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Abstract: This paper is a sequel to a study by the authors of electric power systems
comprising the generator circuit-breakers (GCBs) at power plant generator terminals. A
sustainable assessment of the current interruption requirements of a GCB addresses the main
stresses on the generator circuit breaker, revealing that the GCB current interruption
requirements are significantly higher than for the distribution network circuit breakers.
Hence, generator circuit-breakers are subject to unique demanding conditions caused by
specific stresses, namely: high asymmetrical fault currents resulting from high d.c.
components of the fault current; greater electrical, thermal and mechanical stresses when
interrupting longer arcing time faults; and important dielectric stress after the electric arc
extinction caused by the transient recovery voltage (TRV). This paper extends other studies
of the authors on the energetic and exergetic transformation chain at the interruption current
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transient process in an electric power system that comprises the generator circuit-breaker, as well
as the transient recovery voltage which appears after the interruption of a short-circuit fed by
the synchronous generator or by the main step-up transformer. For achieving the TRV
equivalent configuration the authors applied the method of operational symmetrical
components (0.s.c.), and utilized the operational impedances of the synchronous generator and
of the main transformer, depending on the fault location. Modeling the transient recovery
voltage of circuits emphasizes aspects with direct implications on commutation equipment.
Thus, the o.s.c. method can be applied at the poles of any breaker, for any eliminated fault
type, if the network configuration and elements are known. The TRV, which appears after
the interruption of a short-circuit fed by the generator, may be considered like an oscillation,
where the oscillation factor and the rising rate (RR) of the TRV are established by the
electrical machine parameters: resistance, inductance and capacitance. Consequently,
modeling of concentrated equivalent parameters of the synchronous generator at perturbations
caused by current interruption transient processes is achieved in this study through an approach
based on sustainability concepts. These findings allow for simulations of the transient recovery
voltage and comparisons with experimental results.

Keywords: electric arc; exergy; generator circuit-breaker; short-circuit; sustainability;
transient recovery voltage

1. Introduction

Following the notion that life on Earth demonstrates sustainable energy conversion [1-4], we aim to
highlight that an approach to an electrical power system according to the patterns defined within the
sustainability framework could provide a synoptic view of electromagnetic interaction phenomena
within an electric power network entailing a generator circuit-breaker (GCB) at the terminals of the
synchronous generator of an electric power station [5-7].

The electric connection circuits of power stations encompass GCBs at the generator terminals, since
the presence of that electric equipment is related to the sustainability of a power plant [4-15]. The
location of a GCB, between the generator and the main step-up transformer, influences the operating
conditions, and a sustainable assessment of the GCB requirements addresses the main stresses on
generator circuit breakers, revealing that the GCBs are significantly more difficult to apply to some
operating regimes than classical network circuit-breakers [5-19].

In previous studies [16-19] we have shown the configuration of the key fault current encountered by
the generator circuit breaker, namely: generator-fed faults (which can be insulated or grounded three-
phase and two-phases short-circuits); transformer-fed faults (which can be insulated or grounded three-
phase and two-phases short-circuits); and generator-fed faults, on the high voltage side of the main
step-up transformer (which can be insulated or grounded three-phase and two-phases short-circuits, as
well as single-phase short-circuits).

To interrupt these kinds of faults, generator circuit-breakers are subjected to specific stresses:
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- The GCBs must be capable of interrupting not only the high symmetrical fault current, but
also the higher asymmetrical faults currents resulting from high d.c. components of the fault
current [5-10]. Here arises a sustainability requirement for generator circuit-breakers which are
subjected to a unique demanding condition, called delayed current zeros [5,12,16].

- Since circuit breakers interrupt on the current zero crossing, generator circuit-breakers must be
able to withstand longer arcing times and greater electrical, thermal and mechanical stresses
when interrupting such faults [5-17].

- Just after the short-circuit current interruption by the generator circuit-breaker (when the GCB
has been subjected to a very high temperature plasma arc), between its opened contacts arises
the transient recovery voltage, which constitutes the most important dielectric stress after the
electric arc extinction [12-14, 16-19].

