Phase shift of the current under a single-phase short-circuit in the
stator winding of a turbogenerator with double winding per phase
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Abstract An equivalent model of a faulty turbogenerator
under a single-phase short-circuit in the stator winding is
presented. The model is based on modified voltage—current
equations for the positive-sequence component of the short-
circuit current that takes into account the mutual spatial dis-
placement of particular part of the faulty stator winding, the
rotor magnetic asymmetry and the impact of the resultant
reactance value of the unit transformer and the power net-
work. The developed model also represents the effect of the
mutual phase shift of the short-circuit current flowing in the
relevant sections of the damaged stator winding. The mutual
phase shift value of the short-circuit current (periodic com-
ponent of basic frequency) is found to be dependent on the
number of shorted turns in the stator winding. Also found is
the influence of the load current value on the displacement
angles between currents flowing in the particular part of the
faulty stator winding. This phenomenon of phase shift of the
short-circuit current could be used as an additional criterion
of operation for turbogenerator protection systems.

Keywords Turbogenerator - Single-phase short-circuit -
Phase shift of current

1 Introduction

The short-circuit current in the stator windings can many
times exceed its rated value. It is dangerous for the gen-
erator and for the power system as well. Therefore, analy-
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sis of the short-circuit current with greater degree of accu-
racy is important irrespective of probability of their occur-
rence. Though the damaged turbogenerator should be tarned
off by the protection device as soon as this is possible. To
achieve this, the adequate setting of protection devices, the
accuracy in the calculation of the short-circuit current that
includes the impact of various factors is important. Also
important are the accurate measurement of data and selection
of correct parameters for reliable and prompt activation of
the turbogenerator protections. In this paper, attempt will be
made to demonstrate that the mutual phase shift of the short-
circuit current in spatially distributed coil of the stator wind-
ings can successfully be used as an additional data for fault
detection.

Analysis of asymmetric internal short-circuits in electric
machines is commonly performed by considering a particular
complex short-circuit as a superposition of two (or a few) sep-
arate single-phase short-circuits. However, examination of a
single-phase short-circuit in the turbogenerator stator wind-
ing with the use of symmetrical components method requires,
above all the complete information on both the value and vari-
ation with time of the positive-sequence current components,
which is the same requirement as for the short-circuit cur-
rent calculition under symmetrical three-phase short-circuit.
However for the damaged turbogenerator, the time varying
parameters of the machine [5,10] (X4, Xy, X7and Xg, X9,
and magnetic as well as electric asymmetry of machines,
both with salient and with latent poles need to be considered.
It should be noted that accuracy of evaluation of the short-
circuit current variation (positive-sequence component) for
both transient and steady states determines the evaliation
accuracy of the remaining sequence current components (i.e.
negative- as well as zero-sequence). This in turn affects cal-
culation of currents under any asymmectrical short-circuit in
the turbogenerator stator windings.



The short-circuit point divides the damaged phase winding
into two parts which are offset relative to each other along the
circumference of the stator. Thus, the winding axes of respec-
tive parts will be characterized with a correct and specified
geometrical angle [1,8].

To increase calculation accuracy of the short-circuit cur-
rents, it is required to evaluate both the self-reactance and
the mutual reactance for a particular section of the damaged
windings as well as the mutual shift betwéen magnetic fluxes
(due to the short-circuit current in particular coil) and the
mutual shift of resultant fluxes [2,8].

It should be noted that when taken into account the shift
of magnetic axes of both parts of the faulted winding (in
the R. Park’s equations system [10]), one has to change the
voltage notation (at the short-circuit point just before occur-
rence of the fault for both parts of the faulted winding) used
in the voltage—current equations which describe- (in the sys-
tem of rotating axes dg) the distribution of the current flow
under the three-phase symmetrical short-circuit [1]. Other-
wise, the direct application of the method of symmetrical
components for calculation of currents under single-phase
internal short-circuits is not valid. Therefore to use the sym-
metrical components method for direct examination of any
internal short-circuifs in a turbogenerator, it is necessary to
transform the previously specified voltage—current equations
(for the three-phase symmetric short-circuits [2,3,9]) in such
a way that only one strictly specified voltage of the positive-
sequence component could be used. Such a transformation is
described and recommended by Fjatkowski [1]. When taken
into account the negative- and zero-sequence components,
the analysis of the phase shifts of currents of fundamental
frequency under single-phase internal short-circuits in the
stator windings can be performed. Such the equivalent cir-
cuit model of the turbogenerator has been developed and
discussed in the paper.

