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SYNOPSIS

This paper consists of following themes :—

1. The solution of the symmetrical three phase alternator (three phase

stator with eylindrical three phase rotor) for sudden short-circuit can be obtained

by ordinary method of solving the simultancous difforential equations.  The author

applied the linear transformation of the method of symmetrical co-ordinates, and the

fundan 1it i [ ; ’ [ i
iental  differential equation was thus made very simple.  Heaviside’s expan-

sion theorem was thas made applicable for this case, and the actual «

became very simple.

2. The rigorous mathematical solution of the ordinary salient pole alter-

nator for sudden short-circuit is almost impossible. The author, however, verified

ideal symmetrical
alternator (which is called the cquivalent symmetrical alternator) of appropriate

electrical constants without causing any serions error.  The conception of the

| cquivalent symmetrical alternator is very convenient for the study of transients and

‘omputation
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the constants of the ecquivalent symmetrical alternator can be determined from

several steady-state measurements.

3. The three phase short-circnit current may be considered to consist of _ CONTENTS
damped D. C. component tending to null and the damped A. C. component tend-

ing to the sustained short-cireuit current.  The damped A. C. component may

be considered as the constant induced voltage divided by the wvariable positive e
1 LINGrodanotion. 6 9 1 .t o

phase sequence impedance.  This variable or transient positive phase impedance : T _ . s e
I8 ivoly emall. thus ecausing heavy current, at the beginning of short- : . ; :
I {‘ﬂlllpﬂl‘lltl‘ut]}’ nuati, = . 2 [ o 2- ]“llllllﬂllli‘llfﬂl El’jlllltlﬂll ““‘I its rl l':lljp-‘furn]uti“n . - ' . ' . 2
cirenit and tends to the synchronons impedance.  From calculation and test,

) M . . . - - . 3 . . sk
the author verified that the transient positive phase sequeuce impedance just 3. Problem of Sudden Short-Circuit and eaviside's Expansion Theorem 5

after the occurrence of short-cireuit is practically equal to the sustained negative
4,  Calculation of Three Phase S ¥ eont

: ' . - . _ 180 3 . -

phase sequence impedance of the alternator.  And the negative phase sequence ase Short-Cironit Current ., . . . . . . . 7

impelance of the alternator is practically constant for the sudden application of

9. Caleulation of Line Short-Cirenit Current . 19
negative phase sequence voltage.
4.  TFrom the ealeulation and test, the author verified that the maximum 6. Caleulation of Line to Neutral Short-Circuit Current . . . W L 4=

instantancons value of the short-cirenit current is practieally the same for the three ¥ e
: . o Rl ' . (. Measurement of Constants and the Equivalent Sy o ) TR Anh &
phase short-cirenit as well as the line to line short-circuit, which fact was already juivalent Symmetrical Aliernator . 17

published by several authors. 8. Constants of Machines used in the Experiment. . . b3
As the results, the author believes that the short-civeuit current of the ordinary
3 : | 'l" . . L * : & 2
alternator is made possible to calculate by using several mensured data, viz. open 9. Calenlated Value of the Short-Cirenit Current . . . . . . . . . o4
cirenit test, short-cirenit test, stator resistance, negative phase sequence impedance. 1
-4 rn
4 ; . A 6.9 cheie 10, Comparison of Test and Caleulated Results . . At oy a5
Thus the station engineers need not oblige to approve without any consideration S i
the magnitude of the transient impedance of the alternator as supplied by the L1, Leanui bV 16 oft 2o antl - Ze "t & o B L o e O e a5
machine maker.
‘] -. . - -
12, Approximate Formulas for Sudden Short-Cirenit Current . - o 8
June, 1927.
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1. Introduction.

The sudden short-circuit of alternator has been one of the most widely discussed
lopics in the electrical power engineering in connection with the abnormal mechanieal
stress due to heavy current and with  the rupturing capacity of the oil circuit
breaker.

This problem has been discussed by numerous authors and there scems nothing
to remain to admit further mathematical discussion.

The author, in his previous rescarch,'” verified from test that the method of
svmmetrical co-ordinates, which is strietly applicable for symmetrical machine, is also
applicable with sufficient accuracy to the commercial salicnt pole machine.  Which
fuct stimulated the author to imagine the possibility of considering the equivalent
symmetrical machine for the sudden short-circuit of the commercial alternator and
the author attemped to draw any relation between the transient reactunce and the
sustained negative phase sequence impedance of the commercial alternator.

The author applied the linear transformation of the method of symmetrical
co-ordinates proposed by C. L. Fortescue to the fundamental differential equations of
the symmetrical three phase machine and obtained directly the sudden short-circuit
current by using Heaviside’s expansion theorem.

The numerical computation and test were carried out by Mr. M., Urushibata.

On publishing  the result, the author wishes to express his thanks to My,

(1) 8. Bekku, M. Doté and M. Urushibata :— On the Method of Measurement of Zero and
Segative Phase Sequence Impedance of the Three Phase Alternator.  Researches of the Eleetrotechuical
Luboratory No. 170. Tokyo, Japan.
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Urushibata as well as to Mr. C. L. Fortescue, for the kind suggestion given to the

author while he was staying in East Pittsburgh in 1925,

9. Fundamental Fquation and its Transformation.

. - . s
Consider a symmetrieal three phase machine, with Y connected stator and Y

conneeted rotor, as shown in Fig. 1.

We shall assume that the air gap is uniform and there is no slot and tooth.

The mutual inductance between stator and rotor winding varies sinusoidally and

there 18 no muguetiu saturation.

Let be
r with suflix, instantancous value of potentinl at respective terminal.
l with suffix, instantancous value of current in respective branch.

L, selt inductance of each phase «, b, c.
R, resistance of each phase «, b, c.
M, mutual inductance between any two of a, b, c.
L, selt inductance of each phase, u, v, w.
R, resistance of each phase, u, v, w.
,

N, mutual inductance between any two of u, v, w.

A, mutual inductance between a and w, and so on.

