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ABSTRACT

After a generating unit loses synchronism, it is . = =

*usually diScopnectéd from.the system, However, tests have
shown_thét i1f én unsynChroniZed round rotor\machine~is\‘
left cpnhected to the system, its speed will inqrease to
some_étéady state'aéynchronous value at which the electrical
po%er output gf thé machine (plus windage and ffictién losses)
is equal&to the turbine mechanical_poWef‘input. :The machine
'6utput is due to induced_eddy”gurrents iﬁ the rotot surface
causing thé unit to act as an iﬁductioﬁ generator,

A methbd is-présented fpf,prediéting the'asyﬁchrénous
operating charactéfistiés 6f a round rotor‘synbhrOAOus ma-
chine whoée field circuit is open, The method is tb_adapt
ﬁhe.classicél equivalent circuit of‘an igduction machine’to ~ - §
represeht asynchronous operation of a synchronous machine.

Qhé.stator resisﬁance, stator leakage reactance,
magnetizing ;eaétqnce and conductancerepresenting.statdr.

- iron losses are generally known for a large synchronous ma-

o s e S T T A e Y T B A N TR O A TR g
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for rotor eddy currents of =
R s tuTrent |

oo - . . '. - ! V\\f’?‘;—‘\; ».
o SR e L ;
[ 21g)1/2 c “ |

‘and ‘an air gap power transfer of - “ | | ﬂ ]

8 H,2
3 Y-S r

N.:

The mmf produced by that component of armature current

producing flux linkagés with the rbtor'eddycurrents'is

. calculated as

. A

/2 q I5 N K, Kg
- mmf = P

P

The resultant value is:

The mmf corresponding to the assumed-appiied magnétic field

,.Ho is calculated, and used with the above equations to cal-

culate the rotor resiStanQe'rqferred to thestator-byiP/Iz.

RN

R2' _ 64 L q (N I\D Kd)

i
1
I
: ' hd . .
e e e D s B B e e

| Tﬁe;analysis of rotor eddy currents also results in .

Ccircuit,

.

-

Xy' = 1/2 Ryt thus'completely determining'thee%uivalent:f

\4

[
i B
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“I. INTRODUCTION [14, 27, 11] =~

The ??FQPt?dﬁPF%QFEEQsigmggwexmgystemdbperation in

most Western countries is that, in-the”event of a generating

un1t§;051ng synchronlsm;due to loss of excitation or due to

a system disturbance, the machine is to be disconnected

from the systen, Operating practices 1nuthe Soviet Union, ;aggWM;WWWWM

. | S L | Y.
however, permit asynchronous /6pexation of round rotor ma-

chines for up to thirty minutes after loss of excitation,

If excitation can be restored during this period, resynchro-

nlzatlon is attempted by the method of self-synchronlzatlon.
Power engineers in the Soviet Unlon belleve thls practlce
significantly 1mproves power systenlrellablllty by redu01ng
the forced outage rate of generation, .Operating experience
in the Soviet Union [26] and numerous tests there and in

Great Britain [13, 14, 16, 17, 18, 23, 28] have shown that

”surface Wthh cause the machine to act asoanwlnductron

‘a 51gn1flcant real power output (about 0.5 to 0.8 per unlt)

can be obtalned at slips of only about 1% or. 2%, Thls out=. zgl

_put is the result of 1nduced eddv currents 1n the . rotor

The advantages of belng able to leave a machlne

connected to the system for a short time after loss of fleld
\ .