2 Simplifying assumptions

The analysis of a single-phase internal short-circuit in the
turbogenerator (phase A) stator winding is performed for
commonly used general simplifying assumptions regarding
the circuit representation of phenomena, linearity of a mag-
netic and the electric circuit. A bipolar synchronous machine
with a double-layer lap winding and a double winding per
phase is selected for consideration. Purpose of research is to
analyze phase shift change of the short-circuit current peri-
odic component (fundamental frequency) as the function of
the relative number of shorted tumns of the stator winding
(aperiodic component as well as double frequency compo-
nent of the short-circuit currents are omitted). The detailed
considerations are performed with additional assumptions as
follows [1,2]:

— rotor angular speed during the short-circuit time is constant
and equal to the synchronous value,

— electromotive force induced in the phase windings (due to
rotor field) is sinusoidal,

— influence of higher harmonics of the magnetic flux in the
air gap can be neglected,

— magnetic saturation of the wrbogenerator material does

not occur,

— resistance of the phase winding and the transient resistance
at the short-circuit point is neglected,

— at the time of short-circuit the turbogenerator operates with
the rated load,

— synchronous reactance values in the direct axis (d) and in

the quadrature axis (g) are equal.

3 Developed mathematical model of the damaged
turbogenerator

For a turbogenerator with double winding per phase, under
single-phase short-circuit (in phase A) with a relative number
of turns that is expressed as:

n
a=—. (1)

(where n number of shorted tums, N number of turns of
one branch of the stator winding) one can distinguish three
circuits, as illustrated in Fig. 1: the circuit between the tur-
bogenerator neutral point 0 and the short-circuit point X, the
circuit between the short-circuit point X and the turbogen-
erator phase terminal A, and the circuit made of the remain-
ing undamaged parallel branch of the turbogenerator stator
winding [6,7]. The remaining part of the circuit in Fig. 1 rep-
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Fig. 1 Scheme of turbogenerator of two winding per phase (co-
operating with e power systemw) at the single-phase (A) short-circuit
in the stator windings, where i4;, ig;, ici (i = 1, 2, 3)—the short-
circuit currents in the windings of appropriate phase, i 4;.~—the current
at single-phase short-circuit point (in phase A), X s—resultant reactance
of the unit transformer and the power system
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Fig. 2 The simplified equivalent scheme of the damaged turbogener-
ator (co-operating with the power system) under single-phase short-
circuit in the stator winding using symmetric components (a); distribu-
tion of reactances of the damaged stator winding of the turbogenerator
including the reactance of the power system (for respective sequence
component of total reactance Xy ) (b)

resents the combination of the unit transformer and the power
network. In this paper, the considerations are limited to inter-
nal short-circuit case in the turbogenerator connected via a
unit transformer (of equivalent reactance X7) connected to a
power network of infinite power (system reactance is equal
to 0). Therefore, it is assumed that the resultant reactance
denoted as X (seen from the generator terminals) is equal
to reactance of the unit transformer:

Xs=Xr. . 2)

Hence, the asymmetrical short-circuit can be analyzed by
means of the symmetrical components method. By con-
sidering the magnetic flux configurations for the positive-,
negative- and zero-sequence components of a short-circuit
current separately, a set of respective voltage—current equa-
tions of the damaged turbogenerator can be obtained [7,9].
Thus, the simplified equivalent scheme of the damaged tur-
bogenerator can be deduced as in Fig. 2. It is composed of
equivalent reactances expressed in complex notation for pos-
itive X g), negative X (22) and zero-sequence X g)) component
which are connected in series and supplied with the voltage
U, at the short-circuit point at the time just before the fault
occurrence.

