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> Flexible AC Transmission System (FACTS):

Alternating current Transmission systems

incorporating power electronic-based and other static
controllers to enhance controllability and increase
power transfer capability

> FACTS Controller:

A power electronic-based system and other static

equipment that provide control of one or more AC
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types of FACTS Controllers

Based on the connection, generaHY FACTS
controller can be classified as follows:

> Shunt controllers

> Series controllers

> Combined series-series controllers
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- | Shunt controllers

The shunt controllers may be variable impedance, variable

sources or combination of these. In principle, all shunt
Controllers inject current into the system at the point of
connection as shown in fig.l. As long as the injected
current is in phase quadrature with the line voltage, the
shunt Controller only supplies or consumes variable

reactive power.
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Fig—t uWof Shunt controller
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o | Sepies controllers

The series controller could be a variable
impedance or a variable source, both are power
electronics based devices to serve the desired
needs. In principle, all series controllers inject
voltage in series with the line. Symbol of
series controller is shown in fig.2.
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ined series-series controllers:

Figure 3 shows the symbol of series- series controller.

The combination could be separate series controllers or
unified series-series controller. Series Controllers
provide independent series reactive compensation for
each line but also transfer real power among the lines via

the power link- Interline Power Flow Controller.
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ined series-shunt controllers

Figure 4 shows the symbol of Series- Shunt controller. The
combination could be separated series and shunt controllers or a
unified power flow controller. In principle, combined shunt and series
Controllers inject current into the system with the shunt part of the
Controller and voltage in series in the line with the series part of the

Controller.
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Choice of the controller

« Series controller controls the current/power
flow by controlling the driving voltage.

« To control current/power flow and damp
oscillations, series controller is several times
more powerful than shunt controller.

 Shunt controller injects current in the line.

* Thus it is used for more effective voltage
""g"oll & damp voltage oscillations.

39 gagA Hiuerd wiafacaite
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o FACTS Controllers

« Injecting the voltage in series with the line can
improve the voltage profile.

» But shunt controller is more effective to improve
the voltage profile at substation bus.

* For a given MVA, size of series controller is small
compared to shunt controller.

» Shunt controllers cannot control the power flow in
the lines.

- c~-i~g controllers should bypass short circuit

: =- : nts gn,d handle dynamic overloads.
i
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SELE FACTS Controllers

 Controllers with gate turn off devices are
based on dc to ac converters and exchange
active/reactive power with ac lines.

« This requires energy storage device.

«—C —
I-. storage
| Ilk.r'l "rﬁq"'l""'""_“_ B
e
figs 7 FACTS, £9M1T0er, With energy storage device
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= FACTS Controllers

* Energy storage systems are needed when
active power is involved in the power flow.

* A controller with storage is more effective
for controlling the system dynamics.

A converter-based controller can be designed
with high pulse order or pulse width
modulation to reduce the low order harmonic
generation to a very low level.

« A converter can be designed to generate the
e €6 waveform in order fo act as an active
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== Shunt Controller

The main object of the shunt facts device to support the
reactive power demand.

It yield to increase the steady-state transmittable power
as well as the stability of the system and the voltage
profile.

» Shunt Var compensation is thus used for voltage regulation
at the midpoint(or some intermediate) to segment the
transmission line and at the end of the line to prevent

g 9¢ instability, as well as for dynamic voltage control

E’t}; cregse.transient stability and damp power oscillations.
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OBJECTIVES OF SHUNT COMPENSATION

1. Midpoint Voltage Regulation for Line
Segmentation.

2. End of Line Voltage Support to Prevent
Voltage Instability

3. Improvement of Transient Stability

t8he ven, Oscillation Damping

Iq gairde Hiter gfaiacmitern
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L. M m@%&:b‘r Voltage Regulation for Line

Segmentation.

Consider the simple two-machine (two-bus)
transmission model (without any
compensation)system as shown in fig. 6(a). The
transmission line is represented by the series
line inductance. Figure 6(b) shows the phasor
diagram of sending and receiving end voltages
(V; =V,.=V) and 0 is the power angle.
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“xm&%rﬁ%in‘r Voltage Regulation for

Line Segmentation......

Power at mid point P, =1}, |

V LV jIx/2  iIX/2
where V,, = =7
Vv Vim v
_ 2V cos(6/2) 6/2 16/2
m 2
I= VS_ VT'
JjX
. & .
I= 2V sin(3) Qs = Vlsin(8/2)
X

2 , ) ‘I‘yﬂ“'*” 5) /X Q. = V2 (1- Cos 3) /X
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=Migipoint Voltage Regulation for
Line Segmentation......

The shunt compensator is represented by a
sinusoidal AC voltage source in-phase with the
midpoint voltage V,, and with an amplitude of
the sending and receiving end voltages(V;,= V; =
V. =V) as shown in fig.7(a). Phasor diagram is

shown in fig.7 (b)

X2 g, I, X2
fo_r(m\*_. —= 5r—o V= Vi + j Iy X/2
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deal Vin =V + j Iy X/2
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~Migpaint Voltage Regulation for

Line Segmentation......