J

' such. as durlng perlods of mlnlmum reserve generatlon, are

N




‘ 4
“aPParent.Tné“prinC1pal risks involved in asynchronous‘f' Mﬁ?f7*¥\li
- operation are: i" '., . \“ | S T;a““"aww -
A, excessive rotor neatlng due to 1nduced-
- g eddYACurrents; o N B
; B. mexoessiye arﬁature heaging oauSed‘by high
g armaturetcurrents due to(Operation at a
é ~ avery low power-factor. (Under asynchronous
§ ) *condltlons, the machlne must erQ all its
!
% Tt? magnetizing current from.the.syStem;) ",%- ’
} J’C, abnormallyhlow terminal voltage causing
reduced output of station auxiliaries,
‘again due tocthe maohine drawing ius»mag—
netizing}current from the system, .
D. insufficient power*output at low slip
to produce the necessary braking torque
to prevent‘oﬁér»speedrtripping of the A
- ) T unit, } | ﬁ
This thesis presents a method for predicting the.
?!'asynchronous ooeratlng characterlstlcs of a round rotor syn= '
o ; 'chronous machine whose fleld clrculmt is_ O'pen;. :_:rhls will be - .
- done bymdetermlnlng Values for the elements of the cla551cal
S aequlvalent 01rou\N of an 1nduotlon machlne shown 1n Flgure 1,
AmThe method may also flnd apollcatlon in the calculaflon of ' -
damping torques in transient stablllty studles and in the o
analy51s of 1nducrlon motors w1th SOlld iron cyllndrlcal Y
rotors. B k
. |
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i - ,4 |
o
‘ 11l=-s
Ry | ——=
(2]
3 'VT‘- méchine termiﬁal vcltage~’ o ! -
Ry - stator resistance
' X; - stator leakage reactance
Ry!' = r0tor'resistancef referred to the stator -
- X,' - rotor leakage reactance, referred to
the stator -
- | X - stator magnetlzlng reactance ”
'gh'# conductance representlng losses in
stator due to eddy currents and hystere51s
- | | Figure 1
ClassicalrEqpivaléntqCircuit of ahﬁIﬁdUCﬁion:MaChine




L

Aswrgntroductionmw
p \

When 1roh ‘is sub]ected to an alternatlng mmf,

| energy is lost in the iron due to eddy currents and hyster-
uesas. The dlfflCUlty in accurately calculatlng these losses'
is due to the extremely nonlinear relatlon between B and H,
An approx1mate solution, valld for small values of H, may
be obtalned by assuming the magnetlc permeablllty to be
constant, Hystere51s;losses, wh1ch~may'predom1nate at

| these\low\Values of H, must be estimated and'added to the

| calculated eddy current losses; For large values.of HWWMMM
(those well into the saturatlon reglon) eddy current losses
predomlnate and hystere51s losses become less.31gn1f1cant
‘Thls 1s partlcularly true of the rotor losseslln a synchro- -
nous machlne 0peratlng asvnchronously, since the rotor 'iron

" 'surface is saturated and the frequency of applled mnf (whlch I
1is equal to the Sllp frequency) 1s low.

{B. ElectriC'and'Magnetic“?ields in the Iréon

. ‘: L .. & , . e
: .

- —Tocalculate fields w1th1n the iron, con81der a

sem1 1nf1n1te, conductlng, ferromagnetlc solld extendlng in

[ — v T R A AL N S it O

— the +z- dlrectlon with-a- plane face in the X ="y plane. (See

Flgure 2, ) 'Slnce the rotor iron can be expectedat020perate
N S B ' T ' ' ' '




well 1nto the saturatlon reglon, the 1deallzed rectangular

B—H curve of Flgure 3 w1ll be assumed

At z = o, let a magnetlcmfleldebeaapplled which. hasA

only & Y-component equal tos ..o ,ﬁ,gwﬂw;uf- S

(1) " H =H_ sin wt

The corresponding electric field will be~nerﬁa1 to the mag-

netic field and infthe‘x-directicn.~ Maxwellfs equations.‘

then reduce to: ﬁ. -

oh . L g : |
- (2). - = = ve - where: 'Y = conductivity
. 02 . :

P

-

- (3) —_— = e —

Since, in thls case, w1th a rectanoular saturation curve

ab/at may be 1nf1n1te, define: - . - S .

- (4). b= - b dz . d t\: o L

A

- | . | \ah
- | 0z
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~

H=H, sin wt

Figure 2 | ’

Lok

Assumed Semi-infinite, Conducting Ferromagnetic Solid

L]

) Lo .

1
BOULN gl e —

u

Figure 3

Idealized_Rectangular B-H Curve

._|




Th

equations. (5) and (6).