3 1 Equivalent reactance for the, positive-seqnence
component

Equations for the currents distribution under a three-phase
short-circuit inside the turbogenerator stator winding are
those of the positive-sequence components [9]. Therefore,
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Fig. 3 A vector diagram of voltages U; (Uai, Ug1) and Uz (Ugz, Uyz)
expressed in the d g system under the three-phase symmetric short-
circuit in stator windings, where ¥, nominal angle of load; ¢y, ¢, angles
of spatial shifts of axes of particular parts of the damaged stator winding
related to the axis of winding of the indamaged branch

the equivalent reactance for the steady state can be calcu-
lated as follows:

U
X9 ==, ®)
L '

where 1 3, steady-state current at the three-phase sym-
metric short-circuit point.

To determine the current /.3y, one has to solve the
respective voltage—current equations of the system [1]. How-
ever, the available equations from the literature only con-
cern with the simplified moedel of a synchronous machine
having the concentrated windings [3,9]. Moreover, mutual
spatial displacement of the particular part of the damaged
winding (along the circumference of the stator) results in
respective phase shift of voltages existing in these parts.
With the application of the R. Park’s transformation—the
voltage and current quantities shifted in time for both dam-
aged parts of the stator winding [1] can be expressed. Since
the voltage at the short-circuit point (at the time just before
the fault occurrence) is composed of two mutually shifted
vectors (see Fig. 3 [1]), application of the symmetrical
components method is impossible. To overcome this prob-
lem one has to introduce the respective transformation con-
cept mentioned above. The voltage equations that affect
the distribution of the short-circuit current of the positive-
sequence component are found to be in the form shown
below [J]:
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+X 121,500 (00) | K2 = Xansys cos @)
—Xg131 43 sin (¢1) C))
Uj cos (=9, + ¢1)

= [Xa1Lay cos (02) = Xgu L,y sin (0

[ Kazz + X5) Ly cos (02)

—(Xg2+ Xs) 1 1,;sin (902)] ko
+[Xa23 cos (2} + X514 43 —
0= —Xa31d g1k
+ [(Xd32 + Xscos(92)) 1, — Xslypsin (</)2)] ko
— (Xg33 + X5) 13, ©)
Uy sin (—39, + ¢1)
= [Xq1Ly1 c0s (91) = Xans Ly sin (1) | o

Xgnalgzsin(en).  (5)

- [Xqulqg cos (¢1)

—Xa124 45 sin (1) ] ks
+Xg131 3 cos (91) — Xa13d g3 sin (¢1) , 0
Uj sin (=9, + ¢1)
=-— [qulq] cos (¢2) + Xa211 g sin (m)] k1

+ [( g22 + Xs) 4 cos (¢2)

+ (Xaz + Xs5) Ly sin (¢2) ] 2

— [Xg23 cos (02) + Xs5] 13
—Xa231 43 sin (¢2) , )]
0= Xq3]lq]E1 - [(Xq32 + X cos (¢2)) 1,

+XsLypsin (02) | T2 + (Xgz3 + Xs) Ly, ©

where 1 indicates quantities pertinent to the circuit formed
between points 0 and K; 2, the circuit between the short-
circuit point X and the turbogenerator phases terminal; 3,
to undamaged branches respectively, U; amplitude of the
voltage at the short-circuit point at the time just before the
fault occurrence, derived from the formula:

sin{@z) (10)

U=U—7—"7"—,
L™ P sin (o1 + @2)

where U, amplitude of the rated voltage at the output termi-
nals of the turbogenerator. The values of angles ¢; and @3,
for a bipolar turbogenerator, are equal to:

g2 =0l )

Vs
=1 —a)—
m=( 0)6. 5

The current complex components [, and [; in equations (4)—
(9) of particular equivalent circmts of the stator ! =1, 2, 3)
are expressed as:

Ly = lyik;.

Ly = laik;. (12)
where I ;, J4;i short-circuit cwrent components flowing in
the equivalent circuits of the stator expressed in rectangular
rotating axes dg0 system, k; respective transformation factors
(complex value) calculated from equations:

k, = cos(p1) + j sin(gr),

k, = cos(gp) — jsin(g), ky=1, (13)

whereas k; is adequate conjugate complex transformation
factor value.