. (X/21 '
V.., and V,__ are voltage at Respective reactance J 3’” el

Power at middle P, = V1, v
r

Vin = Vi = Vmsg:

The transmitted power is
Fig. 7 (b) Phasor diagram

P= V-rm{-,-m = erjmr = me.'rm COs g =Vi CDS?

or Similarly

Ve _ s 5 _4v? 5
J|D ::'2'_:'; Sin = Q = VI sin E = X (1 — COS E)
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Voltage Regulation for
entation......

The relationship PO |
between real power P, :O
reactive power Q, and angle 4P
d for the case of idedl max
shunt  compensation s
shown plotted in figure
7(c). It can be observed
that the midpoint shunt 2P

compensation can Mak
significantly increase the p | .
transmittable power maX

(doubling its  maximum

. at the expense of a 2
increasing reactive 0 72 7 §
demetd- on the - |
Fig.7 (c) The relationship between real power P, reactive
CQmPBnSﬂ'tQ‘ﬁ‘ﬁ::J-*u-n power Q, and angle & for the case of ideal shunt

DEPUTY REGISTRAR OF COPYRIGHT compensa’rion

A+




COPYRIGHT CFFICE

NEWV DELHI . .
Reg. No. - L-105745/2021 m l O l nT
Date 23/07/2021 .

» It is the best location for the compensator
because the voltage sag along the uncompensated
transmission line is the largest at the midpoint.

» It breaks the fransmission line into two equal
segments for each of which the maximum

SPEE i "table power is the same.

'
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—Why Midpoint-....

» To get the better voltage profile, Transmission line

segmentation can be expanded to the use of multiple
compensators, located at equal segments of the
transmission line.

» Also the transmittable power would double with each
doubling of the segments.

> In ideal case the constant voltage profile will be the

EBAE - 5 number compensator increase.

Wwems
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4 Segmentation

X/‘“! X/‘“! XM’ XM, jXMf’a‘m iXM’mn
n n u n ' P> jXi4l,,

machme system with ideal reactive compensators maintaining constant fransmission voltage
L E] ne s: gmen'ra'hon and associated phasor diagram.
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Highly complex
_arge expensive for to be practical,

The stability and reliability requirements
under appropriate contingency conditions
are also considered.

However, the practicability of limited line
segmentation.

OEw 20 _
E'EI" 3 Wi ®
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=& knd of Line Voltage Support to

Prevent Voltage Instability

A simple radial system with feeder line reactance of X and load impedance Z
is shown in Figure 9 (a) together with the normalized terminal voltage V;
versus power P plot at various load power factors, ranging from 0.8 lag and
0.9 lead. The "nose-point" at each plot given for a specific power factor
represents the voltage instability corresponding to that system condition.

Voltage stability limit decreases with inductive loads and increases with
capacitive loads.

I W I Vi (p.uda
| 1.0
T A
0.9 lead

VS IIIII".!" Z 0.5 0.97 lead
| Unity pf

1 0.85 lag

0.8 lag

ulx

Ty 0 * =

| : Ir.-“="f*“'"""ﬂ-1 . 0.5 1.0 1.5 P (p.u)

: (a )Varighien-ef voltqge stebilitylimit of a radial line with load and load power factor
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=Enid 6f Line Voltage Support to Prevent

Voltage Instability.....

Figure 9(b) shows the shunt reactive compensation can
effectively increase the voltage stability limit by
supplying the reactive load and regulating the terminal

voltage.

I X I Wip.ujp
1.07
! \ “*Q |
0.9 lead

@ Vs Vr var z 05+ Ny p{f].ﬂ? lzad

0.95 lag
0.8 lag

| 0 ' . . -
0.5 1.0 1.5 Pilp.u)}

=1

et e o .
) Vc|r'|a1| n_ovmitage stability limit of a radial line with load and load power factor with shunt
2 satjphn
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S Emprovement of Transient

Stability

> Reactive shunt compensation can significantly
increase the maximum transmittable power.

» Shunt compensation will be able o change the power
flow in the system under dynamic disturbances.

> The potential effectiveness of transient stability
improvement can be conveniently evaluated by the
equal area criterion.

The iit*-of the simple two machine (the receiving
; an men‘a bu&)as shown in fig.(10).

EFUTY RE(=
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=Imprgvement of Transient Stability......

» Assume that both the uncompensated and the compensated systems
are subjected to the same fault for the same period of time.

» Prior to the fault both of them transmit power P, (mechanical) at
angles 6, and &, respectively.

» During the fault, the transmitted electric power becomes zeros and the

mechanical power constant.

P
2Pmax vg
Py=2Y sind/2
L
2 Apmargin
p P P= Y sins p
max Xf_ max
AE Amargin Ap
B =
A1 Ap1
31 62 33 5r::ri’t m 8 3_;;11 5p2 5p3 Sp crit =7 o
Wi (b)

qual areg Criterior o itios i_r_'_gﬁi e the
ithodf cormperisation (@), and with'an
DEFUTY HE=RIRAR DF COPYRIEH
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ent of Transient Stability......

» Results the sending-end generator accelerates from the steady state

angles 6, and §,,; to angles 6, and &,,,;.
> The accelerating energies are represented by areas A; and 4,;.

