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3YNOP,sTS- 

On the basis of theory and equations developed for three. 
phase synchronous rhino, the einglephaso synchronous machine 

may be analysed. By tk ing the effect of positive and negative 
sequence ocriponente of fluxes currents and voltages *to., the 
steady'»etate analysis to carried out. Due to presence of 
negative sequence current In the armature even harmonic 

currents are induced in the field and in the additional rotor 

circuits, if any. With the help of the equivalent circuit 

the expression for field current is derived. 

The equation of the field current in transient dtate is 

also derived and test is mad* to confirm the wave form obtain-

ed. theoretically titb that recorded experimentally. 

In the steady-state and transient state analysis of the 
single-phase synchronous  machine the equivalent tharee'phace 

constants appear always together with the negative sequence 
reaot noe. Theoo constants are taken as eingl+ phase conetente 
Their theoretical and physical descriptions are given and they 
are named an single-phase oyrth.ronoue machine constants. 

thode to determine these constants are also discussed. Prom 

the experiments performed for the purposes  it is evident that 

these oonotrnto can be determined accurately. 
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a r Operator, to rotate the vector by 120 

a, b, o 	. Phases of three—phase machine. 
•. •d  a Terminal voltage per phase.. 

eat  %„ e#  - Respective phase voltages* 
+• zoitation voltage in the dirreot•- ie 
• Excitation volt*e in the quedrature'azie. 

,4LO  * lu  * Phase currents if phases as  be & a respect ely 
i , i 	- Positive and negative sequence currents of 'f s2 	phase 'a' respectively. 

Ise(`t) a Steady state short circuit armature current 
in phase a of nin le.pbaee oynclironous marten, 
at any inst t•t, 

i,(t) a mature current at any instant «* to 

a 1 rent axis armature current* 
,d1  • Positive £3equenoe direct- axis armature current 

142 •. He ttve sequence quadrature-axis armature current 
i f  # ield current 
Ito  * No load field current 
its  . &teadyøetate field current on armature short- 

circuit. 
Its  (t) • Ite yetate field current on armature short 

circuit at any first nt to 

3. 	- ' ranstert field current on udden azi':uturre 
short-aircuit at any instant t. 

i(t) = Stcady-state field current at any instant t 
i(t) a Transient field current at axy instant t. 
iq  - Quadrature axis armature current 
3 q1 a Positive sequence mzadrature axis armature current 

,q2  a Negative sequence quadrature axle mature current 
3 	- Operator# to rotate the vector by 90°. 



3 

Lf , • a Field circuit inthiotance 

3 a Average &elf int3uottioe • 

ftia • mutual inductance between field and phase a. 
% a Amplitude of variation of self intuat~oe 

(Z 	a L 	+ Md 	Coe 2 4 ) , M 	is not a mutual inr'uotaRoe. o 	a 
U • a Average value of aut. el inductance between 

phases, 
p a Laplace operat 
p.11. a per unit 
re a Armature reoiotanoe per Phase,* 

f a Field reeietiioe. 
RL - Load reaiatanoo per phase. 

e - Slip. 
t 	* Tine, in radians ant aecor°e 
Ta 	a Short-circuit transient armature time constant 

of ihreophaee ricbronoue nachtne. 
a £hort.oircuit trencient armature time constant 

of single-phase synchronous r. chine. 
Ta 	aShort-circuit transient field tine constant of 

tl 	phaee no ronoue raohine. 
Tj 	a 2bort.oirouit transient field time constant of 

single-p ee 97? oiironoua machine. 
T*Q 	* Open circuit transient field time constant of 

wee -phase synobronous mach1ne. 
TLC 	. Open circuit transient field time constant of 

eiT gle»pl se eynoh ronous a aohine « 
• Negative cequoncte reactance of thre-phase 

synchronous macbin.. 
XaId 	_ Direct-axle armature reaction reactance. 
xt 	a Direct-axis synclironcue reactance of three-Dbace 

nchronous machine. 
Cz 	a Direct eMs , ynchronoue reactance of ingle..phaee 

aynoronoue machine. 
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Xa a Direct azie transient reactance of thre..phaee 
aynobronous rz 	)ine. 

X • Direct axis traraient reactance of single-phase 
e rnchronous sacbine. 

a Direct axie 	ubtrnoit reactance of three- 
phare 	ynohronous machine. 

X , a Direct exte ubtraneient reactance of cingl p 
pbaee ernchronouc machine* 

] a ?iel 	leakage reactance. 

Xffd a Field self reactance • 
a More lease roaot► oe 

X , a Load reactance 
x • , Zero sequence reactance. 
X • Quadrature axis synohronoua reactance # of three- 

p se eynohronouc thin.. 
Xq a Quadture axle Webronoum *BOt8flCSv of (ingleu 

phace oinoIrcmouD machine 
$ a Load iipodance. 

a Load angle 

9 - Power factor 	.e 
a Flux linkage (suffixes a#  b & o denote the 

phacea of the machine) . 
a An1e between the axie ol" pale t the axis 

of phase a 
00  • Angle 4 	ten machine lie at stems-still i.e. 

at taO. 



X f' RO.DUC lQ T 

The synchronous machine generally used in power station, 

industrial plants and for commercial purposes, are three-phase 

machines. There are, however, a number of applications both 
as Motorond generators in which single--phase powc-r is used 

quite advantageously. The most important and the largest use 

at single-phase power is in railway electrification. Other 

uses of commercial frequency single-phase power from 25-60 

cycles are confined to small isolated plants and for testing 

facilities. There are a few low frequency applications and a 

number of high frequency applications of si ngle•phase power. 

The low frequency power use is almost confined to low frequency 

induction furnaces#  The high frequency single-phase power is 

generally used for testing and in high frequency Induction 

fu noes# Another use of single-phase power is for carrier 

current supply for radio and similar purposes. 

The low frequency and usual commercial frequency machines. 

are salient pole type and high frequency machines are usually 

cylindrical rotor type. The very high frequency machines used 

for carrier current applications are inductor type. In a 

single-phaee 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 direction i.e. the poditive sequence component #, 

and the other rotating at synchronous speed in the backward 

direction i.e. the negative sequence component. The backward 

rotating component or the negative .sequence component induces 

double frequency current in the rotor causing rotor beating 



which is well known limiting factor in the design of singl r 

phase synohronous machine. To provide low rest, etan©e path 
to the induced currents all single-phase synchronous machines 
are equipped with dampers usually in the form of pole face 

winding for salient pole machine. In the cylinerical rotor 
machine, the conducting wedges are electrically connected 

at machine ends and function as pole face damper windings. 

As the field- in a single-phase synchronous machine 

is pulsating# the torque is also pblscting. 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 necessary to eliminate 

the fatigue stre see s. since rotor inertia is large there is 
no variation in speed. 

The starting of a single* tease synchronous motor as an 
induction motor im not possible. '.he methods normally 

employed to start a single- -phase tiro-minding induction motor 

are also used for this machine. The capacitor start method 

is most common. Or otherwise the machine may be brought to 

synchronous speed by another motor and than power is switched 

to synchronous motor. 

Single-phase synchronous generators are usually wound 
for three-phase T~»oonnected winding with suitable rotor 

construction. One of the stator phases is left idle. The 
idle phase may be considered as an insurance or protection 

against any injury to one of the active phases. But with 

the reliability of the present day apparatus has reduced the 

0 
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utility of the additional, phase. So machines are manufactured 

with empty slots corresponding to the third phase winding, 
consequently there is a saving in the cost. If the armature 

is rotating, leaving one third slots empty, may result in 

mechanical unbalance. In the otherway the machine may 

specially be wound for single-phase operation with the windings 
having space angle of 940. The performance of the machine in 

both the cases is quite similar* 

In this dissertation, the steady-state performance of 
single-phase salient pole synohrcnoue mane has been analysed 
An attempt has been made to define, calculate and experiment» 
ally determine the constants of a single-phase salient pole 
synchronous machine. The physical explainatione have also 

been rendered to the various phenomena under steady and trans-
ient conditions of operation of the machine. 