I

Laie 7 3 J

-Sﬂrfﬂhm_hl Beldu .'*."fmfrr't'u :S:wa'r‘-f:':"rf wit of Alternator,

m L
Then from symmetry we have

M =M, =M =M csl

L

M=, =M. = cs (u 47
51

ﬂL"*= ";,ruw= 111;41: JI r{_'{'*q (ﬂ + _4: )
3

where U:mf-}-(‘p

\Vriting p for = . .
—, we have { , . St : . .
R ollowing equations for the circuit shown in Fig. 1.

t,=—(L,+pL,)i,—pllL,(i,+ i) \

£)

“1‘-*]['[*15”5..+UU'(ﬂ _‘1“_) T P N 1}
t . + J f'.+'l.|.. H—l—_g__)‘c”j, |

= —(R,+plL,)i,— pM (i +1,) |

s 1 Sl dm NG D
pJ!rlms (H + - 3 ) Lot eosli, 4 cos (H + _'}:_) ,}

3
vo=—(8,+ pL,)i,—pIl, (i, +1i,)

3 P |
—-]JJI’{{'UE (f’ -+ —}; ) {, + Cos (U + _4‘:" ) i, + (-U.-_af”",]
o

f
ve=—(R.+pL,)i, —p(i.+i,)
—yJI’{rusU 1,4+ cos (U + %’:) 1, 4+ Cos (U -+ ] ) ] l
)%

'“1 - —( Illu +.PL'-’ ) ;l' _}JJI“( l'“' + ;“)

( 2N ~
'"P-*]['ll‘“-"‘ (” + 3 ) l, + coslli,+ cos (ﬂ + 5 ) r'..;- I

T ——", | A
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to=—(R.+pL,)i,—pM.(i,+1,)

e

*)J . .
_P_‘lff{ms (ﬁ o 9 ) I+ Cos (f! +- ":';_) i+ costi, }

] ('vu + T ), cte.,

=
x S
o—— ] 1 £)
o :
s —

1 LT o ; (A . i) \
lyo = _..-—(Iu'}"h;—l—fr)J !ul-'_--T(lﬂ"‘}"[Hh'l‘fI [ )
. 1% o3 g
L = -3_(:u+rr i,+ai.), I
) RSN : (AR )
;nu — 'T(‘u'*'fr-l‘fu')? L= _3_ (f“_l-[”l' wr f Y
= ] (i, +a’i,+w,), |
¥ 3

(1) becomes by the linear transtformation (2) as following

tar=—{ But p( Lt 2M,,)} i

- . JU -
U= — {h’,, + pl L‘,—J[u)} lgy—Mpei,

: . -0
Vs === {1:.-:'*-}}(]“::_‘]!;: \} fu‘:—JIPE 3 iz

= — {lrl.'. +1"( Ll; + E“I‘Iﬂ )} ‘;""

Sadatoshi Beldw : Sudden Short-Chrewit of Alternator,

“r

tu=—{ Ru+p(Ly—1I, )y fi—Mpe i

i S { R.+p(L,— MM, )} fus— Mp e, /
3
‘here M=~ M
Wwihe 2

By putting L +2M,=S,, L +2).= So; Lo—M,=8, L—M=24g.,
(3) can be written as

Va0 = _-( ‘h"u = 1 PS:HI ) iﬂﬂ \
o= — (Bt pS,) i — MUpe;,

tus=—( B+ pS, )i — Mpe ™

(3")
Pur=—(Lu4 pS.)i,

'f'"l o ( Il’u -i'- jhk_"" );HI- “QJE it ;Hl
I"'":—_'— _—( 11];: + p‘gu ) t.n.'_ “][]J 'Ejﬂ;f.rﬂ
(57) is called the fundamental cquation of the symmetric

According to the circnit connected to a, b, ¢ or u, v, w

between » and 7.

al three phase machine.
we have certain constraint
The fundamental equation admits casy solution in some cases

and not in others.  (3) or () was already published by Fortescue in a slightly

different form,

3. Problem of Sudden Short-Circuit and Heaviside's
Expansion Theorem.

The transicnt current when any K. M. F. is suddenly appliecd in one branch

ol any network originally in equilibrium is obtained in u very easv  manner by

—

(1) C L Fortescue :—Trans, A. I E. E. 1918, p. 1065, (114),

T il iy il ™

1 T e . o ¥y
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using Heaviside’s expansion theovrem.  The convenience of Heaviside’s expansion A, 1s the root of Z(p)=0, and Z(p) is considered to be of nth d i | |

; L ~ 4 8 C e v ol mth degree 1 p ang |
theorem was already discussed by Carson®™, Cohen'®, Berg™ and other authors and Z(p)=0 1s assumed to possess no multiple roots. [I
the theorem is fully appreciated by many physists and engincers.

The transient current when any abrupt change occurs in the eircuit or

especially  when o part of cireuit is short-circuited was treated by E. Berg in a 4. Calculation of Three Phase Short-Circuit Current.
very ingencous manner by using the principle of superposition and Heaviside’s Let the excitation of the symmetrical three phase alternator be hown i |
. ' oL ’ a8 shown 1n

expansion theorem. Fig. 2,

g L] - ™
T'hen the short-circuit current is equal to the transient current when the

Suppose an alternator with open armature ; its ficld being excited by a continucus symmetrical three phase voltage is suddenly applicd on the cireuit as sl in I ‘
b ' 18 8 J reireuait as shown in e,
- - L] . . ¥ 1
3. M. . The current, when the armature is suddenly short-circuited, is obtained 3. The voltage to be impressed should be of opposite sign as that tl
830 8 . site as that appears on the

by superposing following two current distributions. terminal in Fig, 2.

. | - - - . W w ]
st wn before the oceurrence of short=circunt, r ' <z . :
(1) Current distribution ) ( i We have following relations when the armature i< open-cireuite

‘.
I I, <,

: d as shown in
(2) Current distribution when the E. M. F. cqual and oppesite to that

just before the cecurrence of short-cirenit is suddenly applied, without changing

: 1
] . &, w L] ¥ - L] L L - | ‘”=UJ ’h"_Uj J'.=0
the cireuit condition of field winding except to nullify the continuous . M. I,
In the first current distribution there is no armature current, therefore to get 2
Co— 0, =L, Cu—ty=F
T w44

the sudden short-circuit armature current it is sufficient to consider the second
distribution only. Thus the problem of sudden short-cireuit of alternator is reduced

to the problem of sudden application of K. M. F. and it is very evident that

Heaviside's expansion theorem is divectly applicable,

ot the E. M. F. to be applied be Ecostl, where 0 =wl+4¢, and let the

current be obtained in the symbolic form as following

EY(p)cost
Z(p)

where Y(p) and Z(p) rational integral function of p.
It the circuit be originally in equilibrium, the transient current is given by

Heaviside’s expansion theorem as {ollowing.

i=Real part of Ee)* ___}__",I.f”_)*_ L Z‘———- LA )})——-—— E}'E] :
Z(w) rel (_j{u-—-;..)f_‘_ J

1) J. Re Carson :(—1 hys. Rev., Sept,, 1917,
) L. Cohen :—Frank. Inst., J., Dec,, 1922,
)

E. J. Berg :—Frank, Inst,, J., Nov.,, 1024,

Ll
iy
L ]

(
(
(
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(6) is the potential of @, b, ¢, in Fig. 2, before the occurrencs of short-cirenit,

Transtormi wse relations according to (2), we have
ransformine these relations according to (2), | : N1
3 transformed according to (2).  The short-circnit current is the transient current
when ©,=0, v,=— JodEeh g JoMBe# ', ldenly
1w="), =", lge=0 SR, v Ve U Lk 15 suddenly 1mpressad on a,

b, ¢ in Fig. 3.