After fault clearing

> Electric power exceeds the mechanical input power and the sending

end machine decelerates.
> The accumulated kinetic energy further increases until a balance

between the accelerating and decelerating energies.

> Corresponding areas for energy balance is A;, A,; and A, , A,; and it
is reached at 63 and 5,3

> The constant B, line over the intervals defined by angles &3and &y
and Spcrit -

il 'r'rr|me W ~-inargin of ftransient stability, that is ,the "unused”
nTPO DV areds. A'marglmqna Apmargm
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4. Power Oscillation Damping

In the case of an under-damped power system, any minor
disturbance can cause the machine angle to oscillate

around its steady-state value at the natural frequency.

The angle oscillation results in a corresponding power
oscillation. Sufficient damping can be a major problem in
some power systems and in some cases, it may be the

limiting factor for the transmittable power. It is necessary

e ’rr'ansmussmn line, to counteract the
! A HIERT G TR

1é“disturbed machines.
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r Oscillation Damping......

» When the rotationally oscillating generator accelerates
and angle 6 increases (dé /dt > 0), the electric power
transmitted must be increased to compensate for the

excess mechanical input power.

» Conversely, when the generator decelerates and angle §

decreases (dd§/dt < 0), the electric power must be

i 'l_-'ll. ..r-'llhla.'.-\..-l Ly B

vy gaTA {ETT wf AT iE
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cillation Damping......

Figure 11(a) shows the undamped and
damped oscillations of angle & around
the steady-state value.

Figure 11(b) shows the undamped and
damped oscillations of the electric
power P around the steady-state value P.

Figure 11(c) shows the reactive power  q/
output Qo of the shunt-connected var [}W
compensator. The capacitive (positive) [
output of the compensator increases the
midnnint YolTage and hence the Fig.11 Waveforms illustrating power oscillation
pAnE 2d power when (d6/dt > Q) and it damping by reactive shunt compensation: (a)
gy generator angle, (b) transmitted power and (c)
uEr T}liﬂ’iﬂ{,"_ﬁv‘-}?‘_@n (d §5/dt < O) var output of the shunt compensator.

. vy gatrA witars ofataom ey
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;zﬁ?i”wz@‘*enf Shunt controllers are:-

(A)Variable Impedance based type:-
1. Thyristor Controlled Reactor (TCR)
2.Thyristor Switched Reactor (TSC)
3.Fixed Capacitor, Thyristor Controlled
Reactor (FC-TCR)
4 Static Var Compensator (SVC)

(B)VSC based type
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NET A #’ror Controlled Reactor (TCR)

.2 fOTr2021

. Thyms’ror Control Reactor (TCR)
is the basic building block of
SVC(static Var compensator ).

» TCR used to absorb the excess

reactive power in the system.

Fig. 12 Thyristor Controlled Reactor

= Tt can't be used alone, because of the inductive

nature of power system load. It is normally used

HedTeactive power generation.




Reg.

COPYRIGHT CFFICE
MNEWY DELH
Mo, ; L-105745/2021

? shows the single-phase thyristor-controlled
reactor (TCR) is consists of a fixed (usually air-core)
reactor of inductance L, and a bidirectional thyristor
valve (or switch).

Currently available thyristors have 4KV to 10KV
voltage rating and current rating is 3KA to 6KA

amperes.

= To meet the required blocking voltage and current in

real power system, the series and parallel connection

i-&lie rigfor is used (thyristor valve ).
| -t

T Gl T g
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Aﬂé‘ﬁay“s’ror valve can be brought into conduction by

108745/2021

e 2307 2321

~Simultaneous application of a gate pulse to all thyristors of

the same polarity.

High voltage rating
I't can be established by connecting thyristor in series and

giving synchronized pulse.
High current rating
It can be established by parallel connection of thyristor

valve and giving synchronized pulse.

paum ‘e Will automatically block immediately after the ac
crégses zero, unless the gate signal is reapplied.

T Gl T g
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power absorbed by TCR is
proportional to the current flowing
through inductor (I, (x)). (]

» The current in the reactor can be
controlled from maximum
(thyristor valve closed) to zero W
(thyristor valve open) by the
method of firing delay angle
control.

angle of TCR is varying from 90° to
22 . Ii"Zan't able to varying from 0° to
£ unlike AC ¥6ltage controller.




ij?ﬂmﬁa%t@l‘" Controlled Reactor (TCR).....

Date 230072021

Positive half cycle Negative half cycle

wht
SW

asic_| thyristor—contrelled-reacter{a), firing delay angle control (b) and operating
ms (Cj'l" g HiterD gfaiacniteen
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» The current in the reactor can be controlled from
maximum (thyristor valve closed) to zero
(thyristor valve open) by delaying the firing angle
as shown in fig. 13

» The closure of the thyristor valve is delayed with
respect to the peak of the applied voltage in each

firerdr afaffanfieen
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lowing through inductor when valve is
conduction

Let applied voltage v(t) = V,,, cos wt
During positive half i, (a) =% f;tv(t)dt
i (a) = ‘;—T (sin (wt)-sin(a))......ceovvnn(1)
This equation is valid only for at wt varyingfroma <wt < w-«a

From the expression is find that current is by an offset of - %
sin(a)

oy gairgs witewrdr afafacmften
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‘?’f*fé”&ffﬂmf angle is a, then the conduction angle ¢ = 2 — a. Thus
as the delay angle a increases, the correspondingly increasing
offset results in the reduction of the conduction angle of the

valve and the consequent reduction of the reactor current.

