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Preface

This thesis was undertaken to develop a simple method for

calculating damper winding reactancee. Many engineers have published

papers developing and presenting methods for calculating the reactance.

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 flux.., induced currents , voltage. and/or

other factors. This thesis reduces these methods to equations r.lating

back to machine geometries only, allowing anyone with the geometries to

calculate the damper winding reac tancee of the machine.

I woul d like to thank Dr. F. Brockhurst for his p~~ience and

guidance , I would also like to thank my wife for her gu~dance in the

area of grammer and phraseology , and her tolerance of me ~uring the

writing.
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Abstract

£ set of equations for calculatin g the riactance and resistance

of synchrono us mach ine damper winding. is developed and present ed.

The final equations are in ter ms of machine g.cmatries, allowing the

user to calculate impedances without knowing fluxes,induced currents

or volta ges,

The derivation of this set of equations is based on the method

developed by M. B. Talsat. 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

£ 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 reactances of the synchronous

machine and how they relate to the aforementioned conditions. The

first major article in this area was written by C. J. Fechheiser (Ref 4)

on self—starting synchronous motors in 1912, and was used as a basis for

a number of paper. through the late 1920’s and early 1930’..

• 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. Pu tman (Ref 14) and

T. P1. Linville (Ref 9). Articles pertaining directly to the reac tances

of synchronous machines from this time period are sore difficul t to find,

but a few include papers by P. L. Alger (Ref 1) and L. A. Rilgore

(Ref 7) and a paper on the theory of sync?~ronous machines by R. H. Park

(Ref 13).

Since the middle of the 1930’. there has been a decrease in the

amoun t of published work in thi. area, however , a large portion of what

has been published has been directly relevant to the reactance of the

synchronous machine. G. C. Jam (Ref 6) and C. Concordia (Ref 2) have

written books dealing completely with the synchronous machine, while

A. S. Langsdorf (Ref 8), P1. Liwschits—Qarik (Ref 11 , Ref 12) and others

have devoted sections of their books to this subject. Articles

publishe d during this time include one by H. C. DeJong (Re f 3) on the

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ -~~~~~~~~~~ -• -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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starting performance of synchronous motors and two by P1. B. Talaat

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

Problem Statement

For the synchronous machine design process it is necessary for

Air Force Aero Propulsion Laboratory’, High Powe r Branch , to be able to

calculate the damper winding reactance. for various machine geometries .

This would then become a part of their iterative design process used

with alternating current machines. Presently , however , there is no

simpl e way of calculating the reactance. of the damper winding. unless

one is extremely familiar with the literature in this field.

Thi. 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 maf by the armature winding is

sinusoidal.

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

armature winding.

4. Assume only the 0th and 2~~ perneance harmonics are present

and the magnitude of the 2nd hai~ onic of armature self and mutual

indUctance are equal.

5. The variation of the mutual inductance s between any armature

phase and the rotor circui t with resp ect to the rotor position is

sinuaoid*l.

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

position.

2
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7, The effective armature winding flux linkages are produced by

the fund*nental 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 i~ 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 reactance. of

the damper windinge. The development of the damper winding reactance

equation. is presented in Chapter II. This development uses basic

principles, allowing 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 char t

and FORTRAN program source listing to calculate the reactances.

Included in the source listing are comment cards showing the inpu t

ordar of the machine geometries. Appendix C presents changes necessary

in the equations to calculate the reactances of the damper winding.

referred to the rotor side .

3 
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II. Equation Development for Damper Winding Reactance

There have been many papers published on the reactance. and

starting performance of synchronous machines, but unless the reader has

a clear understanding of the machines , ha can easily become lost in the

theory and even in the final equations. To alleviate some of this

confusion , a straightforwar d method for the develop ment of equations

for calculating the damper windin g reactances from machine geometries is

presented . The development of the equations follows the method developed

by P1. B. Talaat (Ref 15, Ref 16), with clarification from other authors.

Calculation of the Mmf Due to the Eci~ivalent Damper Bar Winding

(Ref 13:179)

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 winding. 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 ~~
The current induced in the ~

th damper bar pair would be

(1)

where is the electrical angle between the nth pair of damper bars.

