole per phase, P is the number of

6




poles (twice the number of pole pairs), ku is the mmf reduction factor

due to the stator winding and "'D& is the current in one phase of the
stator. Equations (7) and (21) can be set equal to each other and
solved for a current ratio, since the mmf due to the rotor and the

stator must be equal:

¢ Nk,

oy PH W oy 3
The voltage induced in the rotor by the "A" phase in the stator is

_ 2MEN é
pd = /o0p P

while the voltage induced in the stator by the rotor is

= AERuy (24)

where kN. is the direct axis rotor breadth factor. Using Eqs (23) and

(22)

e (23)

(24), a voltage ratio in terms of machine geometries can be obtained

because the §'s are the same:

B oS NNk;’ (25)
Dd. DA " pd

Eu

Multiplying Eq (22) by Eq (25) will result in an impedanca ratio:

2
Togens —_ 2(Nk,) (26)
uE od P*Nog kp (1 'Aoa)

The total direct damper winding leakage flux is given by

Yo =272,2(2 1, )

ne|

=2P Nogkpulpadi (27

where AH is the equivalent single bar leakage permeance and { is the

core length., The definition of reactance is flux linkages per unit

eurrent, hence
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ZﬂFELm_ ,
ok ™ %0 T =PNpgkpa 2%pd (28)

and the equivalent single bar leakage reactance is

- 20¢
N (29)

Referring Eq (28) to the stator side by Eq (26),

N = HNKS g amiday, s
KOAT PN, (1-Ay) P4 /0TP Npy(1-A.,)

Following the same procedure for the quadrature axis,

"‘Lof P Noakpa2¥ea Gn
where ‘lb :—m-‘f—hhq. (32)
: 9 /0

Referring Eq (31) to the stator side yields

__ HINKDT o 4Nk 2ERD
= = bq_
X‘~°g PNpa(1+Ap,) x"i /0°P N (1+Ay,)

(33)

The flux linkage in phase "A" due to the current in the equivalent

direct axis damper winding is given by

AV Nm(1 'AN)N 'ﬁu(%c.u AQ 2 IDJ. (34)
The stator-rotor permeance factor is
= 087D
A, 5 (3%)

where D is the rotor diameter, 9¢ is the equivalent gap and C o1 is the

ratio of the fundamental air gap flux density produced by a sinusoidally
distributed mmf, whose axis is through the pole center, to the mmf which
would be produced with a uniform air gap equal to the effective air gap.

Using Eq (22) to remove the current from Eq (34),

_20f¥pa  2Nky(py _ 4RANKL)®
XaDA /0% (oa. PNoa(1-Aoy) 70°P Can ha (36)

Following similar procedure, the quadrature reactance is given bdy




2
_ HPR(Nky)
Xaof TP C 1%, (37)
The self-reactance of the equivalent damper winding circuit can
be calculated in the same manner as XaDA and XLD &
_ ams 2(NK)" [PNni 2 a1 J
xoo; ot PNk 0-A L2 (1- Ao kg 3 Cagd ) + PN K 22
— 4Rk [?\ ¢ )]
/0%P 3rar " Dot( 1 Ao
= 3DA+XLD°L (38)
For the quadrature axis
— HFA(NK) Mg
X°°1 /0%pP [?\ac‘i.‘ : wa( =Rl
=X, +X (39)
obz LD‘L

Calculation of the Equivalent Resistance (Ref 15:181)

The power loss in the damper windings can be expressed as

i . 6, 20 6pn
PM—Zr-MIDd(Sm 3 +Sm Tz + sin —?_-11» . +3In —z-k)P
Using Eq (6) to reduce the finite series in Eq (40)
2
pDcL % r‘deMNMU-AD‘)P
and using Eq (22) to replace IDJ

2
- "(Nkw) ' 2

2 results in the damper winding resistance:

Dd
4(Nky)*
—%é Ros™ PNpy (1-Ap,)  ©

Dividing PD A

Por the quadrature axis

P2
R = —4(Nk.)

