behavior of the generator in the network
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Ms electrical momentum
Xd synchronous reactance
Uc  stator voltage

I stator current

f1 grid frequency

cosp power factor

Apparent Power - Active Power - Power Factor

for a 3-phase power system

Sk =V§* Un Iv
Py = Sw * COSo

Ms mech momentum
U1 armature voltage
Ui internal voltage
v load angle

~¥

Sw Apparent Power

Pn  Active Power

cosgp Power Factor

Un  Nominal Stator Line Voltage

I Nominal Apparent Stator Line
Current

Ina  "Active” Stator Current Phasor

I "Reactive" Stator Current Phasor
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1. Generator main data Sym.  CL.B Dim.

1.1 Standards EC

1.2 Rated Output Sh 210 MVA
1.3 Rated Output Pn 168 MW
1.4 Rated terminal voltage (£ 7.5%) Uy 19750  V
1.5 Rated phase current In 7698 A
1.6 Rated power factor C0sQ;, 080 -
1.7 Frequency fi 5 Hz
1.6 Nominal speed My 3000 rpm
1.9 Airinlet temperature Teg 0 °C
1.10 Aftude h 0 m
1.11 Generator field current at no load and rated terminal voltage Ifq 478 A
1.12 Generator field voltage at no load and rated terminal voltage Ufy 3V
1.13 Generator field current at rated output Ifr 1545 A
1.14 Generator field voltage at rated output Uf, 02 V
1.15 Ceiling factor fo 16 -

1.16 Short-circutt ratio Ke 046 =~




2.  Generator reactances and resistances Sym. CL.B Dim.
2.1 Rated impedance Zn 1181 Q
2.2 Direct-axis synchronous reactance (unsaturated) Xg 2.53  pu.
2.3 Direct-axis fransient reactance (unsaturated) +10% X 0.248 p.u.
24 Direct-axis subtransient reactance (unsaturated) +10% X'q 0.187 p.u.
2.5 Direct-axis transient reactance (saturated) +10% Xdy 0.223 p.u.
2.6 Direct-axis subtransient reactance (saturated) +10% X'dy 0.140 p.u.
2.7 Quadrature-axis synchronous reactance (unsaturated) Xq 236 pu.
2.8 Quadrature-axis transient reactance (unsaturated) x'q 040 pu.
2.9 Quadrature-axis subtransient reactance (unsaturated) x“q 0.20 pu.
2.10 Negative-sequence reactance (unsaturated) X9 0.19 pu.
2.11 Zero-sequence reactance (unsaturated) Xg 0.086 p.u.
2.12 Negative-sequence reactance (saturated) Xoy 015  pu.
2.13 Zero-sequence reactance (saturated) Xay 0.064 p.u.
2.14 Potier reactance Xp 025 p.u
2.15 Leakage reactance (stator) Xg 0.17  pu.
2.16 Positive-sequence resistance 1 0.0026 p.u.
2.17 Negative-sequence resistance at 75°C ) 0.015 pu.
2.18 Zero-sequence resistance at 75°C Ro 0.0010 pu.
2.19 Stator resistance per phase at 95°C Ra 1291 mQ

2.20 Rotor resistance at 95°C

Rf 0.188
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Transfer Function AVR

K reactive power (p.u.)
K acfve power (pu.)
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Pm-Pe=Pa (2a)

or
A ]

Pm-Pe=2.H (2b)
¢t

where: Pe = electrical power [p.u.]

Pm = driving power applied to the shaft [p.u.]
Pa = acceleration power [p.u]

o = rotor angular speed [p.u.]

H = inertia time constant [s]

The electrical power and torque can be also expressed as

W0ny s+ waml[Xd(fﬂ)_Xq(fﬂ)] sin2-5) ()
Xd(fo)+Xe  2:[Xd(fo)+Xe] [Xq(fo) + Xr:]

Pe(fo) = Te(fo) =

Where Uf = field voltage [p.ul]
Uy, = voltage at the infinite bus [p.u)]

Xd(fo) = direct axis synchronous reactance [p.u.|

Xq(fo) = quadrature axis synchronous reactance p.u.]