The authors utilized the framework of sustainability and addressed the GCB specific stresses

through an exergy analysis of the transformation chain for the interruption current transient process in
an electric power system that comprises the generator circuit-breaker [16-17]. The exergy balance of the

interrupted circuit during the arc burning X,, =X, + X,,,,., emphasizes that the stored exergy Xgorea

is represented by the energy embedded in the magnetic field of the generator windings, corresponding to
different states (sub-transient, transient and steady-state short-circuit), and embodied in the arc circuit [16-
17].

After the electric arc extinction in the GCB, the magnitude and shape of the TRV occurring across
the generator circuit-breaker are critical parameters in the recovering gap after the current zero and
they are related to further transformation of the exergy stored in the interrupted alternating-current
circuit that comprises the synchronous generator and the GCB.

In this paper, for the case of the faults fed by the synchronous generator, we determine the TRV
equivalent configuration with operational impedances, taking into account the generator parameters,
and applying the operational symmetrical components method.

2. Modelling of Transient Recovery Voltage (TRV) during Interruption of Short-circuits Fed by
the Synchronous Generator

The dielectric strength within the extinction chamber of the circuit-breaker should increase to a
higher value than the TRV, otherwise the electric arc may rekindle [14]. The circuit-breaker capability
in interrupting the new arc is strongly affected since the gas-filled space between the two electrodes
has an important conductivity and this time the electric arc exergy would be entirely used in a
destructive process.

Although the mechanical disconnection of the three phases is performed simultaneously, because of
the currents angle phase, the arcs extinction on the phases cannot be simultaneous. It first switches the
arc on the phase so its current is passing first through zero. Therefore, the TRV on the three phases are
different, even in the same three-phase fault interruption. Moreover, the TRV occurring across the
generator circuit breaker depends both on the fault location and on the fault nature [ 14-22].

In the sustainability framework of this paper, we determine the TRV when the three-phase short-
circuit fed by the synchronous generator is interrupted, using the operational symmetrical components
method [16-19].
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Basically, any non-symmetrical three-phase system of currents or voltages can be decomposed into
two symmetrical three-phase systems (of different sequences) and a system of single-phase quantities
[20,23-26]. The method application presumes linearity, having been used together with the symbolic
representation, in a simplified complex, of the sinusoidal quantities. On basis of this transformation,
applied to the phase instantaneous quantities of a three-phase system, we obtain complex quantities
(which lose their physical significance), named +,-,0 coordinates or instantaneous symmetrical
components. In the paper we follow the same idea of transformation of phase instantaneous quantities
at the generator circuit-breaker terminals, in the moments subsequent to its disconnection.

The TRV occurring across the generator circuit breaker is considered only at £ > 0, like a damped
oscillation by high frequency (f>>50 Hz), starting from zero. Consequently, it is noted that both the
TRV and the high frequency currents and voltages achieve the original function conditions.

Applying the operational calculus to the relations determined by the instantaneous symmetrical
components method, we obtain the operational symmetrical components (0.s.c.) of the phase voltages
and currents [16-19]. Moreover, the o.s.c. of the phase voltages and currents - on the synchronous
generator side - are related by operational equations, of the form:

Ug+(p): Zg+(17)]+(p)
Ue-(P)=Zo.(p) 1.(0) (1)
Uew(®)=Z0@) 1o(p)

where Z..(p), Z,(p) and Z,(p) denote the phase operational impedances of the synchronous

generator in the symmetrical regimes by positive, negative and zero sequences.

Applying the o.s.c. method, the operational image of the TRV occurring across the GB poles after the
current interruption can be determined. If the phase current interruption is modelled by the current
injection ix - equal but opposite to the eliminated one - the operational image of the TRV occurring across
the generator breaker can be expressed in mathematical form:

U,p) =-1:(p)- Z.(p) )

where [i(p) represents the operational image of the switched current and Z.(p) the operational equivalent
impedance across the generator circuit breaker.