. N ~9¢

) e = —

- ot

e approach will be to assume a solution and then |
show that it meets.the boundary conditions and checks'againSt §

Th

e solution assumed is as' follows:

B =4B, or B = Bo sig H (whHere sig H =

"the sign of H"). »

-

A plane interface between the region

- where B = +B. and thé region where

o

B = -B_ (called the "separating surface")

O

travels into the semi-infinite solid in

reaches its maximum depth»of penetration,

§, when H changes sign (wt = nm). -A‘néw

separating surface begins at z = o and

travels to z = 6. During the half-cycle

when H is pbsitivé, B =4+B_  to the left

-

of the separating surface and B = =B to

the right of the séparating~éurface.

During’themééédﬁd”half4cycle;'BM=":Bb'fb'“’

e

B +Bg to the right*bf the séparating

e

—the-left-of-the-separating-surfaee-and

o




surface, At any given time, let the
sepafating\surface_beAat‘ih= §;  (Sge

Figure 4.) [ it

. - It remains only-to}Checkxit against equations (5) -and 6).

3. h is equal to H atzhéwpmapdmdecreasesﬂ

linearly (in space) to zero at. z

(See Figure 5.)

‘4. e is equal to E to the left of . . .

z = (o<z<r) and e is Zerotd"the right
of z = ¢ (2>7). - (See Figure 6.)

The proposed solution-meetS‘the boundary conditionss

' .
. . .- U, A )

B=B_sig H.

and - H= H_ sin wt .

-

From equation (5):

(7) | | ; -~ = yE (d<2<§)

~

From the assumed solution: . .

| 3% . arc : |
(8) e~ = 2R e— (o< z<)
. 9t 9 4at | |




Separatiﬁg"'“

b,y | ~Surface

z:C.. 2=6

‘Figure 4

Distribution 6f Magnetic IntenSity
B and Position of Separating Surface

h,y

Figure 5

Distribution of Magnetizing Force

4

Figure 6

Distribution of Electric Field




L

(o<z<g) .-

Maxwell'svequations are now representeduby.(7) and<

(12). - Eliminating E between them:

(13)

Ve T

(0<z<z)

o<wt<)




~
iy

T T T W PO L e v
% R R T s S SIS e e s . -

: wYBg| - Sl_n 2 (o<z<g and

B Rkt X3
I i
-
(o) 0
S

e

Since the maximum depth of penetration (;:5) is‘l

attained at the end of each halpreriqai |

%

- i

{ Y1/2
2H

wyB,| o -
U : o

(17) s

4

To find E(t),.réyrite“equatién (7) as:

0 \ o , H 1 .Ho sin wt - - (,O<Z<~€ and s
- (18) E=—=— I |
| Y Y § sin Wt | o<wt<m)
. 2 :
1s) Y .
L. E T "'Z'""' cos__"z"'""_ ‘ | o : . o :
o LS | . - . o<wt<)
“ \ 

Since, in successive half-periods, H reverses sign
. " 6 ; "

and ¢ does not, equation (19) shows that E does reverse sign

N el




e

~in each successive half-period. Equation (19) also shows

that E is not a function of z for o<z<z. Figure 7 shows

-

tion of the assumed solution., | - | - ~

M

C. ‘EgdzACurrent Power L.OSS

I

Let H be the peak complex amplitude of H and E be
. the fundamental component of E. The Poynting vector into

~the material:.

(20) N=N+ jM = 1/2 Exi*

- gives the complex power transfer per unit area and hence

its real part gives the eddy current loss per unit surface

'E and ¢ as functions of wt. This completes the verifica- -

area, The real part of N from equation (20) can-be‘written; “MM~«W>W

s as e

ey wevma? .,

o

|
|

ce ir

edance:

- where r is the real part of the complex surf

|
|

Y
0
=

e

(22)

mqtm
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Calculating the fundamental of E:

~ . . o vl |

(23) E (A cos nwt + B_ sin nut) | | . : |

-5

i
N
HMEI

CE(t) cos nwt dt - , ﬂ

.
it . ) H ‘s
"
- ) ) . ‘ ] Y : . ‘
- . : i e :
.- . . A i
. » . - ’ = o
. . ) . - - |
R : _ . ] P ) ,
RS f . .