At the maximum delay of a = -, the offset also reaches its

maximum of % at which both the conduction angle and the

reactor current become zero. It should be noted that the two
parameters, delay angle a and conduction angle o, are equivalent
and ’rherefore TCR can be characterized by either of them.

‘[g‘P current at a=0 and «=30° are shown in fig.

vasraA st efaiasaiisn
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MEW DELHI
Reg. Mo. - L-105745/2021
Date 22/07/2021 Voltage
0.5 -
TCR current
-0.5F |
_1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700

Fig. 14 (a)Firing angle a =0 (measured from peak of source

voltage )

i 'l_llll. ..r-'\-ilh'a.'.-\..-l. Ly

.

Voltage

TCR current

66 260 S0C %0
9 gargA Hier efafecaites
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Reactor current in positive half cycle is i;(wt) = Z)—T (sin (wt)-sin(a))
when a < wt < 7 - @ and otherwise zero.

Now find the fundamental component by using Fourier series
expansion

i; (wt) =).,7 a, cos(nwt) + b, sin(wt)
(ip1(wt)) = a,cos(nwt) + by sin(wt)

a, = 0 (odd symmetry or quarter wave symmetry)

by = % fz_a i(wt)sin(wt) dwt

o HAETT SR e
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- fﬂ : Vm (Sln(a)t) — sin(a))sin(wt) dwt

by = =2 [T (sin(wt)?—sin(a)sin(wt)) dwt

T WL

After simplification

b, =2 'm (n_za - % sin (2 ))

T wlL 2
Therefore
2V mT—2X 1 . .
l-Ll(a)t) = w”z ( —— = 5 sin (2a )) sin(wt)

Peak Current

}ng CE) L (1 - — — = sm(Za ))

T

Ty gadA Hiuer wfaieniiern
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Vin

L1p (a) = oL

(1— Z?a — % sin (2a ))

iLlp (a) =V, B

B;c, is the TCR admittance

where B; = By max (1— 2% _ 2 §in (2a ))

T T

1

BLmax = E

Now the expression of admittance in conduction angle ¢ where

T—0O0
| o Sin ¢
\ B; = BLmax (_ - )

Wy [ T
| \

Y gArgA HiUw afafaeniiesn
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—thyristor Controlled Reactor (TCR)........

B; (a )=i (1— 2@ _ % sin (2a ))

T

a T = TCR admittance (B;) ! = I;;(a ) | = Reactive power absorbed |

a | = TCR admittance (B;) T = [;;(a ) T = Reactive power absorbed T

arving firing angle (a) smooth control of reactive

LRy s
ey bsoipiion is achieved by TCR.

I TAA HIUSEHRRT 9o SR
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DEE?F TR2021 I

/\ I"(_F(ﬂ'} [p.u.]

r Controlled Reactor (TCR)

lfLF(‘-T}

VAA
T

= == r=wE———rEm——

|4

‘ lire)=—7 (1 o~

e T

< sin 2«)

S

1 I I

—

1,,20,30

-

plitude variationgfithefundamental

DEPUTY REGISTRAR OF COPYRIGHT

40 50 60 70 80 90 « [deg]
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Date 237072021

that of the corresponding current will be limited by the ratings of
the power components (reactor and thyristor valve) used.

A practical TCR can be operated anywhere in a defined V-I area
shown in fig. 17, the boundaries of which are determined by its
maximum attainable admittance, voltage, and current ratings.

Vr

N

VLmax RN

Vimax = Vol‘rage limit

Iimax = Current limit

e
o Bmax = Maximum admittance of TCR

——— “.';F':..-I'll"";"l"":""f

|0_;.- ’Lmax IL

i = i firarrft wf T
Figl 17T charasienisties b NcRo
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¥ RESWETAR switching is restricted to a fixed delay angle,

usually a= 0O, then it becomes a thyristor-switched
reactor(TSR) (it have only two option either fully on or fully
off). V-I characteristics of TSR is shown in fig.18.

= The reactive current will be proportional to the applied
voltage.

