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SYIHROPSIS

i A

On the baéia of theory snd equations da?ulopod for three-
phase synchronous rachine, tne single~phage synchronous machine
may be analysed. By tdting the effect of positive and negative
sequence ocomponents of fluxes currents and voltages etco., the
steady~state analysis is carried out. Due to presence of
negative sequence current in the armature even harmonic
currentsz are induced in the fleld and in the additicnsl rotor
circuits, 1f any. Vith the help of the equivalent circuit

the expression for field currsnt is derived.

The equafion of the field current in tranelent dtate is
also dorived and test is made to confirm the wave form obtain-
ed theoretically with that reoorded exporimentally.

In the steady-state and transient atate analysis of the
single-phase synchronous machine the equivalent three-phage
constants sppear always together with the negative sequence
reactcnoe, These congtants are taken as single~phase constants
Their theoreticsl and physiocal desoriptions are given and they
are named asg single~phase symhronouse machine constants.
Methods to determine these conetants are also discussed. From
the experiments performed for the purpose, it is evident that

these conptonta con be determined accurately.
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?gzrftngQ;g)fotaxa the vector by 120°

Phases cf three=phase machine.

Terminal voltage per phasge.

Respeotive phase voltages.

Excitation voltage in the direct-axle
Excitation voltage in the quedrature-axis.
Phase currents in phases a, b, & ¢ respectively

Positive end negative sequence ocurrents of
phase ‘&' reespectively.

Stendy-state short circuit armature ocurrent

in phase & of single~phase synchronocus machine

at any instantet.

Arpature current at any inatant - t.

Vireot axic armature ourrent.

Poeitive Uequence direct-axis srmature current
Hogative sequence gquadrature-axis armature current
Field current

Ho load field current

Stendywstate field current on arupture shorte
eircuis.

Stendy=ntate £iold current on armature shorte
cireuit at any inetent t.

Transient field ocurrent on cudden armature
short-=oircuit at any instant t.

Gteady-state field current ot any instant ¢.
Tronsient field current at any instant t.
Quadrature exis srmature current

Positive senuence quadrature axie armature current
Hegative sequente quadrature axis armature current
Operator, to rotate the vector by 50°.




L3£n. Lﬁd = Field cirocuit induotance

Lb = Average celf induotance.

'ra = Hutual inductance between f10ld and phase 8.

M = Amplitude of variation of self induotance

° (L, = L, ¢ M, Cos 28 ), ¥ e not a mtual
inﬂhotaﬂce. “

ﬂ' = Aversage value of matual inductance between
phasgon.

) = Laplace operatar

psde = per unit

Ya = Armature resiotance per phase.

Ty » Fleld resistence.

Ry, = Losd resiotance per phase.
- 3119.’
fine in redians and geconds

m Shortecircuit trencient armature time constant
of threo~phase cynchronocus machine.

<
|

3
Pe

Short=oirouit trancient armaturs time oonstant
or single~phase pynchronous machine.

ol
8

ﬂ& - Shortnaircuit tronoclent field time oonetant o!
threc=phase syncihronous machine.

5 = Shorte-circuit transient field time constant of
single=phase synchroncus machine.

2&0 = Open circuit trancient field time consiant of
three~phase oynchronous maechine.

Thoe = Open oircuit tronsient field time gonetant of
single~phnae synchronous machine.

X, =« lNegative sequence resctance of thrce-phase
synchronous moohine

x,a = Direotwaxis srmature reagtion resctance.

Xy = Direct-axin synchronocus reactonce of three-phase
synohronous machine.

Xp = Direot akxis synchroncus reactance of singleephase
synelronous mrohinees



Direct axie translent reactance of three-phase
gyrnchronous machine.

Iireot axis trancient rcemotance of single-phase
synchronous nachine.

Direot axie sudbtrenpient reactonce of threee
phase cynchronous machino.

Direot axis cubtrangient recotonce of pinglew
phage synchyroncus nachinee.

Field léakaﬁa reactance.
Field pelf reactance.
Armoture leaknge roactance.
Lond remotance

Zero sequence xeacfanoe.

Quedrature axis synchronous reactconoe, of threew
phase synchronsus rachines

Quadrature axies synchroncus geagtances of cinglee
vhage asynochronous machine.

Load impodance.
Load angle
Power faotor angle

Plux linkage (suffimes a, b & ¢ denote the
phases of tho machine).

Angle betwoen the axie of pole anv ithe axia
of phase a. '

Angle @ vhen machine is at stend-still 1.e.
at t « O,



INTRODUCTION

The synchronous machine generally used in power station,
industriel plants and for commercial purposes, are threew-phase
machineg, There ars, however, & number of aprlications both
as motorsénd generators in which single-phase powcr is used
quite advantageously. The most importaﬁt and the largest uese
of single~phase power is in railway electrifications Other
uses of commercial frequéncy single=phase power from 25«60
cycles are confined to smmll isolated plants end for testing
facilitiea: Thewe are a few low frequanoy applications and a
nunber of high frequency applications of single~phase power.
The low frequency power use ie almost confined to low frsquency
induction furnaces, The high frequency single«phase power is
generally used for teeting and in high frequency induction
~ furnscsss Another use of single~-phase power 1s for carrier

current supply for radio and simllar purposes.

‘The low frequency and usual commercisl frequency machines
are salient pole type and high frequenoy machines are usuelly
cylindrical‘roto: type. The very high frequency machineg used
for darrior current epplications are induotor type. In a
gingle~phase synchronous machine the armature magnetic field
pulsates at line frequency. It can be considered as comprised
of two rotating components, one rotating at synchronous speed
in the forward direotion i.e. the positive sequence component,
and the other rotating at synchronous speed in the backward
direotion i.e. the negative sequence component, The backward
rotating component or the negative séquence component induoces

double frequency current in the rotor causing rotor heating



which is well known limiting factor in the design of single~
phase synchronous machines. To provide low resiotance path

to the induced currents all single~phase synchronoue machines
are equipped with dampers usually in the form of pole face
winding for salient pole machine. In the c¢yliniricel rotor
machine, the conducting wedges are electrically connected

at machine ends and function as pole face damper windinga.

Ag the field- in & single~phase synchronous machine
is pulsating, the torque is also phlscting. This phenomena
impresses variable forces upon the supporting structure. In
large units, these forces may be so great that spring mounting
between frame and foundation may be neceseary to eliminate
the fatigue stresses. 5Since rotor inertia is large there is

no variation in speed.

The starting of a single-nhase eynchronous motor as an
induetion motor ia not possidble. Lhe methods normally
smployed to start a single-phage twoe-winding induction motor
ate also used for this machine. The capacitor estart method
is most common. Or otherwise the machine may be dbrought to
eynchronous speed by another motor and than power is switched

to synchronous motor.

Single~-phase synchronocus generators are usually wound
for three-phase Y=connected winding with suitadle rotor
construction. One of the stator phaces is left 1d4le. The
idle phese may be considered as en insursnoe or protection
againet any injury to one of the zctive phesese. Eut with
the reliability of the present day spparatus hac reduced the



utility of the additional phase. So machines sre manufactured
with empty slots corresponding to the third phese winding,
consequently there is a saving in the cost. If the armature

ie rotating, leaving one third slote empty, may result in
mechanjcal unbalance. In the otherway the machine may
specially be wound for eingle-phase operation with the windings
having space angle of 90°. The performance of the machine in
both the cases is quite similar.

In this dissertation, the steady-state performance of
single~phase salient pole synchrcnous machine has been analysed
An attempt has been made to define. calculate and experiment-
ally determine the constants of a single~phase salicent pole
synchronoue machine. The physicel explainations have also
been rendered to the various phenomena under steady and trans-

ient conditions of operation of the machine s

The enalyeis is on symmetrioal component theory. The
machine has been treated as three~phase synchronous machine
with one winding left idle and having direct and quadrature
exie symmetry. The assumptions of no saturation, no hystereeic
and eddy current lons in stator, ncoessary fbr lineay super

impopition have been made.



CHAPTER
STHADY STATE ANALYSIS

The machines coneidered ars of the salient pole type
having axes of symmetry ac the pole centres and aleo midway
between the poles.  Current, voltage, flux and reactances can
be resolved into direct and quadrature components. Further
the armature winding is assumeéd to be sinusoidally distriduted
theredy fulfiling the consideration of the "ideal" synohronous
machines,

It 12 to be understood that the magnitudes of all quanti-
ties are exprecsed in per unit tetm.

The ¥lux linkage equations previously developed for the
three-phase machine completely define the operation of that.
type, and since the same equations are immediately adaptable
to the single~phace synchronous machines with the phase winding
having 120® space engle, the treatment here willl be based on

them.