(1—@) v+ (1—a)re=E In the case of Fig. 3, we have following relations.

o v r,—v,=0 =) . e s
(1—a)t,+(1—a*)ve=E y  Ce—0,=0, 7 4 +i7,=0.

];‘l"' J i | f L] - . My
rom these we have v,=0, n,=0, te=0, and (3’) becames as tfollowing

From these v,=t.= If:
o)
Putting these relations into (3"), we get "n:=“ﬂ:z(jffiﬂ— = — (L, +pS,)i— Mpe; i
. Vo
‘.nl'_':___-(_} {: ‘\f) ; ﬂ[]1 - ja r ( 7 )
1'.} fu ]-h-" ’.”q=___"’__'15‘:_'_ _ = I] ! jq 1 / E_j ¥
el S T (B+-PSy)ise— Mpei,, J
3 I
N — == '\
0= —( R" +P‘(-‘u)?"|_'.-:'ljjeﬁjuiﬂl )

= T3(R.+pS.)

If the steady state is considered, we have by putting 9=, O=—(R,+pS,)ie—] [pei.,

From (8)

].,;? g K A U TR L et ¥ (Y )

) ey e
3R S 1L,
by ' e ﬁrpe_ﬂ]’.

lg=——

Putting (5) into (97),

el ) jwlI el - SrreT
r-fl — .]1?:-:}-: :I__. e J“‘3I[]‘l - I'"' + (P ‘_J{U)l“u
DI\, i
¢ gt MY
. ] o= 11_1}}5-'5;,,:
e MpERE __ jwdBe s R |
' S, SR, 168 |
[ |
om0 = —Mei__(PH]®)in
B+ (p+jw)S, }

—

QwMls . , i
N sin (wl 4 ¢ ) * Refer A, R. Fomyth:—A Treatise on Differential Equations, 5th Fdition, p. 58, §33
Ly iy -

ry =)+ = —

e T s il
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Putting (9) into (7), we have

v\ M:p(p—jw)iy
e ,S -|-.____.- ST DO L P 3
1 i (er +p ﬂ)iﬂl R" +(P ‘;{u),g“

M p(p g @

Vna=— — Pu+ J"S'u iu e . v
2 (Ll +PS0 ) 1y R, +(p+jm)S,

The symbolic solution of (10) becomes as following

{ R+ (p=jo) S},

ey ) < R oy
T Mp(p—jo)—(R,+pS,){ R+ (p—jw)S,)
__ JoME Y.(p) .»
3 Ii’“ Z,,] (}})
3 s A (p+jo) .‘_\'".}_r,,g
& ‘1!-?]”} +jm) _( ]"-1 +PH-: ) { ‘Hn + (P '{-'J.IUJS,,}
_ _JoME  Yu(p) -4
oI, (D)
where Ya=R,+(p—iw)S,, V=R, +(p+jo)S,

Zow=Mp p—jw)— R,4+pS,) "]I',, +(p—jw)S, }

Zow =Mp(p+jo)— (R, +p.'~_{,){1;',, +(p +jm).5'"}.

S

ey YL

Let the two roots of Z,,(p)=0 and Z.(p)=0 be a,, o,/ and a, @ respectively.

Then o, and @, @/ and @' are conjugate complex mumber, and we get by applying

the expansion theorem on (11)

£z gt jtuﬂfﬁ'sj? Y. (jw) cdot _ Patle )E""
4 2N - _" : _l_ g AT . r
e I (jor—t,) -2
ap. (p=2,)

AT i ey 1 A e

Sadatoshi Bekkw : Sudden Short-Chrenit of Alternator, 11

— e
—_—

Q2

(w—a, ) —Za

ap (p=x,’)

—__I:‘:I(fi]f]eml” }

wMBe™? [ Vy(—j - PR
';.«12__.- _-?{UJH J:_ ; 7 _.} *_"-’_(_‘__'*:\?_r”l E_'jmr’i" }ufﬂ‘t_j) Ex!f
ol s —]Jm) ; a7 .
P Sk (o +a,) 22
P (p=2,)
r AP 7Y |
+ & }!I'.‘rfi'.' ;E ]
ot ar)-2%
Op (p=1x) /
}/";’m)—— and —‘};'-5—(-—";?”) ;  LALA B and
401 (v 4 _"l' Y, & y
1 )' ulf 1”1) f;m-—u,)-_a'{'"
3P (p=s)
1 Vala N Y,,(a)
= 7. y : 27 and
{Jtrl-!—fx,_t)-- =L {Jﬂj-—-ﬂﬂ’}___ i id
Ip (p=a,) ap (p=a,)

— __F_}‘:r](ffg’
(.fm+u:"J az‘
a}’ (Ir::lf)

are r‘ulllill;_',':lhh

We know i,=i,+i. ete ila 5 8 5 .
L ;,; !.]‘l +I i ( tl- . :lll‘] “ ¢ see t]lllt Jd, f,‘! ?" !l]l{\ ‘l" .:ll tll'-"l:_‘:[i f”Ij !”: ur{‘

LA 'y R b m " " # ™~ - :
complex numbers,  The mplete solution is thus obtained. If the short-oireuts

ocenrrs at the instant when r,=0, we should have 0 =0,

Sinee 7, and ¢ ons :
' ‘ an ATC CH oo " ) wmileni latn . 1
" o conjugate, we need not caleulate both lg and 7., one of

them will be sufficient. i, 15 twice as large as the real part of 7.

From (12) we see that the transient term consists of two damped A, Q.
components, the actual calenlation shows that ths one is nearly « damped D, C.
component and the other is of the frequency quite near to the machine frequency.

Now consider the ease when the symmetrieal three phase voltage of np]m;:ilu
phase sequence is suddenly impressed on the armature of the symmetrical three
phase alternator ranning with zero excitation.  Then this i< the cgse shown in

" .' [ ] ‘l- 4 * P " -

= S —

s, .

R W TR T

g - - — =
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TuH:rE_JH
o u LA D1)
P‘Inz"s‘jn
And the enrrent will become as following
P = '-E-j’; __1:'|£__j_f_”)_ E_-jm’ + __.I T'! (f‘.'_)_ff_fr.__
Za\ =] ) (jw + ﬂ:,)_a_/i.".l
Op (p=2)
+ —— Y la)e" 1
f,lm-}-ul")—a- L
a]) (p==z,")
& Latile)
s vedt[ Yalj®) _jor Via()e®
1 3t g " . Bt g A - i
l 4]2(1}{”) (J{U——I"L)*-—a—/—!;l—
P (p=2,) I
V(e )"
fjm-—-rt_.’) 34,:1'
P (emi) |

Actual ealenlation shows that the initial magnitude of the damped A, C,
component is very small and thus the A. C. component in the current when the
three phase voltage of opposite phase sequence is suddenly impressed does not damp
practically, in other words, the transient negative phase sequence impedance s
practically constant.