= TSRs can provide a reactive admittance controllable in a

step-like manner. Vi,

VLmax

TCR may be used alone but TSR can

M..-MEIHe used alone it is always B
1 -_-' " L
.- |5::|__. x b 3

2\ dnitfance of reactor K

Fig. 18. V-I characteristics of TSR
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*Doritiegst harmonic present is 374 around 15% of the fundamental

Date 237072021

*To reduce The harmonic content inter connection multiple TCR as desired

manner such as
1.Delta connection of three phase TCR
2.Multi pulse delta connected three phase TCR

3.Segmented TCR ol

107

/%, 3TN\ \“\ <N\
’A\?%Z‘VA’AQA'I'%«&*&\—;—__
0 ° 45 60

0° 15 30 75°  90°
=

HJEPUTY REGISTRAR M9 TER current harmonic spectrum

| ! -k..ll,.r.-lnhlw.;_ B
| 4 0

0 0
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/
TCR

o o ‘o

e} g A o
v~ -— T (o]
[l |l [l [l
o] 3 S

S
“\(l'

/

Operating Range

T|” l&f Vit Zharacteristic

I garde Hiter gfaiacnitesn
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> B1cr
a =180
o =140

= 120"

o =110

Fig. 21.TCR susceptance characteristic
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Date 237072021

single-phase thyristor-controlled
reactors are used, usually in delta
connection as shown in fig.22

= Under balanced conditions, the triple-
n harmonic currents(3rd, 9th, 15th,
etc.) circulate in the delta connected
TCRs and do not enter the power
system.

= The reactor are bifurcated on either
side of AC voltage so if a short circuit

a-ross one of the reactors

I .L-..-' WA &

.. \igh ‘scliage across reactor is

g gaTa wWit oA T

ted:by, the otherneactor.

Ny

A\

),
ILE'Q\

Fig. 22. Three phase delta connected TCR
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» 6 pulse TCR have the all non-triplen harmonic 5,7,11,13,17,19....

» By using 12 pulse TCR the harmonic spectrum is improved

» It have two set TCR are connected delta format with
transformer have two secondary in star and delta

» By using 12 pulse transformer 5, 7,17,19,29... harmonics removed
from the current.

» It have draw back it will increases the cost of the system and
also complex control circuit required

> If required to suppress more harmonic, then replace 12 pulse by

WaE 4 28  pulse transformers

1
" ILI....rllhlll.-\..d-'.'- .

P .
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TCR by using four TCR.
> 4thTCR is only operating as thyristor control reactor all other

operating as thyristor switched reactor(TSR).

.;- o

| —
AR

F QHZF’e Ltstal =

Flo +ija+ ija
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i %lsfor Switched Capacitor

>

A single phase thyristor switched capacitor
(TSC) is shown in figure 24. It consists of a
capacitor, a bidirectional thyristor valve and a
relatively small surge current limiting reactor.
This reactor is needed primarily to limit the
surge current in the thyristor valve under
abnormal operating (e.g. control malfunction
causing capacitor switching at a "wrong time,"
when transient free switching conditions are not
satisfied) it may also be used to avoid
resonances with the ac system impedance at
particular frequencies.

Under steady state conditions, when the
thyristor valve is closed and the TSC branch is
connected to a sinusoidal ac voltage source,

v =V sin wt, the current in the branch is given by

9 gargA Hier efafesaites
e e e i(et) =
UEFUTY RE=ETRAR OF COPY IR n2 —_ 1

2

wC cos wt
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~iJBgdeksTeddy state condition, when the thyristor i

valve is closed

A

For a given voltage o M— TVC
v =V sin wt
v Tv
1/jwC SW
Voltage across capacitor V., =V sin Wt e

= Vsin wt (m) Lg /[VL

2 __1 p =1 -

T w2LC T wViLe
: 1
= Vsin wt(—)
1=z

. meny,

L’ 3 ..r-'llhla.'.-\..-l Ly

idel of-ihe 'voltage across ’rhe capaciTor is

Y OATOA HTUSHR 9T )

EPUTY REGISHe R V+S|n|(1)t =T
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—Thyristor Switched Capacitor.....

The TSC branch can be disconnected ("switched out") at any current zero
by prior removal pulse for the thyristor valve. At the current zero
crossing, the capacitor voltage is at its peak value. The disconnected
capacitor stays charged to this voltage and consequently, the voltage
across the non conducting thyristor valve varies between zero and the

peak-to-peak value of the applied ac voltage,

The amplitude of the voltage across the capacitor is

I -.k_.l., WA &
| §

Y gArgA HiUw afafaeniiesn
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—thyristor Switched Capacitor.....

L ] N
C— Ve /J/ Ve
V
;Z iqum Vew
—*l-uu—
3 1”’;_ _
o TSC "on" _|_ TSC "off
(b)

By \ ~Vynlimacitor C gets connected

= baci isconnected

I A HiUEr giaiacaitesn

.25Basit thylisYorswitchedapacitor (a) and associated waveforms (b).
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If the voltage across the
disconnected capacitor
remain unchanged the TSC
bank could be switch in again
without any transient at the
appropriate peak of the
applied AC voltage for (a)
positively and (b)negatively
" ed, capacitor as shown

Jr'e| @forros

I TAA HIUSEHRRT 9o SR
DEPUTY REGISTRAR OF COPYRIGHT

154

(a) o0

tor Switched Capacitor.......

10

P.U

Fig. 26 Waveforms illustrating transient-free switching by a
thyristor switched capacitor.
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Normally, the capacitor bank s
discharged after disconnection. Thus, the
reconnection of the capacitor may have to
be executed at some residual capacitor
voltage between zero and Vc. To minimize
the transient disturbance, if the thyristor
valve is turned on at those instants at
which the capacitor residual voltage and
the applied ac voltage are equal, that is,
when the voltage across the thyristor
valve is zero. Figure 27(a) and (b)

thz  switching transients

|Th| c_l:ra.'?'-:fiy‘ and a partially

~ Tl LR :I o3 G T L eRl ]
capagifor, o S

< S/ﬁﬁ%@f Switched Capacitor.......