A two pole synchronous machine is shown in fig.1,
The per unit flux linkages of phase of an ideal three-phase
synchronous mschine has been given by R.H. Park(1) &

| | X
\V‘.gdco.e-.qsme--ﬂ—s (1‘*1‘,*10*)*
X, + X 1, + 1 X =X
»

iy Com (2 @ «120°) + 4, Cos (2 @ + 120°) I ... (1.1)

where,
€ = Angle between the axis of phase winding and
the pole~axis.
(6, being the initial angle when the machine is
at stand-still).
ey = Direct-axis excitation voltage.,
e = Quadrature-axis eicitation vnitngo.

: 1“,1b,1°'- Ingtsntaneous valuesof phase currents,

xa. X « Synchronous reactances in direot and quadrature

q
axis respectively of three~phasge machine.
Xb = Zero sequence reactance of three~phase machine.

The corresponding linkages of phace b and ¢ are stated
in eimilgr manner. Only positive sequence currents are
considered.

, The eingle~phase machine due to its method of conste
ruction may be treated as a throéwphase machine with one-phase

left 1330 in operation or it is initially unwound. Hence

 the single-phage armature currents are-
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1, =1 Cos t ww § P

1bc~1. mae3 Con ¢ eoe (1,2)

i, = 0 (phase C considered idle)

These currents can be resolved into their poasitive

and negative sequence componente, and hence become-
1.'u 1 Cos ¢
- ?%—- § Cos (¢t =30) + Cos (¢t +30) |
ib = -3 Cos ¢

= ‘r‘:_"" ! Cos (¢ -150) + Cos (¢t + 150) | eee (1.3)

i. =0

¢

w e [ Cos (t + 90) + Cos (¢t = 90) [

The firet trignometric function of each of these three
current expressions of equation 1.3 form the positive sequence
gsystem, the last set of these terme forming the negative
sequence group. The positive sequence components of current
ere corporated with synchronous reactances under stoady-state
operation. The negative mequence components meet with the
sub~transient reactances which ars to be denoted by doubdle
primes. The appropriate factor is therefore to be used with
oach sequence current. Sudbatituting the current relations,

result in-
1o+, +1, =1 Cost~1Cont+0 =0 ees (1e4)

1, - 152* o= 2 -’%— I Con(t-30)+ Cos (t+30)]. (1.5)
The first term of equation 1.5 is positive sequence
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component hence 1t will be multiplied by synchronous reactance

and segond term is the negative sequence component hence, it
" will be multiplied by subtransient reactance. Hence-

X X +X X® 4 X"
fh3:_941‘ - iBE:iﬂ ) meef uﬂ-guﬂ— Coe (t-30) *~n~§——n x
' 3

Cos (t +30) I soe (1.6)

Now taking the last term of the equation 1.1 aend
solving similerly,

1, Cos 2 ® + 4, Cos (2 © «120°) + 1, Cos (2@ +120°)

- % ii-i-l Cos (¢+2 © + 30) + Cos (£t =2 @ + 30)ees (1.7)

Multiplying with appropriate faotors and adding 1.6

and 1.7, 1t 1s ehtlincdn

- €q 3n©
/ X, + X
Y, = oy Cos © - 3-- [ ~4—smie Con (t = 30) + -4--“ Com(£+20+30) +

Xr 4 X0 - X"
_A_;._g Cos (z + 30) + --4--—1 Cos (t =2 8+30)... (1.8)

Since at t = 0, O = & ( initial angle between the pole
axie snd phase axis when machine is at stand-still) and the

speed of the backward component with reference to pole is twice

the synchroncus machine speed backwaréds, hence '/, may be written
as,

: X, + X
Sin @ = 4= }§

Ya = #q Cos @ = oy 5l e Com (t=30)+

X% +X* X%aX"
-4-'--3 Cos (t + 2 0, + 30) +—1 Cop(t+30)+ 212 x

Coe (3t + 2 9y + 30) | ees (1.9)
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The flux linkage equations of phase b and phase ©
are obtained similarly.

ihe resultant voltage of each sarmature phase is given
by -
e, = p\f; v 13 r

I X .+X
= ~e, 5in @ - ¢ Cos & + o | -55—9»81n (t=30) +

¢ 3
X, - X Xt o+ X
e 540 (8 +2 9, + 30) + 48 S1n(t430) +
x’ ’x.l
388 510 (3 6+ 26, + 30)] - 1 ¢ Coe ¢

vee (1.10)
xg +X" ‘ ' “
¢ ) ) may be replaced by Kz, the negative sequence

reactance of the machine, connected to a system through a
large external impedance. The resistance drop for phase b
becomes a positive quantity becauge 1b - -l =i Cos t.

The reosistance drop for phase ¢ is ofcource zero.

The line-to=line voltage under consgideration is the

difference bdetween the voltagu of phese a and b=
The flux linkage equation for phase b will be -

x
Wa = ¢ Cos (0 = 120°) = & Sin (@ ~120) = ==(L +1 41 )=

q
X, + X i_+ 1 X, - X

3 b 2 3 b
1, Cos (2 & = 120) + 1, Coe (2 & + 120)] ... (1.11)

Substituting for currents and proceeding on the. same

lines ao before, final expression for Y, comee as follows!
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X, +X
Yy = @4 Com (0 ~ 120) « o, Sin (@ =« 120) « -1—-1-55-—-“ Cos x

° )
X, =X X274 X ™ ‘
(t ~180) « —25-2 Cos (t +2 0, = 30) + -39 Con x
X% . X*

(t + 159) = =4—3 cos (¢t - 20, + 30) |

Sinoce 4, = 8 « 120 at ¢t = O and considering for backward
component.

X, +X
Wy = eg Cos (& = 120) - o, 5in (& - 120) -»J‘;- ,l-g.-z-q x
' X, =X X" 4 Xv
Coa (t-150) = 4!-5-9* Com (t + 2t + 90°) + -‘L-é-—“ x
X% . X" N
Cos (t+150) +>"“’§""""q Cos (rt + 2 8, + g0) | see (1.12)

J*l ebﬂpwb" ’ubr

. X +X
= = e, Sin (6 - 120) - o, Cos (@ = 120) + 35 l-g-é--q x

X =X X2 +X%
st (£=150) = 458510 (¢ + 20, + 90) + A1

X% - X" |
Sin (t +150) = SR, 3 51n (3 ¢t + 2 9, +90) kirCost

o9 a (1 . 1 3)
Hence the line-to~-line voltage will be given by

e ~cb---adlsxno..sm (8 - 120) !-eqlcosO-

X . +X

Coe (8 =120) I + & [ 49 | sin (t=-30) -

< @- { ‘2
Sin (t=150) K+ -45-‘1! gin (t+2 9, +30) +

X9 4 X®

sin(t+20, +90)  + 45— [s1n (¢+30) -

X" - XI™ .
Sin(t+150)1 + 3-"—.‘;-‘1 ! S8in (rt +20 +30) +

8in (3t +2 0, + 90) }.. 2 ir Cos t eee (1.14)

Solving quentities in drackets in equation 1.14 final expression

COmeSs Af-
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"."’b"’ﬁ'ﬁ 8in (& - 30) = ﬁtq Cos (O # 30) +
z Xy-X
. I_c‘_;fq sin t + -39 sin (t+ 2 0_ +60) +X,51n te

Xnaxe | |
5(..‘15.‘1) Sin (3t + 20, +60)1 ~21ir Cos ¢ eee (1.15)

%hen t is measured in per unit and is in radianas, it

can be put as-—
tw (0« Go). wm t Pl
Therefore,
0y = ®, = ~V3 o4 Sin (Gf 30) - /3 e, Cos (0 + 30) +

X. +X X=X
1 1 45— s51n (6 ~0_) + =41 51n (0 + 0, +60) +

x' - x’ .
X, 5in (8 = 0.)+3 <8 515 (3t + 20 +60) -
2r Cos (0 ~ 0)) 1
Expanding the above equation-

8y = ) w =3 64 Sin (0 +30) ~ /3 e, Cos (¢ + 30) +
X . +X
1 ‘-—%-—q Isin (8 +30) Cos (8  +30) - Cos ($+30)x

X, «-X
sin(e, +30) I+ ~25—2 fsin (& +30) Cos (8,+30) +

Cos (9+30) Sin (9, +30) I+ X, I5in (9 +30) x

XS x.