The fundamental component of the mmf due to this current is

(2)

amp turns per pole per bar pair. The resulting msf due to all damper

bar pairs is

(3)

4 
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where is the number of dam per bar pairs . Replacing 1r, in Eq (3) by

• .- Eq ( 1)  yields

(4)

which can be reduced to

~~~~~~~~ ~~~~~~~~~~ (5)

Defining the uniform damper bar conversion factor as

A (6)
D~. o 4 n~s

Eq (5) becomes

If th, damper bars are uniformly spaced and if 
~~~ 

the number of

damper bars per pole , is odd , then

• n~~ZisJD~(+l (8)

and 4_zaç )e2
_
~ o~~. . . ~~~~~~~

where .~, i. the electrical angle between two adjacent damper bars. If

is even , then

flb ZWDL 
(10)

and 
~-~~) e~-3~b. • • eN (ZN DS 1)or b (11)

If Eqs (9) and (11) are substituted into Eq (6)  and this finite trig-

onometric series is reduced,

M ,~~~~~
nbIbd

(1
~~

hb) 
- (12)

where 
~~b ~:~:: ~~~~ (13)

for even. If is odd, then

S



• y flr,~’,r, — “-—v~~~~~~’ - rr ~r~4~n—~- - - ’W

MDIX 
~~
(
~~
-1)ID~

(1_k) (14)

Sin fl 1,o( — s n
where ~‘c L - b =A DL 

(15)
U (flb~~1) San

The equations for the amplitude of the damper bar s.f in the

quadrature axis can be calculated by similar reasoning:

(16)

where A 
~~ (~
! c os (6)

Dd ~~~~f l I  -

for even and

~~~~~~~~~~~~~~~~~~ 
Ct? )

f0r fl b~~~~i. -

For uniform spacing of the damper bars and with i~, even ,

(18)

with k~ as defined in Eq (13). Similarly, with hb odd ,

M D~
=
~~

.IDt
ô
~b

_ 1)(1f k k;~ 
(19)

where r~~ ~~
‘b A (20)

b 
~~~~~~~~~~~ 

°~b

Calculation of the Direct and Qua drature Damper Winding Reactancee

(Ref 15:180)

The amplitude of the fundamental component of the armature s.f

due to an equivalent direct axis damper winding circuit is

(21)P Dc&.

for the first term of the Fourier series for the stator s.f. N ii the
number of stator series turns per pole per phase , P is the number of

6
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poles (twice the number of pole pairs), k1~i. the s.f reduction factor

due to the stator winding and is the current in one phase of the

stator. Equation. (7) and (21 ) can be set equal to each other- and

solved for •a current ratio, since the s.f due to the rotor and the

•tator must be equal:

L�~
_. 2t~iL (22)

L~~~ PW D~
(1-A D(t)

The voltage induc•d in the rotor by the “A” phase in the stator is

nrc F q
Dct.

while the voltage induced in the stator by the rotor- is

E — nrc N~~k (24)D13.. /0k’ os
where k~~ is the direct aids rotor breadth factor. Using Eqs (23) and

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

because the ~‘s are the same:

N I c
E p”  ‘ (23)

D4.

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

2.
_ _ _ _ _ _  

2((V lcj
— P2 I4~IcJ 1-A )

The total direct damper winding leakage flux is given by

‘/~~ 
_2v ?

~b~3,~Q(~~~ i~ )

~~~~~~~~~~~~~~~~
where is the equivalent single bar leakage permea nce and .~ is the

eore length. Th. definition of reactance is flux linkages per unit

current, hence

7
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~~~:L =pN Dca~ISDa z~.b.L (28)

and the equivalent single bar leakage reactance is

— 2fl fi?~ a (2 )bd

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

x — &lOJ Ici tirfJ~ D~ (30)
L
~~~~PN Dt(1- A~ ) bt& /~~

f) N~~(1-A1,~,)

Following the same procedure for the quadrature axis,

D~~~~~~~~~~~~D~~~~~ bd. 
(31) H

where 1. (32)
• 

bt /0 1

Referring Eq (31) to the stator side yields

x — ___________ 
“1(Nk 1.~~ 211- ep~b~ (33)LO% PtJ (1~.~~~~ ~‘I- 

— /o’P Not(1+Abs)

Th. flux linkag, in phase ~A” due to the current in the equivalent

• direct axis damper winding is given by

~~~~~~~~~~~~~~~~~~~~~~~~~~~

The stator—rotor permeance factor is

a p3
where 1) i. the rotor diameter, 9~ 

is the equivalent gap and ii the

ratio of the fundamental air gap flux density produced by a sinusoidally-

distributed mmf , whose axis is through the pole center, to the s.f 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),

x — ~~~~~~ 21’Jk t — (36)aD 
~D4. PN0~

(1 -A Dd) 
— 

/ 0 ~~

Following similar procedur e, the quadratur e reactance is given by

8
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(3?

The self—reactance of the equivalent damper winding circuit can

• be calculated. in the same manner as and

XDD •7~r p2• N L k  ( I A )  
~~~~~~~ - 

~~~~ 
k 
~~~ ç1 P N~ kJ