We take into consideration the fault location in which the short-circuit currents that must be
interrupted by GCB are fed by the synchronous generator. The considered generator has the stator
three-phase windings connected by configuration Y. Consequently, the GB can be submitted to the
insulated or grounded three-phase and two-phases short-circuits. In the paper, for illustration, we
analyze the insulated three-phase short-circuit.

The TRV calculation configuration for the moment of the GB first phase opening is represented in
Figure 1.

The current interruption has been considered as result of injection on phase 4 of the current
under the restriction:

ugB:ugC (3)



and the TRV occurring at the pole 4-4"is:

Uy = Uga~ UgB (4)

Figure 1. First phase opening at insulated three-phase short-circuit
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Applying the o.s.c. method, the TRV operational equation takes on the form:

3200320
32.(0)*32.(0) )

Utr(l?):IA(l?)'

Equation (5) allows the operational representation in Figure 2a.

When Z,.(p)=Z,.(p)= Z,(p), Equation (5) becomes:

Us@)=15-140) Zs() (6)
with the operational circuit corresponding to Fig. 2b.

Figure 2. Operational equivalent circuit: (a) TRV at insulated three-phase short-circuit
disconnection, with 7, (p)# 7z, (p) ; (b) TRV at insulated three-phase short-circuit disconnection, with

Zo)=Z,0)=Z,()

(b)

Applying the method of operational symmetrical components to determine the TRV which appears
after the interruption of a short-circuit fed by the generator or the main transformer represents an
original contribution of the authors of this study. The method is suitable for application at the poles of
any circuit breaker, for any eliminated fault type (fed by the main transformer or by the synchronous
generator), if the elements and configuration of the power network are known. Note that, in analytical
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studies, the calculation of the transient recovery voltage at the circuit breakers situated in the proximity
of the generators is made on basis of the equivalent configurations with concentrated parameters. The
TRV which appears after the interruption of a short-circuit fed by the generator may be considered like
an oscillation with the oscillation factor and the rising rate (RR) of TRV established by the electrical
machine parameters: resistance, inductance, and capacitance. Consequently, addressing the analysis of
synchronous generator behavior during an electromagnetic perturbation (caused by the current
interruption) in an electric power system comprising generator circuit-breakers, and the assessment of the
values of the concentrated equivalent parameters of the synchronous generators windings follow in this
study.

3. Synchronous Generator Behaviour over the Interruption Processes in an Electric Power System
Comprising a GCB

3.1. Equations of Synchronous Generator at Electric Perturbation

In this study we have been adopted the usual hypotheses to define the ideal synchronous machine
[20, 23-26], neglecting the iron saturation and hysteresis phenomena and ferromagnetic core losses.
The ideal synchronous machine will have the same self and mutual leakage reactances of the stator as
the substituted real machine. In terms of the effects that depend on the rotor position, the idealization
goes far to considering each stator winding as having a sinusoidal distribution. The positive directions
(of voltage and current) are taken into account according to the generator convention.

In Figure 3 there are specified the axes of the phases A, B and C of the ideal synchronous machine,
as well as the phase axes (a, B) and (d, q), respectively, of the equivalent synchronous machines; the
rotor rotating sense being also specified in Figure 3. The magnetization directions of currents i, ig, ic,
and 1,, 1g, respectively, are fixed in the reference frame related to stator, whereas the magnetization
directions iq4 , 14 are fixed in the reference frame related to rotor.

Figure 3. Representation of windings and frame systems (a,f) and (d,q) of the synchronous
generator

Since through a synchronous generator perturbation a sudden transformation of the operation
conditions is understood [23, 26-28], we can assume that the first phase current interruption by the
generator circuit-breaker constitutes a synchronous generator perturbation. Because of the extremely small
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perturbation duration, the voltage regulator action is imperceptible. For the same reason it can as well be
considered that the rotor position (specified by the angle y,, measured between the axis of phase A and the
longitudinal axis d) remains unchanged over the whole perturbation duration.