The analysis is on symmetrical component theory. The 
machine has been treated as three-phase synchronous machIne 

with one winding left idle and having direct and quadrature 

axis oy.  etry. The assumptions of no saturation, no hyetereeic 

and eddy current lone in stator#  necessary for linear super 
imposition have been made. 
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~CHAPTER 1 

DY 8 .'AT &X§1 S 
i~ii~iM.+rwnlu~Y 

The machines considered are of the salient pole type 

having axes of symmetry ae the pole centres and also midw*y 
between the poise." Current# voltage, flux and reactances can 

be resolved into direct and quadrature components. Further 
the armature winding is assumed to be sinueoidally distributed 

thereby fulfiling the consideration of the *ideal" synchronous 

machine e. 
It is to be understood that the magnitudes of all quanta 

tier are expressed in per unit term. 
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 phase synchronous machines with the phase winding 

having 120' space angle, the treatment here will be based on 

them. 

d 
W 1' 
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A two pole synchronous machine is shown in tig.1. 
The per unit flux linkages of phase of an ideal three-phase 
synchronous machine has been given by R.H. perk(')  #e 

d# 	1 	2. 	'* 	
3 	 .a  Coe 2 9+ 

ib  Cos (2 4) -120•) + i0  000 (2 0 + 1200) 1 	... (1.1) 

wherep 
$ : Angle between the axle of phase winding and 

the pole-axis, 
(40  being the initial engie when the machine i• 
at stand-still) . 

ed  a Direot-axis excitation volt -t 

eq  m* Quad rature- axia **citation voltage. 

ia,ibaio  ,w Instantaneous vsluesof phase currents# 

Xd p Xq 	Synchronous reactance& in direct and quadrature 
axis • respectively of three-phase machine. 

X0  a Zero sequence reactance of three-phase machine. 

The corresponding linkages of phase b and o are stated 
in similar manner. Only positive sequence currents are 
considered. 

The single-phase machine due to its method of oonst-» 
ruotion moy be treated as a three-phase machine with on»phase 

left :die in operation or it is initially unwound. Hence 
the single-phase armature currents are- 

9 
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I~aicont 	wrrI p.0 

ib M ":La a •. 1. Coo t 	 ... (i.2) 

io a 0 (phase 0 considered idle) 

Theme currents can be resolved into their positive 

and negative sequence components, and hence become". 

ii i Coe t 

.- -- cos (t-30) +Coe (t+30) 1 

ib •e-iCoot 

-• Coe (ta-150) + Cos Ct + 150) 1 	... (1.3) 

to -0 

The first trignoaetri.e function of each of these three 
current expressions of equation 1.3 form the positive sequence 

system, the last not of these terms forming the negative 
sequence group. The positive sequence components of current 

are oorporated with synchronous reactances under steady-state 

operation. The negative sequence components meet with the 

subr-transient reactances which are to be denoted by double 
primes. The appropriate fi ctor Is therefore to be used with 

each sequence current. Substituting the current relations„ 

result in- 

is + .b + to = i Cos t «- i Coe t " 0 a 0 	... (1.4) 

.,_ 	- 	I Cos(t.30)+ Cos (t+30)l. (i•5) 
2 

The first term of equation 1.5 is positive sequence 
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component hence it will be multiplied by synchronous reactance 

and seoond term is the negative sequence component hence, it 

will be multiplied by aubtraneient reactance. hence-- 

., ......1t ,¢ 	b.... 70. ) 	Ld 0..-. Co. (t'30) 	d 2 - 	z 

Co. (t +30) I 	 ... (1.6) 

Now taking the last term of the equation I.1 and 

. solving eeimilarly,  t 

is Coe 2 0 + ib Coe (2 1 +w12o ) + io Cos ( +120) 

- • 	I Coe (t+2 ii + '3o) + Coe (t —2 Q + 30)... (1.7) 

Multiplying with appropriate factors and adding 1.6 

and 1.7 , it is obtained.' 
e s«e 

e C+ e e 	- 
+ 
	Cope ( t . 30) + k Coe (t+ + ) 4 

Coe (t+30)+a2 	Coe (t —2, 4+30)J... (1.8) 

Sines at t • 4, 0 a Ga ( initial angle between the pole 

axis and phase axis when machine in at o•tand.etill) and the 

speed of the backward component with reference to pole is twice 

the synchronous -aaohina► speed backwards, hence ja may be written 

an, 	
♦..r..IL. 

a a ed Co. 0.' 5q Sin 	F . 2 	Co. (t-30)+ 

X .'x 	 X +X'" 	X**XN 
.~ ...~ Coe (t + 2 iio + 3Q) 	`"~ g Coat+,o) s d2 P x 

Coo (Yt + 2 G0 + 30) 1 	'.0 (1.9) 
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The flux linkage equations of phase b and Phase a 
are obtained similarly* 

The resultant voltage of each armature- phase is given 
by,. 

000d Sin 0 	ii + A- 1 2 Sin (t-3o) + q 	4 

K 
 22 q Sin (t +2 Diu + 30) + 	2 ... Sin( t+34) + 

,W Xft 
XO 30d 2 Sin (3t+ 200 +30)I--irCost 

(- 	may be replaced ed by X2, the negative sequence 

reactance of the n chine* connected to a system through a 

large external impedance. The resistance drop for phase b 
becomes a positive quantity because ib = 4w is a 1 Cos t. 
The resistance drop for phase a is ofcouroe zero. 

The line-tc line voltage under consideration is the 
difference between the voltage of phase a and b.. 

The flux linkage equation for phase b will be - 

"a e4 Cos ( — 120°) 	e Six (Q '120)  q 	 3 	a 
x+x i~ ± i 	X - X q  

fib 4W 	).. 	.b Coe 2a+ 

is Co. (2 i0 .w 120) + im Cos (2 0 + 120)] ... (i.11) 

Substituting for currents and proceeding on the. sari 
lines as before* final + xpression for Y b cos as follows* 
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LY b " ed Cos (a ► 120) 	a sin (0 . 120) 0► 	~I 	X «~ 	 a Co. z 

Ct ..1go) . 2 	Oos (t +2 i, _ 30) + 	2 	Corr s 

(t + 1 ) •• 	.r4 Cos (t .- 2%% + 30) l 

Since ab - Qo - 120 at t - 0 an c onsid sring for backward 
oc tponent« 

1+1 

Coo (t .i 5o) *. 	Coo (t + 2to + + °) + 	t 

10 ... ,X0 
Coo (t+1so) + 	Co. (it + 2 Ito + 90) 1 	... (1-.12) 

. . sb c p W b lb r 

.a  
q  2 

Sin - (ts1 0) '- ~"4'.4Sin (t + 24 + 90) + g~~ r 
2 	 0 

sin (t +150) _ 	o 3 Sin (3 t + 2 0o +90) ► . ost 

... (1.i3) 

H,nce 'tbe linea.to..wline voltage will be given by 

0* .0 sb 4m - ed Sin G - Sin (a 120) 1.0 eg I Cos 

Co. (0 -120) I + J- 	1 Sin (t-o) 2 
S 

sin (t.150) 	'2 
	in (t+2 ao +3o) + 
a  " 

Sits(t+2 io +90) 1 + ' ~.."'q. I Sin (t+3 o) 0 

Sint+150 )1 + 	- 2 Q sin (it +2Q +30) + 

Sin (3t +2 0 + 90) }s 2 it Coo t  •.. (1.14) 

Solving quantities in bracket■ in equation 1.14 final expree.ion 
comes an- 
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'~ .. 0b 	Ord Sin (a ► 30) - 	•q core (a * 30) + 

I. . + . sin t + 2 Sin (t+ 2 Rio +60) + 8in t+ 

	

Sin (3t + 	% +6th) f -air cos t 	•..  (1.15) 

1'hen t i® measured in per unit and Is in radiane# it 
can be put ` ate» 

t 	(ii . C0) # 	rr a l p.u. 