Coe (9, +30) ~ Cos (@ +30) 8in(&_+30) I +3(—‘Lz-°') x
Sin (3t+2 o, +60) =2r | Cos (© +30) Cos (004-30) -

Sin (6 +30) Sin (9, +30) 1 i
or .
oy =% = - /3 e; S1n(d +30) -3 ¢, Cos (@ +30)+ dxd Sin(0+30)x

Cos (8, +30) =X, Cos (8+30) 51n(®,+30)+X,181n (0+30)x
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| Xn X% ‘
Cos(9, +30) ~Coe (0 +30) Sin (9, +30) i+3 (-1;—%) sin(3te20 +

60) = 2 * | Jos (@ +30) Cos (9, +30) = Sin (9 +3o)szn(o°+3o)ﬂ
| ees (1,16)
The armature currents have been expressed in terms of
1, so far, but now it is desirabdble to express in terms of their
direct and quadrature positive and negative segquence components.
The positive sequence direct current, for a three«phase machine

is givun in terme of the phase currents ap-
1y = % i 1, Cos ® + 1, Com (6 =120) + 1 Cos(6 +120)} |
ese (117)

Considering only the direct positive sequence component

of single phase current=

149 -§ J%_- I Cos (t-30)Cos & + Coe (t=~150) Cos (& -120) +

+ Cos (t+90) Cos (& +120) [
On solving it reduces to-

&
id.‘ "ﬁ Cos (°° "'30) ese (1.18)
Also, for the quadrature positive sequence component of
current,
- e .
1qj - 5 Sin (°° “'30) sa v (1019)
The negative sequence components are=
162 - __%“ Cos (°° o~ 30) : s (1 020)
? i
2™ - Sin (&, - 30) ees (1.21)

Subetituting equations 1.18, 1.19, & 1.20, 1.21 into

equation 1,16 for components of current.
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% = %y, /3 ‘wﬁd Sin (0 + 30) - % Cos (& + 30) +144(X44X,)x
X2 X"
Sin(6 +30) +1q1(xq +Xz) Cos (8+30)+/3 1(“‘5*“9 x

Sin(Bt +2 O, +60)=2 14,x Coo (8 +30) +21 4r S1n(0+30)]

een (1.22)
oxr,

“ - .b lﬂ « ® Conm (¢t + ﬂ) ess (1.23)

Yhere # 1s the power factor angle of the mschine.
Similar equatione for (e, ~ e,) can be written by inspection.

Ypotor Diagrami~
) From equation 1.22 the vector diagram for gingl e-=phane
synchronous machine can be drawn as followse, assuning 8 as the

angle between the excitation voltage in direct axis and the
terminal voltage.

€q

ed .
™1 1q, (Xq, v %3)

2dy” ‘ >~
s 1d, (A “,)

Xig.2. Veotor dlagram of single~phase synchronous machine.

The disgram includes armature resistaice, although often
it can Ybe neglected because it is small compared to the synchro-

nouse reactances. The third harmonic voltage of equation 1.29
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is neglocted in the diagram.

The vector diagram represents the generator supplying a
lagging current. All quantities are in effective values and
have been divided by./3, the terminal vbliago e being measured
from line to neutral. It should be noted that voltare dropse
are induced quantities, and arrows reverced in the vector
diagram, will conform to the equation 1.22. Vhen treated
as the components of the terminal volfage, the arrows on the

resistance and yeactance drope will be as shown in Fig.2,

Excdtaticn. Diagrami- |
For the purpose of caloulating the excitation,)the

vector diagram corresponaing'ta the cylindrical rotor machine
may be used. Ulith usual vaues of veltage, current, power
factor and machine consiants, this form of dlagram gives an
excitation very close to that considering the effect of

salient poles.

Fig«3+. ZIxcitation diagram of single-phase eynchronous
machine.

¥igel shows the excitation dlagram for the single-phase
pachine in terms of that for an equivelent cylindrical rotor

mechine, the diagram being similar in eteps to that for s
three-phase machine. FPoint m divides the totel synchronous
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X + X

reactance drop e&, in the ratio §?-ﬁgg « The projection of
4 2
the excitation veotor oa, on the line om extended gives the

excitation od for the salient pole machine.

From the veotor diagram of fig.2.

0q = ~® Sinde 2 149 T+ 144 (:tq + X,) ese {1.24)

Keglecting armature resistance, these quantities may be

solved simultanecusly for ocurrents which aree

0q ~ © Cond
161 - xd +* x2 : e {1¢25)
Lq1 ™ fﬁ._‘l._‘_ffff.g | eee (1426)
Q + 12
and,
‘d 0035 = 1&' (xq + xz) - Gq som (1&27)
‘d Sin E§ = Gd e id* (xa +* xa) sEn (1-28)

The positive sequence power is given by the expressione

Puae, Coad 199 * ¢4 sind 199 ees (1.29)

Substituting in equation 1.29 valuesof 1390 143 in terms

of terminal voltage and e, and ¢_ from 1.25 and 1.26 and edcoag

q

and aq Sing from 1.27 and 1.28 and 2dding-
' .0, Sind Cond
. .x.ﬁ‘ ino e nn osO | gL_ltirginyig_mu,y_,.lsin 2§
voe (1.30)
Putting,
g+ Xy = X
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The power equation becomes~-

.8, 5iné e.o_, Cosd -
r-:—-;-g-——iﬂ +f—-?ﬁ-—-‘-’:+g~l %?—&[smzeg sos (1.31)

In case of the salient pole synohronous machines there iw
no quadrature axis excitation, hence eq will beocome gzero.
Therefore,

e.e, B 6
p- : n in f%;rq-g-! 8in 24 vee (1.32)

Equation 1.32 is identical to the power equation of a

three-phase synchroncus mechine,

Fig.4 shows power~angle curve for a typical single-phase
sal 1ent pole machine. Power is exprersed in‘per unit of
three-phase ratings. Tha_maximum.power is obtained from the
foregoing power equation by setting §§~ = 0, solving for
and then substituting it in the power expre~cion. Fig.4 has

been obtained from the equations

Pwe 1,385 Sin  + 0.1995% Sin 2 vee (1.33)
with e4 = 1.44 p.u. e m 1.0 p.u.

xD w 1.04 Pelle and XQ = 0.735 Pele

It will be obcerved that the eecond term in the power
equation i1s significant in magnitude and affecte conmiderably
the pull-out angle of the machine. It inoreases the pull-out
angle by about 5% compared to three~phase machine because the
percentage reluctance power is comparatively groater in case of
single-phace synchronous machine. Hence single~phase synchronous
machines are more stable than the threewphase machines. For
thie machine the pulle~cut angle is about 75° (Zlect.). The
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machine on which the tast was made is rated 4 KVA, 3,2 KW,
0.8 power f‘actor, 1000 TePoeXiey and xn u 1.04, xq‘ 0.735
ap will be seen latier in Chapter 3.

From the help of the vector disgram of fig.2, the load-.
angle & 4in terms of the machine constants and load can be
exprecaed L
1 in. Cos ﬂ

/3 e +1 X Sing

No considerable error ie expected in the ioad~angle

8' tm"‘ RN X 2 J (1034)

analysis if the armature resistance ia neglected for large
synchronous machines. However, for small eige machines,

resistance usually can not be disregarded.

The vector diagram, which portrays the stesdy-state

performence of the machine, and which in itself is a graphicsal
solution corresponding to the equation developed praviously'
for line-to=line voltsge. In salient pole machines there 1ig
no excitation in quadrature axis hence °q becomes zero and
also neglecting the third harmonic component of voltage the

line~to-line voltage equation reduces to-

Con{@ + 30) + 2 1, Cos (@ +30)= 21 r Sin(e+30)}

q
= /3 ey Cos (t + @) cee (1.35)

In complex notation and for the single-phase gynchronous
motor with lagging power factor the equation 1.35 bdecomenw

oy = 0y + 1,Xp +3 1 X 41 1, x «J2U,r o ses (1.36)
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and,
1wi, ~31, vee (1.37)

¥athed of Caloulationd

The calculation procedure will depend upon the vector
diagram shown in the Fig.3. To start with the teininal
voltage e, in p.a. e laid off as the reference vector. %The
line current divided by the xoot of J and expressed as per
unit of rated current is drawn from the orign at proper
powerefactor angle. Next is laid off the resistance drop

Fig.8~ Vegtor diagram for single~phase synchronous
ROSOY .

ir parallel to vector i and atarting from the tip of wvector
ey Peorpendicular to ir vector is lald off the vector corres~
ponding to 1q Xq which locates the direct axis. The torque
angle c¢an immediately be read as shown. The reactance drops
determine the length of the sxcitation voltags €4 which can
be obtained from the nommal projection of tip of the vector
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13 Xy upon the direct-axis. Knowing the fileld current corres-
ponding to ey when carried to slr-gap line, the field ocurrent
corresponding to the excitation voltage e, can eseily be
caloulated.