Fig 27. Waveforms illustrating the switching
transients with the thyristor switched
capacitor fully (a) or partially discharged (b).



.. 1hyristor Switched Capacitor......

Date 23/07/2021

These transients are caused by the nonzero dv/dt at
the instant of switching. which, without the series
reactor, would result in an instantaneous current of
ic = C dv/dt in the capacitor. (This current represents
the instantaneous value of the steady- state capacitor
current at the time of the switching.) The interaction
between the capacitor and the current (and di/dt)

limiting reactor, with the damping resistor, produces

paumE sci.latory transients visible on the current and

Wi e




COPYRIGHT CFFICE
MNEWY DELH
Feg. Mo, - L-10574572021
Diztemianiif (2021 °

or Switched Capacitor.......

The conditions for “fransient-free"
switching of a capacitor are summarized in |,
Figure 28 . As seen, two simple rules cover Vo

all possible cases: / \

(1) if the residual capacitor voltage is / \

lower than the peak ac voltage (Vc < V),
then the correct instant of switching is

when the instantaneous ac voltage e |
becomes equal to the capacitor voltage; % N
and
(2) if the residual capacitor voltage is / |
equal to or higher than the peak ac . \

voltane (Vc > V), then the correct
b '._ -:,:_ ng .'_s GT The peak O:f the ac Fig. 28. Conditions for "transient-free"
. G"_"'\'!rir"h'i"ﬁﬁ: -the ThYI"ISTOI" VG'V@ switching for the thyristor-switched

capacitor with different residual voltages.

" |s NI I
A R L R LARRA= AR AT
A U
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or Switched Capacitor.......

» The maximum possible delay in switching in a capacitor bank is one
full cycle of the applied ac voltage, that is, the interval from one
positive (negative) peak to the next positive (negative) peak.

» So firing delay angle control is not applicable to capacitors.
» The capacitor switching must take place at that specific instant in
each cycle at which the conditions for minimum transients are

satisfied.

> For this reason, a TSC branch can provide only a step like change in

iy g wiwEr afatam e
DEFUTY RE=STRAR OF COPY R =H
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or Switched Capacitor.......

The current in the TSC branch varies linearly with the applied voltage according
to the admittance of the capacitor as illustrated by the V-I plot in figure 29.

The maximum applicable voltage and the corresponding current are limited by
the ratings of the TSC components (capacitor and thyristor valve).

To approximate continuous current variation several TSC branches in parallel
may be employed.

V/\
VCmax
Vemax = voltage limit
I omax = current limit
Bcs = admittance of capacitor
B
. ! ..l'..rl kb o

| l 1 _."C "Crnax 0

2 R P s s
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o33 o e apacitor-Thyristor Controlled Reactor (FC-TCR)

A basic var generator arrangement using a _',Q_)

fixed (permanently connected) capacitor with a f !
thyristor-controlled reactor (FC-TCR) is shown ‘ ,
functionally in Figure 30. ;,IC fL[a)

-C

The current in the reactor is varied by the v

method of firing delay angle control.

The capacitor always generates the fixed

amount of reactive power. H SW

So TCR will absorb the excess reactive power

el |y mner by varymg firing angle.

l' r &
: S Fig. 30. Basic FC-TCR type static var generator

Y OFTTA HIUER 9iaa =TT
DEPUTY RERBIRAR OF CLOPYRIHIT
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=EixEd-Capacitor-Thyristor Controlled

Reactor (FC-TCR).....

» During light load condition the transmission system, it self

have the higher reactive power (leading PF).

> So to make unity p.f or better operation of FC-TCR, the TCR
rating should be higher than fixed capacitor.

» Normally the capacitors are connected in star format.

» The fixed capacitors having a small inductance in series, hence

it acTing as passive LC filter.

thlt IIIE-':-.JT1I-{{JP fRI=HI
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dﬁ‘kapaamr -Thyristor Controlled

Reac’ror (FC-TCR).....

» The LC filter provide lower impedance to selected harmonics
(dominant harmonics produced by the TCR) such as 5™, 7th 11th .

> Each capacitors tuned for different frequency.

» Additional to this LC filter and LC high pass filter also connected
with the system as shunt format.

> The fixed -capacitor, thyristor-controlled reactor type Var
generator may be considered essentially to consist of a variable
renrtar (controlled by delay angle @ ) and fixed capacitor.

rq it HAUETT GEATCTRTE
DEPUTY REGISTRAR OF COPYRIGH
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fe 1 dﬁ‘kapacﬁor -Thyristor Controlled

Reactor (FC-TCR).....

> Figure 31 shows the characteristics of o“/
FC-TCR.The constant capacitive Var

Q =VxXI,la
generation (Qc) of the fixed capacitor. BTN

» Variable Var absorption( Q; ) of the
thyristor controlled reactor.