(24)

P>
]
=

(T

N
K| e

(25) B

E(t) sin not dt .a y'i | | ‘ I

-

1 (wt)
— 2 - cos — cos (wt) d{wt)

- (26)

b
I

24
|

o | 2 o R S
(27) A= — |-+ 2f T -

(wt) j
- sin (wt) d(wt)

1 |
(28) By = __2 — 2 cos

,A
|
. :
<

I T Y Y ry Ty Y Y . W 1E 11 1

TR T A I
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—t(29)¢

8H | - R

o)
— (COS. wt + ]
 Tyen W 2 sin wt)

(30)

(fundamental pf E)

V2 ’ ' ‘
- !ﬂ
!
|
[|

(1 - 25) _—

3ydw

(31)

¥

—

Calculating the real part r of the complex surface

impedance 7

33y

I T T ) T R R PN

3(~34,)

_ o % 2

a5
__II—I_I_-._II: i Bl o -y el DN EE |




16 (wB. )1/2

ﬁ?
W

/ |
s

!

1!

wBy 1/2

(36)

>
i
W
1 P
wloo
=
N
<
o
@)
3

‘ tx
The eddy current loss per unit surface area then

becomes:

(37)  . N=Z=rmH?2 ‘. e ? : .

) ‘“ P b
[ SN A R

| ) [

BT yo B H? %

_ I

- "The eddy current analysis given above is for a

surface subjected to, a magnetic field varying sinusoidally

with timg. In the case*@f.a:machine‘0perating aSynchronously,
. J 4 ' I .

/




‘ the rotor surface.ls subjected to a fleld'rotatlng at '
».Sllp frequency and 51nu501dally dlstrlbuted in space. + ]
Thus, any p01nt on the rotor surface sees a-magnetic‘:
field'varying‘sinuscidally in time, | o R E
'Figufe 8 shows qualitatively the. eddy current‘paths -
1n»the surface of a rotor at one point’ 1n tlme. These eddy
currents produce a fleld rotatlng at Sllp speed relative to
. the rotor and at.synchronoua'speeg,relative to the stator.'
Figure 9 shows, for a two-pole machine; the positicn'of the
separatlng surface and the dlstrlbutlon of the magnetlc “i“T?‘ “;
intensity B in a machine rotor. L o . | . |
, '
i
| ] . . S ‘
|

) |
‘ —
. B
-
. <
. . .,/ﬂ """
= .
r ; -
- [

i

i

i

|

|

e ' . !

[|

. u

[]

) [ |
# |
i




- | Figure 8

N .ww:m-——Eddy~Current Paths in Rotor Surface _ -
o | ?
( .
- A e _ -
. -
Figure 9
Position of Separating Surface and )
« Distribution of B in Machine Rotor | -
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- III. EFFECTIVE ROTOR IMPEDANCE REFERRED TO THE STATOR

<

; B 2, 17, 5, 6]

A, Introduction
| skl

To f£ind the effective rotor resiatance'and reactance'
referfedrto,theRStator (Ry' and X5' in Figure 1), the ap- R
proach will be as follows: / '

l. By conventional,induotionmachine

theory, the mmf produced by the load
% ,current in the stator (I, in Figure 1)-
I must be equal and Opposite to the mmf -
produced by eddy currents in the rotor.
In other Words, I, in theequivalent
circuit is that component of stator
gl cnrrent prooncing Flux linkages*with

the rotor.