SETRCTTIN

(40)

(&1)

(42)

(3)

(bh)




Calculation of the Single Bar Leakage Permeance

Leakage permeances are usually calculated by determing the
individual leakage permeances: slot leakage permeance, toothtip
permeance, damper bar pitch permeance and end ring permeance; and
summing them, The permeance is calculated for the reluctance of the air
and copper and it is assumed that the reluctance of the iron is zero.

The permeance of path 1 in Fig, 1a and 1b is

h :
i -;-ﬂ- (45)
b2 '
The remainder of the bar slot leakage permeance reduces to the factor
A (0.64) (46)

for the round bar in Fig. 1b. The permeance of paths 2 and 3 in Fig. 1a

is calculated as
h
A (-ilﬂ + EZ—»,%—) *?)
b1 (1] b2
In as much as the flux distribution through the damper bar is parabolic,

baz N

FTIRANN

3 Path 1
Path 4 b
—Path 3
Path 2
Path 1
a, Rectangular Damper Bar b, Round Damper Bar

Fig. 1. Slot Leakage Permeance
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the permeance of path 4 is

_hy
AT 3 by, (48)

The toothtip leakage permeance is given by
AMF i (49)

By the Schwarz-Christoffel Transform, Fitd is given as (Ref 16:324)

L = IR b
Feea= 0-2284 100796 - .25—31(1-a) (50)
where 9 is the gap under the pole center, bs is the width of a stator
slot and
;2
g b .8 b
o ,n.[arc_‘l’.ar\ 7 log, (1+ 7;2 )] (51
For the quadritur. axis '
J
F“‘i 0.2164 +0. 3185(5’ ) (52)

where b‘ is the width of a stator tooth.
The leakage permeance due to the damper bar pitch is (Ref 16:325,

Ret 8:311)

T
gl
AT b (53)
1

The leakage permeance due to the end rings is (Ref 16:323)

o (Mol . oaa T.T
Al + &
A e -
here T.=I2 (56)
s tl
‘T;ins e (57
-k, Cos o,
and Q=2+ Los Ney — XpCoS Xy (58)
(1-k,)

for the direct axis and




.

i b n o s

P ———

e S YN P

Q= T (1- cos ny=,) o L0 NpXy” Kpcos %y
Ny (1+k) (1o-kb)

for the quadrature axis,

(59)

Reducing Eqs (45), (48) and (49) to per unit length and combining

terms, the leakage permeance in the direct axis is

I’\ bbi Zhhg Te 2n, /L. -2
=~ +—f— p Z0n (e
hbd .41?’[ (Fttd. b " 3551 bm + bb‘\ + bbz /23¢ Zm ( 2 )

.12 7D, (Z cos nity= kh@q,_)]

mTﬁpz ) (60)

and in the quadrature axis

(\q_:“m[“oh(ﬁ LI _hnL....hn_....J_‘lnL).,, [ +.Z_'_‘y(£§:ﬁ.)

tg bya 3by, by  byth,/ /%3,  3m

4 2127 D' (ﬂ’(1-c°ﬂ;‘ﬁ+ L AT N kb°°5“n_) (61)
mT,AP* | N, (1+ k) (1+k,)

For the round damper bar, replace the term —hbj— + b-hi -+ —2—"-"3-—-
3by by b, ¥ by,
with the factor 0.66.
All numerical factors are given for the cgs system. To convert

all reactance equations to the English (inch) system, simply multiply

Eqs (35), (60) and (61) by 2.54 centimeters/inch,

Calculation of the Stator Winding Factors

The Distribution Factor. (Ref 8:183) For a full pitch winding,

as shown in Fig, 2a, the emf due to the coils can be expressed as
oF oY (q,-1);¥
= J e oo 09 3 (62)
Er=E,(1+e" te e
where § 1s the distance between slots and 11 is the number of slots,