__Zru(j‘”)

From (12) we see that :
arl (J{ﬂ)

the armature winding in the steady state and is generally konwn as the synchronous

impedance or positive phase sequence impedance Z,. From (12) we see that

ke Z,:(J'WJ QwI*

Vi(jo) R,+j2w8,

armature winding to the three phase current of opposite or negative phase sequence

in the steady state, which is generally known as the negative phase sequence

impedance Z,,

! =R,+joS, is the symbolic impedance of

=R, +jwS,+ is the symbolic impedance of the

R W PTG A T S B i o B def e et i e e

‘:'Surfﬂ!mfu' Beklw : Sucdden Short-Cirenit of Alternator. 13

r L] L] L]
We can casily infer that the negative phase sequence impedance  possesses  loss

reaceance component and  greater resistance  component when compared with the

positive phase sequence impedance.

2"1 — ] ll‘rl +j w "S:l

Q2w+ ot (15)

Zo= Ry +jos, +
: R, +j2wS8,

9. Calculation of Line Short-Circuit Current.

Simi e of - ‘t=cireni ' i

Similar to the case of three phase shor t=circuit, the single phase short-cirenit
current can be obtained by impressing an E. M. F. opposite to that just before the
occurrence of short-cirenit between & and ¢ as shown in Fig. 4. The voltave

before the ocenrrence of short-civeuit is obtained from (6)
V=", + (g

0= Aty + €00

Voo g O AT L 2l
e =V =0, =("—a)(v,, —v,.)=-—" f'j_- — cos(wl+4+¢) . ., | 16 )
1 o I,

Iherefore the voltage to be impressed in the ease of Fig. 4 is _______E.’ni:'l_ili' cos(wl + ¢)
PRy ' - 4 Ly L] - ‘ ] :} RH‘
Phe creninit w, v, w in Ifie, 4 s exactly the same as before, so that it is evident

that (8), (9) and (10) hold good.

i R e e, W, g———

- -_— ——

I S
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We have following conditions in the stator circuit

2IME

Ve = ('“'.;l . ) (1‘"1 i P E K 1 /9 ]‘r"

cos (wl +¢)

We get from (10)

il

JF]J(?’_,{""J) oy 41FP{__P+-_;"{)—-_IF

s T { —2(Rat P )t T Rt (pAj )R S

and thence

(R4 pS. )+ @S5 (00— e e
L [ M p{p(R,+pS.)+ 'S} — (B, +pS) R APS) + @575 |

where

Vip)=(R.+pS.) +a,

Z(p) =8, (=S, S.)p*+ (M ‘R —-R.S2—-2R,.S.S,) P
+(@*M*S,—2R, RS, —S,B—w’S, SHp
—(R, R+ w’S°R,)
1, =1, + U,
=(a*—a)i ,

Y(p)(a*—a)(v,— Uae)
27(p)

L
i

BE A L AL S S T e A v, A AR st T h T
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2wIE
VSR,

Since (@ —a){v,—r,)=—
obtained as following
2wllE

v iy BT o
YSETER, azip) T

' NER % gl
— E;u_:z’l_[]_ﬁ Real part of & lr(]))s |
v 3 R, 27(p)

:J; }""( j)ejhlf ; :
8y igh o ST casily expanded by the general theorem.
2Z(p)

Z(p)=0 is a cubic equation in p with real coefficients, so that there are one

real and two complex (conjugate with each other) roots or the three roots may be

all real.
and - damped A, C. component.

‘ E{UJ[ ]f:

Sinee vy, 8 ——e-' cos (wl+¢) before the occurrence of short-circuit,

vV 3 R,

Y(p)
EZ(]J)(,, - jw)
circuit #,_, and the sustained short-circuit current 7.

(18)

Mp(p+jw) |

i ‘jylr(P) — o= {2(-11?,; +})lb:,)— J][?}(}}—:}.{u )q
& J(}j)fp-jw) Ifu.i_(]}_Jm)Lu
=2 ( R“ +-7 IUS") T R 2i;£‘5r

From (16) we find that

Y(ijw) Eo T %
——tl L == _|_,{:
2Z(jw) :

R.+(p+jw)S, )Lr

(19)

cos (wl+¢), the symbolic solution of i, is

In the first case the transient consists of damped D. C. component

is the symbolic impedance referred to the voltage before the short-

I-JIH-_P

where Z; and Z, are positive and negative phase sequence impedance in the steady

state,

—

B S S — S = -
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Adding these three equations together and using the condition (20), we get

6. Calculation of Line to Neutral Short-Circuit Current.

: N R hort-cireus to the neutral is S e ‘
The current when one terminal is suddenly short-circnited to | : ':.u+'.;1+':r2—*'u={_.{11..; +pPSu)=2(8, +pSs,)
. . . » * ® 1 L] !'_" “'I Ill
obtained by impressing a voltage between the terminal and the neutral as shown

Mee, B s voltage v wsod should be opposite to that just before the _, .
Iig. 5, the voltage to be impressed sho Pl +__1_[.!i{]i___‘,_"_j)_++___‘KEE{P+.!.“J) - "

occurrence of the short-circuit. B, +(p—jo)S, R+ p+jw)s, ) 3

Fiy = . A : . L . L] ® - ® "
Lhe symbolic solution of #, and its expansion is easily obtained from (21).

Frr . e 3 - "I' ] [ - . .
The impedance operator on the right hand side of (21), if the sign is reversed

and g ds put jo, will be the symbolic impedance connecting v, and 7,/3.

And we have

Qw-]*

[ll.; +J.t’u:q”" + 2 ( ]'ln +.;"JH‘-* ) 74
Il," +J.2"J")ru

=A+4H+%4 . . (22)

D,
(22) is well-known in the sustained state,
, 2wl .
r,, the potential of «, is given by (6) as —";_[{ —sin(wl+¢), so that
i 4 2wl . " - ' 1
the lmluulinl to bhe ilnhl‘t-.u:-aul in I 147, 5 should be ~--{'—l- —-‘*‘lll("“'*}'sv)' It 1s 7 Meaaurement of CUHBtants and the Eqmvalent
A Symmetrical Alternator.

evident that (8), (9) and (10) will hold good as in the previous case,
With the ideal alternator with three phase stator and rotor winding, . and

“'L' l"l\'l.f' i"UllU“'ing L‘U“L]itil]l].".'
] { . .