— 4c~~JIci’1~ c + ~~~~~~~~~~ 1— ‘o’p L ~ ‘-~ WD(&(1
~~ADo)J

= XaD& * XLD~ 
• (38)

For the quadrature axis

x — ~
U(t\ILt 1?~ c +• DD~~ /0” ~ L ~ ~~~ ~

VDo!1 - ~4

= X  +X (39)
6D~ LD q~

Calculation of the Equivalent Resistance (Re f 15:181 )

The power loss in the damper windings can be express ed as

P0d = 
~~~~~ 
IDd(5 ~~ 

~~
- s~ + st nt . -t 3iv~ (40)

Using Eq (6) to reduce the finite series in Eq (40)

R~ -r
~~I~~ Wb~

( 1 A Dd)P (41)

and using Eq (22) to replace

- ~I(Nk~)t .t 
(42)

PN D~
(l - A DA

) °
~ ~~

mviding 
~M by results in the damper winding resistance:

-~~~R~= PN Da (1 A DI ) 
rb~ 

-

For the quadratur, axis

d / t u k ~R ~~~~~~~~~~ ~‘~~‘ r (44) HD~ PtV DL ( f +A
DA) b,.

9
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Calculation of the Single Bar Leakage Permeance

Leakage permeances are usually calculated by determing the

individual leakage perseances: slot leakage permeance , toothtip

per meance , damper bar pitch permeance and eir d 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. Ia and lb is
- 

(43)

The remainder of the bar slot leakage perseance reduces to the factor

(46)

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

is calculated as

~~~~~
- (_b.~ ÷ 

Zh b2. (47)b61 b~1 + ~~~
In as such as the flux distribution through the damper bar is parabolic,

_ _ _ _ _ _

— 

_ _ _ _ _

:
*

~~~~
T 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I. Pat h i
Path

— --——Path 3
Pmtk 2

Path i -

a. Rectangular Damper Bar b Round Damper Bar

Fig. 1 • Slot Leakage Permeance

10
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the peimeance of path 4 ii

The toothtip leakage perseance is given by

By the Schwars—Christoffel Transform, F~~ is given as (Ref 16:324 )

~~~~ 
0.2.2.~ ’# tO. 07%~~~~ — .25 -~ - ( 1 - o )  (30 )

S

where 9 is the gap under the pole center , b~ i. the width of a stator

slot and

o
~~~~~[ara~~~~~

_
~~~ 

IO5~(1* -. )] (31)

For the quadrature axis

F = 0.2I( .~ +0. 3) 83 (.._L
) (52)

where i. the width of a stator tooth.

Th. leakage permeance due to the damper bar- pitch i~ (Ref 16:325,

Ref 8:311)

.~17 (53)
I

where 7 = - ~-— (34)

The leaka ge permeance due to the end rings is (Ref 16:323 )!

~~~~~ I..Z.!2n ()~~~~ + 0.12. ‘ r7r,n~ (;I (55)

~n L 3  -~~ 
rb l

where (56)

-7.- _ _

— p (5?)

and Q 2 + COS n bc~h — k ~ eos ~‘k (38)

for the direct axis and

11
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ir(’— ~O3 flb0¼) COS rl ~~o(~ kk Co~ ~~b(1~~J ç~)
for the quadrature axis.

Reducing Eqs (45), (Ii8) and (49 ) to per unit length and combining

ter ms, the leakage permeance in the direct axis is

+ k bt i+..~.a + 
2 hb2. 