Therefore# 
- 	e', sin ( + 30) - / eq Cogs ( + 30) + 

. I .. 2.Z!q Sin (0 -0 . ..,.5i bin (0 + tic +60) 

X2 	%. 	~ 	 o 

	

Sin (Q .. )+3 - 	- Sin (3t + 201 +60) --  ~  

2r Cos (0 -• 00) 1 

Expanding the above equatio 

- 	eg -Sin (i +30) 	eq cox (a +. 30) + 
ixd+X 

Is (a +30) Coe ( 0 +30) coo (a+30)x 
iX 

sin(% +30) 1+ 
X 
	Q Isin (iD +30) Co. (a0+34) + 

Cog (40+30) sin (a0 +3a) 1+ x2 J sin (a +30) x 
X X* 

coo (a0 +30) -- Coo (i +30) Sin(00+30) 1 +3(I_ 	) x 

Sin (3t+2 X 0 +60) *►2V 1 Coo ( +30) Cog (a+%) ) .. 

Sias ( +30) Bin (a0 +30) 1 1 

or 
*a -sb «o .W 	e'd Sin(Q +30) -yam 0q Co.. (40 +30)+ iIXd Sjn(Q+30)x 

co. too +30) -X, co. (G+30) sin(G0+3o)+X210in (a+30)x 
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X" X* 
Qos(G0  +30) ..Cø (0 +30) Sin (0a  +30) 1+3 ('• Z~--q) Sin(3t+290+ 

60) «a 2 r ( Co. (0 +30) Co. (iia  +34) - Sin (ii +30) Sin(0o+30) I I 
..# (t.i6) 

The armeture currents have been expressed in terse of 
I * no far, but now It in desirable to express in terns of their 
direct and q iadrature positive and negative sequence components. 
The positive sequence direct current, for a three 'phase mechine 
i.e given in terse of the phase currents ae 

id  w a I is  Coe + ib  Coo (0.12O) + i.Q  Coe(Q +120) J 
... (i.17) 

Considering only the direct positive sequence component 
of single phase ourrent- 

ids  - 2 1- 1 Co. (t..30)Cos 0 + Goo (t111150) Cs (a -120) + 

+ Coe (t+go) Cos (0 +120) 1 
On salving It reduces to.. 

id1  £_ CO. (0 +30) 	 ... (i.1$) F3 
Also, for the quadrature positive sequence component of 

current, 
iq1 o  +30) 	 •••  (1.19) F3 
The negative sequence components are- 

Coo (0 - 30) 	 ... (1.20) 

i42 w - 	*- Sin (40 	30) 	 ... (1.21) 
 V3 

Substituting equations 1.18, 1.19,, & 1.20, 1.21 into 
equation 1,16  for components of current 



10 
ea, 

'L%(xav +xz ) 

 

J 
` 	id,(xd*K2) 
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s 	0b  * 	-.04  sin (a + 3t) •q  Con (Q + 30) +id1 (X4+ )x 

Sin(Q +30) +i. q1  (X4  +X2 ) Coe ( Yo)+/3 i(' 	 ) x 2 

Si.n(1t +2 an  +6o).2 idir Coo ( +3o) +2igir sin(a+30) I 

... (1.22) 
or, 

*, —eb n 	.0 cc r (t +P} 	 ... (1.23) 

Where JO is the power factor angle, of t o maohtne. 
Similar equations for , (e% ► , ,) can be written by inspection. 

From equation 1.22 the vector diagrom for single-phase 
cynobzconous machine can be drawn as follows,, assuming 9 as the 
angle between the excitation voltage in direct axis and the 
terminal voltage. 

'ii.2  Vector dia*am of single.-phase synchronous machine.  

The diagram includes mature resiatErace, although often 
it ow be neglected because it Is small compared to the synohro.. 
nouae reactan, es.„ The third harmonic voltage of equation 1.29 



is neglected in the diagram. 

The vector diagram represents the generator supplying a 
lagging current. All quantities are in effective values and 
have been divided by , the terminal voltage a being measured 
from line to neutral. It should be noted that voltage drops 
are induced quantities, and arrows reversed in the vector 
diagram, will oonform to the equation 1.22. %%en treated 
as the components of the terminal voltage, the arrows on the 
resistance and reactance drops will be as shown in .g.2. 

For the purpose of calculating the excitation, the 
vector diagram corresponding to the cylindrical rotor machine 
may be used. tith usual vaLzes of voltage, current, power 
factor and machine constants, this form of diagram gives an 
excitation very close to that considering the effect of 
salient pales. 

17 
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jg.3. Excitation diagram of single-phase eynehronoue 
raohine . 

g.3 shows the excitation diagram for the Single-phase 

machine In terms of that for an equivalent oyli! drioal rotor 
machine, the diagram being similar in steps to that for a 
three-phase machine. Point a divides the total synchronous 



M 

x + x 
reactance drop ea* in the ratio . The proJeetion of 
the excitation vector oa, on the line on extended given the 
excitation ob for the salient pole iaohine. 

4 M1 	~_ f 'a 	.: s 	L w 	•. 

Prom the veotor diagra* of fig,2. 

ed aeCo.a +2igl V+id# (14 +X2) 
eQ a «tee sins.. 2 idl v + i< (Xq + X2) 	 ... (11i4) 

Regieoting armaturerosietence, theee quantitioe ' y be 
solved siaultaneouslj for ou.rrente which are 

1. 	a. 0 + _ s "__ 	 ... t1.26) 
and #, 

•d Coe 6 	1q (Xq + X2) . eq 	 ... (1.27) 

*d $inc =ad O»idI (Xd + 	) 	 ... (1.28) 

The poettive eequenoe power is given by the expreeeiom. 

P - ed COecS tdl + eq Sins iq1 	 ... (1.29) 

Substituting in equation 1.29 va3ueaef i,9 iq,~ in terms 
of terminal voltage and ed and •q from 1.25 and 1.26 and edCOSs 
and eq Sins from 1.27 and 1.28 and adding- 

P -. ' X + 	w- 
+ 

 

E 2 	q 
... (1.30) 

Putting, 
2d +  me XD 

andX~+X2*XQ 



❑D 
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The power equation beoomee. 
e.0$ sins e. a Coss 	 2 	..i~......,.~E 

In case of the salient pole synchronous machines there is 
no quadraturs axle excitation, hence e. will become zero. 

Therefore,, 

•.e  Sins 	.M X' 
+ R- I 	I $in 2S 	 ... (1.32) D 

Equation 1.32 is identical to the power equation of a 
three-phase synchronous machine. 

Fig.4 shows power-angle curve for a typical Dingle--phase 
salient pole machine. Power is exprec eed in per unit of 
three-phase ratings. The maximun power is obtained from the 
foregoing power equation by setting 	- 0, solving For 

and then substituting it in the power exprer7rion. Pig.4 bas 

been obtained from the equations 

P : 1.385 Sin + 0.1995 Sin 2 	 ... (1.33) 

With ed •• 1.44 p.u. 	e s 1.0 p.u. 

XD a 1.04 p.u. and 	= 0,735 p.u. 

It will be observed that the second term in the power 

equation is significant in magnitude and affects considerably 
the pull-out angle of the machine. It Increases the pull-out 
angle by about 5% compared to three'. phase machine because the 
percentage reluctance power Is comparatively grater in case of 
single- -phase synchronous machine. Hence single-phase synchronous 
machines are more stable than the three.phase machines* For 

this machine the pull-rut angle is about 75° (Elect.). T e 
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a achine on which the test wao made is rated 4 XVA, 3.2 KW„ 
0.8 power factor* 1000 r.p.m. , and XD « 1.04, Xi 0.735 
as will be seen latter in Chapter 3. 