: : : With Yo ' hown in INe. 9 1 .
e OF Lm0 theron et the connection as shown in Fig. 2, let the exciting current in phase u

I

be 7, we have

2F

SR

From the first of (3’) and (10), we get

Py = = ( 11‘” -}-11-5:'“ ) ;.”“ ) .
A | 51 {U_Uf,t-us{wl -+ g}

} ; {' —) .-r T | I ' 1
['p(p—jw i, Lhus 27 s obtained from the relation between the maximum value of line

. —— ._._: ¥ "_n;";” » i
Pt !I,, +1’1 Y 1+ ll... _1_{11__-![”),*\"

voltage and the exciting current, provided the frequency be given,

—,[:I"_(_!_"___t.i“';;*'_-;_ l\.u.'pulg the rotor stationary we can consider  the symmetrical muachine as o

jll"_*_(}}_*..juj)h'“ -'\-II.III]L-[I-II‘HI tlll’l‘l- llll.‘li:-q_- tran<lormer. I{ the stutor or rotor “’illl“ll: " l'.\I(‘ilL‘{l

D a= --—( It',, -}‘PS,. .}f‘u. +
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with the three phase voltage, there will appear the induced three phase voltage in
the other winding. We can get M from the relation between the exciting current
in one winding and the induced voltage in the other, provided the frequency be
given. In this case we need not bother with the factor 1/ 2 to get the maximum

value from the effective value, as the current and voltage are treated both in
effective value.

R,+joS, is the symbolic synchronous impedance of the armature circuit, o
that it is obtained from the open-circuit saturation curve and the short-circuit
curve using u, v, w as the field winding.  Similarly R, 4jwS, is obtained by
using @, b, ¢ as the field winding. Using the value of R, or R, already
obtained, we can easily ealeulale S, or S, provided the frequency be given.

R, +joS, or R, +joS, is also obtained by measuring the effective impedance of
one phase against the symmetrical three phase voltage applied on the stator or rotor
winding keeping the other winding open at the terminal.  In this case, if the rotor
core be entirely free from eddy current, the value of R, +4jwS, or R, + JwS, is not
affected by the motion of the rotor.

This method is the only one to obtain the effective resistance of the stator or
rotor winding,

As s already shown in (15), the value of Z, and Z, used in the ealeulation

of sustained state, are as following

Z, =R, +jws,

2w*[*

Z‘=Ru . ‘-:|+ .
S S A T +i2wS,

Therefore if Z, Z, and M be known, R, +jwS, can be caleulated, the actual
measurement  of the  synchronous impedance of the rotor circuit is not absolutely
necessary,

Suppose we get Zi= I, +jol, {from some measurement in the sustained state

then

1 Ll L] E ‘.. 1[2
'}i’ﬂ + le -_— Pll + w-lb'” + e . . . . . . . .

D Pt AN =28 W AN AL P S ey T Y et Ve
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from which

20° M3

n, +‘_;'2mh'”

(R,—R,)+jo(L,—8,)=

R~ Ro—jo(L—8,) _ R.+j2s,
(,—R,) + w*(L,—S, )2 Q2am° 7

or

So that

R—_ 20MR—R,) ;
( ]f'" - I"lfl )E + fuﬂ ( -L_’ i "‘:l )'.f

L)

WM (S, — 8, )

iHr —_— ——— S S

" (Re—R, P+ (L,—S,

R, R, S, L, M and @ are all known, so that R, and S, are ecaleulated
from (24).

Strictly speaking, the alternator with the amortissenr wirnding should be treated
as an alternator with three phase stator and m phase rotor.  However, such an
alternator is similar to one with three phase rotor winding in one point that both
machines possess symmetrical polyphase rotor winding, and both are the so-called
sine wave alternator.  Thus we do not expect much crror by considering that the

alternator with = phase rotor windine or amortissour winding is equivalent to

the ideal alternator with three phase rotor windings. It is evident that Z of

the alternator with amortisseur winding is measurable, so that 12, and N, of
the ideal alternator (with three phase stator and three phase rotor windings)
cquivalent to any given three phase alternator with amortisseur windinzg can be
caleulated,

Ordinary three phase alternator with salient pole and single field winding is
not the symmetrical three phase alternator. Experiments in the sustained state
showed that the ordinary salient pole alternator can be considered as the symmetrical
alternator without much error, provided proper precautions such as the elimination
of higher harmonies in the measurement be taken,

When the frequency is given the characteristic of the symmetrical three phase

alternator is uniquely determined by seven constants R, I,, M., R,, L., M, and 2.

- s R ———
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Two symmetrical three phase alternators having identical Z, Z,, Z, and
indentical open-cirenit saturation curve are identical, because there are seven condi-
* tions of identity in total, since Z consists of resistance and reactance,

We can consider a symmetrical three phase alternator which is exactly equal to
any given salient pole alternator with respeet to Z, 7, Z, and open-circuit saturation
curve, then this symmetrical three phase alternator is unique.  This unique

symmetrical three phase alternator may be called the equivalent symmetrieal

alternator.
As stated above, so far the sustained state is concerned, ordinary alternator is

practically equivalent to its equivalent symmetrical alternator.
If it be admitted without great error that the ordinary alternator is equivalent
to its equivalent symmetrieal alternator, the study of transients will become very

simple.  The validity of this propoesition should be verified only with experiments.

8. Constants of Machines used in the Experiment.

FFollowing two machines € and 2 were used in the experiment,

Machine ),

This is an induetion motor of wound rotor and was used in the previous
research™ also, the rating is as following 10 HP, 200 Y, 50~, 960 R. P. M. To
keep the rotor cirenit symmetry, the exciter is connected with balaneing impedance
Z, Z, a8 shown in Fig. 6.  Z and Z, ave flat coils and the impedance of which

F

was made equal to the impedance between the brushes of the exciter measured with

u A

(1) loe. eit, Researches E, T, Lab. No. 170,

-
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50 cycles, and they are placed in the rectangular position to avoid the mutual

induction between them.  The behavior of exciter brush was beyond the scope of

the imitation in Z and Z,. The excition of the alternator was controlled by
adjusting the exciter ficld current. '

I'he relation between the exciter current i, and the voltage between b, e
(effective value) was gotten as Fig. 7. From the relation t‘,,_,.:]"'“-‘3_@1[:}{:135( wl 4 ¢)
(care should be taken to transform the effective value into the maximum), we got
from Fig. 6 as M = 0,00983 henrics at 150 volts. D. (. resistance of the
armature  was  R,=0.154 ohms per phase, From the synchronous  impedance

obtained from the short-circuit test we got S,=0.0380 lenries.

280
240 —
it sy
Ou:n-ﬂ'rc i scdsiralion oure
e / /! il saluratlion curve d
g 160 :
§ :
_-_"- i Line to line short-cireuit current E
'3 12 130 X
// /;—_ <
™S
S0 // et 20
/ et ] ;
/
=2 —| 3 phase shovt-cireuil current
40 / e ‘ 10
%ﬂ
: . 0
N 20 40 60 80 100 120 140

Exciting current in amp

Fia. 7.

Characteristic curve of 10 HP induction molor,

S




Researches of the Electrotechnica! Laboratory No. 203

Wom i X -.F'.--!.%

Using a, b, ¢ as the field circuit we got the synchronous impedance of u, v, w

as 0.878 ohms,.