The sudden variation of the current on one phase (for instance, on phase A) will determine the sudden
variations Aigq and Aiq of the equivalent machine currents in the frame coordinates (d,q), as follows:

Aig=(2Aj,-cosy,)/3 ; Aiq:'(zAiA'Sin70)/3 (7)

That means the synchronous generator will be submitted to a transient regime. Consequently, at the
first moment, assuming the superconducting rotor circuits, the variations of the fluxes linked to the
equivalent machine windings in coordinates d,q (caused by the sudden variations of the currents) will
be:

AV, =L," Aig ; A\Pq:Lq”'Aiq (3)

Considering the recurrence relations between the coordinates (d, q) and (a, B) [3-5]:

Ajy;= Aj,-cosy,+Ajs-siny,

)

Aj,=-Aj,-siny,+Ajg-cosy,

it can be hypothesized that these sudden variations Aiy and Aiq would be determined by some
correspondent variations Ai, and Aig (unknown, for the time being) of the currents flowing through the
stator windings (a, ) of the equivalent machine.

Similarly, the fluxes’ variations AW, and AWjp are determined:

A‘//a:AV/d'COSV()'Al//q'Sinyo

Ay ,=Ay,-siny,+Ay -cosy, (10)

If relations (9) are substituted in (8), with the further results in (10), we obtain the dependencies among
the fluxes’ variations A¥,, AWy and the corresponding currents’ variations Ai, , Aig:

Ay, =(La"cos’y, T L,"sin’ yy)Aixt(Ls"-L," )siny,cosy,Aj,

n " 1 n - n . 1 1
Ay ,=(Ls"L," )siny,cosy,Ni, +(Ly sin’ 7, + L," cos’ ¥, )A iz an
With the supplementary notations:
LX:(Ld”_‘_Lq”)/Z 12
Ly:(Ld”’Lq”)/Z ( )

equation (11) takes the form:

Ay, =(L.TL,cos2y,)Aj,+L,sin2y,Aj,
Ay y=Lysin2y,Ajg+(L.-L,c082y,)Aig (13)
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The fluxes’ variations AY, and A¥p implicitly determine further voltage variations. These will
result from the synchronous generator voltage equations in coordinates a, [3:

d
Auy = -R-Aiy-L Ay,
u e Y

p (14)
or after substituting the expressions of A¥, and AWp:
d . d
Aua:-RAia-(LA.JrLycosZyo)EAia-L}.smz;/oEAiﬂ
(15)

. d d
Auﬂ:—RAip—Lysm2y05Aja—(Lx—LJ,cos2y0)EAjp

Writing with capitals the operational Laplace images of voltages and currents, the system of
equations (15) becomes:

AU,=-{R+(L,*tL,c082y,)pAl,-L,sin2y,pA[, 16
AUp=-L,sSin2y, pAl,-{R+(L.-L,co82y,)p/Al, (19

Equations (16) ascertain, in a general case, the link between the current variations and voltage
variations at the terminals of the windings o, of the synchronous generator. In the context of some
local restrictions, these equations can be simplified, both for short-circuit and load disconnection.

3.2. First Phase Current Interruption

The initial conditions corresponding to the three-phase short-circuit at the terminals of the
synchronous generator are specified by ua(t)=up(t) = uc(t). After the current interruption in phase A,
the synchronous generator is passing for a short time in a two-phases short-circuit, with ug(t)= uc(t).
Calculation of voltage at the terminals of winding B:

uﬂ:{ug‘uc}/\/; (17)
emphasizes that on whole perturbation duration ug=0, and consequently AUg=0 as well.

Therefore, the current variations Al, and Alg are linked by the relation:

i Ly-sinZ;/o-p
R+(L.-L,-cos2y,) p

Aly = Al (18)

By substituting further the relation above in expression (16) we obtain:



RPF2R-Lop+(Li-12)p°
AUa:_ p ( ) p .Ala (19)
R+(L.-L,-cos2y,) p

Equation (19) constitutes precisely the operational equation of the synchronous generator in the
coordinates a,f at the current interruption in phase A.