Xe = external reactance o.l.] (&.0. unit rans. react, + grid)
0 = load angle [deg]

fo = oscilation frequency [He]
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Parameter Unit
Ts Measuring device time constant 5
KIR Reactive power compensation factor DL
Ka AVE gain p.U.
Ta AVR time constant 5
Upmay Maximum output of requlator .U
Urmin Minimum output of requlator p.u.
Parameter Unit
Tr Measuring device ime constant 5
Tap Input filter time constant 5
Carerd P Set point for minimum reactive power
Cliresd 000 p.u
Cpred 0.25) p.u
e 0510 p.u
Qe 0.75) p.u
Chiresd 1000 p.u
Koo Max. reactive power for no load operation p.u.
TausL Time constant for UEL transient gain 5
Teouss Time constant for UEL transient gain 5
Fauel LUEL gain p.u.
T a=L UEL time constant 5
[— Setpoint for ceiling field current p.u
Kptmrax DELqz. gain p.u.
T e OEL oy fime constant 5
o Maximum output of regulator p.u
L rin Minimum output of regulator p.u
WIH Zman Maximum wvoltage to frequency ratio p.u
Koz WHZ gain DU
Twnz WHz time constant g
l=n{ Tec) Setpoint for maximum continuows field current
I (11°5C)
I (AT p.u
Inn(GO=C0
T atn DELgw time constant 5
D EL max DEL maximum output of integrator -
s Tez) Setpoint for max. continuous generator current
I (11°C)
I (4 FC) D.u.
lm(GO=C0
Dmin ITL minimum reactive power p.u.
Taut ITL time constant g
)y I— ITL maximum output of integrator -
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The power frequency characteristic of a turbine governor is determined by
its frequency droop. Each governor increases or decreases its power
according to its droop & when the frequency of
the system deviates from the rated value. The droop describes the
connection between the change in power and a given change in the

frequency:
Af f
o AP
o f N ; \!' ————————— -
§ == o 50 Hz . ,
C £ %x100% pu- i,ﬁf p
P,
The smaller the change in frequency
Droop / power-frequency ch.: for a given load change, the stiffer
AP AP 2% P. MW the SVStEI"I‘I (the smaller the droop, the greater
K 6= =— = il the power-frequency ch.)
Af o AP 6 H:z .
ﬁ’( PT’( f_ﬁ Normally, droop & of the magnitude
NS of 6%
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simple equivalent circuit value range of react. / ohmic law
Reactances time areas
%o
- are the added "imaginary“ continuous
resistances of the coil X Xng 1,2 < xdges < 2,0 U
arrangements in a generator d T»n20s Iy = X—N
d
+ give information about the
geometry of the coils, the 1a
behaviour of a generator at transient
incidents and the relation 0.16 < x"
- : x'd<0,26
between alternating voltage X4 Xha ] Xea 0’555 <T < 2’0 s I = Un
and current ’ ’ k X
+ incase of a short circuit the Xg
reactances of the rotor winding — . .
and the damper winding also 010 < x"d < 015 subtransient
affect the behaviour of the X Xnd B Xec B %00 ! X . : . Uy
machine 0,05s<T"<0,10s g = i
d
+  three time areas are defined :
continuous,
transient and xhd  main reactance direct axis UN rated stator voltage
subtransient x1o  leakage reactance T time area
xd  synchronous reactance lk  confinuous 3phase sc-current
x'd  transient reactance I’k fransient sc-current
x"d  subtransient reactance "k subtransient sc-current
xEc field reactance
¥Do  damper reactance




0 Insulation breakdown due to heat, humidity or
a cormosive environment

u Location (inside or outside a machine or an
electrical switchboard)
Short-circuits can be:

m Phase-to-earth (80% of faults)

m Phase-to-phase (15% of faults). This type of
fault often degenerates into a three phase fault

m Three-phase (only 5% of initial faults)

These different short-circuit currents are
presented in Figure 5 .