The impedance between the terminals of the exciter was found as

0.095 ohms, so that the total synchronous impedance of the rotor circuit was taken as
0.878 +0.8784-0.095 = 0.973 ohms, then S,=0.93-+-(2 x 7 x 50)=0.00310 henries.

The resistance of the exciter brush predominates in the rotor resistance and the total

rotor resistance varies with current as Fig. 8.

10
0

Voltage drop in volts.
~1

b

()

Z, of this machine was measured as 2.3/60° ohms,

3o : ___,...-'T“"-
ﬂ---'n_-_-—ﬂl'
2" -lr"""'._’ = -
-‘_-_,;-—"'—#-
10— =T
X
/o0 200 Joo Yoo Soo 600 Qoo Saoo oo s o
| o
'F‘“--'
| __....--""
| ¥ 9
|
| B
| 5% il
R S
l |
10 20 30 40 Ho 60 70 S0 90 100

Direct current in amp.

Fr3: 8.

Variation of field circuit resistance.

From Z,, Z, and 1 we

got 12, =0.191 ohms, S,=0.00303 henrics which check well with the values

measured independently.

Machine 2 was also used in the previous research® and it is an ordinary

(1)

loe. cit. Researches E. T. Lob. No. 170,
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salient pole three phase alternator without amortisseur winding.

The excitation

was controlled by adjusting the field rheostat, keeping the excitation voltage constant.

Lhe open circuit saturation curve was
M =0.153 henries,

S,=0.00232 hLenries.

obtained as Fig. 9, from which we got

From the short-cirenit test we got 12,=0.0535 ohms and

280
240
—
?{‘#_ﬁ__.__.--"'
1t
200 ;
: -
?_é P Open-cireuit faluration curve 2
= 160 =
] ¥4 i e i
= | _ :
" / Line to line short-cireuit curvent{ 280 _
-¥]
5 / // | /J’ 240 2
i 7
/ 3 phase short-circuit current -
¢ P ' 160
[ ——
/ﬁ/ 120
40 ;/ o
i 40

1 2 3

4 ] - 6

-7

Exciting current in amp.

Fic. 9.

Characteristic curves

7 is affected to some extent by the

of 35 kVA alternator.

change of the field resistance, however, we

used the figure Z=0.27/71° ohms (which corresponds to 10 volts of the open circuit

voltage) and obtained R, =708 ohms, S,

.= 15.6 henries, the actually measured D,

(. resistance of the field ecireuit was about 830 ohmeg,

-_—

. s -

R e S
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9. Calculated Value of the Short-Circuit Current.

a. Three phase ghort-circuit current,
The damping and frequency of the transient in the three phase short-circuit

current is obtained from (11) as the root of the equation Z,(p)=0. If arranged

in the order of powers of p, we get
(S,S.— ) p*+ {R,. S.+ R.S,—jo(S,S,—M "’)} p+ R, (R, —jwS,)=0.

Since this is a quadratic equation, the roots @, @' can be obtained as complex

numbers,

1.  Following constants are used in the ecaleulation for machine C.  The
value 12, is taken from Fig. 8, to correspond to the rotor current actually measured

oscillographic in case of sudden short-cirenit.
M =0,00083, S, =0.0380, R,=0,15H4

H". —_"”,0'[ l:}lﬂ} 1;'” :ﬂ.(}l, = lﬂﬂ 14

From these,

v, = —13.0547309.9 (49.3 cycles)
a,) = —22.03+474.25 (0.7  ceycles)
Yis(a,) — —0.05976 —j 0.3877

(jo—a) 2, (a)

}:;_1_(:'1_;’) =0_053(}7+‘j0_1715
(jo—a) 2 (%)
: : AT 2l E
Putting these values in (12) and remembering that 7,= 1.+, N e gy

sin(wl 4+ ¢)=E,sin(wl+¢), we got finally

AF LWL . -l v L o ook THI UL - A o
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=k, 10.08385in (wl+@+40,)—0892e" sin (27 x 4931+ ¢+ 0,)

+0475e%8in(22 X 0.7t +o+0,)F « . . . . . . (

1S
o
o

where a =—"73.0, ¢ =—220

0,= —89.30, 0,=81,2°, 0, = 82.9°

The current in phase & or ¢ is gotten by replacing ¢ with ¢+240° or
¢+ 120°,

The calculated value of (25) with ¢ == is shown in Fig. 10,

o=n \ [\/\/\/ *\/A\/f\vf\

Fic. 10.

J phase short-circuit current of 10 HP induction motor..

2. With machine B two cases with different 22, were carried out.

In the first place using the constants M=0.153, S,=0.00232, I, =0,0535,

9,=10,0 and R, = 703, we got 7, as lblluwiug

=B 13Tsin(wl+¢+0,)+2.90¢" sin(27 x 47,11+ ¢+ 0,)

+4.24e%6in(27 %29t +¢+0,)1 . . . . . . . (26)

a— 1 " e g e e e e ] -W_‘
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where (
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t = — 136, ¢ =—62.1

0,=—85.8°, 0,=—101,1°,  0,=83.8°

;=ﬂ+3ﬂ'u

;=ft+lil]°

S =4 90°

/\\//\V/\\/\\]/\\/\ &A/f\ \/\

\ /\/f\\//\\//\\//\v/\\/f\ \/\//\//\

\/A\/A\Pd\//\\/\v%/\\/%ﬂ

Fia. 11

3 phuse short-circuit current of 36 kVA alternator, with R, =708 ohwms.

S B FTRNS="N 4 i
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With £,=70.8 and other constants as before, we got
ia=E,,{].37nin(w!+¢+U,)+3.93£"‘sin(2nxU,Sf—i—g:—i—U,_,)
+2.507e*sin (27 x 49.7t+g+b‘3)} 4 Wi b LR R e N B
where a =—66.7, ¢c =—12.9
0, = —83.8°, ,=100.4°, 0y=—"75.9°
(26) with ¢=m, ¢=a+30°, ¢=n+60°, ¢=m+90° and (27) with ¢=7 are

shown in Fig. 11 and Fig. 12, Tt is very remarkable that the mode of damping

is very much affected by R,

Fla. 12,

J phase short-circuit current of 35 kVA alternator, with R =70.8 ohm.
3. For the next place, though the short-cirenit test was not carried out, the
caleulation was worked out for machine A, which was used in the previous research,™
Machine A is a salient-pole three phase alternator with amortisseur winding and its
rating i5° 105kVA, 100 W, 80~r, 1600 R. P. M. Constants wore worked out
from the measured value Z,=123/88.8° Z,=0.11/70° as following S, =0,00392,
l,=0,0268, S,=40.3, R,=243 and M =0.380 each in ohm and henry,

(1) loe at.
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We got for the three phase short-circuit current

i, =1, {O 813sin(wt+¢+0,)+ 10.89e" sin(27 x 2.9t + ¢ +0,)

+10.25¢&" sin | r><47l!+¢+ﬁ)} A, e Ve nten(Len))
where a =—82.3, ¢c =—"T713
0,=—89.1°, 0, = —93.4°, ,= —85.5°
(28) with ¢== is shown n Fig. 13,

f\f\/\/\/\/\/\/\/\/\ N A /NS,
\ \/\/\/ \/V\/\/\/V\/V\/\/

{4
i

Fa1. 13.