From the help of the vector diagram of flg.2 the load», 
angle cS in terms of the machine constants and load can be 
expressed as- 

iX9. Goa,ja 
tan 

e +i XQSifl9 

No considerable error is expected in the load .angle 
analysis if the armature resistance is neglected for large 
synohronoua machines. However, for small nice machines, 
resistance usually can not be disregarded. 

s1'RY..ST 	 RA ; 7$OJiWQN 	CIUN; 

The vector diagram, which portrays the steady-state 

perforce of the machine, and which in itself is a graphical 
solution corresponding to the equation developed previously 

for line'to-line voltage* In salient pole machines there to 
no excitation in quadrature axis hence eq because Zero and 
also neglecting the third harmonic .component of voltage the 
line-to-line voltage, equation "reduces ,to-► 

1 eosin ( 	) - dXD Sin to +3o)- IgXQ x 

Coe(Q + 30) * 2 idr Cos (0 +3Q) 21 r sin(Q+Y0) I 

" 	e. Co tt+9) 
	

... (1.,35) 

In Complex notation and for the Single-phase synchronous 
motor with lagging power factor the equation 1.35 become 

et = ed + idX~  igXQ +i iq r -32i4r  «.. (1.36) 
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and:  
i iq - j id 	 •w• (i.j7)  

The calculation procedure will depend upon the vector 

diagram shown in the Pigs3. To start with the terminal 

voltage et  in p.u. is laid off as the reference vector. The 

line current divided by the root of 3 and expressed as per 

unit of rated current is drawn from the orign at proper 

powarufactor angle. Next is laid off the resistance drop 

e}  

Pi.S, Vector diagram for single-phase synchronous 
motor. 

it parallel to vector i. and starting from the tip of vector 

Perpendicular to it vector is laid off the vector corrree-

ponding to iq  XQ  which .locates the direct axis. The torque 

angle can immediately be read as shown* The reactance drops 

determine the length of the excitation voltage *Q, which can 

be obtained from the noa l projection of tip of the vector 
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td 1D  upon the direct-axis. Knowing the field current corree-
ponding to of  when carried to d r-gap line, the field current 
oorrospanding to the excitation voltage ed  can easily be 
calculated. 

Although the armature resistance is usually neglected 
In synchronous machine atudtee, there ere#  nevertheless*  many 
instances in which It has pronounced effect and should be 
taken into account.. Tida i.e particularly true for small 
machines. Because for a single-phase synchronous machine tho 
armature resistance appear* as twice its value in the oaLou .et- 
tone* Therefore#  it 	be appreciable in magnitude. 

The procedure described above may also be used for 
calculation of performance of generators. The vector diagram 
dry on the earns lines as in case of synchronous motor is 
shown in 1 g.6. 

i 

Vector diagram for single-phase synchronous 
generator. 

To check the method experimenta3 was performed on 220V, 
3.2 KW generator„ whose constants are- 
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Power factor angle 0 = AV 

a 	 rye 1.0 p.u. 

1 * 0.546 p.u. 
i t yw 11.04 z 0.546  .. 0.573 p.u. 

.XQ► 0.731 x 0.546 * 0.40 p.u. 

FroaL the vector diagram of fig.? the following reealte 
are oalculated- 

od 	a 1 *44 p.u. 0 183 Y per phase. 

id X = 0.450  p.0 

XQ * 0.236 p.u. 
Coe 

ton 	~ ~ + ~ ~ 	~ 	 ,~.~..5~..;~'
' also ts  •,~ iq In 9 

	

	1 0.4x0. b5 

- 0.24 

Therefore, 
c Lr 

excitation corresponding to 127V per phase given from 
the ai r.gap line 	• 1.575 A 
Thereforre $ 
b'coitation corresponding to ed - 1.44 z 1.575 

a 

The field current recorded 	- 	A 

Thus there is close agr..asnt In the observed and 
calculated values. 
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Under the assumed conditions of no saturation, the theory 
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and actual performsnoe check to a very close extent. The 

effect of armature resistance eft not al as be negligible 
ae explained earlier. It Beene that the third harmonic which 

enters in the line«.to line voltage for the single-phase 
machine has no significant of sot upon the stead v.state perms► 
formanoe and may be neglected with safety. 

EM I.0STATE hXCET$II CUftRE fi $ 

C 

R3 M7 

RL 	X` 

Prom the analysis of the single-phase synchronous machine 
we have soon that- 

positive sequence direct ooaipon.nt of armature current, 

	

- ' 	Co. (0* + 30) 	 ...  (IM) 

negative sequence direct axis component of armature current 

	

td2 0 «* 30) 	 000 (1.39) 
f 

Similarly $ 

	

i ~Ir 	sin (a0 + 34) 	 , , s (1.40) 

	

1q2 =%I. sin (00 «. 30) 	 ... (1.41) 
VJ 



Since there in no negative sequence voltage source 

present in the m cbine but a negative sequence current as 
given by equation 1.39 in the direct axis v this can be shown 

that this currant is caused by the potential difference of 

induced voltage ed and drop (1b + V4}i0,, in a direction 

opposite to that of positive sequence current. The 	► eQ''`~ 

circuit is as shown in Pig9. 
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2c2 

x2 

RL 	XL 

i - 0 

  

Therefore# 

f o1 " 
end,,,.,_ 	e 

 

102 .s 0. X,d +ç+ZL 

Therefore# 

I Id2 1 ' 	2 1L 	 *.. (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 i will induce additional rotor currents 

an with respect to rotor also it has slip 2. In such conditions 

the equivalent circuit becomes as follows. 

V. 

RL 

XL 

r 

X fQ 

,1z .IQ 

id2 '~ " cd +X2+-ZL " 	+ +(ReJXL) 

Where$ 
Igo - Steady-state field current when machine runs on no 

load. 

The double frequency exciter current due to negative sequence 

field is given byi
4) 

f2

.rr.._ 

1~ 	~ 	~ 	,rrr ~+rrr alMrrrwyllYlitr 
sir 	 Xad 

+ M2~T.Yr 

td 2 L+ L 	f/2 t2'd 

If o 	 3 (XcXd' ) 

~ RL+3 	3 Xd+X )x _. 

•1' :r -. 

32ffd 
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or, 	lfe"~Xd ` "d # ) 
i f2 - I Z+ JXZ + Xd+ ; ... (i*44) 

Therefore, 

ice. ,ẁ  g+3 4tZ + ç Coax 2(t +  

Since rr/2 is very small compared to Xffdf hence 

is neglected. 0 is the in gle at which load to switched 
ford 

on to the araiature. 

i f2 rotates at twice oynobroloue speed with respect to 

rotor# therefore it Will induce a harmonic curs ent in the 

armature of the order three. Let it he x 43 0 

C+ jxL)+3(xd +X2) I 	
, 3t o 	... (1.46) 

id3 will in turn induce in tho rotor winding& a fourth 

harmonic current. Let it be 
(X .X') 

i= If I + 	+ jl  	 ... (1.47) 

is 4 -Ito 	
(x 
	- 	I Cos 4(t + Q)-s, (1.48) 

By observation of equations 1.45  and 1.48 we can generalize 

the expression for total exciter current in eteady«uetate ae- 

ii, t 3 	1 fu + . 	+ ii,4 + ► .. ► 

ors 
i (t) if  I + a + L)+

' 

j(Xd +  Co. 2(t+G) + 

R  + x  19 Co. Ott 44)+( 

Jt_  '}  13 Co. 6(t +G).  .*. (1.49) +aXL, +,I Xd 12) 



Rotor current i 4 will induce in the armature a 

current of order 5+ 

L+jxL + j xd 

,~ ..,.~r•' 4 ( ,d 	J r, Xd ) 	Cos 3 (ems 3o) ... (1.51) r~l+ gr~rruYw 	rMir+r~r~+r Ir ~riMW~■rriwrwririr 

d5 	(RL+3X ,)+ j(1d +X2) 13. 