Equation (62) can be reduced to

J
E. sin "i'
Er= q oin (63)
where 1: 3'.1.“. (64)
12




a4, Distribution Factor

[O] [O] ,Ol [O] XXX X

b, Pitch Factor

st

j—Stator
~Rotor

9o A

¢. Skew Factor

Fig. 2.. Stator Distribution Factors

1 is the number of slots per pole per phase, m is the number of phases

and § et (65)

Q—M

The distribution factor, ky, is the ratio of E_to E,:

E sin i
kK =£L = & (66)
a E1 %Sin E"LM?‘

The Pitch Factor. (Ref 8:187,311) The pitch factor must be used
to compensate for the partial pitch, since not all windings have l80°

pitch (see Fig. 2b). This correction factor is given by

13

ki




T R e a————

kpr-' Sir\lgz:; (67)

where W is the stator pole width and T 1s the rotor pole pitch,

The Skew Factor. (Ref 8:194) The effect of the stator winding is !
reduced by skewing the winding (see Fig. 2c). This factor is given by :
sin Z LS
K= L 3 (68)

29,

vhere Yi- the stator skew and fh is the rotor pole head length.

Calculation of the gd‘ and C

Q1 Factors (Ref 5:197,219,223) §

Calculation of C A1 and C?! are done by curve fitting from flux

plots (Ref 175: . *

Cu=Bk 4 (69)
‘ and C"‘1 =4, k% (70)
§ where ﬁ‘, = [0{ + ———-SE;rq"— (71)

with ¢ being the ratio of pole arc to pole pitch. For a constant air gap ’

o= o +Sin AT
T Aenyf

(72) |

k e T - Sinafl” (73)

1 syl :

and

while for a sinusoidal air gap
() eos ()1
i 3[afr+ sin(c(TT)J

and .k = 45““3(931!’)
34 3fafr + sin (7))

£ o e S D5 B s e A

e

(78)

(75)

Calculation of the Damper ¥inding Resistance

The resistance of a bar is given as

1L




|

A
-fD._JL
V'b = Ab (76)

where f is the resistivity of the material, Ib is the length of the
bar and At)i' the area of the bar, The resistancé of the equivalent
end rings is, by averaging the resistance of the end rings between

each pair of bars, for the direct and quadrature axes, is

se

i 7 en —
"‘r& asp. =0

Noa Ae
N
and . r..={7T- %7;" ;;i (?7)
1 NDJ.' r

where 7;,\ is the pitch of the n*® gng ring circuit and A'_ is the area
of the end ring. These equations for the direct and quadrature axes,

using copper as the conductor, become

9 :
o Ten '103,? (78)
b, Mo
B T
and ro= f*A— b Ten i73°_§ (79)
b‘t b r A"ND& /0

The preceding equations were dovolopod for the reactances of the
damper windings, The equations have been developed from machine
voltages, currents and fluxes, but the final equations reduce to terms
with machine geometries only. This converts the equations to terms

which the user can handle without having a vast knowledge in the fields

of electromagnetics and machinery.
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III.. Presentation of Damper Winding Equations

Chapter II developed equatiors for the calculation of the damper
winding reactances referred to the stator side, This chapter presents
these equations in terms of machine geometries in a systematic order for
calculating the reactances., Equations are presented for uniform and
nonuniform damper bar spacing, as well as for round and rectangular
damper bdars.

Machine geometries used in these equations are in terms of centi-
meters, To change all equations to inch measurements, multiply Eqs

(82). (83), (98) and (99) by 2.54 em/in and divide Eqs (109) and (111)

by the same factor,

The Equations
The equivalent single circuit damper bar leakage reactance (from

Eqe (30) and (33)) in the direct and quadrat re axes are given by

Lba e,

CGR2TE N
and - __I_—_Q%, 8')
xLDm /O*Cbg ‘

The amplitude of mutual reactances between the stator winding and
the equivalent single circuit damper winding (from Eqs (36) amd (37))

are calculated from

_ (08 (08M)DCy \
XaDd oy /O'g‘ (82) ;
_ Cal%(0.8M)D I3
and X‘D‘1 = _L_,Lo‘;.:)_(.*_ (83)