~~~~~~~ ~~~~~~~~~~~~~
~ tt4. bbt ~~‘b1 bbl bbl + bb~

) 
~~~~ ~ 

)

+ 
O S 2..f~~Dr D’ eO~ flb°”h kbCo~c~b 1( I— k b) (60)

and in the quadrature axis

~ b 1 ~ 1T[ 1 ~~~~~~ .bi- ÷ i~i÷ 2~ b2 Tb ~ j ~ I-9 I,~4’h\
3m~~~~~~~~J— 

~ 1 •
~~~t i~~ 

~‘b2. 3b1,11 b 11 bbIlb bz ‘‘ie

+ o.,z1rtD1.t~ ( ir (i — Co5 n~~ç,) 
+ 

Co~ n~~~
’h — 

k b CO5 
~~~ (61)

~ 
“1b0(

b ( 1 ÷  )cj (i

For the round damper bar , replace the term h bl + + ~~~~3b~, bbl ~ Jjr l ~~~ ~‘b2.
with the factor 0.66.

• £11 numerical fac tors 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 Windij~g Factors

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

as shown in Fig. Za , the e.f due to the coils can be expressed as

~~~~~~~~~ 
( 1 4 e .~~

’
~~e2J 1f • •  • “e~ ’~~~~

’ (62)

where t is the distance between slots and ii the number- of slots.

Equation (62 ) can be reduced to -

E,
(63)

~r
=_

where 0 =  52~. (64)
rv~

12
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• a. Distribution Factor

_  
~~LJ~~~5LJ~~

b. Pitch Factor

_  -- -i 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• c Skew Factor

Fig. 2.• Stator Distribution Factors

is the number of slots per pole per phase , in is the number of phases

and (65)

The distribution factor, k~ , is the ratio of E7. to E1:

I~ (66)d~ 1 — .
‘-1 O S ~~’~~~~~

—

I-i Zm~,

~~! Pitch Factor. (Re f 8:187,3 11) Th• pitch factor must be used

to compensate for the partial pitch, since not all winding. have 1800

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

13
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~~~~~~~~ 
(67)

where ~ is the stator pole width and 1’ is the rotor pole pitch.

fl~ 
Skew Factor. (Ref 8: 19L~) Th~ effect of the stator winding is

reduced by skewing the winding (see Fig. 2c). This factor is given by

f ~~r~\2~~J
~pir

wher e tis the stator skew and ~ is the rotor pole head length.

Calculation 2! 
~~~ 

241 ~~~ 
Factors (Ref 5 197 ,219,223)

Calculation of and C 1 are done by curve fitting from flux

plots (Ref 17): -

C~1 A h ~~ 
(69)

and ~~~~ k (70)
~~

whez’a (o + (71)

• with o( being the ratio of pole arc to pole pitch. For a constant air gap

Ic — ( 2)
act I~~~~~qi~-

and (73)

while for a sinusoidal air gap

3 L 5 ~~ 1’)]
and - k = ‘~~~“ 

( T I  (75)
aj 3[ Tr +~~i~ (c~11 )J

Calculation of the ~~~~~~ Resistance

The resistance of a bar is given is

- 14
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•
~~
-

-~~~~~~
b

where is the resistivity of the material, 
~b 
j• the length of the

bar and A b is th. ar ea of the bar. The resistanc. 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

~~~~~~~~~~~ )E~-
and • rr~~ (~ 

- 

~~~~~~

“ )
~ 

—

where is the pitch of the ~th end 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

r = .!k~÷ fi~~~ 
‘/.38 (78)

~ A kI /0

and r 4!~4i _  ~~~i~~ \’I 38 (79)
bqfr \

A b 1
~r ArWDA/ ’ °

The preceding equations were developed for the reactances of the

damper winding.. The equations have been developed from machine

voltages , currents and fluxes, but the final equations reduce to terms

with machine geometrils only. This converts the equations to terms

which the user can handl, without having a vast knowl.dg. in th. fields

of electromagnetic. and machinery.

13
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III.. Presentation of Damper Winding Equations

Chapter II developed equations for the calculation of the damper

winding reactance. referred to the stator side. This chapter presents

these equations in terms of machine geometries in a systemati c order for

calculating the reactances. Equations are presented for uniform and

nonuniform damper bar spacing , as sell as for round and rectangular

damper bars.

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 cm/in and divide Eqs (109) and ( 111)

by the same factor.

The ~~~~~~~~s

The equivalent single circuit damper bar leakage reactance (from

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

x Cp.~21r~~~~4. (80)
LbA

and X 2~nc \b1, (81)

The amplitude of mutual reactances between the stator winding and

the equivalent single circuit damper winding ( from Eqs (36) and (37))

are calculated from

~ 
o.si~r) Dc~ 82)— 

~~~~

and x C~Q~ (o. ir)t~~~ (83)
‘°

The self—reac tance. of the equivalent single circui t damper

winding are •

XDDA X~.b~~
X bba (38)
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and )( =x  ÷x (39)
DDj, L