From the equations 1.46 and 1.51 we can generalize the 

equation for direct axis negative sequence mature current 

as 

i42(t) 04 
J ItR Zl+3(X4+X2)J Cos (Q0 30) + 

J
p 0083 

(/~
) 	3 ♦ + ~r+yri / 	r~r . I ~■r ~■rr1~111■ 

I (R+ XL) +j(x4+x2) 1 	M 	
~~(/~]k] 

+ 

■r r. ■ter 	rrrr r~w+■r' . Cos- 5(Q0 . 	rT + 

R + jx) + j (xd +x2)13 
~I 

I 
♦ ~sss•~+t••11 	 .w. (f•s2) 

Since, 	 +~ 
i41( t) * 	+ 	+ XC + X Cos (4

0 +30) ... (1.53) 
d 2 

By adding equations 1.52 and 1.53 we get the direct axis 
a ture current &a.. 

3 
"  d 	+, 	+,(Xd +x I . 	c~ 

J (x .. ') 	~r Co. 3 (400 .. 30) + 
I(RL+jXL)+j(Xd +x2)42 

3(Xd .x')12 	. Cos 5 (O  30) + 
r.~r■rrrrr■w++r+ri...r■w.■.w~r■~rri ~~ r►wrr 

..,~......«...... 	 *54) 
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Putting_ 
1D 

ID' - 1d' + , in equation 1.54, we get, 

v 
id(t) - *d RL .iTQx) Co. a0 

e 
(,') j2 

....« .«...~...  .*. (1.55) 

Similarly# we can rewrite the equation 1.49 also 

it(*) a Ito 1 + 	 Cgs 2(t+ a) + 
+  +XD)  

j k (XD ~43)*)+ 	+- 	2Coo 4(t +Q) + K  

(1 4 ') 
Rye, x 	Con 6(t + a) + 

z 

Since Marrs is no field winding in the quadrature sxi, 

hence no reflections of negative riequenoe current. At any 

instant t o i1 is given by! 

iq _ •• i Sin 00 
1 s Sine - - R1 +j XL ... (1.57) 

. % 	Sings the machine is inherently a three.'phase machine 
in which the one-phase winding is either left ideal or it is 

3o 



o1 

_v 
LL 



a 	9« 

R'- 

x1- 

V  ~b 

unwound $ therefore, 

is W id Coe a .. iq Sin 0 + is 	 ••• 

is a 0, and substituting id and 1q from equations 1.55 
and 1.57 in equation 1.58 vie get# 

3. (t) , 	
I 	

1 	 . Coa (Q Q0) + 

xj3 
IRL +j( +X) 

coo a Coe 3($ —30)+ ° 

IRL +a(Xa +gip)j3  . eon  

il/w+~! i• iili4i-••plt f9Y 	 i►! (1.59) 

Prom equation 1.49 It is obvious that even harmonics are 
present in the field current due to the presence of negative 
sequence current in the armature. Magnitude of the harmonics 
reduces sucoes.ivelr. Hence for purpose of calculation first 
few harmonic terms mayr be accounted. Similar is the case with 

the armature current oleo. There odd harmonics are present 
which reduce successively for increasing order. When precise 
calculations are required few initial ionic. may be taken 
into consideration. 

31 



is in ,. ib ~. I Coe t w 

To determine the sequence components of the current 

for such an arrangement the operator will be, j 

Zak ., 2 (i + j 1b ) 

( t . 3I) 	at 	. 0 

H.noe inotantaneouo positive sequence current in phase 

&, 

i*1 ' 	.....' 	Con 
4 

(t 45`) ... 	(1.60) 
and 

I 	, (1a j 1) , 	I4 

&2 a Coo (t + 450) ♦ .. 	(1.61) 

Similarly,, 
i a Goo (t + 1350) ... 	(1.62) 

ib2 ,° 1.... 0*8 (t — 135°) ... 	(1.63) 

there fore, 

	

I tae (t - 45) 	+ 0ae (t +45°) 1 	... (1.64) 

a -- I Coo (t +135) + coo (t «735°) 	F.. (1.65) 
T2 

Direct and Quadrature Axis Components of Armature Currents 
Proceeding on the se.i lines as in oaoe of three-phase 

aynohronou,. machine with 1200 space displacement, 

	

i Coe 49 - iq Sin 4 	... (1.66) 
Than is is coo (a - 900) - iq Sin (O ► 90° ) 

	

or ib a id Sin a + i4 Coq p 	 ... (1.67) 
By solving 1.66 and 1.6? simultaneously for is and ., # 

32 

we got, 



	

Cos a + ib Sin a 	 ... (1.68) 

#,q r - im sin a + 	Co e 	 1 ... (1.69) 

Substituting in equation1.68 end 1.69 the positive and 
negative sequence component of current from 1.64  and 1.65 we 
get, at t a t -- 

	

Cos (a + 45°) 	142 - '-~- Coo (G0 
... (1.70) 

,qi ... 06+ 	iqe .•,.fir, Sin (0, )11450 ) 

I... (1.71) 

These currents have been calculated by the same 
procedure as in case of single-phase machine with windings 

displaced 120°. 

x 

x2 

R L 	X1L 

The magnitude of direct atme positive sequence current-- 
, 

id 	RL+J(X +XD)l: 

Therefore, 

td2„ ....~.° .......-..............,,.. Coe (4Q 4450) 	0.. (1.72) 
A R,+j (X„+XD) I 



The double frequency current in the field will be 

f2 	f ► x 	X~+ `~ I Coy 2 (4.4) 	.. « (1.73) 

Proceeding on the ease lin,*. 

i (t} I 	1 + 	# 	 . Co. 2(t +G) + t 	to 	+ 

	

I 	 I2coe 2(t + 0) + 

	

I 	. 	+ 	--I'Coe 6(t + 0) + 

. .. ~ ~ . «..... ~ .. 	.► «. ( 1.' 4) 

ant. 
1d2( t) + red 	: 	Co. (Q0 .45") + 

J( 	 c 	t4 	450) +  

IEL +j(XL+ ) 13 

F3nalr► 
i (t) 	 ed  + 	 00 Q + 

+j (X ,+XD)*2 Co. 3(a..45°) + 

IRL+ 
3 (x +XD) 1 Cos 5 ( ,o - 45°)+ 

The total armature current will be— 
ia(t) to id Coe a - iq Bin ii 

~y 
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.E ~ 	 Cos(4--a + $ 	c L+3( +X ) 	 o 

XD 	Cosa Coe y (O 	45 ) + 
RL+ j (X. , +ZD) I 	 o 



SLQRr C CUlT T1ANSINF 1.1. 	URR~i~11 

There are two a.m. f . waves in the armature ! one rotating 
in the forward direction at synchronous speed produce& by the 
positive sequence current in the armature and the other rotat-
ing in the backward direction at synchronous speed resulted 
by the negative sequence current in the armature. The positive 
sequence a.a.f. will produce the similar effect. as the a.m.f. 
wave of three-phase synchronous machine is. during, short 
circuit of single phase synchronous machine the flux linkages 
due to positive sequence component are Identical to that of 
three-phase synchronous machine# when ita all the three terminalE 

are shorted. Therefore# the transient current in the field of 
single-phase synchronous machine due to positive sequence 
armature m.m.f. only, can be ezpreoaed exactly in the earns 
manner as that of a three .phase synchronous machine. The only 
difference will be that the reactances applicable in this case 
will be of a single-phase synchronous maohine i.e . including 
the negative sequence reactance. The expression for transient 
field current at sudden short circuit of armature terminals 

of a three-phase machine has been given by Doherty & Niokle(2) 
It can be very easily adopted for a single-phase machine using 

single-phase reactances. This equation is stated as follows 
D 	A 

i1(t) "' Zfo - - 	- _____ eQs t  

... (2.1) 

First tern ohs equation 2.1 is the direct component of 
positive sequen®e transient field current which decays according 
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to single-►phase, short circuit transient time constant ?j . The 

other term in the alternating Qotponent of the transient field 
current. This in produced by the direct flux in the armature 

resulted by the direct component of transient current in the 
armature. This component decays according to the armature 
time constant Ti. 