-~

N 2. Determine the mmf in terms of I, and

' the stator winding configuration.
3.. Determlne the mnf correspondlng to N
equatlon (l), the assumed applled

.mmacnetlc.fleld.-

4, Ellmlnate the ram £ between the equar —

RS D

- S

Tftlons under 2 and 3 above and solve S

 for Is. KnOW1ng Iz and N (the power




S22 -

~transfer per unit area in equation

(39)) we can solve for Ré'. From _ "

~ that Xp' = 1/2 R,',

‘B, Stator mmf Due to Io

Figure 10 shows, in a deveiéped view, the mmf of

a single<coil‘of pitch p carrying DC. For this case, the

-

mmf is: - -t

- (40) mmf "'pM o .(TKX( - E"—]

(41)‘//’ B mﬁf.

i
-~ .;
N
' "
ro .
S®
=
|
, mTo .
. =
N\ .
»
A
_ L:l
by \ ,

]

!
e
=

(42) mmf :

.y

‘where M is the ampere turns of the single coil. Written as .

-~  —=-——- a Fourier Series: - | - N

. k:oo .
- 4M . kpm .
f43[ “.rmmf_— ) — sin =—5— cos kg




3.

sub

(2-p) M

Figure 10

Mmf Due to a Single Cbil,of/Pitch P

o

==l ===
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T kpm L. ., foh factor fae tha 0 TN
No%e that the term.81n 2"Lsetheepltchwfaetegufor.the R ;
) kth harmonlc,~K . - | ' -
. Pk >

Applying a sinusoidal current in place of DC to

the single~coil?of pitch p: ’ 'j

L | hl'!

' | v. : B g T | |

k= : o : . f

- 4M kpm | |

(44) mmf = — sin ~§— cos kx cos wt S 1

| k=1 LU | | - . | . | | |
Resolving this pulsating field into forward and backward

rotating fields, equation (44) can be rewritten: | N N |

, |

!

I

. :

(45) mmf = ) —F —%— [cos (kx-wt) + cos (kx+wt)] 1
. k=1 | . -

’ | N

) ] R |

m” In'a practical po@yphasefmachine(elet:

L | g = number Of,Qbéee%belts.per pole.

"ww;mmmm P = _numbermoprolempaixsw f;' 9 — Mf

n = number of slots per phase belt per

5%

B — _4_mmwgroup_lnmadlst;lbutedWWIndlng);Mj:;;e;wmWWWWWMWMWu_:.

ﬁmafgwiﬁfﬁémﬁéfmcciijfmw

N = total turns in series per phase = 2PnT.
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o . In a q-phase W1nd1ng, the phase belts are Zn/q electrlcal )

- . .

'“radlans apart and the tlme phase of currents ‘in adjacent

nphasembeltswa:eWZH/qmelectx;galtI@Q;§n§MQPQPFanTh§¥?§QE§LQ

-‘\\,

4 the forward rotating components of the fundamentals of the

mmf waves produced by the phase currents are in phase and
may be added directly.”‘Siﬁilarly, the backward rotating -

components of the fundamentals are eech'speced -2T7/q elec-

“trical radians apart in time and add to zero., Hence:

-

(46)  -mmf (fundamehtal)'= q(2M/n)(Kp)(an) cos(x-wt)

& ]
'where'Kd is the distribution factor for a distributed poly-
phase winding and is given. by: .

‘ S ‘ Tr

N —
\ | in o

(477 = fa T - *
© 'n sin =—
o an B ) y

| Now:

>3
= ¥ “.
B - ‘
oot e S

[

- (48) M=/2’*12T S
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(49) N

2PnT | | - L N

therefore = o N - ) I \

A12N

(50)  n

V2 Pn

Substituting equapibn (50) in equation (46):

/I q I,N K_ K
(51) o mnf  (fundamental) = ' _p d cos (x-wt)
pr .

Equation' (51) is the expression for the fundamental

‘componehé of the mmf wave produced by an rms load current

~ . N SV SR & . — [ S S —— - == . > VN

. | | N [ 4 [ | | 7 7% ‘ A " I
I, per phase in a machine having g phases, N turms 1in series

per pﬂase, P pole pairs,and_wound with”distributiqgwfadtor- - .

— 1Y

p° |

5 - \

is given by equation (1), namely:
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Thls relation holds for any glven p01nt on the rotor N B

surface. For the.entire rotor 01rcumference at a glven ‘ | %

p01nt in tlme, the magnetlzlng force 1is I v

ki

(53) H=H_ sin (Po) - - . L ?

where P is the number of pole pairs and 6 is the poSition‘
on the rotor circumference'in-radians. The peak mmf at the

rotor surface is therefore the 1ntegra1 of Hdx over one-half

pole pltCh - (See Figure ll.)
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{ X=Z§- | *”#%P“‘h.AN,T . .