~
O

~ 
iD,,

The resistance of the damper winding. ( from Eqs (43) and (44)) is

given as

(84)

- 
Ro~ 

(p-) r b~ 
(85)

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

if necessary , a reference to where further evaluation of tha t term can

be found:

Ca Stator—rotor common factor Eq (86)

~~ Equivalent direct axis damper bar conversion factor

Eqs (87), (9 1), (96)

Equivalent quadrature axis damper bar conversion factor

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

Cdl Direct axis pole factor Eq (107 )

• C Quadrature axis pole factor Eq (108)
51

D Stator—rotor bore

Supply frequency

9e Equivalent gap Eq (10k )

Core length Fig. 5b

P lumber of poles or twice the number of pole pairs

r
b~ 

Equivalent direct axis damper bar resistance Eq (109)

p. Equivalent quadrature axis damper bar resistance Eq (111)

Direct axis equivalent single bar leakage permeance

Eq (98)

Quadrature axis equivalent single bar leakage permeance

Eq (99)
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The stator—rotor common factor , which is used in all the reac tance

equations, is

c = (86)a p

- /Tr
,u~ I—

where Ic~ = 
• 

(66)

~~~ (~ ) (67 )

and 1 < :  
sir~~~~~) (68)

Terms used in the above equations are

Stator distribution factor Eq (66)

Stator pitch factor Eq (67) 
-

Stator skew factor Eq (68)

• Rotor pole head length Fig. 5b

Number of phases

N Number of stator series turns per pole per phase

Number of stator slots per pole per• phase

Stator coil width Fig. 5a

Pole pitch Fig. 5a

7’ Stator winding skew Fig. 5b

Calculation of the Equivalent Dam~er Bar Conversion Factor

From Eqs (7) and ( 16), the equivalent damper bar conversion

factor can be calculated as

(87)

and 
~ + A 0~

) (88)
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1

A. even b. odd

Fig. 3. Pitch of the Damper Bar Circuits

The calculation of ~~~ the number of damper bar pairs , and

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

number of damper bars, 
~b’ is even or odd.

R b Even. In the case where is even , AN,in the direct and

quadrature axes i. calculated by (from Eq (6) )

~~ = ~~~~~~~~~~~~~~~~~~~ co
~~~(L~~

.
~~~~)I (89)

“- D j

and ND~
=_ !

~
h
~ 

(90)

where i. the damper bar pitch of the nth damper bar circuit , as

shown in Fig. 3. For uniform spacing between damper bars, will be

used in place of and

- Cbd.= !j~ ( i  — kb)

Cb~~
-
~~(1~~~b) (92)

where •(
~ 

~~~~~~~ ~~~ b~~~~~b (13)
b

(90)

and °b~~~~~
”
~~

19
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c(~, is the angle between two adja cent damper bars.

Rb ~~~~~~~. For odd , A~~~(f rom Eq (6)) in the direct axis is

given by

A D~= ~_[ co~(~~irij (89)

where • ~J _ ~~jj •~ (94 )

In the quadrature axis

A =_ ~— [~~~ co5 (!1.41~) +
~
] tDd~ 2.

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

equivalent damper bar conversion factor is

eb~
_ 

(-
~~~~~

‘ )(~ 
— 

~
‘b) 

96

where Ic ~~~~~~~~~~~ (15)b (h
b

_1) 
~~~~~~~

while for the quadrature axis

c ( ” ~~)(i 1-k b)
— ~~~~~~where — 

~~~~~~~~~~ ~b 
(20)

Calculation of the Equivalent Single Bar Leakage Permeance

The equivalent single bar leakage permeance in the direct and

quadrature axes is given by

(98)

(99 )

where k =
~~~~~

- ~~~ ZI~I.’L + ~. + ~~~ _ _ _ _

~ b bl bbl ~~ ‘bt 3b bl bbt ~~~~ ~~
for rectangular damper bars (Fig. ka). For round damper bars

k ~~~~~~~~~~~ ~ . (101)• b,t ii ~~ 3n.~

20
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a. Rectangular Damper Bar b. Round Damper Bar

Fig. 4. Slot Leakage Permeance Factors

Defining the equations for and

— •l  ‘b.t) f ~) + 
eos fl O

O(
fl k~Co~~\ -

~~~~ 102)24 
~ P ~‘- ( 1  — k ) ) .~Q

k — 
.12. yr ,l h (D (1—co ~ ‘~b’~Ji) 4 Co~ ~~~~~°~°~\~&‘— F (10 )and 

~ 
3

In these equations

Width of the diMper bar slot Fig. 1a

Width of the damper bar slot opening Fig. 44 and 4b

D’ Mean diameter of the end ring.