It can very easily be verified that{8 

Xt 
'fib s 	do 

Where Tdo is the open circuit armature time constant 

for a three-phase synchronous Lachine. 

The negative qutnee m ,m .f. will result in even harmonic 
transient field currents. This can very easily be obtained 
from the expression of the additional art-circuit field 
current in steady .state by replacing XD with X. Hence, 
from equation 1.56, the total steady atat• field current at 
armature dead short-circuit is obtained by putting Z,, - 0. 

i.e. i 5() if,I + 	Qoi 2(t+O)+( 	)2aos4(t+G)+ 

6(t44) +.....4  
.0♦ (2.2) 

Therefore, field current due to negative sequence armature 
currant will be 

i Ct) *2 I=0 ( 	) lCoe 2(t+G) -Cos 4(i+0) + 

x~ 
2 Cog 6  

... (2.3) 



Replacing X by Xj)# the transient reactance in the 

direct-axis,, the treneient field current due to the negative 

sequence current in the armature is obtained as- 

-tj) 
112 (t) - to 	 Coe 2(t 4)4,- -•C0e4(t+4)~ t 	~ 	 ~ 

r 

+ ( 	)2 Con 6(t+4) +.r.... 

.0. (2.4) 

i$2(t) will decay according to the short circuit field 

time constant Tj . 

It should be noted that in the position of maxim 

flux linkage between armature and field i.e. when 4 k 0 viz, 
pole«-axis ooiu aides with the axis of the armature plume winding 

the direct component of transient armature current will be 

present in the armature(2) which willl be stationary in space 

and decaying according to the ehort-cirault armature time 
constant Tj . This component being stntionar will induce a 

transient alternating current of nor l frequency in the field 
which will decay a000rding to q. 'when the flux linkage between 

the mature and field is minimum i.e. Q •• f/2 vie. when the 

axis of the phase winding coincides with the quedrature-wde M 
there wi3.1 be no direct component present in the traisient 
armature current and hence no normal frequency transient 

alternating current will be present In the field. That means 

	

the term' % X Coe t 	 In equation 2.1 will be 

absent, leaving or!y the direct component in the transient 

field current and even harmonic components duo to the negative 

sequence current in the armature. 
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Hence total transient field current in position of maximum 

flux linkage will be- 

i'tt) Ita I + x  coo 2t +  )2C©e 4  

ao 
Y dos t  + 
 ~ 

Ito ( X 	
D 

 } 	Coe 2t + q Cos4t + 

XDXj 
006 6 t  

X 

i(t)s I o 1+  coo 2t  Coe 4  

I=o.... 

 

XDuX4 	14 Coo 2t+ 	Coe 4t + 
 

)2.Qos 6 t + ....  + 

3.1.3 '"tfl. 

in the poeition of minisus flux linkage'. 

i! (t) ,t I 	sin 2 t ( 	)2ain  ~" 	t  

Ito. 	!-5in2 	Sin 4t 
t 

(LD )2 Sin 6 t+....  ... (2.6) 

To ccmfirai the validity of foregoing equations of transient 

field currents oeoillogr of the *me was recorded which is 
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shown in fig.14. It was not possible with the available 
apparatus to control the instant of switching. With the 
help of equations three curves at different Instants of 
switching were calculated and plotted as shown in figs. 
15A, 15D & 16. The wave form of transient field ourront 
at the instant when the angle between the axis of pole and 

the axis of phase a is 60°, is very similar to that 

obtained by actual test on the machine. From the 

inspection of three calculated curves it can be concluded 
that the wave forms of. transient field current obtained 

theoretically and that obtained practio*tlly are quite 

similar. 

u 

&W RY (IM/YEXSilY t  



From the theory of Chapter 1 and Chapter 2 it is obvious 

that for a single-phase synchronous machine there always 
appears negative sequence reactance together with the three -

phase equivalent direct and quadrature axis constants. And 
so the single-phase constants are taken as addition of the 
equivalent negative sequence reactance with the three»phase 
equivalent direct or quadrature axis constants as the case 
may be. In the following analysis, theoretical and physical 
concept of these single-phase constants has been brought out. 

The mingle-phase constants XD, XQ* 	' ... etc. 	I . 
employed in the theory can easily be explained theoretically 
and physically. The experimental methoda, to determine these 

constants are discussed along with the analysis of the 

respective constants. 

The flux linkage equation # in terms of self and mutual 
inductances* given by B.R. prentice'5) for a three-►phase 
synchronous machine is an follows# 

Y a " 'O is l *9 (ib + io) +Ko I is Coe 2 +~ + ib, 

Co. (2 0 - 120•) + i0 Coe (2e +1 201 l+i.rd.MfdCosG 
0;s (301) 

whore„ 
l~la - Flux linkages in phase 'a' 

L4 - Average self inductance 
No a Amplitude of variation of self inductance 

(La w Lo + Ito Coo 2 4. ) 
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FIELD CURRENT AMPS. 
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Us  - Average Value of mutual inductance , between 
phases (No  is not a mutual inductance) . 

0 .r Angle between axis of pole and axis of phase 'a' 
Field current in the direct axis. 
Mutual inductance between field and phase a 

iima* value). 

The direct axis synchronous reactance will be given when 
axis of the pole Coincides with the axis of the winding of 
phase 'a' In suoh position the positive sequence armature 
currents will be as given by the equation 1.3. 

 coo' (t . 30) 

 

tbla  * 	CosCt-►1500), 

coo (t + 90°) 

and if the field  is open 

ib +So W061& 

 

  

Field ie rotated at synchronous speed so that the direct 
axis is in the line with the axis of armature magnotomotive 
force wave, 

a ire t, 	w a 1 p.0 

Substituting these conditions In the equation 3.1 

Cc, (t -30) + No  Cop (t'30) °+No  ICos(t- 30)u 

Co. 2t + Cos (t-15o) Cos(2t .120°)+ 

Co. (t+9d•) Co. (2t +120°) 1 

Which upon trignometrical reductions becomes 
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y3 

,Y a m I (►o +Me +3/2 K0 ) . 	coo (t-3o) 1 

or 

~a * (Lo + K + 3/2 Is). ia! 

and as defined,, XD in per unit is the armature flux 

linkage per ali?ere, so 

XD * 	̀ ,.: ....+.. _ L Lz 
_ ai1 

Phyoioal Vi,e*.po*nt:-- 
In the armature of a single-phase eynohroncus machine 

currents exist which are pulsating in time at line frequency. 

MMF. WAVE 

~{ 	(STEADN( STATE )  

p~ X 

A a 

VE SEQ, 
FLUX 

fLEAKAGEl 

+"E SEQ. 
FL Ux 

!1t. 2- Direct axis synchronous reactance flux paths. 
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The magnetomotive force affected by these currents can be 
resolved into two components, one positive sequence and 

the other negative sequence oo*ponent. These m.m.fs. produce 
fluxes of positive and negative sequence nature. Por the 

positively rotating flux wave the machine behaves exactly 
as a three-»phase synchronous machine. 