Consequences of short-circuits

The consequences are variable depending on
the fype and the duration of the fault, the point in
the installation where the fault occurs and the
short-circuit power. Consequences include:

u At the fault location, the presence of electrical
arcs, resulting in

o Damage to insulation

0 Welding of conductors

a1 gall Ailaiaa) g 5 paladl Jlasy)

o Fire and danger to life

m On the faulty circuit

o Electrodynamic forces, resulting in

- Deformation of the busbars

- Disconnection of cables

o Excessive temperature rise due to an increase
in Joule losses, with the risk of damage to
insulation

m On other circuits in the network or in near-by
networks

0 Voltage dips during the time required to clear
the fault, ranging from a few milliseconds to a
few hundred milliseconds

o Shutdown of a part of the network, the extent
of that part depending on the design of the
network and the discrimination levels offered by
the protection devices

o Dynamic instability and/or the loss of machine
synchronisation

0 Disturbances in control / monitoring circuits

o efc.




A simplified network comprises a source of
constant AC power, a switch, an impedance Zsc
that represents all the impedances upstream of
the switch, and a load impedance Zs

(see Fig. 6 ).

In a real network, the source impedance is made
up of everything upstream of the shor-circuit
including the various networks with different
voltages (HY, LV) and the series-connected
wiring systems with different cross-sectional
areas (A) and lengths.

In Figure &, when the switch is closed and no
fault is present, the design current Is flows
through the network.

When a fault occurs between A and B, the
negligible impedance between these points
results in a very high short-circuit current Isc that
is limited only be impedance Zsc.

The current Isc develops under transient
conditions depending on the reactances X and
the resistances R that make up impedance Zsc:

Zsc = YR + x2

In power distribution networks, reactance X =L ¢
is normally much greater than resistance R and

R =
L "
h
A
Bl bai
Zac -
@ - 2

Fig. 6 : Simplified network diagram.

the R / X ratio is between 0.1 and 0.3. The ratio
is virtually equals cos o for low values:

R
WRE + X2
However, the transient conditions prevailing
while the short-circuit current develops differ
depending on the distance between the fault
location and the generator. This distance is not
necessarily physical, but means that the
generator impedances are less than the
impedance of the elements between the
generator and the fault location.

cos =

Fault far from the generator
This is the most frequent situation. The transient
conditions are those resulting from the
application of a voltage to a reactor-resistance
circuit. This voltage is:
e = E4/2 sin (ot + o)
Current 1 is then the sum of the two components:
I = lge + lge
m The first {iz;) is alternating and sinusoidal

= IJ2 sin (ot + co—q)

where [ = i,

£sc
o = angle characterising the difference between
the initiation of the fault and zero voltage.
m The second (iy:) is an aperiodic component

R

) I -t
ige = -IvW2sin{o—@) e L _Its initial value
depends on a and its decay rate is proportional
o R/L.
At the Initiation of the short-circuit, 1 is equal 1o
Zero by definition (the design current [s is
negligible), hence:
1 =lac +1ge=0
Figure T shows the graphical composition of | as
the algebraic sum of its two components i, and
ldc

=1 sin(mt + o —q)

-1 sinie—gle

a

Fault initiation T

1= g * lge

Fig. 7 - Graphical presentation and decomposition of a short-circuwit current occuring far from the generator.




Single line-to-ground SLG Unsymmetrical

Line-to-line sl Unsymmetrical
Double line-to-ground LLG Unsymmetrical
Symmetrical three-phase 3P Symmetrical

When the fault occurs, the AC component of current
Jumps to a very large value but the total current cannot
change instantly since the series inductance of the
machine will prevent this from happening.

The transient DC component of current is just large
enough such that the sum of the AC and DC
components just after the fault equals the AC current
just before the fault.

Since the instantaneous values of current at the moment
of the fault are different in each phase, the magnitude of
DC components will be different in different phases.

These DC components decay fairly quickly, but they
initially average about 50 - 60% of the AC current flow
the instant after the fault occurs. The total initial current

Is therefore typically 1.5 or 1.6 times the AC component
alone.




Subtransient Transient Steady-state
period period period
Subtransient
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% ICransient Steady-state
en w.lu-px,
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\“‘“ Mctual
Eerapula[mn of envelope
steady value

" Extrapolation of

trunsient em elope

Short-circuit current
=
cf-‘::
h‘:
ﬂ::
?r':

There are three periods of time:

— Sub-transient period: first cycle or so after the fault — AC current
is very large and falls rapidly;

— Transient period: current falls at a slower rate;
— Steady-state period: current reaches its steady value.

It is possible to determine the time constants for the sub-transient
and transient periods .