The self-reactances of the equivalent single circuit damper

winding are
Xobf X LD&+ xabe\ (38

16




- X001= xLthan1'
The resistance of the damper windings (from Eqs (43) and (44)) is

(39)

given as

R

Dd

W
Ro, = ( Z,':l')" e (85)

Terms from the previous set of equations are listed below, with,

=(Tc:;)r—b* (84)

if necessary, a reference to where further evaluation of that term can
be found:
C # Stator-rotor common factor Eq (86)
CM Equivalent direct axis damper bar conversion factor
Eqs (87), (91), (96)
¢ Equivalent quadrature axis damper bar conversion factor

Eqs (88), (92), (97)

C“ Direct axis pole factor Eq (107)
Cq'1 Quadrature axis pole factor Eq (108)
D Stator-rotor bore

Iy Supply frequency

9e Equivalent gap Eq (104)

W, Core length Fig. 5b

P Number of poles or twice the number of pole pairs

r'b & Equivalent direct axis dampsr bar resistance Eq (109)
rbg Equivalent quadrature axis damper bar resistance Eq (111)
Ab d Direct axis equivalent single bar leakage permeance

Eq (98)

Ab" Quadrature axis equivalent single bar leakage permeance
Eq (99)
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The stator-roftor common factor, which is used in all the reactance

equations, is

Ca = M&."A}‘ (86)

P

ki b 3in (21—:

where = e (66)
yonE)
Kk, = 3in (‘:’:Tz-’) (67)
i BE]
and K, _E—ZT (68)
24,

Terme used in the above equations are

k ” Stator distribution factor Eq (66)

k? Stator pitch factor Eq (67)

ks Stator skew factor Eq (68)

..Qh Rotor pole head length Fig., Sb

m Number of phases

N Number of stator series turns per pole per phase

1 Number of stator slots per pole per phase

w Stator coil width Fig. 5a

T Pole pitch Fig., Sa

’r Stator winding skew Fig. 5b Tr
Calculation of the Equivalent Damper Bar Conversion Factor

From Eqs (7) and (16), the equivalent damper bar conversion
factor can be calculated as

Cou Nou(1-4,,) (87)

- Coy™Now (1 +As) o

Sheadad s Crakin

PSRBT WERRTPE VRIS TGP Ol COMMY 2% S

i s




b.

Fig. 3. Pitch of the Damper Bar Circuits

The calculation of N the number of damper bar pairs, and Anu!

od’

the uniform damper bar conversion factor, differ due to whether the

number of damper bars,r\b, is even or odd.

Eb Even., In the case where nbis even, A_ . in the direct and

quadrature axes is calculated by (from Eq (6))

1 fE Ta )

Dd

n=|
and N, = e (90)
D4
where 724 is the damper bar pitch of the nth damper bar circuit, as
shown in Fig. 3. For uniform spacing between damper bars, kb will be

used in place of Audand

(91)
(92)
(93)
(90)

(93)




i
3
1
3
3
i
1

db is the angle between two adjacent damper bars.

B, 0dd. For ny odd, Aw(fron Eq (6)) in the direct axis is

gliven by

2

where

el
Noy=

1
e AP
In the quadrature axis

A 2-3—[%; cos(Tndn') 12] (95)

For the case of uniform damper bar spacing, in the direct axis the

equivalent damper bar conversion factor is

e )(1 Ay ) (96)

k - 5'“ nn_n Siho{h_

where b s a, (15)
while for the gquadrature axis
n A4
c,,f(jt-)( 1 +k,) (97)
: - __Sin N,
where Kb i (ng=1)2in % (20)

Calculation of the Equivalent Single Bar Leakage Permeance

The equivalent single bar leakage permeance in the direct and

quadrature axes is given by

Apy= AT (Kyeky,) (98)
Dog= 4 (k) (99)
vhere K = :"A_“b" —2bhuz , hpy , b, +_::.._b)(IOO)
X \by bm *bbz by by ’13 3m

for rectangular damper bars (Fig. 4a). For round damper bars
- 4, hpa T 2"9 " (‘eb'&) 101
k1-7h-(b‘*bn_fl’13¢ . 3m A : .