Dr Rotor diameter

Bar slot toothtip leakage permeance in the direct axis

Zq (50)

Bar slot toothtip leakage perm.ance in the quadrature axis

Eq (52 )

o
� 

Equivalent gap Eq (104)

Depth of damper bar Fig. km

Depth of damper bar slot opening Fig. km and 4b

Depth of angled section of damper bar slot Fig. 4*

21
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Depth of damper bar within the damper bar slot Fig. 4*

Core length Fig. 5b

i~, Damper bar length

Rotor pole head length Fig. 5b

Average angl, between adjacent damper bars

and I( ~ “~‘ ~ b°~i, (13)b flb
-
~
ir

~~~b

Repeating Eqs (50), (51) and (52) from Chapter II,

FT~~ O.2Z8~ +o.O~7~~(~(f) o.z3~~~(1-o)

where 
~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(51)

- 

and ,r =  0. ZH~’i~ +o. 3~83(4~) (52)

The equivalent gap is given by

(~04)

where o( = . 
(105 )

(106)
m, ~~

Width of the stator slot

Width of the stator tooth

Gap under pole center

5~4er ~~~~~~~ 5~~4r Rotor

a. Stator Rotor side view b. Stator Rotor top view

Fig. 5. Stator Winding Coefficients
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Maximum gap Fig. 3a

Minimum gap Fig. 5a

Pole pitch Fig. 5.
Pole arc Pig. 5a

Calculation of C and C , the Direct and Quadrature Axes Pole Factors
d1 ql — —

From Eqs (69), (70) and (7 1)

(10?)

~~~~ ~~~ir) )~ (108)

where for a uniform gap

~, _~~1r+sJ,~ c~tr
“a~& 

44~~~~~ ~ir (72)

and

and for a sinusoids], gap

~~~~ t/~~ % ~~~~~ 

- -

= ‘~5~~~ t’)LC0~ ~~‘/ ‘..J (74)
3 L~ r ÷ 

:‘ 
:~~~~and = 

£1~,iñ (-~-) (75)
at ~ [ i v ~~1r))

Calculation of the Resistance of the Damper Bar.

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

direct axis is

r = 
_ _ _ _  

(109)

r ~~

there ‘7 7” (110)
~~~~~

23
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Cross—sectional area of the dampe r bar

• A . Cross—sectional area of the end ring

tI End ring mean diameter

Dr Rotor diameter

Length of the damper bar

Number of damper bar circuits

Resistivity of the damper bar and end ring material (copper

is 4.38 x 10~~~ ohas~-ca )

Pole pitch

Pitch of the fl th end ring circui t

Pitch of the ~th damper bar circ ui t

The resistance of the damper bar and end ri ng in the quadrature

axis ( from Eq (79)) i.