.». : L% ) : , | (54). L peak mmf - , HO SiQ(PG)dx ‘ >
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H,D = ¥
2

| .(56.')‘ ST Peakv m'f - | )
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=

where D is the rotor diameter.

C. Calculation of Rz'vand Xz'

a
L e — N

‘Eliminating the pgak mnf between equations (56)

‘and (31) and solving for I,:

- HD:" V2 ¢ I» N K. Kq
(57 = o n2 " pd
o - 2P | P o

i

-HO Dm
2 /2 g N K

;A
N 52
N e o)
L~
—
(8
|

p *d

e F:Lnd R, ' .ﬁsing_. ‘eq‘ﬁatﬁions....___,(,3.9,).: ~and .',(..5...8.‘.),_-_:_____ e

o .. _ o ?;
| - (N) x (Rotor surface

area)

—
o
O

~—

J
[\
I

v (@ x (122

(60). ! 64 L q (N KP Kd)
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'IV. THE EQUIVALENT CIRCUIT [1, 2, 17, 5, 6] »
In thﬁ%equlvalentgcarcult of Flguredl-‘ ; - '{;
. _ A.lee-stator reeistancenmuwmhmmm;%xﬁ'w; i L
"B, X3 - stator leakage reactance
. C} XM -_magnetiZing reactance of stator
D. _éﬁ - conductance representing losses
in stator dueto~eddy/ourrengs - B o ° -]
’ and hysteresis ) . - ;“ . | J
TE; Ry' - equivalent rotor resista;oe, ”
referred to the stator, given {
by egquation (60) | | - : 4
_ F. °x2' - equivalent rotor leakage reactance, |
referred ﬁo the stator,.given'by ; ~ ;_‘9f o ﬁ
equation (61 ]
~ The equivalent circuit (and hence Operating charac- j
teristics) for aeynchronous operation of a round rotor j
synchronous machlne has been completely deternlned ‘51nce 1
) A‘through D are available for,a given machine from de51gn f&x; @
- and test data, and expre551ons have been derlved for E and F.,‘ﬁfaf,J

\

In a machine Operatlng above synchronous soeed the

— Ar@uegatlvev_Sane it is defined by: e
‘ ne y o e
(62) . LWy m W
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N
N K
= -
- - . . e
. R . U - . . - - . B - . T e ne Lo e > [ QN - P ——— - Ry i -
slip - - SR
. . o o N N . -
v L - .

- S W = synchronous speed

‘rotor speed-

% o : - o
Therefore, Rz'(igi] is negative. By'Standard induction

machine theory: , R A L s

S

-~

| — /2 l"' | 350
(63) Py = I,2 R, [....‘i} -

where PT = turbine'power input cﬂ%the

machine shaft, less windage

and friction.
' i 2 p 4 |
(64)  Ppp = 1,2 R,
| -
where Pr1, = rotor loss

R i ) < o i : e _ ' ‘ ’ .

E Equation (64) is of primary importance, since its
”; Wli results for different operating conditions can be compared

with thefrotOr circuitnpower loss under convenﬁ;ggﬁlwggggng$M M |
" 7 “tion. - I I R
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2

(65). i 'V‘P'SL* = I"l" . Ry~ == s e gl

(O

e —— - b . }

where PS£_= statbr windihgmpdﬁer'leS.

1

 The results of'equation (65) can be comparedfdirectly with

the stator winding loss for normal synchronous Oper;iion.

dHence, the‘p:dposed method:
. |

i Ao permits caléulation of the asynchronous
Operatiﬁg chéracteristics of.a rouhd
,rotér synchfonousmachine witﬁ the fieId
-Cirguitopeﬁ; ".
B. permits prediction of the thermal risks ‘
to the machine involved~in'asynchrbnous'
Operation. . -
- : #t —
B s - e ﬂ - . - | ;' v |
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