20
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Fig. 4. Slot Leakage Permeance Factors

Defining the equations for ku and K ,

- .12.17*“,1)’( cos n. o -K _Cosa .‘E‘L
el o k. Cavg, . S908)
A2 n, D' (Mr(1-cos n o), Cos N, —kyCosohy) £
— —p 03 Np¥p "Ry fal. 3
e k:{aL mRP ( h, e, (1 +k:7h : 1 +k, y/ Ffti(m})

In these equations

Width of the damper bar slot Fig. 4a

Width of the damper bar slot opening Fig. 4a and 4b
Mean diameter of the end rings

by,

Dl

Dr Rotor diameter

Ftu. Bar slot toothtip leakage permeance in the direct axis

Eq (50)
Fttq, Bar slot toothtip leakage permeance in the quadrature axis
Eq (52)

% Equivalent gap Bq (104)

"b‘l Depth of damper bar Fig. ka
"bz. Depth of damper bar slot opening Fig. 4a and 4b
"bb Depth of angled section of damper bar slot Fig. ha

i sl

st b W 4




e

5l g,
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T A

T —

hb4 Depth of damper bar within the damper bar slot Fig. 4a
L Core hnsth. Fig. 5b
1% Damper bar length
Ih Rotor pole head length Fig. S5b
c‘b Average angle between adjacent damper bars
and K= Sin hgov, (13)
b n,sin x,
Repeating Eqs (50), (51) and (52) from Chapter II,
9 b.
Fop, =0.2284 +o.ovqu(;;)—o.zs 2(1-0) (50)
where o =—(a + (%—)'ilo 1+ bz)) (51)
\ reran 3 b.S je q’;'x,
and F.. =0, 2164+ 3185("—").5 (52)
| etq= O 0. s
The equivalent gap is given by
(-——9—"‘ 4 1)) (108)
where of 7_75— (105)
P soher (106)
3 9Ymin

width of the stator slot

Width of the stator tooth

Gap under pole center

‘“‘%

J )5
tator '.-P Stafor \-?ofﬂ'
an’
4, Stator Rotor side view b, Stator Rotor top viu.

Fig. 5.

Stator Winding Coefficients




30» Maximum gap Fig. Sa
Gmin Minimum gap Fig. Sa
T Pole pitch Fig. Sa

’T; Pole arc Fig. 5a

Calculation of C 41 and _(:_q 1 the Direct and Quadrature Axes Pole Factors

From Eqs (69), (70) and (71)

Cu=(a+ e L

 Sinalr
¢ :(o(-l- E-L%-q—)ka%

11
where for a uniform gap
K _ AT 4 Sindfr
ad "‘ Sin 12'1!

and o
e — .
4 H si n——"z

and for a sinusoidal gap

k = 4 sin("{")[“;(.%v* ZJ

W4 Z[amr+ sin @]

4 5;"3(%{;)

and K

a1= S[em+ sinam]

€107)

(108)

(72)

(73)

(7%)

(75)

From Eq (78) the resistance of the damper bar and end ring in the

direct axis is

N
Y f"‘
r = | 4+ a: ¢€n P
bd. A
b ANy,
]
where T=1T .
en nd Dr

(109)

(110)




Cross~-sectional area of the damper bar
Cross-sectional area of the end ring
End ring mean diameter

Rotor diameter

Ab

Ao‘

D

Dl’

.fb Length of the damper dar
Aﬁxt FKumber of damper bar circuits

P Resistivity of the damper bar and end ring material (copper
is 4.38 x 10710 ohms=cnm)

T Pole pitch

T.,.  Pitch of the a*® end ring circuit
‘T;d Pitch of the nth damper bdar circuit