r ~~~~~~~~~~~~~~ 
_

~~~~~~~~e~~~ () (111)
1. \A ~ Art) Ar WDd)

Equations necessary for the calculation of damper winding

reactance and resistance referred to the stator side have been presented

in this chapter in a systematic orde r 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 winding..

24
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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 r.actances without knowing flux densities, induced

voltages or currents within the machine. To assist the user , Appendix

A contains a list of nomenclature from Chapter II and Chapter III , plum

a list of all the machine geometries necessary for calculating the

• equivalent circuit damper bar- reactance., 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 li.t 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 th. equations from the stator to the rotor.

Areas for Further Study

Wherea. this thesis is complete in and of itself , there are

some areas covered in the literature tha t 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 reactance. 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 reactance. of th. 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.

A,, 
Cross—sectional area of damper bar

AD Uniform damper bar conversion factor

Ar Cross—sectional area of end ring

Width of damper bar slot

Width of damper bar slot opening

Width of stator slot

b,~ 
Width of stator tooth

Stator-rotor common factor

Cb Equivalent damper bar conversion factor

C~1 Direct axis pole factor

C 
~ 

Quadrature axis pole factor

D Stator—rotor bore

D’ End ring average diameter

Dr Rotor diameter

eD Voltage induced in rotor by “A” phase

E 0 Voltage induced in atator by rotor equivalent damper winding

Total voltage induced by a winding

E, Voltage induced by a coil

Supply frequency

Bar slot tootht ip leakage permeance

Gap under pole center

Equivalent gap

Maximum gap

6 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 ~th damper bar pair

Saliency coefficient

kb 
Uniform spacing equivalent damper bar conversion fac tor

lc D Rotor winding breadth factor

Stator distribution factor
CI-

Ic Stator pitch factor

k 5 Stator skew factor

k~~ Stator winding factor (kAk k )

k, Common factor in the direct and quadrature permeance

End ring plus bar slot toothtip leakage permeance

j  Core length

Demper bar length

Rotor pole head length

ni Number of phases

Ma Nsf due to current in stator “A” phase

M0 11sf due to equiva~]ent rotor damper bar circuit
th

M Nsf due to current in n damper bar circui t
‘4

N Number of stator series turns per pole per phase

Number of damper bars per pole

ND Number of damper bar circuits

P Number of poles ( twice the number of pole pairs)

P0 Power loss in damper winding per pole

29
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Number of stator slots per pole per phase

Number of stator slots

Q Leakage factor in direct and quadrature axes

r
b 

Equivalent single bar resistance

Resistance of equivalent single circuit damper winding

r,.. Resistance of the end rings

W Stator coil width -

~‘aD Amplitude of mutual reactances between the stator “A” phase
winding and the equivalent single circuit dam~er winding-—
Rotor side

X~, Amplitude of mutual reactance. 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
DD winding

XL,D Equivalent single circuit damper leakage reactance

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.

I Distance between stator circuits

0,. 
Electrical angle between ~th pair of damper bars

Stator-rotor leakage factor (o.B4Ti’P~)

~~b Equivalent single bar leakage permeance

Resistivity of damper bar and end ring

Ratio of maximum gap to minimum gap

Fac tor app earing in

Pole pitch

Pole arc

Pole face damper winding bar pitch ( 1”, V’

Pitch of the nth end ring circuit (1~~D’/Dr)

30 
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Pitch of the nth damper bar circui t

1. Stator pole pitch at stator—rotor bore (l’r D/P)

Pole pitch at average ring diameter (IT’ D’/P)

flux per pole

Stator winding skew

fl ux linkages in phase “A” due to current in the equivalenta axis damper winding -

Damper winding leakage flux

Machine Geometries Necessary for Calculating Reactances in Chapter III

A~ Cross—sectional area of damper bar

Ar Cross—sectional area of end ring

bM Width of damper bar slot

Width of damper bar slot opening

b5 Width of stator slot

• b~ 
Width of stator tooth

D Stator—rotor bore

End ring average diameter

Dr Rotor diameter

f supply frequency

Gap under pole cinter

Maximum gap

Minimum gap

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

31
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F I Core length

Demper bar length

Rotor pole head length

Number of phases

N Number of stator series turns per pole per phase

n~ Number of damper bars per pole

P Number of poles ( twice the number of pole pairs)

Number of stator slots per pole per phase

Stator coil width

~~~ Avera ge electrical angle between adjacent damper bars

‘r Pole pitch

Pole arc

Pitch of the nt
~ damper bar circuit

32
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Appendix B

Computer Program

Flow Chart and

Source Listing :
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Source Listing