3 phase short-circuit current of 10 kVA alternator.

o/, Sudden application of the three phase voltage of the opposite phase

sequence,

Putting the same constunts as the case a in (14) we got following results, the
Y voltage of phase @ being considered as E, sin(wl+¢).

(1’) Machine C.

Su latoshi Bekkw @ Sudden Short-Clhireuil o of  Alternators

b,{U—lflaIu wl+¢+0,) +0.0457 " sin (27 x 4931+ ¢ +- 0,
+0.463e% sin(27 X 0.T¢++0,)F . . . . . . . (20)
where @ =—"73.0, ¢ =—22.0
0, =—76.7°, 0,=12.1°, 0,=105.1°
(2') Machine B, ,=708
=B,{3.70sin (@t +¢ +0,)+0.612" sin (27 x 47,11+ ¢ +0,)
+3.79 ¢ :5i11(2r:><2.ﬂt+¢+({;)} e L & e (261
where a = —136, ¢ =—621
0,=—71.0°,  0,=14.9°, 0,=118.6°
Machine B, R,=70.8
= F, f:i.84sill(wt+¢+(11)+3.885“‘ sin( 2z x 0.3t +¢+0,)
+0.053¢"sin (27 x 49.7¢ + ¢ +0,)]
where a =—66.7, ¢ =—12.9
t,=—"77.3°, th,=103.4°, t,= — 20.6°
(') Machine A.

i,=E,!9. 09sin(wt+¢+0,)+ 1.208e” sin (27 x 47. 1L+ ¢ - 1.)

0 9.78 E'_lﬁiﬂ( 27 X 2.9("*“&: +UI)}

e ——

—
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where a =—382.3, c =—T1.3

0, = —170.0°, f,=—11.20, 0.-=116.1°

(29") with ¢=m is shown in Fig. 14,

A ANNANAANAAANNAS

i
T ]
=TT
<y
=1l

Fig. 14.

Sudden application of 3 phase voltage of negative phase sequence on 10 I induedon motor.

From the results we see that the A. C. component is practically constant

throughout the transient period.

b. Line to Line Short-Circuit.
Machine C,
[Using the constants as before we got three roots of Zip)=0 as following

(w=1007)
0= —22.87
J=—42.06 4, 310.7 (49.5 cycles)
y = —42.56 —; 310.7

F'rom these

_Yla) _ _0.08470+470.4766
(jw—a)Z' (a)

___ YW ___ _0.007719—j0.3335
(Jo—3)2"(B)

VAVRTAVRVAVRTAVATAY
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Y(7) .
: L =0.02273—70.00085
(J“"“?')J;\T) /

Putting these values in (18) we got following results, considering the voltage
between & and ¢ as F, cos(wt +¢)

)
i=Lre £0.142 7
gy eﬂfs(m£+1,9-}-0,)-{——0.4185“(:05{50-{-{)2)

+0.334ecos(27 x 49.5t+ ¢ 4 0,)

+0.0228 ¥ cos (27 x 49.5(— ¢+ 0, )} (29) -
where a=—229, b =—42.6
0,=—87.9°, 0,=94.2°, 0, = —88.7°, 0,=2.1°

Muachine B, R, =708

1, = }:j"' {'."3.01L-m(ruf+1;:+{f1)+4.IEJ£°‘tu-s(¢+ff=)
+2.UBE”(:(.H(2H)<-lH.O(-—}-c;-I—ﬂ“)
+0.297£”tm(2:rx48.().!—-1;4-0,,)} P L R M W

where @ =—67.7, b =—88.1

= —81.8°, Us=102.2°, ;= —81.7°, ),=8.20

Mauchine B, R, ,=70.8
b= —:‘éi {2.03(1:5(::;:{ +¢+0,)+ :}.U{ls"ms(g +0,)

+1.88¢" cos (27 x 49,91+ ¢ +0)

+0.026.—:""cos(2:x49.9!-—{;—}-{1’4)} et M N )

= =
— —
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where w = —0606.8, h =—8.7

<
-
|
b
o
c
C

0,=—83.6°,  #,=102°,  (,=—72.6°,

Machine A.

E,. |

I = > ll HDUcos(wl 4 ¢+, )+ 10, Se*cos(@+0,)

+8.50e"cos(2m x 48,4+ @0,

+ 0,03 " cos (27 x IB*H-—Q{‘—}-”}; S aniier i R R RSB 8l)

where a =—8H.9, b =—36.8
0, = —87.29, 0.=105.3°, 0y=—"75.1°, 0,=26.8°

(29)=(32) with "=~:— are shown in Figs. 156-18.
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F1g. 16.

Line to line short=circuit current of 10 HI” induction motor,
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Fia. 17.

Line to line short-circuit current of 835 kVA alternator, R, =70.8 ohm.

F11. 18,

Line to line short-circuit current of 10 kVA alternator.

Sadatoshi Bekku : Sudden Short-Civeuit of Alternator., 33
3| VARV SRV \j
Fig. 16,
Line to line short-circuit current of 35 kVA alternator, R, =708 ohn..
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¢. Line to Nentral Short-Cirenit.

As the machines B and C possessed no neutral lead, the ealculation was worked

out only for machine A,

On measuring Z,=+1/ R 4+ o*S,* with A, C. of 50 cyeles, we got 0.083 ohms.
Using the D. C. value of I, we got S,=0.000257 henrics.

From (21) we got
i, =3E,[0.706sin(wt+ ¢+ 0,)+ 3.61*'sin( ¢ +0,)
+2.83£ﬁ!'5in(2:: x 48,81+ ¢+ 0,)

—0.13253”5311(2.-:)(48.8!—9?-{-%)} s I o R AL )

where v, being considered as E,sin(wl+¢), and

f.= —28.0

0,= —86.3°, 0,=106.2°, fies

~1
1o
=
o
-~
-
|
1o
=]
=1
o

(35) with ¢==x is shown in Fig. 19.

Fia. 19.

One line short-ci ¢ait current of 10 kVA altermator,

APFY P R Y T ERET e

Sadatoshi  Bellw : Sudden Short-Clireuit of Allernator, 3

10. Comparison of Test and Calculated Results.

The actual tests were carried ont with machine B and C, no test was performed
with machine A.

Ordinary oscillograph was employed, however, no special deviee was used to
close the short-circuiting switch at the particular instant.