In the case of the load disconnections, after the first phase current interruption, the synchronous
generator moves to operate in an unsymmetrical regime.

Noting that the line voltage ugc=ug-uc remains actually unchanged, and also that ug = ugc /\/3, we
determine that in this case as well AUg=0 over the whole perturbation duration. Consequently, in the
framework of load disconnection, the synchronous generator behavior at the first phase current
interruption will be depicted as well by equation (19).

Based on the notations (12) for equation (19) we obtain the form:

(R+pL,")(R+pL.")

AUa = - Ala
(R+pL," )sin’y,*(R+pL," )cos’y, (20)
or:
1
AUa - 'A[a i . ]
”n 1 21
S p N -
sin” ¥, siny, cos'¥,  cos ¥,

Since the coordinates a of voltages and currents are determined with the following relations:

2 ustu 2 iz ti
Ua:7(uA_ £ C) h ia:7(l'A_ 2 <

3 2 3 2 / (22)

and the considered perturbation solely affects the quantities of phase A, we directly find in operationa that:

AU, = 23AU,; Al, = 23A1, (23)

Further equation (21) takes the form:

I I .
{ n + " }
AU,=-AI, R i L, R i Lq (24)
sin’ Yo sin’ Vo cos’ Yo cos’ Yo

Equation (24) allows settling the simplified operational circuit, without considering the capacitance of
the synchronous generator at the first phase interruption, as depicted in Figure 4. This is used to assess the
equivalent phase circuit structure of the synchronous generator during the current interruption process,
with the aim to determine the transient recovery voltage across the generator circuit breaker.
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Figure 4. Simplified operational circuit of synchronous generator at first phase current interruption
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3.3. Synchronous Generator Operational Circuit at First Phase Current Interruption

Studies on synchronous generator windings over the interruption processes [27-30] have
emphasized the finding that the windings could be seen as long straight conductors. In such situation
the capacitance is mainly distributed between each winding and the ferromagnetic stator core, because
both the capacitive coupling among the phase windings and the longitudinal capacitance (among
winding turns) are very small and can be neglected.

Analyzing the first phase current interruption process when it is considered the equivalent concentrated
capacitances C, (see Figure 5), it is ascertained that through the stator winding A:

ALi(p)= 1y®)-14(p) (25)

Figure S. Equivalent concentrated capacitances at first phase current interruption

Still, one could note that the capacitance presence will determine further the forming of an
oscillatory circuit in which, because of the perturbation, high frequency currents (10-30 kHz) will
appear. The magnetic field created in the synchronous generator by these high frequency currents has a
spectrum completely different from the useful magnetic fields, rather it having been approached to the
leakage field spectrum [23,26]. Consequently, this field does not depend on the rotor position or on
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iron saturation or excitation degree, being influenced mainly by the constructive machine elements.
In this field, each phase winding will have the same inductance L, (see Equation (25)), which is
completely different from L4" or L,", and the same resistance R, > R (because of the specific
phenomena at the oscillation frequency).

If in equation (24) the inductances Ly" and Ly" are replaced by L, the resistance R is replaced by Ry,
and we take into consideration relation (25), in which:

Icap = p'Ceg'AUA (26)
the following results:
1 -1
=(p-C +— ) .
AU, =(p-C, Rg+p.Lg) L4 27)

Since the equivalent phase resistance R, is relatively small (namely, maximum (8-10)R), one could
assume that the strong damping of the oscillations of the transient recovery voltage can be justified solely
on basis of a conductance of losses of the winding insulation at high frequency. This means we admit a
parallel circuit for the capacitor [27-30], as depicted in Figure 6, where:

Gg = G()+a)'C(max)'Sin(§‘h

28
Cg = C(max)'coséh ( )

where Gy denotes the d.c. conductance; Cmay) the apparent capacitance over the loading cycle (equal to
Qmax’'Umax); and Jy, the hysteresis losses’ angle (from the cycle area).