a I
D I-
I- I- 0.1

I C I-a ,.-
~~~~~ z — ~~~ a I0.

C v)I
I- I-. i~. u ~~~~~~~LL~~ — 0. 0. Z LuI— .~(4 3 : ~ U Z Lu

0. —
WI— : 0. a

I - • Lu ~~~~~~~ - ~~w_ i uI
I- E ...J ‘~~~ 0. ~A ‘-.0. vi~~

~~
.V s  £ 30

Z 0. 0. 0 . LL. ’4
Lu 0. Lu ~ LU :~~~~~-sID.I(4 ..J — D  1— 0.. C U Z D~~ Lu

(U Lu WI— ~ C £ :~~~~ J Iu ~0. ‘Zs~~ ui 3 ~z0. 0 ~Z ~t I— I-- ~~ (‘~~~~W W C L
Lu 0. UZ 0. 1(4 £ ii. 0.~~~~~~0.W.. .J
I— Lu a. a £ W~~~0.0~~~Z~~~’Z

U. 0.1- I 0 Lu I~DW  ‘I~~ Z
Lu C W W  0.1- Li. Lu I- I-I-

a z  W i ~ 3 LEDI- Z —
U 0. E~~~ 0. — Z I— Z~~~ W ..J D LL. ’II--. Lu ~t—  33 ui w z  ~~~~~ ‘.,
0. Lii W ~ W ’- I— (4 I — L u& ..J W .. ~ (4 3 D C ~Lu Lu .J — 0 .  D ...I (4 — Lu I - Z~L0.0,..J I0. £ 1 ID 0.0 ..J Lu~~ c4’I —’ ’.’ ’A0 I— 1- 0. ‘~~~ (4 .~ U. ~A I— C.)

1 0. — ~.DC 0. 1 0. 1
tD 0 (4 10. W 0 . —  ~E (41 — W 0 . W ~L CL.

Lu — Li. Lu Lu 0.0~~ ~~~~~ ~~~~~a.- (4 — 1—  1—1 —~ I .-. Z o.
I— — a ~~~~~~~~~ 0. ~ UE:  ~~Z~~~u~’~’1- 0 I ~~W 11- 3 Lu U l-~~ i~i ’ I W W Z

• - 1 0. 0.. ~~ I- CL (’) 0. — ‘-‘E’ S~~J IL.
I— LU LuLl ~~ 0. £ (4 0.

Li. I- Li. IL b — - C  ~Z ) X I X W 0 .Z IZ
0. ‘-‘ 1 0 W I.- (.J~~ I Lu’IWb— W ’I~~~e~I- Lu Lu ’-’ (4 (’e~~~ 0. 0. lEe-Il- I

0. -Ji~ Lu~~~I— t1 I— IWIIIWO : (4 - -Lu 0 ‘— Iv  Lu Lu 0 .W W I— —
—‘ 1- ~~~ Q..~~ D 0.0. ~a L u  I 0.W 0. 0. ~Zp.. : £ I I w — 13 I— L u l -0 .~L 0 . W 0 .I

LU ~ i 0 . —  I (4 0 . 1  ~t l-
0. Lu £ 1 100. I WI.- I Lu 0. IW~~ ~~1 0.. Lu (41— I 0 . 0 . ,~ 1 h Z  Lu W U  0. k~’ 0.

~~- 0. I —  Z O~~ (40 _s I U  1-’
I— ~ I)-  00 . 1  I I — W 2  (4b— ’.D I

1- (4 I U — Lu D~t.j 1—I Lu 0.J0..Z JZQ..
U Lu (41 (4- — i--Oh D a .—  ooz’r 3 w z a

I— Lu LuW IX ~ (4(~’0.I—’ — U : —
Lu .-‘ £ ...l~~ WI- Lu 1 0 ~-:‘W~1(iJ~~ — ~~0. (4 ~~ O £ 1.00. LQ L&..0.D Ij a .:  0. I~~ ~a’t I
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Appendix e
ç~~version Reference t Equations from the Stator to the Rotor

(Rof 6:171—175)

Equations in th. body of this thesis were developed with reference

to tb. stator , but there are times when it is necessary to know the

reactance and resistance of the damper windinga referred to the rotor.

Using the equivalent winding turns ratio of the rotor over the stator ,

the reference of the equa tions can be converted to the rotor. This

ratio is

FaI •
~~~~~i ) ( 112)

- 
where is the etator distribution factor Eq (66)

is the rotor winding factor

k, i. the stator pitch factor Eq (6?)

is the etator skew factor Eq (68)

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

is the number of rotor series turns per pole per phase

(number of rotor circuits) Eq (90) or (94 )

ni. the number of stator phases

is the number of rotor phases (2—— 1 direct and 1 quadrature)

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

becomes

c= (113)
• mP

The rotor winding factor is similar to the stator winding factor

and uses identical development for the rotor distribution and pitch —

factors . In this development , it is assumed there is no rotor windin g
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skew, although if necessar y , it could be included. The rotor distribu-

tion factor is

K — __________ (114)
4r

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

factor , for the direct axis, is given by

kpr S;r
~(t~JD&

2
~~) (115)

and for the quadrature axi. is

kpr C.0s (W~a%.~) 
(116)

Thus the rotor winding factor for the direct axis is

,. 2 1  ..~.k.
— 5’f ~ ~t1~~~~ ~___

W ( JJ 
~~ ~~~“Do. ‘~.. Z.

and for the quadrature axis
- 

1<wr ~~~~~~~~~~~~~~~~~~~~~ (118)
f404 smn (-t)

Using Eq (113) to replace Eq (86) viii refer the damper winding

reactancee and resistances to the rotor.
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