Note that Eqs. (4)-(9) represent the interdependent system
that considers the following into account, i.e.:

— mutual spatial displacement (along the circumference of
turbogenerator stator) of particular phase windings and
their damaged parts,

— respective transformation relating current, voltage and
reactance quantities of particular parts of phase windings
to a common axis d and g,

— correct transformation from the dg0 systcm into the system
of complex coordinates.

Taking into account the magnetic asymmetry of the machine
along the d- and g-axis while shifting the defective parts of
winding (along the periphery of the armature) has the effect
of shifting currents.

The self- and mutual reactance of particular (equivalent)
circuits of the stator (X4, in the direct axis d and X, gik in
the quadrature axis ¢) (i =1, 2, 3, k = 1, 2, 3) in equations
from (4) to (9) is related as follows:

Xair = Xari = Xuix + Xadik, (14)
Xair = Xgri = Xiie + Xagi, 15)
where X leakage reactance and Xagik, Xagix armature
affected d- and g-axis reactances, respectively.

The leakage reactances Xy, for particular equivalent cir-
cuit of the stator [in Eqs. (14) and (15)], are hased on the sim-
plest relationships developed by N. Margolin and A. Cemin

[31:

Xm =2aX;, Xpp=2(1-)X;, X33=2X; (16)
X2 = Xns = X3 =0, an

where X; leakage reaclance of the turbogeneralor stator
winding.

Variation of the X,gz:1 and Xg4i reactance values with
number of shorted turns «, and the first harmonic of the mag-
netic flux due w e short-cireuit current in one coil of the
stator winding, can be described as [2]:



Xaa11 = 4sin(an/6) X aq.

Xagn = 4sin®(an/6)X g, (18)
Xadz2 = 4sin” [(1 — )7 /6] X g,

Xag22 = 4sin® [(1 — &) /6] Xaq, (19)
Xada33 = Xad, Xag33 = Xag. (20)
Xaa12 = 4sin(am/6) sin [(1 — a)7/6] Xaq,

Xag12 = 4sin(aw /6) sin [(1 — o) /6] Xag. 20

Xad13 = 2sin(an /6)Xaq,

Xag13 = 2sin(am/6)Xag. (22)
Xadas = 2sin[(1 — @)z /6] Xag,
Xagzs = 2sin [(1 — @)7/6} Xag, 23)

where X4, X 44 turbogenerator total armature affected reac-
tances in the d- and g-axes, respectively.

Determination of the short-circuit current components for
the subtransient (J7;, l;’k), transient (Z7,,, 1;,() and steady
gxs lqk) states are based on Eqgs. (4)-(9). While the arma-
ture affected reactances [in the d- and g-axis, appearing in
equations from (18) to (23)] for respéctive short-circuit states
are expressed by the following relationships:

=X - X, Xi =XI-X, (24)
Xoa=X5— X1, Xpg=X,—Xi, (25)

Xod = Xa— Xi. Xag=Xq—Xi. (26)

where Xz, X/, X! synchronaus, transient and subtransient
reactance in the direct 4 axis; X, , X:l, Xf/’ synchronous, tran-
sient (X "] = X,) and subtransient reactance in the quadrature
q-axis, respectively.

Both the voltage—current Eqs. (4)—(9) and the mutual reac-
tances (18)—(23) have been obtained taking into account
the respective flux mutual shifts due to different location of
faulty winding along the stator circumference. However, after
appropriate transformation to distribute the generated fluxes
along the d- and g-axis, the self- and mutual reactances of
equivalent circuits are found to be related only to the basic
turbogenerator reactance values along the direct—d (X4, X :,,
X)) as well as the g—(X 4, X ,’I’ ) axis [4,6,10] irrespective of
their space displacements by ¢y, g2 and @1 + ¢2 angle.