* The AC current flowing in the generator during the sub-transient
period is called the sub-transient current and is denoted by /”. The
time constant of the sub-transient current is denoted by 77 and it
can be determined from the slope. This current can be as much as
10 times the steady-state fault current.

* The AC current flowing in the generator during the transient
period is called the transient current and is denoted by I”. The
time constant of the transient current is denoted by T’. This
current is often as much as 5 times the steady-state fault current.

* After the transient period, the fault current reaches a steady-state
condition /ss. This current is obtained by dividing the induced
voltage by the synchronous reactance:




The rms value of the AC fault current in a synchronous generator
varies over time as

I(t)y=(I"—I)e """ +(L'—1,)e"" +1,

The sub-transient and transient reactances are defined as the
ratio of the internal generated voltage to the sub-transient and
transient current components:

- TOTAL ASYMMETRICAL CURRENT
r//t:--: COMPONENT

aAC COMPONEMNT

Mjgufuﬁﬁfw\:d&\}\)mﬂ\c«m‘}:\AJJlZOL@_\,)ACujQ\AhQMJ}odﬁ
o LS i s jeaill gan o1 ) 3l 8 dgall dad o aaiad
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Example (1):GT14 210 MVA, 15.75 KV, Y-connected 3phase 50 Hz syn. Gen. is
operated at the rated voltage and no load when a 3 phase fault occurs at its
terminals . Its reactance per unit to the machines own base are

Xd=2.53 Xd'=0.248 Xd'"=0.187
And the time constantare T'=1.06 s T'=0.017s

The initial DC component in this machine averages 50% of the initial AC
component.

a) What is the AC component of current in this generator the instant after the
fault?

b) What is the total current (AC + DC) in the generator right after the fault occurs

c) What will the AC component of the current be after 2 cycles? After 5 s?

The base current of the generator can be comuted as

S 210000000
V3V \/3%15.750

The subtransient, transient , and stady —state currents are ( per-unit and Amp)

=7698 A

| base =

"=E /X" = o187 =5.347 pu - 41161 A

= E/X'=—— —4032 pu—> 31038 A

0.24

1.0

|ss=E/X5= E =0.395 pu% 3040 A




A ) The initial AC component of current is I"=41161 A
B ) The total current ( AC & DC) at the beginning of the fault is

lor=1.51"= 61741 A

C) The AC component of current as a function of time is

t t
l(t)=(1"-1"Ye T +( I'-1ss) e T7 + Iss

t t

= 10123 eo0.017+ 27998 e106 + 3040

After 2 cycles t = 1/25 s and the total AC current is

I[ 1/25]=961+26981+ 3040 = 30982 A

At 5s, the current reduces to = |[5]= 0+1.802+ 3040 = 3041 A.

RMS for Fault Current

> >
Ipms = \/fac +715.,

e L —t
where /. =—.1,4. = V2r e “r =«/§IQC€ A
Z Z

2 ) —Ey
—_ e = T
T \/Iac +2Iace
This function has a maximum value of \/glac.

Therefore the worst case effect of the dc¢

component is included simply by

multiplying the ac fault currents by V3.




a) Symmetrical

Y
VAVATATI

The moment the faulf occurs or the moment of closing,
with respect to the nefwork voltage, is charactensed by ifs
closing angle a (occurrence of the fault). The voltage can
therefore be expressed as: u = 2. sin (ut + ).
The current therefore develops as follows:

p—

|
o BN
I__

sin (ot + 0. - 9) - sn[ﬂ-ﬁ]e-rl]

with its two components, one being altemating with a shift
equal to o with respect to the voltage and the second
aperodic and decaying fo zero as { tends to infiniy.

Hence the two exireme cases defined by:

o =¢="n/2 sad to be symmetrical (or balanced)
(see Fig.a )

The fault current can be defined by: 1 = % sin of

which, from the initiation, has the same shape as for
steady state conditions with a peak value E/ Z.

n & =0, said o be asymmetrical (or unbalanced)
(see Fig.b)
The fault cument can be defined by:

—t

= R
| = %'snm-{p)wnp el ]

Its intial peak value 1, therefore depends on ¢ on
the R/ X = cos ¢ ratio of the circutt.
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g d short cirut

unltage drop 1004 pu., fault cleared ater 0.5s
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