Among numerons oscillograms taken at random we could select various short-
circuit at different phase.  Typical ones are shown in Figs, 20—28, To facilitate
the comparison of test and caleulated results, the maximum points were con-
neeted with a curve, considering the maximum value of the sustained current as
unity, full line shows the test results and dotted line shows the caleulated  results
in Figs. 20—34.  The ealculated results for machine C show some discrepancies,
which may be attributed to the inconstancy of the collector brush resistance,  as
shown in Fig, 8,

Fig. 35 and Fig. 36 show the relation of the ratio of the maximum
possible short-circuit current to the maximum value of the sustained  short-circuit
and  the open-circuit voltage,  Machine B possessed no exclusive exciter o that
the results show the effect of the magnetic saturation as well as the effoct of change
of R If we consider the magnetic saturation as the reduction of the magnitude
of I, the maximum short-circuit current should be diminished as the increase of
open-circuit voltage, however, the reduction in R, means the diminution of damping
and thus the maximum short-cirenit current tends to increase as the decrease of
fl.. . On the other hand, with machine C, the collector brush resistance complicated
the phenomena, and the author is very sorry that the pure effect of saturation was

not observed in this test.

11. Transient Value of Z and Z.

Let Z be the ratio of open circuit ) voltage to the A. C, component of the

F

three phase short-cirenit current, then Z; is smallest at the moment of short-circuit
=0 and inereases gradually tending to the synchronous impedance.  In the sustained
stute the ratio of the line voltage to the line to line short-cirenit current is Zh+ 2,

where Z the synchronous impedance and Z the negative phase sequence impedance.
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We shall extend this principle to transient case and Z + 7, be the ratio of the line
voltage to the A, C. component of the line to line short-circuit current, further we
shall consider that Z, in Z,+ 7, is identical with the transient Z, of the three phase
short-cirenit.  Then the simple subtraction will give Z, as a function of time,
this proposition is rigorously true for the sustained state or f{=oo. Figs. 37—40
show the variation of 7, Z,+ 7, and Z, with time for the test results and the
calenlated results for machine B and €. From these curves we infer that Z, is
practically constant ; which agrees with the case of the sudden application of three
phase voltage of negative phase sequence, and Z; is equal to Z, at the instant of
short-cirenit =0,

If we admit Z,=Z at =0, the ratio of the A. C. component of three phase
short-cirenit to that of line to line short-circunit should be 1:0.86.

The maximum current occurs after the elapse of half period and we know from
our preceding study the damping of A. C. component is greater for the three phase
short-circuit than for the line to line short-circuit and the actual maximum current
(A. C. compment together with D. C. component) is nearly equal for three phase
as well as for line to line short=circuit,  The test and caleulation checked  well

with the generally approved fact.

12. Approximate Formulas for Sudden Short-Circuit Current.

Mr. M. Urushibata proposed following approximate formulas for the various
sudden short-cirenit.  The damping factors in the formulas are obtained from the
general equation by admitting several approximations and they are formulated to
conform with the rigorous results at (=0 and {=co. The results worked out with
these formulas checked very well with those caleulated from the expansion formulas.

1. Three phase short-cireuit.

1 (Z,—7.)e~™

{ sl ((___ d
\ 7 %2

-t
) cos (wt 1) — . fﬂqﬂ—}

i
-

e (34

Open circuit Y voltage of phase @ being considercd as Egsin(wt+0) and

——— T ——— e — — ——

RN = el MEE Ty et L T

Sadatoshi Bekkuw : Sudden Short-Cireuit of Alternator. 37
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2. Line to line short-circuit,.

"

{ 1 (Z,—7,)e~™ e Meosl .
!fa-':Efu_‘.'(( + L = 5 f! {’ wa— } - 37)
s iz ) et e —r i:48

Open circnit voltage between @ and & being considered as F, sin(wt+40) and

In

}fn ( 2'5‘“"9:{ L5 ‘][E )

==
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3. Line to neutral short-cirenit.

v 1 I‘Z_Z.]E at
i Zl+Zl+Z: (Z'+Zl+fz_*)(zu+ﬂz:) L‘”“.!({U _* )

j‘ﬁf{‘flﬁ” ? i
Zﬂ+22"g j " . ’ - . . . . . . . . . . . ('Jl ]

Open circuit ¥ voltage of phase @ being considered as F, sin(wf+40) and

1= _{E_"_{i ES:! Tt ‘q' Jo= Jr_:}
Sul(28.+8,)S, — 2407}
SN J
Ia= ';]i,,'l"k-‘r:

(28, +8,)S,— 210
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Fia. 20.
J phase short-circuit current of 10 e induction motor
5 === Vie=150 volts
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Zyy 7 and Z, in these formulas should be the reactance part of the zero, positive

and nezative phase sequence impedances actually measured in the sustained state. -
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13. Conclusive Remarks. . JVVVVVVVYVVYVVY VYV V VA -
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The themes of this paper can be summarized as following.
. The solution for sudden short-circuit of the symmetrical three phase alter-
nator iz obtained in a very convenient expansion, which is effected by the applica-

tion of Fortescue's linear transtormation.

2. Ordinary alternator with salient pole and single exciting winding can be Fia. 2L
] . i ; - o+ phase short-circuit current of 35 kVA alternator
represented by the equivalent symmetrical alternator for various short-circuit. 'The A R SR S
.1 (e L ith =— Ols

constant of the equivalent symmetrical alternator is easily determined from several
measurements in the sustained state.

LD

3. The actual fact that the A. C. component of the three phase short-circuit
current decreases gradually tending to the sustained short-circuit current can be
interpretted as that the positive phase sequence impedance increases gradually
tending to the synchronous impedance. The magnitude of the positive phase
sequence impedance at the instant of short-circuit or =0, is equal to the negative
phase sequence impedance in the sustained state. The negative phase ﬂuliltrlltﬂ

impedance is practically constant throughout the transient phenomena.

4. The maximum current is approximately the same for three phase as well

as line to line short-cirenit.  The damping of the A. (. component, however, is

oreater for three phase short-circnit than for single phase. e
_ J phase short-circuit current of 35 kVA alternator
y == 30° Par=10 volts

Y;J."ma., June, 1927.

—— --u:



Fia, 23,
4 phase short-circuit current of 35 kVA alternator
¢ == 60° =10 volts

Fia, 24.
J phase short-circuit current of 35 kVA alternator
s = 0" V=10 volts

Fig. 925.
J phase shori-circuit current of 35 kVA allernator
7 =0° Var=100 volts
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Fia. 26.
Line to line short-circuit current of 10 np induction motor
v = 90° =130 volts
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Fig. 27.
Line to line short-circuit current of 35 kVA alternator

7 ==90° Vie=10 volts

Fia, 28,
Line to line short-circuit current of 36 kVA alternator
Y : 007 Vie=100 volts
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