Assuming that the rated voltage in phase A is a sine wave

ua = Upsin(y — vy), 27)

where y is the angle shift of the direct axis d of the rotor with
respect to the phase A axis, what is expressed as:
y = ot + 70, (28)
where w, synchronous angular frequency, ) initial angle
shift for the time r = 0, respectively; thus, the voltage exist-
ing at the short-circuit puint (in A phase) just before its oceur -
rence is in the form [1]:

upl = Uysin(y — 9p + ¢1)- (29)

Introducing the complex notation U, Eq. (29) becomes

Uny= Q]‘-’jys (30)
where
U, = U [cos(—=¥, + ¢1) + jsin(—3, + ¢1)]. 3n

The real and imaginary parts, of the voltage U,, represent
respective values which force the equivalent short-circuit cur-
rents to flow, expressed in the complex coordinates system.
Having solved the system of equations from (4) to (9)
and taking into account the flow direction of the short-circuit
currents (as in Fig. 1), the periodic component for the steady
state of the fundamental frequency (for the resultant current
at the short-circuit point in A phase) is expressed as follows:

Lascan = Lieane’”. (32)
where
Lean =g +ip+ila+1ln) (33)

Hence, using Eqgs. (3). (31) and (33), the equivalent reac-
tance for the positive-sequence symmetric component of the
resultant circuitry system due to the damaged turbogenerator
together with the power network, for the steady-state period
during the short-circuit, can be calculated from the following

equation:

cos (_ﬂn + (01) + J sin (_ﬂn + ‘ﬂl)
Iy + L+ (g + 1)

xP =u (34)

The subtransient and transient values for this component are
easily obtained from the solution of (4)«9) and (18)—(26).

3.2 Equivalent reactance for the negative-sequence
component

To determine the equivalent reactance of the negative-
sequence component of the system due to the damaged tur-
bogenerator, one has to solve the following voltage—current
equations [9]:
. (2 (2 o (2) 72 . (2) 2
U® = jxPr® - jxP1P + ix 319, (35)
v (2) y (2 . 2 2 2
U® = _jxPr@ 4 j (ng) +x§ )) @
(2 2 2
(2 . 2 2\ ;@2
0=x{IP - (x5 +xP) 157

. 2 2 2
+5 (%8 +xP) 12, (37)

(36)



where U@ voltage drop across the equivalent reactance of
the system, /; @) components of the short-circuit currcms in
the equivalent circuits of the stator (i = 1, 2, 3), x¢ s equw—
alent resultant reactance of the transformer—power network
system which after respective transformations is expressed
in the form [9]:

@ @ @
X”a) —(}g)u ") X13(2) @)
o B XS e ER
X3 X35 — X5 Xig +Xg

= D) (xD _ x@ _ 3@
2(x@+x§) (x§ - x3 - x3)
(38)

The self- and mutual reactances of particular equivalent cir-
cuits of the stator for the negative-sequence component in
Eqgs. (35)—(38) are not functions of time and can be specified
by the expressions developed by N. Margolin and A. Cemin
as follows:

X = 20X +a? (X - X)), (39
X3 =20 - X, + (1-0%) (X2 - x1). (40)
X3 = x4+ x9, 1)
X3 =X =a( - o) (x? - x,), “42)
*2 =% = (3% - X)), “
xP=x@=1-a (X<2> - Xz) , (44)

where X @ reactance of the turbogenerator for the negative-
sequence component.

3.3 Equivalent reactance for the zero-sequence component

In a similar manner, the equivalent reactance for the zero-
sequence component of the considered system can be
obtained from the voltage—current equations expressed in the
form of [9]:

0 - (0) ,(0) .y (0) ,(0) . (0) ; (O
v® = JX§,>L§ IXQLY + i3 1, @s)
—j (x;? +xP) 19, (46)
OO0 _ (5O, 3O ;O
0=jxPrP¥ - j (x +x) 1§
+5 (X + %) 19, “7)

where U@ voltage drop across the cquivalent reactance of
the system, /. EO) components of the short-circuit currents in
the equivalent circuits of the stator f = 1, 2,3), X g‘O) equiva-
lent reactance of the unit transformer together with the power

network for the zero-sequence component, respectively, that
after transformations takes form [9]:

x©
f 0) X (0

X‘UJ X(o)
._X,(:?) X(O) + X(O) 23
XS‘OI] _Xf(l} . X(U] er +Xm)

(X<0) +x$) (%9 - xQ - x2)

x90 = (48)

Similarly, the self- and mutual reactances of particular equiv-
alent circuits of the stator for the zero-sequence component,
according to Egs. (45)—(48), are not functions of time and
they can be determined usmg the simplest relationships found
by N. Margolin and A. Cernin as shown below:

=2x0,
49)
©) (0) 0 _ (0 _ ©0) O]
X =X3) =0, Xi3 =X37 =0, X3’ =X3 =0,
(50)

X©@ = 20x®, X9 =201 —)x©®, x9

where X reactance of the turbogenerator for the zero-
sequence conponent.