Although the armature resistance is usually neglected
in synghronous machine studies, there are, nevertheless,; many
instances in which it has pronounced effect and should de
taken into account. This ie particularly true for small
machines. Because for a aingle~phage synchronous mechine the
armature reosistance appears as twlce ite wvalue in the caleulat.-
ionse. Tharafora, it may be appreciadle in magnitude.

The procedure descrided above may also dbe used for
_ecaleulation of performance of generators. The veoctor diagram
drawn on the same lines as in case of synchronous motor is

shown in Fig.6.

Figs6. Veotor diagram for single-phase synchronaua
generator.

To cheock the method experimental was performed on 220V,

3¢2 KW generator, whose conatants are-



+04 P, XQ IS Ov735 .u,, ~ negleoted
Z obsc-l'vat Ong ore.
Yoy tage ~* 220 line-to-l o, 1279 Pex Phag,
C'uM‘eht ®~ 94
-PQWOI' '073 lw
ey Taot,, - W ~ 2255
3
0 aq are e Powgy. angle th e t&.tmd Loy
mtoz- am, 1t 1‘cim- be e, d4 L2y op oalculet-.
ed &oa e auoa 1.34.
he veetor a3 an 8 drg
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Power fector angle § = 40°

%% = 1.0 peute

1 = 0546 pau.

iXpe  1.04 x 0.546 = 0.573 p.ue
1Xge 0.73 x 0.546 = 0.40 peue

From the vector diagram of fig.7 the following resulte

are calculated-
§ = 13,5°
L - 1.44 Pelle = 183 V pexr phase,
14 Xp = 0.450 p.u.

1q ?Q = 0,236 Pele

1 Xy Cos ¢ O X 0.758
also tan S - '.t +1QXQ81n ﬂ = 1 -!»'9.43:0«35
w 0.24

Therefore,

$ = 13.5°
excitation correeponding to 127V per phase given from
the sir-gap line = 1,575 A

Therefore,

Excitation corresponding to ey = 1.44 x 1.575
= 22275 A
The field current recorded = 2,3 A

Thus there is close agreement in the observed and

calculated values.

Under the‘nmmd conditions of no saturation, the theory
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and actual ﬁertormsnco check to a very close axtent, The
effect of srmature resistance may not always be negligibdle

as explained earlier. It seems that the thiréd harmonic which
enters in the lins~-to~line voltage for the single~phase
machine has no significant effect upon the steady-state perw
formance and may be neglected with safety.

STEADY.STATE EXCITHR CURRENTS

Frem the analysis of the single~phase synchronous machine

we have ssen thate

posal tive sequence direct component of armature ourrent,

i .
negative segquence direoct axis conpbnent of armature curreni
i.dz ~$- Cose (QO - 30) YY) (1¢39)
Similarly,
"Q" *"\/__L;“ Sin (°° + 50) vee (1 040)

iqa s‘-gf;" Sin (OO - 30) sasr (1-41)
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Since there 1s no negative sequence voltage socurce
present in the machine but a negative sequence current as
glven by equation 1.39 in the direct axis, this can be shown
that this current is caused by the potential dlfference of
induced voltage e, and drop (Zp + X,)i ., in & direction:
opposite to that of positive sequence current. The e’i,uiv&&e".t
circuit is as shown in Fig.9.

v "LCZ
/iu \
tey i X2

o

AN

\L~NV~ e
Ry

Fig.9

1&"115’ 1°-0

T

lgg ™ =

V3

Therefore,

159 = = 15

IR~ AR R e
atXa +4;,

Therefore,

L
It,,I= ,;4§3~vnz~ oo (1.42)
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The negative sequence current flowing in the armature
has a slip equal to 2 with respect to positive sequence current
since rotating in opposite direction with synchronous machine.
speed. The current 142 will induce additional rotor currents
as with respect to rotor also it has slip 2. In such conditions

the equivalent circuit dbecomws as follows.

xl,_ e

2ig.10
e I » jx ( 1
b ere -43)
laa = f; +X 42y, " 31xd+‘.ei(RL+3xL)
where,
Ifo = Steady-state fleld current when machine runs on no
load .

The double frequency exciter current due to negative sequence

field is given byi‘)

T w 282231 %a
12 7 JXgq * g *¥ g
2
I, JX | x Xaa
" I (Xg+X, ) +¥Ry+3Xp) Toso*Xeea
Ito 3 (Xg~Xg")

- TRL+312)+3(xd+xz)x ;—F . 1

J2Xora
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oy fo'jt * xd:)

[

1gn = 1§£+3x5)43(;a+ xa)

eee (1.44)

!horororo. |
X X ')
1!2 - tRL‘PJIL}":zid + x s Cos 2(t + u) eeee(1445)

Since ”:/2 is very small compared to xffd, hence

*%** is neglected. @ 1ie the angle at which load is switched
££4
on to the armature.

1,2 rotates at twlce synchronous apeed with respeoct to
rotor, therefore it will induce a harmonic ourrent in the
armature of the order three. let it de 363'

» 3 (X, =~ Xy')
la3 1?1«»1'.) TRCRN
Rpr3Xp)+3(Xy +X,

o Conm 3(00 - 50) sa e (1046)

163 will in turn induce in thé rotor windinge & fourth

harmonic current. Lot it be i

Tea = Tgo ‘Tﬁ 3§i)+3 X 4x2) i see (1247

N l (X =Xt
4= Tro I 3155*3?i ws) 1% Cos 4(t + 0).. (1.48)
By observation of equations 1.45 and 1.48 we can generalize
the expression for total exciter current in steady-state as-
1:(*) - If +* 1:2 * ir‘ * snee

OF» Hx, - X,')

14(t) = I, i RS ¢ A T 1o purm 2(t+9) +

X -x,t) ,
!z§i§3!:)+:(xa+xa)l Cos 4(t +9)+(

! J(xn'x") l’ Conm G(t “)-ai sss (1!‘9)
nx“" JII! "'j xd+12)




Rotor current if4 will induce in the armature a

current of order 5.

J (xex,*) ¥2
- T(E:;’JILM seo (1050)

.ﬂ:!d(;i -‘xd ) l Cos 5(0 -30)¢-o (1.51)
I (Bpeaxg)e 3(X, +X,) i’

1s5 =

Prom the equations 1.46 and 1.51 we can generalize the
equation for direct axis negative sequence armature current

8.8

4
1gp(t) = o, i ‘Tﬁi*ixh)*itxh*xéjr Cos (6, ~ 30) +

3( X3 = ') 00-3(0° - 30) +
!(RL+3xL)+3(x +xa)! - ’
by(xy - X, )52
!(Bx+313)+j(x +X,, 3t

I |
secscnnssne ! ees (1.52)

cna-5(6° - 30)+

Since,
ince ) = 5?7 e, Com (8, +30) ... (1.53)
a1 Eraxy) +3 Byr Xp)

By adding equations 1.52 and 1.53 we get the direct axie
armature current sas,

i V3 - Cos ©
14(8) = ¢ | W, A8 ©
Xy =Xy*) s Cos 3 (8, - 30) +
132y =X,"12 . cos 5 (0, - 30) *
!(Rnfdlz)‘ﬂ(la*xi)‘s

IR RN RN NENENNYNNENN ]

eoe (1.54)
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Putting-

XD‘ - Xa' + 12 in equation 1.54, we goi,

V3
1d(t) - e, 3 §i 3 (Kpkp) Coe 00*

00 X))
KB+ 3(xpr Xp) 12

B3(%p - 250) #2
iR+ 3(X; + Xp) |
i

Cos 3 (9, - 30) +

5-Cos 5 (8, - 30) +

................a vee (1.55)

Similarly, we can rewrite the equation 1.49 also

j(zp - xp‘)
- I -
12(¥) = Tgo i’ “iRpry(xg 1) |

- ;J (Xp ~Xp')

2
ﬁ;ﬂzsri;;xgy-~! Cos 4(t +0) +

3(xn a-xn') 3
‘ RI‘_’,J'(XL,', D) { Cos 6(13 *> 0) *

Com 2(¢t+ Q) +

L B N N N W W LAR J (1.56)

Since there is no field winding in the quadrature axis,
hence no reflections of negative sequence current. At any
instant ¢, iq is given by,

iqn-biS:ano

V3 e, Sin &
.‘mg seq (?057)

Since the machine is inherently & three~phase machine
in which the cne-phass winding is either left 1deal or it ie

1)
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unwound, therefore,

1g=3g Com & -1 Sin 0 + 4, see (1.58)

1, = 0, and sudbetituting 3& and 1q from aquatidns 1.55
and 1.57 in equation 158 we gﬂtg

: 3
1‘(t) - .d ﬁL *\/;(xxj re Ib) . Cos (@ = eﬂ) *

(X = X3)
IR, +3(X;+xp) ¥2

Iy (xp Xp') 12
IRy, +3(Xy, +X3) 2

. Coms & Cos 3(0o «30)+

» Cos @ Con 5(0o «30)+

LR RN NEREE N BRE NN NNENENEN > (1059)

Trem equation 1.49 it is obvious that even harmonics are
preeent in the field current due to the presence of negative
kééquencc current in the armature., Magnitude of the ﬁsrmonicu
reduces successively. Hence for purpose of calculation first
few harmonic terms may be accounted. Similar is the case with
the armature ocurrent also. ZThere 0dd harmonics are present
which reduce successively for increasing order. Vhen precise
calculations sre required few initial harmonice may be taken

into consideration.