Figure 6. Equivalent parallel circuit of the capacitor Ce,

C

L
g __l_ g

The split of the total losses into conduction losses and hysteresis losses has no relevance in
applications. Therefore the equivalent circuits are utilized with elements determined directly through

the measurement of losses.
Thus, if 6=m2-|¢p,|1 is the total losses’ angle and #gd=G,/w-C,2 is the losses’ factor, the

following result:

G,=w-C,-1g0
G =1l SINTAU 4 (29)
Cg:Icap 'COS(S‘/AUA
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Without a large error, in applications it may be determined that:

Coe = Cog s Gy = @-Cey-1g0 (30)

Consequently, the operational circuit (27) becomes:

] y
AUA(P):{G8+p'Cg+ p-L } L) (31)
g

Rt
With the notation Alap = 0 - I for the current variation in the busbar corresponding to phase A over the
current interruption, equation (31) can be rewritten in the form:

-

R, tp-L,

AU, ={G,+p-C,+ (A L) (32)

In Figure 7 we depict the operational circuit corresponding to the equation above. This circuit is
actually the phase operational representation of the synchronous generator at the disconnection processes’
frequency.

Figure 7. Operational circuit of synchronous generator at first phase current interruption

ALy R

1
AU, Gg ——pCo PLg

4. Assessment of Concentrated Equivalent Parameters of Synchronous Generator Windings at
Current Interruption Transient Processes

The method of operational symmetrical components has been applied here to determine the operational
equations and configurations of the transient recovery voltage which appears at the generator circuit-
breaker terminals after the interruption of a short-circuit fed by the synchronous generator. The TRV
which appears after the interruption of a short-circuit fed by the synchronous generator may be
considered as an oscillation with the oscillation factor and the rising rate (RR) of the TRV established
by the electric parameters of synchronous generator: resistance, inductance and capacitance.

This assessment step is necessary but not sufficient for the modeling of TRV. That is, the structure of
the operational impedances of the generator 7. (p)and Z, (p) must be assessed taking into consideration
the concentrated equivalent parameters of the synchronous generator. This issue is not simple in a
sustainable study, since during the interruption current transient processes the electromagnetic
phenomena in the generator are complex, and interactions of the generator with the power electric
network occur. Modeling the concentrated equivalent parameters of the generator at perturbations
caused by current interruption transient processes is imposed.
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Studies on the synchronous generators stator windings during the transient processes caused by

current interruptions have led to the hypothesis that they can be seen like long straight conductors [27-
30]. Thus, the generator capacitance is mainly distributed between each winding and the ferromagnetic
core, because both the capacitive coupling among the phase windings and the longitudinal capacitance
(among winding turns) are very small and can be neglected. On the other hand, both the mutual
inductance among the coils of proximate slots, and the inductance of the frontal terminals zone, can be
neglected. Consequently, any phase winding can be seen as a chain of inductances without mutual
coupling, having solely capacitances which are uniformly distributed to ground [29-30].

In order to enhance this knowledge, we consider an elementary section (with the length "dx") from the
phase winding of a synchronous generator with the parameters (electric resistance R’, inductance L',
electric capacitance C' and electric conductance G') uniformly distributed.

If the conductance G' = 0 (assuming a winding with a perfect insulation) the section "dx" corresponds
to the representation in Figure 8.

Figure 8. Elementary section of a synchronous generator phase winding

L’dx R’dx
— Y

j_C’dX
L

On the entire length /, the synchronous generator phase winding (with perfect insulation) is made [29]
from identical cells chain of inductances without mutual coupling, having only capacitances which are
uniformly distributed to the ground, as in Figure 9.

Figure 9. Long straight conductors corresponding to the generator phase winding

L(p) L R’ L R I5(p)
lul (p) Ic’ Ic’luz(p)
' 1 Tz

The winding can be seen as a quadrupole, with the operational equation:

ch(y) — Z.-sh(y)

Loshon ehr)
ZC

U:(p)
1:(p)

U:(p)

33
1>(p) 3

where:
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y)=R +p-L)-(0+p-C)=p-JL'-C"-

(34)

which is the operational constant of propagation, and

R’+p'L’ LV RV
i e ]+_' (35)
0+p-c' \cC p-L

which represents the wave operational impedance (or the characteristic impedance). By developing in
power series the radical and under the restraint of the first two terms, the expressions as before can be

! !