Q
demand

» Total Var output(Q) (SVC generation).

q-Q

> At the maximum capacitive Var output,
the thyristor controlled reactor is off
(¢ =90° (w.r'.‘r voltage peak))

Pankny eas'e Th? CGPGC'T'VZ output, the Fig. 31. FC-TCR characteristics
4 i e "zactor is increased by
1 hg Tne a@'ay qngiea, foa

EFUTY RE=GRIRAR OF COP
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dﬁ‘kapaamr -Thyristor Controlled
Reac’ror (FC-TCR).....

» At zero Var output, the capacitive and inductive currents are equal
(capacitor and inductive Var is cancel out).

» To make net output is inductive Var (inductive current becomes
larger than the capacitive current) by further decrease of angle «
(assuming that the rating of the reactor is greater than that of the
capacitor).

> At zero delay angle, the TCR conducts current over the full 180
degree interval, resulting in maximum inductive Var output.

» It is equal to the difference between the Vars generated by the
aom cnd those absorbed reactor.

oy gairgs witewrdr afafacmften
DEPUTY RE=RIRAR OF COPYIRIH
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e ﬁmkapaClTOP -Thyristor Controlled
Reac’ror' (FC-TCR).....

Vi max Vimax = Voltage limit for TCR
Vemax = Voltage limit for capacitor
I max = Current limit of TCR
Icmax = Current limit of capacitor

B max = Maximum admittance of TCR

= admittance of capacitor

IC /Cmax 0 ILmax IL

L V-I {',:t;*?f,‘*’.%.ﬁ-?}e area of the FC-TCR Var generator

Ty s HitEsr gfatacmiem
DEPUTY REGISTRAR OF COPYRIGHT
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i e FC-TCR Loss

In practical application additional to dynamic
performance, loss also have the important.

In the FC-TCR type Var generator, there are three
major elements of the losses encountered
1. Capacitor (or capacitive filter) losses(there are
relatively small but constant).
2. Reactor losses(these increase with the square of the
current).
3. Thyristor losses(these increase almost linearly with
the current).
waamE the total losses increase with TCR current and
queui‘?’ +decrease with increasing capacitive Var
2 et R f e ——— e ———

DEPUTY REGISTRAR OF COPYRIGHT
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» Figure 33 shows the loss versus
var output characteristic of the
FC-TCR  type static wvar
generator.

> This type of loss characteristic
is advantageous when the
average capacitive var output is
relatively high as, for example,
in industrial applications
requiring power factor
correction.

» It is that disadvantageous when
the average var output is low, as
dum ple, in the case of

e = 111!.: II|-:" --I 11'\:.-:‘..111I|‘-!
DEPUTY RERBIRAR OF CLOPYRIHIT

NEW DELH
Reg. Mo. - L-105745/2021
Date 23/07/2021 - O ceoe

A
Losses

Fixed loss due to the
necessary cancellation ™\,
of the fixed capacitor
current

o .
_

[le= I ()] [/ pla) = 1]
Capacitive| Inductive

Fig. 33. Loss versus var output characteristic of the FC-TCR
type static var generator
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(TSC-TCR)

Figure 34 shows the TSC-TCR Var
Generator.

The thyristor-switched capacitor,
thyristor-controlled reactor (TSC-
TCR) type  compensator  was
developed for dynamic compensation
with minimized standby losses and

 increased operating

U

Ty s HitEsr gfatacmiem
DEPUTY REGISTRAR OF COPYRIGHT

Fig. 34. TSC-TCR Var Generator

SW,
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* A basic single-phase TSC-TCR typically consists of n
TSC branches and one TCR.

* The number of branches, n is determined by practical
considerations that include the operating voltage
level, maximum Var output, current rating of the

thyristor valves, etc.

« The inductive range also can be expanded to any

I “--’""

REEE m r'a’rmg by employing additional TCR or TSR
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SC-TCR)......

» The total capacitive output range is divided into n intervals.

> In the first interval, the output of the Var generator is controllable in
the O to Q.nax/Nn range, where Q.qx is The total rating provided by all
TSC branches.

» In this interval, one capacitor bank is switched ON and simultaneously
the current in the TCR is set by the appropriate firing delay angle.

> So that the sum of the Var output of the TSC and that of the TCR
equals the capacitive output required.

> In the second, third.. and n'* intervals, the output is controllable in
X E| cmo'_r/n To 2Qcmax/n / 2Qc*max/n To 3Qcmax/n; ------ and (n’l) Qcmax/n
i F ViAanipne @

| T

Y gArgA HiUw afafaeniiesn
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SVEETSC-TCR)......

In all interval surplus reactive power absorbed by using
the TCR. So theoretically, the TCR should have the
same Var rating as the TSC. But the switching
conditions at the endpoints of the intervals are not
infermediate, so the Var rating of the TCR has to be
somewhat larger in practice that of one TSC in order
to provide enough overlap (hysteresis) between the
<wi’rrging in and switching out Var levels. The

' 3 ve ‘@!ﬂfmu‘rpu’r is changed in a step like manner
b |
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SC-TCR)......