1‘ " - ib = i Cos t.

To determine the sequence components of the current

for such an arrangement the operator will be }J

1 -‘%"(I‘-lﬁjlb)

lt"""(I- I) a;z— ~45°
1 T

Hence instantaneous positive sequence current in phase

atl

.,
R i-_; Cos (¢ = 45°) ver (1.60)

and |

I, =% (I =31, - Ly as°

1‘2 "/-';— 003 (t + 450) | s e ('3.61)
Similarly,

1b1 .}2“" Cosm (t : 4 1350) | sew (1.62)

1o = j_;—- Cos (t - 135°) cee (1.63)
Therefore,

1, = =2 | Con (¢t = 45) + Coe (t +45°) ¥ ... (1.64)

LI |

1;5' { Cos (t +135) + Cos (¢t ~135°) ees (1.65)

Direct and Quadrature Axis Components of Armature Currentt
Proceeding on the same lines &s in case of three-phase
synohronoue machine with 120° ppace displacement,

. 1‘ - ’ud 00. Q- 1q Sin & o (1066)
Then _
1, = 1, Cos (& ~ 90°) - 1g Sin (@ « 90°)
orib. 1‘ 8in @ + 1(1 Cos @ ces (1067)

By solving 1,66 an? 1,67 simultaneocusly for 14 and iq.

we get,

32



1a =1, Cos @ + 4, Sin o eee (1.68)

iq ] 01‘ S4n O + 1b Coms © . csee (1.69)

Substituting in equation 1.68 and 1.69 the positive and
negative sequence component of ourrent from 1.64 and 1.65 we

149 = j,-- Cos (8, + 45°), 1,4, = *=— Cos (9, =45°)

5 a2
EEX (1070)
ig1 = -\/2 Sin (oa-«- 45°), 142" -4 Sin (0, =45°)
/é vase (1071)

These currents, have bhsen calculated by the sams
procedure ae in case of single-phase machine with windings
displaced 120°,

@ did2
id :3 Ao

X ('
-
I AW T
R\_ X
Bige13

The magnitude of direct axis positive sequence current-

ntnime—— en ’ —————

tar = IRy 3 (XX E) ‘a2

Therefore,

1d2 m ‘L Cos (eo “‘5‘) cee (1 072)
IRy +3 (X + Xp) |
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The double frequency current in the field will be

3(Xpy =Xp') |
1o = Igo I g (xony L Cos 2 (440) 1oL (1.73)

Proceeding on the same lines~

(Xp = Xn') |
1g(t) = Iy, 31 + EI;J«&;I(’?L f%n) ——=—, Cos 2(t +Q) +

Xn - Xn')
1 ﬁ%lgcoa 2(t + 6) +

(Xp )
ﬁ;j.‘,: ‘xI'xD XD) l Cos 6(t + 0) ]
"’*Q!““.Q.‘Qﬁiti LR 2 J (1.74)

and,

130(%) = s i ,,; X, %) Cos (6, ~45°) +
J(x» #XB")
QRL +3(xl. *xp)

I 3% - X042
1B, +3(X;+Xy) §2

"a‘coa 3(e, - 45°) +

Cos 5 (00 - 45°) +

LA R AN E B EERI §FNNNEY N *s e (‘075)
1(t) = ey i R+ 3k, + X0 905 8,
3Xp = Xp') |

By X2 o 2057 ¢

i3 (xp - Xp*) ¥
iRe 3 (xoxp) |

LA LRI I N W N A N LE X J (1.?6)

5 Cos 5 (0, = 45°)+

The total armeture current will bee

1g(t) = 14 Cos & = 1, 5in @
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or, /3 |
+ j(xL "'xn)

ix, & I}?‘)
i atxp -Xp*)12
ERp+5(X;+Xy) H

s POPIESRIERCEERRNG LR R (1077)

i
i‘(t)»-. ﬁd l = CO0S (@ - 00) +
“L

Cos @ Cos 3(50 - 45°) +

Com @ Con 5 (&, - 45°) +



CHAPTER o
SHORY CIRCUIT TRANSIENT PFIELD CURRENT

~
There are two m.m.f. waves in the armature, one rotating
in the forward direction at synchronous speed proiudti by the
positive sequence current in the armature and the other rotat-
ing in the backward direction at synchronous speed resulted
by the negative ssquence current in the armature., The positive
sequence m.m.f. will produce the similar effects as the m.n.f,
wave of three-phase synchronous machine is. during short |
circuit of eingle phage synchronous mechine the flux linkeages
due to positive sequence component are 1dehtical to that of
three-~phase synchronous machine, when ite all the three terminals
are shorted. Therefore, the transierit current in the field of
single~phase asynchronous machine due to positive sequence
armature m.m.fs only, can be expresced exactly in the same
nanner as that of & three-~phase synchronocus machine. The only
difference will be thet the reactances applicadble in this case
will be of a single-~phase synohronous machine 1.e. including
thq negative sequence reactance. The expression for transient
field current at sudden short circuit of armature terminale
of a three-~phase machine has been given by Doherty & Hiokle(z)
It can be very easily adopted for s single~phase machine using

single~-phase reactances. Thies equation ie stated as fol}gfx
. —t/7}

. xr ~t/T ot
13,(¢) = If°s¥ ¢ D"ff}g—xﬁ-—"os‘ ¢ i

se e (201)
| Mirst term ofthe equation 2.1 is the direct ocomponent of
positive sequence transient field ocurrent which decays according
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to single~phase short ocircuit transient time constant 7§ . The
other term is the alternating component of the transient field
current. This is produced by the direct flux in the armature
resulted by the direct component of trannient'curront in the
armature. This component deocays sccording to the armature

time constunt 7).
It cen very easily be verified that(®)
.
»
¥here T&o is the open cirouit srmature time oconstant

for a three-phase synchronous machine.

The negative segquinca m.mefe. will result in even harmonic
transient field durrent:.'rhia can very easily be obtained
from the expreesion of the addit;onnl short-circuit field
current in stealy-state by replacing Xp with Xj,. Hence,
from equation 1.56, the totel at.adyuntatulzield current at
armature dead short-circuit is obtained by putting 2y = 0.

' o & .2
.00 1,_5?) = Loy ! 1+ 5935-2co. 2(t+°)+(fE§§E) Comd (t+0)+

(%)5005 G(W) ¥o0e -003
ves (2.2)

Therefore, field current due to negative sequence armature

current will be~

112(t) w I, (fﬂﬁign) scoa 2(t+Q) +~£§§§2"Ooa 4{148) »

(f.iﬂ)z 00' 6 (tm)“".no
D oo (2.3)
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Replacing Xp by Xj, the tronsient reactonoe in the
direct-axis, the trensient field current due to the negative

sequence current in the armature is obtained ae-

y ~‘tﬂi, XXl
15,(t) = I, 5%22 ' é y !Coa 2(t+0)«—fl|)——coa¢(t+0)+

[ 4
K (%)2 Con 6('&4'0) ""cat»;c!

IR N ] (2‘4)
1}2(t) will decay according to the short circuit field

time constant Tj.

I+ phould be noted that in the position of maximum
flux linkaga between armature and field 1.e. when 6 s 0 vig,
role=axis coin cides with the axis of the armature phase winding
the direct component of transient armature current will be
present in the armature(a) which will be stationary in space
and decaying according to the ehortucitcuit armature time
constant T] . This component being staticnary will induce a
tronsient alternating current of normal freguency in the field
which will decay acoarding to T]. “hen the flux linkage betwecn
the armsture and field is minimum i.0. 9 = 5/2 vig. when the
axis of the phase winding colincides with the quedrature-sxis,
there will be no direct component present in the traasient
armature burrent end hence no normal frequency transient
alternating-guﬁ?ent will b:tygisent in the field., That means
the te S L Cos ¢ - é, in equation 3.1 will bde
absent, leaving orly the direct component in the transient
field ocurrent and even harmonic components due to the negative

sequence current in the armature.
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Hence total transient fleld current in position of maximum
flux linkage will be~

1}(1;) - I s 1 + D"‘xD Cos 2% + ('R'Dt‘a)acoa 4t +...! +

e w0 .
T Kp-x 3
Imi L - ¢ . """'r"'—'Oont e §+

vy 5 o
Ieo (;.XD_:_ﬁ) e 3 Con 2t + xy Cosat ¢

- X} i
(-x-g'_i;'g)a Cos 6 ¢ *"....“R

or

X
”f(t)‘ Ifo 5 1+ xD 008 2¢ *(‘E@-) cOﬂ t“"’v-.?