The resistance of the damper bar and end ring in the quadrature

axis (from Eq (79)) is

(111)
A, AD

Equations necessary for the calculation of damper winding

reactance and resistance referred to the stator side have been presented
in this chapter in alsystonatic order for evaluation. While there are
many calculations necessary to determine the reactance, they are all in
terms of machine geometries and with patience the user can determine

the reactance and resistance of the damper windings,
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IV. Conclusions and Recommendations

Equations for the calculation of the damper bar reactances and
resistances have been developed and presented with reference to the
stator, All equations reduce to machine geometries, allowing the user
to evaluate the reactances without knowing flux densities, induced
voltages or currents within the machine, fo assist the user, Appendix
A contains a list of nomenclature from Chapter II and Chapter III, plus
a list of all the machine geometries necessary for calculating the
equivalent circuit damper bar reactances, from the equations in Chapter

III. Appendix B presents a computer flow chart as well as a FORTRAN

. source listing for the CDC 6600, with a list of the machine geometries

needed to calculate the reactances and resistances of the damper
windings. Appendix C presents the changes necessary to convert the

the reference of the equations from the stator to the rotor,

Areas for Furthér Study

Whereas this thesis is complete in and of itself, there are
some areas covered in the literature that are worthy of further study:

1, Devise a method to incorporate saturation into the reactance
equations,

2. Develop equations for the reactances if the end rings are
not continuous.

3. Develop equations for the reactances of a synchronous machine
having damper bars in the pole head tips with slots facing. the inter-
pole space.

4. Develop equations to calculate the reactances of the higher

harmonics.

25
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Appendix A

Nomenclature

Note: Some terms may have an additional d or q as a subscript referring
to the direct or quadrature axis,

Ab Cross-sectional area of damper bar

Ao Uniform damper bar conversion factor

Ar Cross-sectional area of end ring

"51 Width of damper bar slot

bm Width of damper bar slot opening

by Width of stator slot :

bt Width of stator tooth

<, Skataeieitor domion factor

Cb Eqixivalent damper bar conversion factor 4
¢ Direct axis pole factor

i d1 E
: qu, Quadrature axis pole factor

D Stator-rotor bore

D’ End ring average diameter

D'_ Rotor diameter
| e, Voltage induced in rotor by "A" phase

Voltage induced in stator by rotor equivalent damper winding

E

Ef Total voltage induced by a winding
E' Voltage induced by a coil

Ju Supply frequency

F“ Bar slot toothtip leakage permeance
3 Gap under pole center .

ge Equivalent gap

Gmax Maximum gap

Soktn Minimum gap
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Depth of damper bar

Depth of damper bar slot opening
Depth of angled section of damper bar slot
Depth of damper bar within the damper bar slot

" Current in "A" phase of stator

Current in equivalent damper bar circuit

Current induced in the n'D

damper bar pair
Saliency coefficient
Uniform spacing equivalent damper bar conversion factor

Rotor winding breadth factor

Stator distribution factor

Stator pitch factor

Stator skew factor

Stator winding factor (k Akpks)

Common factor in the direct and quadrature permeance
End ring plus bar slot toothtip leakage permeance
Core length

Damper bar length

Rotor pole head length

Number of phases

Mmf due to current in stator "A" phase

Mmf due to equivalent rotor damper bar circuit
Mmf due to current in nth damper bar circuit
Number of stator series turns per pole per phase
Number of damper bars per pole

Number of damper bar circuits

Number of poles (twice the number of pole pairs)

Power loss in damper winding per pole
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Number of stator slots per pole per phase

Number of stator slots

Leakage factor in direct and quadrature axes
Equivalent single bar resistance

Resistance of equivalent single circuit damper winding
Resistance of the end rings

Stator coil width

Amplitude of mutual reactances between the stator "A" phase
winding and the equivalent single circuit damper winding--
Rotor side

Amplitude of mutual reactances between the stator "A"™ phase
winding and the equivalent single circuit damper winding--
Stator side