R
approximated by y(p)=a + p- f, where the damping coefficient is « = ST and the phase constant

is f=+/L"-C".Thatis,

20y Fa G8)

On the other hand, the concentrated equivalent parameters (and, mainly, the longitudinal capacitance
C, of a phase winding) are not defined in an absolute mode and they are dependent both on the stator
windings connection and on the situation of the neutral point to the ground.

Further, in this sense, we consider the case of star (Y) connection of windings, with grounded neutral
(U;=0). We determine, as an original contribution, the concentrated equivalent parameters L,, R, and C, of
the equivalent configuration represented in Figure 10, based on certain conditions, linked to the analytical
methods of conservation of the impedances, of the self frequencies and of the electrostatic energies,
respectively.

Figure 10. Equivalent configuration with concentrated parameters

4.1. Method of Equal Impedances (or Equal Admittances)

This method is based on the identity of the impedances Z,5 (at the terminals of the concentrated
parameters equivalent scheme) and Z,5 (at the terminals of the line from the Figure 5, having a short-
circuited terminal).

The long lines’ equations, equivalent to the synchronous generator phase winding for U;=0, are
described by:
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U:(p)=Z.-1:(p)-shyl

37
1®)=1(p)-chs 7
and, consequently,
U:(p) _cthyl
Zu(p)==""=Z thy and  Y.3(p)= 38
) ) %)
With equations (34) and (35), the ratio 1P _ p-C' is achieved, resulting in:
y(p)
ZC =
w=L"% (39)
and:
1 y(p)-1 1
Z (p) = ; . =
P pCll cthyl Y as(p) ‘o
But, the equivalent admittance at the terminals 4B’ of the representation in Figure 10 is:
2
p 'Lg'Cg+p'Cg'Rg+]
Yip=D" + =
ag =P Cq Rt DL P Lo+ R, (41)

From the equality of the expressions of the two admittances, Y, 5 and Y5, we obtain the relation for
Cy:

_C"p (R, p-L,)-7 thy
p'(Rg+p'Lg)'7'th7/l

Ce (42)

Since both the resistance and the inductance interfere with the limitation of the short-circuit currents,
their values are adopted as invariant in the two configurations, meaning that R,= R, (~[-R') and

Le= Lo, (=1-L’). Therefore, equation (42) can be rewritten as:

_C'-l'p-(R+p-L)-y-thyl

Ce p-(R+p-L)y-1-thi (43)
or, taking into account equation (34),
g Vol-thy
g }/2-12-1‘/’171 (44)

Since for | x | <7/2 the function thx admits the development [7]:
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xj’ 2x5 17.X7+

thx=x-=—+ -
TN IS s (45)
and taking into account solely the first two terms, equation (44) becomes:
. 1/3
C,=C"1 (46)

1-(13)-F
At the limit, when y -/ — 0, the capacitance C, has the tendency to attain the maximum, and the long

lines’ equations, equivalent to the synchronous generator phase winding for U;=0, are described by:

Com—5 ==033C, (47)

4.2. Method of Equal Self-Frequencies

The method is based on the identity of the self-frequencies corresponding to the two circuits at the
resonance [20,23-27].

With the complex variable p = j-w,, in the absence of the losses (R" = 0), the circuits admittances, at
the resonance, will be zero. Thus, in the case of the line with distributed parameters, from equation (14)
(with p =j ), we obtain:

cthyl
i O] - =0
J o Y (48)
or.
cos jy(jwy)-1=0 (49)

Since ¥(f wy)=J - wy-NL'-C', from equation (49) we obtain:

_ T
N el (50)

The self-pulsation of the concentrated parameters equivalent circuit is:

Wy = (51)

From the equality of the two self-pulsations:
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1 T
L,C, 4-L-1-C'-1 (52)
Under the assumption [, =L'-/, we obtain the equivalent capacitance value:
4
C,=—(C"-)=0406-C,, (53)

T

where C,,=C’-/ itis the total capacitance distributed along the synchronous generator phase winding.