@=0 .
“‘"‘/TD Xy - X5
—;ré ih- Cos 2¢+ X3 Coe 4t +

Cos 6 ¢t + otvo! +

~t/1 .&

X, - X ,
-I-’x;)——gc’cs t. ( I, C eee(2.5)

in the position of minimum flux linlmge-—
- X!
’.t (t) = Ifo 1 - -A«—‘x-p—’ Sdn 2 t - ( 2 )2 Sin 4";"’00'3"'

Om s
/2 —Ti | 31-.31112 wﬁ% Sin 4t -
(—_%.)2 si!l 6 t*....! ‘ ase (2-6)

To contirm the wvaliiity of foregoing equations of transient

field current, oscillogram of the same was recorded which is
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shown in fig.14. It was not possible with the availeble
apparatus to control the inatant of switching. ¥ith the
help of equations three curves at different inetants of
switching were calculated and plotted as shown in figs.
15A, 15B & 16. The wave form of transient field curreont
at the instant when the angle between the axis of pole and
the axis of phase a ie 60°, is very similar to that
obtained by actual test on the machine. From the
inspection of three ocalculated curves it can be concluded
that the wave forms of transient field current obtalned
theoretically and thet obtained practionlly are quite
similar.

¢z 64
“EATRAL WBRARY INIVERSTTY OF povozses
ROOHKKE,



CHAPTER
N SE_CONSTANTS

From the theory of Chapter 1 and Chapter 2 it is obvious
thet for & single~phase synchronous machine there always
appears negative sequence reactance together with the three-
phase equivalent direct and quaedrature axis constants. And
so the single~phase constante are taken as addition of the
‘equivalent negative sequence reactance with the three-phase
equivalent direot or quadrature axie constante as the case
mey be. In the following enalysia, theoretical and physical
concept of these aingzaoﬁhaue constants hes deen brought out.

The single-phase constents Xp, Xg, Xp' ... etc.
employed in the theory oan easily be explained theoretically
and physically. The experimental methoda..ta determine these
conetants are discussed élong with the analyeis of the

respective oconstants.

The flux linkage equaticn, in terms of self and mutual
inductances, given by B«R. Pruntice(s) for a three-phase

synchronous machine is as follows:
Ya=Tgig-M, (4, + 1) 1 1, Cos 20+ 1, x

Cos (2 @ = 120°) + 14 Com (20 *1209‘*1£al£63050
vee (301)
where, |
Yo = Flux linkages in phage 'a’

L‘ = Average self inductance

M, = Amplitude of variation of self inductance
(Ly = L, ¢+ M_Cos 20)



"SANV

IN3YYND

JYNIVWYY

£
v

a 2 2 ]
o~ O :
o @ <<
S @] - - :
11 .tv 1]
3 |
o g Sy _
S A R _
~ O - .
0 .
] i "
> v b |
> > > -
N »— i . ,r 1
o (o} o o e} o (=} (@] o o
O a 0 < o (o] © 0 < o~
o _ - - -— =
(3SVHd 8134 SI1T0A) JOVITOA TVNIWY3L

FIELD CURRENT AMPS,

FIG. 17




—_ e ——

H)_:
___:_:
PLrt ety o
AT
ﬁ___
Bt
_

SRR
;__
__:___
Y
iy

81914

TUTUTT VoV OvT T eeTv vy
£9510.0 = dI7s 5090 = ”x
b4
._“ _,\ N |
AT AT | ,
HAARAEARARA Y
ZN; ;:.; at
! ! ! ! , s
i
g i
3OVII0A

|

h o

N 1 - ) )

\#_ \,‘\ M, \ ._n.A_.\\__ | _;__
ARATANAL AR TR AT A

:___ ATHATRIRIAIRIRIATS
/) Mf_;__ff..,_

| m | | |

ANIYYNO




p!° i
1102810 1LYOHS

3SVHd-33¥HL N3AANS NO LN3IYHND IHUNLVINYY




QT 913
1100410 1¥0HS Q13ld

N3AdnNs NO 1IN3¥4NnD Jd7i3did

LA A A A AN A A A A A A A A




“

+ - - ~ - I . . . - - - .
3 v A 3 T T T ™ T - -
c e e emm e ame g M M,ifl.s N :s.li...i S re M . v w fop bt + A“ =
B .tf_. e JUU R SR S L I T TR I S SR revnrees e e i et TTL;YMIT.TLlf - -
v.l. o v Lo o W . -+ P I Ttll.l(} PP S e i + 4+ Jriuil
o - . ) .&Ift;il,i(i [T G LA g o o ot R R o T I
B i ales } R Lkttt SEEIES e E SURNLIL SR o - . B s R B8 2R i 2 cn SR S (e S
I e e w i 1.5;.“4.31,:7.. [ ARC R RTINS oo or gired O R aaane St o b kb b G SR
e T e i i oot faans iR Ry s s o R S I T e o o e mmme ot S ool S -
i SR : B s e R I I £ s i e e o LR Y
v + E Hoovr e Rt aeaa s Aans 2ans suast e ar 2 AL B0 SRR S s Sl 2 s anda s ann s Sl JLoh o g SN dia ~
R e e e HEPPHSIUITTE FRERS RIS REFARE gt e s e b S 4 :
et il ket d —4 v e s 1 e i T o T LI 7~
e e e manah st b Sk oH ol gl -
B A e S et s shun 0 Sl
et et SRR SRk
. rrerrifr e et r b ¥ o F =
A Lo NI N B —
S S & a4 - s i
-
borererby $ 4 o e e E S =
oty bide e e ror T o -
< 2 S e e i m
e evEcoa-e y\v..vn,..‘,.a + A s s ths.v‘A 72
et gt §- - 3 E R R
i oz ok sl sl A ol 4 4 b errrrbor s o e oo " -
i — . 1om = VqFLT.. g v i».iw&.!i.f&..ﬁ:wa\v.f‘m&,imv“' > l.u..\i”
i T : ; Nu wﬂu PR o R tn o R IS LS ¢ -~
i ..‘.m‘fwml..: gttt Ar\.r.ﬂ ~{Q
.;T...+1+L;ﬁl " ”le it o
R L s ant o sk S e T
oeeor § N —+q
+ ot - -t e s m
for e 03 ottt 7 Sl ok s ol oo )
+ At o g E A +4 Tt R X RIS I ok B
“%.wr& + i R S o 2
T d e L s ok el
I e it g
-t : ¢ ; .W...TT.TL_,.. Lo b
: ..#erl«..AtnTa_!
b+ et
H 4 et
o manan o SR R b
: it o+t
T a— ¢ "
aast 5 + L _”.W.ri....f... Lale s e
008 ltiets ua rr....# e Bk act i o e
iy +-—r b 3 B g b -4
1 "

SR

.._r.TJv.T..mJ,J
Gk b A
RS 06 P

,.,.._ ,,.“ . 44

>+ o ® - - - Y

Rt
L

¥
"0

.
S v e *~ . w: < - ~ Ra w N W -; - - ~ a



42

M, = Average Value of mutual inductence, between
phases (lb is not a mutual inductance).

@ = Angle between axis of pole and axis of phase ‘'a'’

1eg ™ Field current in the direct axis,

"ru = Mutual inductance between field and phase a

(Maximum value).

The direot exis synchronous reactance will be given when
axis of the pole coincides with the axis of the winding of
phase ‘a'. In such poeition the positive sequence armsture

currents will be as given by the equation t1.3.

1., = % Cog (%t « 30) cee (242)

al \/s

1b1 - ‘jgﬁ' Cos {t « 150°), 1, + 1& o= - 1‘

- e Cos (£ + 90°)
/3

end if the fiela ie open

1a1

P Rl

Field ie rotated at synchronous speed so that the direct
axis 19 in the line with the axis of armature magnetomotive

force wave,
O‘t, '.1p0u0
Substituting these conditions in the equation 3.1

" ‘/‘? ; Ly Cos (t =30) + M_ Cos (t-30) +¥  ¥Coa(t-30)x

Com 2t + Cos (t=150) Coe(2t =120°)+

Cos (t+90°) Cos (2t +120°) 1} }
¥hich upon trignometrical reductiocns becomes
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Woam ¥ (Ly+ M + 3/2 M) 5 Cos (t-30) I

or
Ya = (Lo + l' + 3/2 lb). 1a1

-

and as defined, Xp in per unit is the armature flux
linkage per ampere, S0 '

= I¥al . IYys
14,1 1/ /3

= (Lo + l!u + 3/2 uﬂ)

Physical View-pointi-
In the armature of a single-phase synchronous machine

currents exist which are puleating in time at line frequency.