3.4 Currents under the single-phase short-circuit

Having determined equivalent reactances for positive X{,
negative X g ) and zero-sequence component X g)) and know-
ing the voltage U, at the short-circuit point just prior to the
fault occurrence, one can calculate positive- [ m, negative-
1@ and zero-sequence I®) components of the current flow-
ing through the single-phase short-circuit point. It is simply
from the following relation:

O — j@ = 1O
cos(—0, + ¢1) + jsin(—v, + ¢1)

51)
OO (
Xy + X5+ X5

= Ui

The respective voltage drop across the particular equivalent

reactances is expressed as:
U® = xP1®  pO - x0;0

(52)

Q(l) — X.g)l(])v

The voltage drop due to the short-circuit current in Egs. (4)
and (5) is assumed to be the real part of the voltage drop U,
i.e. Re(UW), while those responsible for the short-circuit
currents distribution according to Eqgs. (7) and (8) represent
the imaginary part of the voltage drop U1, i.e. ImU ™).
If asymmetry of the rotor is taken into account, the
resultant reactance X g) varies in a nonlinear way on the
voltage drop value U". Therefore, one has to employ
the iterative calculation to evaluate the symmetric positive-
sequence components of the short-circuit currents for partic-



ular closed-circuits:
IO =1+ jlg i=1,23. (53)

The remaining symmetrical components can be obtained
from (51) for the currents and voltage drops from (52). There-
fore, the steady-state short-circuit currents for the single-
phase short-circuit in phase A can be determined as follows:

Ly =10+ 12 +10)ei0+, =123 (54

where §; the resultant phase shift angle of the current / ,;,
that is expressed in form:

8 = arg (LF” +19 4 1,?0)) . (55)

Taking into account the directions of the short-circuit currents
(as in Fig. 1), the complex value of current at single-phase
short-circuit point in phase A can be expressed as:

e = [ 412 4+ 10+ 1 + 1P 4 19| S +50,
(56)

where &, the resultant phase shift angle of the current 1 .,
it is expressed by the formula:

boe=arg (117410 + 10 + 10 + 19 +10) . 57

However, the short-circuit currents ;.. flowing in particular
parts of the stator winding of the phase A (for linear magnetic
and electric circuits) are composed of geometric sum of the
short-circuit currents and the load current [, before the
short-circuit occurrence [1].

If the rated load current for the phase A is expressed as:

LAlo = Insin(y — ¥ — @n), (58)

(where I, amplitude of the rated current of the turbogener-
ator, ¢, nominal phase shift between rated load current and
voltage at phase A, respectively), then the altemmating-short-
circuit current component in particular parts of the damaged
winding under the single-phase short-circuit in phase A is
described as:

Lyise = IV + 1P + 19 — (=1)10.51, [cos(n + ¢n)

—jsin@n + )] | £ O i =123, (59)

where 8;. the resultant phase shift angle of the current 1 ;. .,
of the relation as:

dise = arg (L0 + 17 + 10
—(=10.5T, [cos (I, + @) — Jsin (&, + (/-’,.)]) .
(60)

Similarly complex val’ues of both subtransient (L;;i, [gu,
I'%;..) and transient (I),,, I, ., I\, ) short-circuit currents

in particular part of the damaged stator winding can be eval-
uated. Their instantaneous values are expressed by the imag-
inary part i = Im(J).