Equivalent single bar leakage reactance

Self-reactance of the equivalent single circuit damper
winding

Equivalent single circuit damper leakago.reactanco

Ratio of pole arc to pole pitch

Average electrical angle between adjacent damper bars
Amplitude of the first harmonic divided by the amp-turns D.C.
Distance between stator circuits (fr/q;n)

Electrical angle between nth pair of damper bars
Stator-rotor leakage factor (0.81r /P 3&

Equivalent single bar leakage permeance

Resistivity of damper bar and end ring

Ratio of maximum gap to minimum gap

Factor appearing in F et

Pole pitch

Pole arc

Pole face damper winding bar piten (7T/n,)

[
Pitch of the n'" end ring circuit (TM D/ D,.)
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TM Pitch of the n"" damper bar circuit

Stator pole pitch at stator-rotor bore (7rD/P)

":—;-.5 Pole pitch at average ring diameter (T D' /P)

¢ Flux per pole

Y’ Stator winding skew

";D Flux linkages in phase "A" due to current in the equivalent
axis damper winding X

V,LD Damper winding leakage flux

Machine Geometries Necessary for Calculating Reactances in Chapter III

Ab Cross-sectional area of damper bar

Ar Cross-sectional area of end ring

b“ Width of damper bdar slot |

bbz Width of damper bar slot opening

bs Width of stator slot

b‘ Width of stator tooth

D Stator-rotor bore

D’ End ring average diameter

D L Rotor diameter :
§ Supply frequency

9 Gap under pole ceénter

Jmav Maximum gap

Qi Minimum gap

h Depth of damper bar

th Depth of damper bar slot opening

hu Depth of angled section of damper bar slot
h“ Depth of damper bar within the damper bar slot

n




==

Core length

!b Do.n-por bar length §
Jh Rotor pole head length f
Number of phases |

N Number of stator series turns per pole per phase

nb Number of damper bars per pole

P Number of poles (twice the nunﬁer of pole pairs)
b q Number of stator slots per pole per phase

w Stator coil width

o, Av;rage electrical angle between adjacent damper bars _
| 1 Pole pitch x
Ta Pole arc |
Pitch of the nth damper bar circuit
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Appendix C

Conversion of the Reference of the Equations from the Stator to the Rotor
(Ref 6:171-175)

Equations in the body of this thesis were developed with reference
to the stator, but there are times when it is necessary to know the
reactance and resistance of the damper windings referred to the rotor,
Using the equivalent winding turns ratio of the rotor over the stator,
the reference of the equations can be converted to the rotor. This

ratio is

mo, (N, k )z
Do ey o (112)

 where "4 is the stator distribution factor Eq (66)

k‘“ is the rotor winding factor

k' is the stator pitch factor Eq (67)

k; 18 the stator skew factor Eq (68)

N is the number of stator series turns per pole per phase

NIM is the number of rotor series turns per pole per phase
(number of rotor circuits) Eq (90) or (94)

m is the number of stator phases

m. is the number of rotor phases (2-- 1 direct and 1 quadrature)

D4
For equations referred to the rotor, the factor C,, from Eq (86),

becomes
c= 2Nnakgy) y (113)
? mP

The rotor winding factor is similar to the stator vihdins factor

and uses identical development for the rotor distribution and pitch

factors. In this development, it is assumed there is no rotor winding




skew, although if necessary, it could be included. The rotor distridbu-

where q& is the average electrical angle between damper bars. The pitch

tion factor is

factor, for the direct axis, is given by

Ky, = sin(My 2
and for the quadrature axis is

Ko =08 (Vo 72) (116)

Thus the rotor winding factor for the direct axis is

8 "nz(No‘L'%)

= (117)
wr in(2
Noa Sin (32)
and for the quadrature axis
: A / qb
k = e, (MNl T)cos (NDd.T) (118)

we™ K
Noa 5% ()
Using Eq (113) to replace Eq (86) will refer the damper winding

reactances and resistances to the rotor.
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