> Approximate the Var demand with L

e g e A A A
a net capacitive Var surplus and /W :
the relatively small inductive Var |

output of the TCR, Q, is used to Ciarran c _LdeTanc
cancel the surplus capacitive vars. Q e
» The rating of the reactor is kept I
relatively small (1/n times the PO
maximum  capacitive  output). e 3
Q QO

Figure 35 shows Var demand
versus Var output characteristic Fig.35. Var demand versus Var

TSC-TCR ’rype Var output characteristic of the TSC-
]TC_f s TCR type Var generator

g gaTA HiterD gfafacmiten
DEPUTY REGIBTRAR OF COPYRIGH
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Control scheme for the TSC-TCR type of generator have
to provides three functions

1.Determines the number of TSC branches needed to be
switched in to approximate the required capacitive output
current and computes the amplitude of the inductive
current needed to cancel the surplus capacitive current.

2. Fig. 36.Control Scheme of TSC-TCR static Var

generator. Controls the switching of the TSC branches in

a "transient free" manner.

EABaE
ey The"lerent in the TCR by firing delay angle

Y gArgA HiUw afafaeniiesn
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»
L]
]

SC-TCR)......

TSC,"on" request

= TSC,"on" request <l
o
1 ‘ lfm .LfL(ff) A
TSC, C L/2
- =
onfoff |.
Required vontrol |_..
capacitor TSC, TCR
laRe and
=1 reactor B eee
current -
computation TCR [
firing -
— delay
anglel I B —
' contro
'. L L/2
I L’r“"ﬁ"h"wlg ! g
i 1 L
Fig. ¢chéme'ofl TSC-TCR static Var generator
FOEPUTY HH BlkAR OF COPYIRIEHT
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Date 237072021

> Determines the number of TSC branches needed to be switched

In figure 36 the input current reference Iy, representing the magnitude

of the requested output current. Find the ratio of current reference (Iy,r)
to current(l.) that a TSC branch would draw at the given amplitude V of
the ac voltage. The result, rounded to the next higher integer gives the

number of capacitor banks needed (TSC).

» Computes the amplitude of the inductive current needed to

cancel the surplus capacitive current

- Iélr “erence in magniTude between the sum of the activated capacitor
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SVE(TSC-TCR).......

Switching of the TSC branches in a "transient-free“manner

Switching of the TSC branches follows the two simple rules for “transient

free" switching summarized in TSC discussion.

» That is either switch the capacitor bank, when the voltage across the
thyristor valve becomes zero or when the thyristor valve voltage is at a
minimum.(The first condition can be met if the capacitor residual voltage
is less than the peak ac voltage and the latter condition is satisfied at
those peaks of the ac voltage which has the same polarity as the residual

voltage of the capacitor).

Y gArgA HiUw afafaeniiesn
DEPUTY REGISTRAR OF COPYRIGH
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SYE{TSC-TCR).....

Vsw IS one when voltage across the
thyristor is zero

Vpor signal is one when the polarity of V,
and polarity of V are same

P; (sync) is one when source voltage
reaches its peak

Cause 1
TSC is on when, ON request is 1 and V,, is
1.

Cause 2
TSC is on when, ON request is 1, Vp,; is 1

T gt Hiuerd wiaieeaiie
DEPUTY REGISTRAR OF COPYRIGHT

V. )
=1 Valve voltage "
and capacitor | T C
/.. | Votage polarity

K
measurement

‘on” request Firing
: ; pulse |
generator] ~
L —
A (Sync.)
Le

Fig.37. Control scheme for switching
the TSC branches in a "transient-
free" manner
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BLmax

AY
7

le lomax 0 hmax It

I TAA HIUSEHRRT 9o SR
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SC-TCR).....

Vimax = Voltage limit for TCR

Vemax = Voltage limit for capacitor

I max = Current limit of TCR

Icmax = Current limit of capacitor
Bimax = Maximum admittance of TCR

B. = admittance of capacitor
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{1:0838€S vélrsus Var output characteristic of the TSC-

TCR type Var generator

o |
J | 4,
'O

i

Lo+l
> At a slightly below zero var output, dll i ;%é
capacitor banks are switched out, the TCR A

current is zero or negligibly small and o—
consequently the losses are zero or almost
zero.

Losses

> As the capacitive output is increased, an
increasing number of TSC banks are switched
in with the TCR absorbing the surplus
capacitive vars.

> Each switched-in TSC bank, the losses
a.uE by a fixed amount.

i I'l_dll_. ..r-' Ilh'a.'.-\..-l. Ly

“Iiela) = X ey lo=lifla)
Capacitive{ Inductive

I garde Hiter gfaiacnitesn
DEPUTY REGISTRAR OF COPYRIGHT F|939 Loss versus var OUTPUT characteristic of the TSC-TCR
type static var generator.
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The advantages of TSC-TCR type SVC over FC-TCR type

» The reduction in the reactor size and consequently
the harmonics generated.

> Greater flexibility in control

> Better performance under system fault condition.

» The power' losses in the quiescent operating condition

Y| 8

d; yith . SC- TCR wﬁe SVc.
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Thank You |
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