4 The currents phase shift effect under internal
single-phase short-circuit

To visualize the effect of the phase shift for different short-
circuit currents the respective calculations are performed
for the turbogenerator with the following given reactances
expressed in per unit [3,9]):
Xa=X,=184, X;=029, X;= X;’ = 0.198,
X@ =0.198, Xx© =0.095,

9, = 0.61[rad], N =12

X; =10.147,
cos g, = 0.8,
And for the unit transformer of the reactances: .
xP=xP =011, XY =00

Furthermore, it is assumed that the initial phase of the voltage
U, is 6, as expressed below:

8y =arg (U;) . (61)

the resultant phase shift angle 2; of the respective short-
circuit currents 1 4; (54) (2),; and 17}, as well) with respect
to the voltage U ;. expressed as:

i=1,23. (62)

Ai =08, — &,

Similarly, the phase shift angle A, of the current at the short-
circuit point [ 4, (56) (I;,. and I’y as well) can be deter-
mined as:

Ase = 8y — 8sc. (63)

However, when taking into account the load current, the
phase shift angles A4 of the short-circuif currents 1 4, .. (59)
(Iy;sc and Iy, as well) are equal to: -

i=1,2,3. (64)

Aisc = 6u — Bise,

Two different scenarios are considered; the first one, when
the reactance values of the turbogenerator for 4 and g axes
are equal (Xg = X4 and X} = X;’) and the second one,
when X}, # X, = X,. The effects of phase shifts due to
the short-circuit currents passing through three parts of the
stator winding are shown in Figs. 4, 5, 6 and 7 [with regard
to the voltage existing at the short-circuit point just before its
occurrence with angles different from 0.55r (rad)]. Analysis
of the fignres suggests that the mutual phase shifts have found
to occur under the subtransient, transient and the steady states
of the short-circuit. Under the transient state of the short-
circuit, the angle A, value is lower than 0.5 (rad) (Fig. 5).In
general, the change of the phase shift angles A, for different
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Fig. 4 Varation of the phase shift angle [between respective short-
circuit currents J’ ’A ; (. i =1, 2, 3) and the current at the short-circuit
point 1% . (isc) with respect to the voltage U, ] under sublransient state
(turbogenerator rated loaded and connected to the power network of
infinite large power via the unit transformer of the relative reactance
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Fig. 5 Variation of the phase shift angle [between respective short-
circuit currents J' ’Ai (Ai, I =1, 2, 3) and the current at the short-circuit
point I, (Asc) with respect to voltage U, ] under transient state of the
short-circuit (hirbogenerator rated loaded and connected to the power
network of infinite large power via the unit transformer with the relative
reactance X7 = 0.11) with the relative number of the shorted turns o

state of the short-circuit currents is similar. In this paper,
only results of the calculation for the subtransient state of the
short-circuit are presented (Fig. 7).

A tentative analysis of the results suggests that the phase
shift variations depend not only on the relative number of
shorted turns o of the stator winding, but also on the reac-
tance value of the turbogenerator. The reactance value of
the turbogenerator depends on the short-circuit state, and the
short-circuit currents with regard to the voltage U, . Further-
more, the phase shift nngles Ay, Az and Ayge, Asge do not
exceed 0.5 (rad). This reveals that the short-circuit currents
lag the voltage U, by angles smaller than 0.5 (rad). How-
ever, the phase shifts A, and Ay, always are higher than
0.5 (rad), and consequently the appropriate currents lag the
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Fig. 6 Variation of the phase shift angle [between respective short-
circuit currents 7 4; (A;, i = 1, 2, 3) and the current at the short-circuit
point 1 4, (Asc) with Tespect to voltage U;] under steady state of the
short-circuit (turbogenerator rated loaded and connected to the power
network of infinite large power via the unit transformer with the relative
reactance X7 = 0.11) with the relative number of the shorted turns o
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Fig. 7 Variation of the phase shift angle [between respective short-

circuit currents [’ :;i sc (tisco i = 1,2, 3) and the current at the short-circuit

point Iy . (As-) with respect to the voltage U, ] under subtransient state
(turbogenerator rated loaded and connected to the power network of
infinite large power via the unit transformer of the relative reactance
X7 = 0.11) with relative number of the shorted tumns o

voltage U, by angles higher than 0.57 (rad). For all consid-
ered cases the phase shift values A3, A3, increase whereas Ao
and A, decrease respectively when the damaged point («) is
shifted towards the turbogenerator phase terminals. Similarly
the phase shift A, value of the transient current at the short-
circuit point _;1 . and the voltage U, depend on the relative
number of shorted turns & of the stator winding. This effect is
more pronounced only under the short-circuit transient state
which is due to asymmetry of the rotor (X, < X ¢ = Xq)-
Ilowever, for the ghort-circuits closc to the ncutral point of
the turbogenerator, the phase shift A ;. becomes closerto 0.5x
(rad). Also with increase of the relative numbers of shorted
turns o will resultin this shift to get close to 1.53 (rad) (Fig. 5).
For any other cases, the phase shift A;. has a constant value