X, is the reactance offered to the flow of current 
when the axis of pole coincides the axis of m.m.f. wave 
and rotor rotates eynchronousl y" In, this case the flux 
linkage will be manic and all the positive flux will link  
with the main field winding. The negative sequence flux 
exists in the air and does not link with windinge of the 
machine to create any mutual effects. Hence it can be 
considered to add with the leakage flux of the machine: 
The flux paths are shown in the fig. 22. Tate the single» 
phase direct axis synchronous reactance Will be obtained by 

dividing positive sequence flux linkage by the positive 
sequence armature current whose magnitude i.e 1/ // times 

the magnittude, of the phase current is. 	1/ /5 . 

For determination of XD experimentally open circuit 

and short circuit teats were performed. The machine used 

for single-•phase operation was the same three.►phaee machine 
whose three-phase constants are given in the Appendix. One 

phase of the machine was left idle and remaining two terminals 
were used a® armature terminal o. 

The open circuit magnetising curve for single—phase 
operation will be the same an for three—phase operation 
since on open circuit there is no current in the armature 
in both the oases. The magnetizing curve for the particular 
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seohine is shown in fig.17. 

It can be observed that the ehort~►cireuit curve of a 
single-phase synchronous machine is not a straight line like 

that of _three-phase synchronous machine. The phenomena is 
easily explained as the short circuit armature current in a 
singie«»phase synchronous machine will comprise of positive 

and negative sequence oomponento. These two components added 
together according to the laws of symmetrical oonpdnents to 

give armature currents for different excitations,, will not 

result in a straight line cur rye!6) 

To determine XD the some procedure is adopted as in 
case of three-phase synchronous nnehineo. The single-phase 
short-circuit current corresponding to per phase rated 

voltage is determined by dropping a perpendicular from the 

point on air gap line corresponding to rated per phase 
voltage on to single-phase short circuit curve as shown In 
fig.17* The rated current d*vided by 1/ 	times the current 
thus obtained given the XD in per unit. 

Prou the result of the experiment on single--phase 
machine-' 

XD : 1JL04- per unit 
From three-►phase results-
XD a % + X„ on 1 9042 p su. 

If the quadrature axle Is in line with the axis of 

armature aegnftonotive force wave, and the field in rotated 

at synchronous speed- 
it - t . 90* also 1fd +~ 0. 
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Substituting all thee quantities in equation 3.1 

and solving trignor trioally, the following equation is 

obtained 

'5 to (La + ge .► 3/2 Ma) .► - - Coe (t -' 30) 

as (Le + s ~- 3/2 M0 ) . ial 
and, 	1 	IYZ 

Physical Vierpoint2 

XjgA23. Quadrature axis synchronous reactance flux paths. 

The quadrature axis i.e.  the axis midway between the 
poles coincides with the axis of ffi.m.f. wave and rotor 
rotates at synchronous speed. The positive sequence flux 
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passes through the quadrature axis and therefore the flux 

linking to the 	n field winding i.e minis in this case. 

The negative sequence flux here also is regarded as the leakage 

flux. The flux paths are shown in the fig.23 • Thus the quad. 

rature axis single ►phase synchronous reactance will be obtained 

by dividing positive sequence flux linkage in quadrature axis 
by positive saquenoe armature current i.e. 

IC I 

Then determining Xd  and Xq  ae000fated with three..phaes 

machine, the well known "SUp 2et" is employed and the ratio 
Xq/Xd  is determined and 1 Q  is calculated. Determination of Xg  

associated with single-phase whine by performing the slip 

test does not seem poesibi• because the current present in the 
armature is of pulsating nature and so there may not any a .ip 
between waves of voltage and 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 effect by the way of positive and negative 

sequence component* i.e. logically appears that due to presence 

of negative sequence component the wave way be too complicated 
to give any accurate results regarding slip value and the 
required ratio ,,. . Keeping in view the above dif "ioulties, 
the"negative Zxo stion Method" was employed for determining 

XQ.  
The machine to be tested was run as a synchronous 

motor. It should be recalled that the machine being a single-

phase one,, ha© got to be brought up to near synchronous speed 
by some other motor. The constant rated terminal voltage 
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was applied to armature terainals. The polarity of the applied 

excitation was reduced to zero, reversed and increased in the 
negative direction causing an increase in the armature current. 
By increasing the negative excitation in small inore*ents the 

m xinum stable per unit line current corresponding to the 

macimi stable negative excitation is found. XQ Is determined 

from the formula. 	 0 

XQ III 	 armature current per 

The ncperiaent gave the results as foflowa t 

Kaximum stable armature current a 26k 

Volts applied to the armature 
terminal 	 ... 200V. 

Volt s/phase 	 i # E 

	
O  

Current/phase 	. • r 	 13k 

Therefore, 

V5 13 

from three phase 

XQ *XQ +X2  XQ  + 

* 6.9 ohms 

a* l 	per unit 

W 	,2 per unit 

Hence result confirms very closely. 

The positive phase sequence currents are suddenly 
applied to armature, expressions for which are given in 

equation 3.2. 

Field circuit is closed and by constant Ilux linkage 

Theorem, 



M 

Yield is rotated at constant speed so that the direct 

axis is in lino with the peak of newly established armature 
m.a.f. Waxer  

	

ii W t 	( w ma I p.u. ) 

Then, 

	

- 	:Lai  Coo 0 + i Coo (G -12O) +1 Cos(G+120)1 

f -0 I-- Coy (x-300) cos t +Coo(t-150) x 
15 

Cø (t ..12o')+ Coe(t+ ') Coe(t+120•) I 

2 	 ••• (3•,) 

similarly# iql  w + ., $in 0 +i SIn(G *12O° )+i01  Sin(Q+12O°  )! 

-0 

Plux linkag, equation in the direct axis is given by 

Yd  " 1fd ifd + (Lo + % + 3/2 K0) id 	. 0 . (` • 4 ) 

and in the quadra a cis- 

4'q  - (i.e  +* - 3/2 K0) iq 	 ... (3.5) 

Substituting the positive sequence currents In equation 
(3.4) and (3.5)" 

d  .. M fd  3' fd  + (Lo  + Us  + 3/2 K0) 1/2 	 .4 . (3.6) 

Also, 
Yd  at t fd  I is  Coe +D + ib  Coo ( -120)+10Coe(G+12O) I+ 

Lfdtfd 

" 3/2 Kfd id's + Ltd 1fd 
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ya " 3/2 K fa' i/2 + L f4 If4 	 ..» (3.7) 

But 

Therefore, 

td I 	fd 

Therefore, 	

• 	~r 	+ 	 '1' 	t9 

	

- F (XD 	
td 

Hence, 	2 

XD' 	- XD ` 3/2" Ltd 
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t 	• t 	 f r 	i 	s 	;~~ 	1 

vE 

N(s ) 

~E SEU. 
FLUK 

3 +VE 5EQ. 
FLux 

DAIVIPEP 
WfND/N4S . 

Direct axis single.-phase sub transient reactance 
flux paths* 

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

The negative sequence flux acts as a leakage fi uux. 

The single-phase armature short..cireuit oeoillogres 
of fig.25 was used to determine the Xp'. 3ubtraru9ient current 

was determined from the semi log plot of alternating component 
of armature current by usual method. X" was calculated as 

Subtraneient current b a 41.3► 

_ Voltage before short oircuitt 116V, 



Therefore, 
* f x 116 

xm 	41.3 	p.402 per unit 	 • 

From three phase results 

. Q 1397 per unit 

Open Circuit Trane#ont time constant for. single-phase Iiachine(T' 

The method used for determining the open circuit 

transient time constant for threee..phase machine ("ado) was that 

the armature terminals were kept open and decay of field current 

was recorded after sudden short circuit was applied to field 

terminals. The armature terminals were open and thus no effect 

of armature circuit on the deca~r of field current. The same 

phenomena occurs in case of eingge -phase synchronous machine. 
For the machine undertest both three-phase and single-phase 

open circuit tine constant will be the same. 