MMF. WAVE
{ ~Z (STEADY STATE)
|

v all ’
] ’

——
—

TVE Seq,
FLUux
[Leakace]

| ‘ | !
| JJ |
| AU f

| ZI:%:::;:W_ ] ; Jove sea.

FLUx

Fige22 Direct axis synchronous reactance flux paths.
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The magnetomotive force affected by these currents can be
resolved into two componente, one positive sequence and

the other negative sequence component., The=e m.m.fs. produce
fluxes of positive and negative aaquenanvnnturo. For the
poaitiﬁnly rotating flux wave the machine behaves exactly

&8s a three~phase synchronous machine.

Xp i® the reactance offered to the flow of current
when the axis of pqle coincides the axis of m,m.f. wave
and rotor rotmte: synchronously. In this case the flux
linkage will be maximum and 8ll the positive flux will link
with the main fleld winding. The negative sequence flux
existe in the air and does not link with windings of the
machine to oreate any mutual effects, Hence it can be
considered to add with the leakege flux of the machine.
The flux paths are shown in the fig. 22. Thue the single-
vhage direot axis synchronous reactance will be obtained by
dividing positive sequence flux linkage by the posltive
sequence armature current whose magnitude is 1/ /3 times
the magnitude of the phase current ie.'Y/ i/ /3 .

For determination of Xp experimentally open circuit
and short circuit teste werc performed. The machine used
for single-phase operation was the same three-~phase machine
whose three-phase constants are given in the Appendix. One
phage of the machine was left ldle and remaining two terminals

were used as armature terminalp.

The open oircuit'uagnatizing curve for single-phase
operation will be the same as for three-phase operation
since on open circuit.thax' ia no current in the armature

in beth the ceses. The magnetiging curve for the particuler
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machine is eshown in fig.17.

It can be obsorved that the short-circuit curve of a
single~phase synchronous machine is not a atraighx'lihe like
that of three-phase synchronous machine., The phénomena in
casily explained as the short oircult armature current in a
single-phase synchronous machine will comprise of positive
and negative sequence components. These tvwo components added
'togsthor according to the laws of symmetrical cormponents to
give armature currente for different excltations, will not

(6)

result in a straight line curve.

To determine X; the same procedure is adopted as in
case of three-phase synchronous machines. The single-phase
short-circuit current corresponding td per phase rated
voltage ia determined by dropping a perpendicular from éhe
peint on air gap line ¢orresponding fo :ﬁted per phase
voltage on to single~phase short oclrcuit curve as shown in
£ig.17. The rated current divided by 1/ /3 timee the current
thue obtained gives the Xp in per unit.

Prom the result of the experiment on single~phase

pachine~

XD = 1,04 per unit

From three~phase results-
ID - xa + xa = 1,042 peu.

If the quadrature axie is in line with the axie of

armature magnetomotive force wave, and the field is rotated
at synchronous speed-



Substituting all these quantities in equation 3.1
and aolving trignometrically, the following equation is

obtalned:s
Yy (5, + M, = 3/2 M) ‘7_1;- Cos (t = 30)

n(L + M —3/2“0)01

and, XQ- IYJI
I1,41

- (Bo + M‘ - 3/2 ﬁu)

Physical View-pointt:
ST~ MMF. wwave.
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Pig.23. Quadrature axis eynchronous reactance flux pathe.

The quadrature axis i.e. the axis midway between the

-poles coincides with the axis of me.m.f. wave and rotor

rotates at synchronous speeds The positive sequence flux
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passes through the quadrature axis and therefore the flux
linking to the main field winding is minieum in this case.

The negative sequence flux here aleo is regarded as the leakage
flux. The flux paths are shown in the fig.23. Thus the quad-
rature axis single-phase synchroncis reactance will be obtained
by dividing positive sequence flux linkage in quadrature axis
by positive sequence armature current i.e.

VI
S vav,

¥hen determining X, and xq assocofated with three~phese
machine, the well Jmown "Slip Test™ is employed and the ratio
X /Xy 48 determined and X_ is caloulated. Determination of Xq
associated with single~phase machine by performing the slip
test does not seem posiible because the current present in the
armature is of pulsating nature and so there may not any s}ip
between waves of voltage snd current applied to armature
terminal from external source, of a little different frequency
than that of the armature, and those of the armature itself.
If we observe the effeot by the way of poesitive and negative
sequence components i.e. logically appears that due to presence
of negative sequence component the wave may be too complicated
to give any accurate results regarding slip value and the
required ratie fQ,.; Keeping in view the above difficulties,
the"negative Excoitation Method" was employed for determining
an

The machine to be tested was run as & synchronous
motor. It should be recalled that the machine being & single=
phase one, has got to be drought up to near synchronous speed

by some other motor. The constant rated terminal voltage
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was applied to armeature terminals. The polarity of the applied
sxoitation wai reduced to zero, reversed and 1ncronnod.in the
negative direction csusing an increase in the arsature current.
By increasing the negative sxoitation in small increments, the
maxisum stadble per unit line ourrent correeponding to the
maxipun stable negative excitation is found. Xq is determined
from the formula. . ’ |

xQ " Mexizum Stadble ermature current per phase

The experiment gave the results as followsi

Maximum stable armature ourrent = 26A
Volte spplied to the armature

terminal sev - 200 V,
letﬂ/pMﬂa see = m‘ v
| V3
Ourmnt/pha.ae e = gﬁ" = 134
Therefors, 200
Xp m w 8.9 ohna
< V3 x 13

m 0,735 per unit
From three~phase resulte-
thxqi-xz ’
-‘Q;Zla per unit
Hence result eonfirma.vary closely.
Dirsct Axis Singde-phans Iransisnt Beactance (Xp')s
The positive phase sequence currents are suddenly

‘spplied to armature, expressions for which are given in

oquatibn Be2e

Field circult is closed and by constant flux linkage

Theoren,
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\i’a -0
Field is rotated at constant sapeed so that the direct

axip is in line with the peak of newly estadblished armsture

M.m.Ls WAVE,

o=t ( wm 1 p._ua)
Thon, .
14y = §}-l 1,4 Coe @ + 1,4 Cos (0 ~120) +i_,Com(9+120}1

- %-.\/%— i Cos (t~30°) Com t +Com(t-150°) x
Cos (t«120%)+ Cos(t+90°) Coe(t+120°)}
- é— L EX (303)
Similarly, 1., = -1 1,4 Sin @ +1,, Sin( =120°)+4 ,Bin(6+120°)
= 0
Flux linkege equation in the direct exis is given by
Yo = Meg 1gg + (L, + M, +_3/2 M) 4, ese (3.4)
and in the guadrature axis-

Vq - (LO +'ﬁ’ - 3/2 Ia) 1q sew (505)

Substituting the positive sequence currents in equation
(3.4) ana (3.5)=
| 4™ Mog dog + (Ly+ M, +3/2K) 1/2 ese (3.6)
Also,
Va=Meq 1, Cos 8+ 1, Cos (8 ~120)41 Con(0+120) I+
Lealea
= 3/2 Mgy 159 + Lgg Agg



S0

or',
W ™ 3/2 Mgae 1/2 + Ly 10y ese (3.7)
Dut
Wd- 0
Thefnfore.
3/2 Mgy %— + Lgpe 1gq = O
M
ors _E A
116.» 2 rd e
Therefore, ¥ .2
S g Y A
V’d"‘"’%" Tea "%"‘" (Lo + M, + 3~ M) 3
M,.2 )
-d (xp -2 gg—)
Hence' .2
sl -5 3o T

Phyeical View-points

Mg.24. Direct axir
(cHamang, Single~phace trans-
ient reactance flux
paths,

TVE Seq.
FlLux
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MM+ WAVE
(CHANGIN(,)

’ VESEQ.
FLux

. $ave SEQ.
I FLux

l

|

l
I ! , DAmMpE R
‘ WINDINGS

Biga. 28 Direct axis single~phasge aub transient reactance
flux paths. : :

The additional field winding is the damper winding is
considered short circuited. The positve mequence flux links with
these additional rotor windings. Since the recistance of the
dampers is large the current in it dies out very rapidly.