equal to 0.57 (rad) (Figs. 4, 6). On the contrary the phase
shift angle A5, due to the subtransient short-circuit current
145, With respect to the voltage U, (Fig. 7) is changed sig-
nificantly. This is more significant for the small number of
shorted tums «. The Ay, value varies from 3.87 to 1.63 (rad)
with the increase of the shorted turns number.

Having determined the phase shifts 2; of the short-circuit
currents I 4; (I/,; and I7;;) with respect to the voltage U,
it is not difficult to prove that the short-circuit currents in
particular parts of the damaged stator winding are displaced
in the phase from each other. The highest phase shift occurs
between the currents I ,, and I 43 (A2 — A3, Fig. 6) as well as
Iy, and I'y5 (2 — A3, Fig. 5). Its value is 0.37 and 0.36 (rad),
respectively. These values are found for the short-circuits
very close to the neutral point of the turbogenerator. While the
smallest values are 0.04 and (.11 (rad) that are found to occur
for the short-circuit near the turbogenerator phase terminals.
However, relatively smaller phase shift occurs between the
currents 1 4, and 14, and I',, and I’,,. The largest phase
shift (A — A1) between the aforementioned currents are 0.10
and 0.11 (rad), respectively, which appears to occur for the
small relative number of shorted turns. While the smallest
value of this phase shiftis 0.03 and 0.09 (rad) respectively and
takes place for the short-circuit at the turbogenerator phase
terminals. Regardless of the relative number of shorted turns
the constant value of 0.10 (rad) is characteristic for the shift
between the currents 1';, and 1/, (o — 41, Fig. 5). On the
other hand, the smallest phase shift occurs between currents
14 and I 5, as well as I, and I3, (A — Az and Ay — A,
Fig. 4).

It is emphasized that if under the short-circuit analysis the
spatial displacement of the damaged windings is omitted, the
short-circuit currents are shifted only by an angle of 0.57 [3]
with respect to the voltage at the short-circuit point just before
the fault occurrence.

However, for the loaded turbogenerator, due to contri-

bution of the load currents (which are superimposed onto

the short-circuit currents) much higher values of the mutual
phase shifts are observed. For the currents of the short-circuit,
the smallest phase shift occurs between currents /% . and
I3sc (ise — Asge, Fig. 7). The value of this phase shift
changes together with increase of the relative number of
shorted turns from 0.33 to 0.03 (rad). The largest phase
shift occurs between currents /'y, . and I3 . (A2sc — A3sc,
Fig. 7). The value of this phase shift changes together with the
increase in the relative number of shorted turns from 2.68 to
0.19 (rad). Here, the currents of the short-circuit I ;.. (Iy;.,
and 1}, ) are shifted from each other due to superposition
of two phenomena- the superpasition of the. Inad corrent (in
considered case of the winding with two branches on the
phase, equal to 0.5/4,,) on particular short-circuit currents

I 4; and the second phenomenon, existence of the shifts in

phase between short-circuit currents 7 ,; with respect to each
other.

5 Conclusions

In the paper, the developed model of the turbogenerator under
short-circuits that takes into account the electromagnetic field
spatial dislocation is presented and discussed.

The field dislocation influences significantly the self- and
mutual reactance values of respective circuits of the faulty
stator winding as well as the voltages that effect short-circuit
currents distribution.

On the basis of the theoretical results there exists differ-
ent phase shift value between voltage and the short-circuit
currents at the fault point. This effect becomes more evident
under magnetic asymmetry of the turbogenerator rotor.

The phase shift different from 0.57 is seen, even when that
both resistance of the stator winding and that of the short-
circuit point are neglected. This suggests that the effect of
angular shift can be successfully used in practice as an aux-
iliary criterion of operation for the protection of the turbo-

generators.
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