Tj o a T0 - 9,11?sec e. 

Single«phass short circuit transient time constant (Tj) $ 
For the purpose of determining single-phase short 

circuit field time constant the osoL liograa of transient 

field current was recorded when sudden eingleu phase short 
circuit was applied to the armature terminals. The Osoillogram 
is eho In fig.14. The semi log plot of direct component 

of field current was made and from there the short circuit 

time constant was determined by taking the time of decay of 

36.81 of aaxiim value of the direct component of field current 
in transient condition. It cote• out to 'be- 



It can be shorn thati8) 

do 

Therefore., 
T 	 . Tj 

.4.. x 0.0565 

a _.t i, 2...~Jt0' c e r 

The results is in confirmation with the experimental 
value. 

Single ►phuee armature time constants 
TA 

 

can easily be determined from the armature short 

circuit osoiiiogrem of fig.25. The oemi~*log curve of direct 
component is plotted. from that it comes«► 

sy 

T , a 11.015 sees. 



CON CLU8I49 8 

The steady.. state analysis of the ®angle*-phrase synohro. 

noun machine# on the basis of the claoei l assumptions of 

no saturation #, no stator eddy and hysteresis loaeee shows 

that the line-to "line voltage equation is identical to the 
voltage equation or a three~►p*ase aynobronoua machine with 

the addition of the third harmonic terms In actual practice 

the effect of this third harmonic voltage in not at all 

pronounced and does not effect in any way the performance of 
the soh: ne and may safely be no .eoted. However, when 

precise calculations are needed the effect of third harmonic 
voltage is to be taken into account* 

The single-phase synchronous machine voltage equation 
leads to a vector diagram whin i is similar to that of a 

three-►phase e~*nohronoue machine. The excitation diagram 
applicable to the eingle.►pha' a machine Is also dratm exactly 

in the same manner as for three-phase mach3-iee. In the 

construction of the vector dim the third harmonic voltage, 

appearing in the voltage equation, 3e not considered and as 

stated earlier it does not introduce any appreciable error. 

The power equation for the si le pbaee synchronous 
machine also proves to be exactly identical to that of 
three-phase machine. Since the negative sequence reactance 

always occurs together with the equivalent three-phase 
direct and quadrature axis reactances in the denominator,, it 
reduces the over all power of the machine. The percentage 
reluctance power is increased. It helps to hold thgdaohine 
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under the over load conditions more efficiently than the 
three—phase machine. In oth©r rordo it increases the pull. 
out angle of the single-•phase syn rhronous machir.,e, 1 poriment 
shows that the pull—out angle is increased by about 5. This 
leads to a more stable machine than a three-phase synchronous 
machine. 

performance of the single-phase synchronous machine is 
calculated with the help of the vector diagram of fig.3. 
The check is made by ! ensuring S experimentally and noting 
the field current at particular food. The values of the 
field current calculated from the vector diagram and that 
measured experimentally agreee to a very close extent. In 
all the performance calculations the eitance was neglected. 

Due to the presence of the negative sequence current in 
the armature even harmonic currents are induced in the field 
and odd harmonic currents in the armature. Prom the express.' 
ion derived for them, it isobvious that the harmonic currents 
go on reducing with the increase or order. Per the purpose 
of calculations, only first few harmonica► terms are considered, 
The similarity between the expression of field and armature 
currents of the winding with 900  displacement with those for 
windings with 120° space displacement Is quite obvious. Hence 
it may be possible to construct an economical eixrgle ►phase 
s ynchronous machine with windings of the armature hawing, 900 
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 considering the effect of transient positive eequeno 
armature current on the field current* The final empression 
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includes a direct component, an alternative component of 
normal frequency and even harmonic components resulted by 
the negative sequence armature current, in the maxims flux 
linkage position (0 a 0).  For the rotor position when the 
flux linkage is minimum ( as /2) the normal frequency alter-
nating component nil be absent since there is no direct 
component in the transient armature current in this particular 
noeit.Lon. 

To chaser the validity of the trnnoient field current 
expres ions, cocillogram of field current Is recorc' ed. A 
comparision of the calculated vase-'form of transient field 
current for 8 a 60°  arnl the experimental oecillogram,of 
fig.14 shows that the waveforms obtained practically and 
theoretically are the same. The calculated waveforms at 
maximum and minimum flux linkage positions are also given 
(Fig.15A & 16) . If oeoillograms are recorded in these 
particular positions, they must conform to the calculated 
wave forms. 

Through-out the theory of the single-pha!ee cynebronous 
machine it is observed that the equivalent three-phase 
reactances always appear together with the negative sequence 
reactance. The sin gle-phase reactances are defined ae, the 
addition of equivalent three-phase reactance and negative 
sequence reactance. Fr' m the theoretical considerations 
it is obvious that they can be measured an a whole when 
running a three-phase r chine as a single.&,lase machine. The 
results thus obtained are in close agreement to those 
obtained from equivalent three-phase results. 



The negative sequence flux paths are in the air and so 
they do not link with any of the windings to create any mutual 
effects. Hence the negative sequence flux can be considered 
to add with the leakage flux of the machine. In dealing with 
the physical eigntfioanoe of the single--phase reactances the 
negative sequence flux is taken as the leakage flux. The 
positive sequence flux plays the role of the main flux of the 
machine# Methods have been suggested to determine the 
cone tante. The close agreement between the results obtained 
from the raj%ested methods and otherwise confirm the 
validity o ' the experimental deterialnatione. 

1 



JULZaHAdi COUSTA '8 

The machine under test is rated ae. 

4 kva 	 3.2 kw. 
220/110 Volta 	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 an armature short circuit current 

was plotted against field—current. tbe straight line is 
shown in fig.1? • The machine is used as a throe»phase 
synchronous machine and all the constants are determined 
emplu oying the usual methods of testing the synchronous 
machine for different constants. Thai throe-.phase constants 

(7,9,10) 
thus determining are as £ollowas 

"d a 0.79 pan. 

Aq 0.48 p.tt. 

Xq/Xd 0.605 

Xa = 0.256  pin. 
X • X 036 p.u« 

X~ * 0.145  p.u. 

x2 0.252 p.n. 
T'd = 0.038 Deco. 

do " X122 aeoe. 



The chart ►oir Uit time oonetant for three'►phaee 

machine was determined by short circuiting the field 

suddenly when the armature wee short--circcuited at its 

terminals and i ohine running at, eynehronoue speed. 

The oeoillogram Is shown in fig.20 and eemiiog plot 

of the deoaying field current ie shown in the fig.21. 

6c 
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The negative sequence flux here also is considered a 
purely leakage flux. In the transient state the field i.e 
considered short circuited and the transient positive 

sequence armature flux links with this field winding and 

behaves exactly in the mom manner as that in case of three—
phase, synchronous machine. The alternating component of 
current in armature in transient state will be of positive 

and negative sequence nature • The values of transient 
sequence currents can be determined from osoillogram of 
sudden single-phase armature short circuit. 

For determination of single—phase transient reactance 
XI) # , single—phase sudden armature short circuit oeoillogram 
was recorded as shown in £ig.25, and transient alternating 
current was calculated therefrom in usual manner* The semi—
log plot of the transient alternating component was draorna, as 
shown in fig.26. Thus the total transient a1. ternating 

current was known. The positive sequence transient current 
wastaken ae !/f5 times the total trFbneient current. 

Total transient current - 32•7A 
Positive sequence transient 
alternating current 

Voltage before short oirc it • 116V. 
Therefore#  

XX• " 2  .? . roc 6.14 ohms 

,2 per unit 
Prom three—phase results.. 

XD' ,» Xd  • + X2  

• fl6fl per unit 
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