The negative sequence flux acts 83 & leskage flux.

The aingle-phaao\armaturc ghort~circuit oscillogrem
of f1g.25 was used to determine the X;". Subtransient current
wag determined from the semi log plot of alternating component
of armature current by usual method. X;" was calculated as
f0110WD£7) )

Sudbtransient ourrom: b= 41.3A

Voltage before short oirculte 116V,
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Therefore
' /B x 116
Xp" = I3 = Q.402 per unit ’

" Prom three-~phase results-

XD" .xd" + 12

w 0,397  per unit

Iime Conatantst
Open Circuit Transiont time constant for single-phase Hachino(fﬁo)

The method used for determining the open oirocuit
transient time constant for three-phuse machine (7] ) was that
the armature terminals were kept open and decay of field current
was recorded after sudden short circult was applied to field
terminals., The armature terminals were open and thus no effect
of armature circuit on the decay of field current. The sanme
phenomena ococurs in case of singike-phese synchronous machine,
Por the machine undertest both three-phase and single-phase
open circuit time constant will be the same.

!50 = I3, = Q117 mecs.
Single~phase short circuit transient time constant (Th) s

For the purpose of determining single-phase short
oircuit field time constant the oscl llogram of transient
field ocurrent was recorded when sudden single-phasme shoxrt
circuit was applied to the armature terminals. The Oscillogram
4s shomn in fig.14. The semi log plot of direct component
of field current was made and from there the short circuit
tim¢ constant was determined by taking the time of decay of
36.8% of maximum value of the direct component of field ocurrent

'in transient condition. It comes out to be-

T) = 0.0565 seos.
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It can be ehown that'®’

| ]
Tp= ”;ﬁ” . t&o

Therefore,

Tao - ‘;g‘ . Tﬁ
| ~ 9.51 x 0.0565
- le!l 8e08.

The results is in confirmation with the experimental
value.

Single~phace armature time constantt

- T] can easily be determined from the armature short
circuit oscillogram of fig.25., The semi~log curve of direct
component is plotted. PFrom that it comes-

T) = 0.015 eecs.



COBRCLUSIOHNS
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The steady«sctate analysis of the eingle-phaao synchy o~
nous machine, on the bdaels of the classinal assumptions of
no saturation, no stator eddy and hysteresis losses shows
that the line-to=line voltage equation is identical to the
voltage equatian of a three~prase synochronous machine with
the addition of the third harmonic terms In actual practice
the effect of thie third harmonioc voltage is not st all
pronounced and does not effect in any way the performance of
the machine end may safely be necleoted. However, when
precise galculations are needed the effect of third harmenic

voltage is to be taken into sooount.

The single~-phase synchronous machine voltage equation
leads to a vector diagram vhich is similar to that of a
three-phase srnohronous machine. The excitation diagrem
apnlicabdble to the single~phasze machine is also dravn exactly
in the seme manner as for three~phage machi-ees. In the
construction of the vector dlagram the third harmonic voltage,
appearing in the voltage equation, 1s not considered and as

stated oarlier it does not introduce any appreciable error.

The power equation for the single-phase synchronous
machine also proves to be exactly identical to that of
three=phase machine. 9Since the negative seqnénce reactance
always occcurs together with the equivalent three~phase
direct and quedrature axis reactances in the denominator, it
reduces the over all power of the machine. The percentage
reluctance power is increased. It helpe to hold thefachine

2
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under the over lozd conditions_mnre efficiently than the
three-phase machine. In other worde it increases the pulle
out sngle of the single~phase synchronous machire. Ixporiment
ghows that the pull=out angle is increcsed by sbout 5%. Thie
leads to a more etable machine than a three~phase synchronous

machine,

Performance of the single-phase synchronous machine is
calculated with the help of the vaétor dlagram of fig.3.
The check is mads by measuring § experimontally and noting
the field current at particular load, The values of the
field ocurrent caloulated from the veotor diagram and that
measured experimentally agree t0 a very close sxtent. In

all the performance cnloulations the reecictance was neglected.

Due to the presence of the negative sequence current in
the armature even harmonic currents are induced in the field
and od4 harmonic currents in the srmature. From the expreso-
| ion derived for them, it isobvious that the hormonic currents
go on reducing with the increcse of order. For the purpose
of calculations, only firat few harmonlce terms are considered.
The similarity between the expression of field and srmature
currents af the winding with 20° displecerent with those for
windings with 120° space displacement is quite obvious. Hence
it may be possidle to construct an economical single~phase
synchronous machine with windings of the armature having 90°

angle between them.

The equation for the transient field current is obtained
with the help of the expression for field-current in steady=
state and coneidefing the effect of transient positive sequence

armature current on the field current. The final expression
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inoludes a direct component, an alternative component of
normal frequency ond even hormonic components resulted by

the negative sequence armature current, in the maxmm flux
linkage poeition (© = 0)., For tho rotor position when the
flux linkege 1s minimum (8 = ¥ /2) the normal frequency alter-
nating component vill be absent since there is no direct
component in the transient ermature current in this particular

posltion.

To chaeck the validity of the tronoilent field current
expressions, oscillogram of field current is recorded. A
comparision of the caleunlated wave-form of transient flelde
current for © = 60° and the experimental oscillogram of
fig.14 shows that the waveforms obtained practieally and
theoretically are the same. The cslculated waveforms at
naximmn and minimm flux linkege positions are also given
(Fig.15A & 16). 1f oscillograms are recorded in these
partiocular positions, they met conform té the caleulated

wave forms.

Through~out the theory of the singlee-phrse synchronous
mechine it is observed that the equivelent threce-phase
reactances always epprear togother with the negative sequence
recctance. The single~phsse resctonces are defined as the
eddition of equivalent three-phase reactence and negotive
sequence reactance. Frecm the theoreticel considerations
it is otvious that they can be measured as a whole when
running a three-~phase machine as a single-nhasc machine. The
results thus obtalned are in close agroement to those

obtained from equivelent three-phase results.
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The negative sequence flux pathe are in the air and so
they do not link with any of the windings to oreate any mmtual
effects. Hence the negative sequence flux can be oomsidered
1o add with the leakage flux of the machine. In dealing with
the physiocal signfficance of the single~phase reactances the
negative sequence flux is taken as the leaksge flux. The
positive sequence flux plays the role of the main flux of the
machine. Methods have been suggested to determine the
congtants., The close agreement between the results obtained
from the m;gested methods and otherwise confirm the
validity of the experimental determinations.



APPLEEDI X

THR.E-PHASE CONSBTANTS
The machine under teet is rated ap-

4 kva : 342 kvie
220/110 Voltse 10.5/21 Amps.
0.8 power factor,3 phase, 1000 r.p.m.

The magnetizing curve is hown in the fig.17. The short
circuit test was performed and armature short circuit current
wasy plotied egainst field-currcnt. The straight line is
gshown in fig.17. The machine 1s used as a throew-phase
synchronous machine and all the constantsa are determined
empioying the usual methods of testing the synchronous

machine for different oonetants.q TP» three~phase constants
(7,9.10

thus determining are as followss
xd w 0+79 paus
X = 0+48 peue
Xq/Xd = 0.605
xa = 04256 p.u.
X! «m X" = 0436 peue
X3 = 04745 peu.
x2 2 0.252 pele
m& = ‘0;038 BOCH.

E&o = 0,117 secs.
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The short~circuit time constant for three~phase
machine was determined by short clrouiting the field
suddenly ﬁhen the armature wac short-circuited at its
terminals and machine running at synchronous speed.
The osciliogram ie shown in £ig.20 and semilog plot
of the decaying field current is shown in the fig.21.
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The negative sequence flux here also is considered a
purely leakage flux. In the transient state the field is
considered short circuited and the transient positive
sequence srmature flux links with thie field winding emd
behaves exactly in the same manner as that in case of three-
phase, synchronous mechine. The alternating component of
current in armature in transient state will be of positive
and ncgntiv§ aoéucnce hature. The values of transient
sequence currents can be determined from oscillogram of

sudden single~phase armature short oircuit.

For determingtion of single-~phase translient reactance
X', single-phase sudden armature short oircuit oscillogram
wae recorded as shown in fig.25, and transient alternating
current was calculated therefrom in usual manner. The semi-
log plot of the transient alternating component was drawn as
shown in fig.26, Thus the total transient al ternating
current wae known. The positive sequence transient current

wastaken as 1//3 times the total trsnsient current.

Total transient current = 32.7A

Positive sequence transient
321

Voltage before short cirogit = 116V,

slternating ourrent -

Therefore,
Xp' u%‘}%‘ﬁ“ = 6.14 ohms

= 0,507 per unit
¥rom three~phase results-

= (0,508 per unit
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