4.3. Method of Equal Electrostatic Energies

The starting point of the method is based on the statement that two equivalent circuits, for the same
voltage amplitude, equally store electrostatic energies [20,23-27]. Thus, admitting a linear variation of the
voltage along the winding (see Figure 11), with:

U.-U;=AU (54)
Into an elementary capacitance C'=C//, situated at the distance x from the winding terminal, the

. ) 1 _,
stored electrostatic energy is W, = 5 .C'-y?, where:

X
Ux:U1+7'AU (55)

Figure 11. Voltage variation along a phase winding

—
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C —_—C

The total energy stored in the entire winding capacitance is determined with:
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! 1, ]
W:J‘W‘"dx EC 'Z'[Uf+U,'AU+§(AU)~’] (56)

Since U/, =U,- AU , equation (56) becomes:

Loy AU T AU
W—2U2(C )-[1 U+ (U)] (57)

2 2
It is emphasized that the electrostatic energy stored in the concentrated capacitance C, at the voltage U,

is é -U3-C, »and by identification with equation (57) we obtain:

AU 1 AU’
Ce=Clel-[1-—+—-(—) ] 58
¢ v 3 (58)
In the case of the grounded windings, {/,=0 and {/,=AU . Consequently, from the expression (58)

we find again that Cg=§-(C'-l) .

5. Conclusions

This paper extends other studies of the authors which have examined the exergetic transformation
chain at the interruption current transient process in an electric power system that comprises the
generator circuit-breaker.

The method of operational symmetrical components has been applied to assess the operational
equations and configurations of the transient recovery voltage which appears at the generator circuit-
breaker terminals after the interruption of a three-phase short-circuit fed by a synchronous generator.

Applying the method of operational symmetrical components to determine the TRV which appears
after the interruption of a short-circuit fed by the synchronous generator represents an original
contribution of the authors of this study. Modeling transient recovery voltage of circuits emphasizes
aspects with direct implication on commutation equipment. Thus, the o.s.c. method can be applied at
the poles of any breaker, for any eliminated fault type, if the network configuration and elements are
known.

Further, these findings have been followed by the assessment of the structure of the operational
impedances of the generator Z,.(p) andZ, (p) taking into consideration the concentrated electric
parameters of the synchronous generator. During the interruption current transient processes, the
electromagnetic phenomena in the synchronous generator are complex, and interactions of the generator
with the electric network occur. Modeling of concentrated equivalent parameters of the synchronous
generator at perturbations caused by current interruption transient processes is achieved in this study
through an approach based on the model of an industrial ecosystem. Thus, adopting the pattern of ideal
synchronous machine and applying the overlapping principle and the coordinate transformation, we
obtained the operational equations of synchronous generator at sudden load variations.

As another main conclusion the importance is highlighted of the components (a, ). They provide a
useful physical point of view concerning the phase current interruption, highlighting the dualist view
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of industrial ecology, according to which the behavioral analysis of an industrial ecosystem can be
performed in two distinct reference frames.

These findings represent a necessary but not sufficient step for TRV modeling. Further modeling
the concentrated equivalent parameters of the generator at perturbations caused by current interruption
transient processes is achieved in this study through an approach based on sustainability concepts.

Thus, using the equal impedance and equal electrostatic energy methods we obtain for the
synchronous generator phase winding equivalent capacitance C, the value 0.330-C,, . Applying the

equal self-frequency method results in the value 0.406 - C,, for C,. We conclude that the value of the
equivalent capacitance C, of a synchronous generator phase winding (depending on the applied

method) varies in the range of 0.330-C, to 0.406-C,, and these findings should be taken into

eg
consideration for modeling the TRV on the basis of operational impedances of the synchronous
generator during the interruption processes transient processes.
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