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Chapter 4

Thyristor and GTO Controlled
Series Capacitor

4.1 Introduction

Series Capacitors have been used in long distance EHV transmission lines
for increasing power transfer. The use of series capacitors is generally the
most economic solution for enhancing power flow. However, the problem
of SSR has deterred system planners from going in a big way for series
compensation. While the use of shunt capacitors don’t have the problem of
SSR, they have drawbacks of their effectiveness being dependent largely on
their location. Even when a shunt capacitor is located at the midpoint of a
long line, it requires much larger rating to achieve the same level of increase
in power transfer as a series capacitor. It was shown in chapter 2 that the
ratio of the two ratings is given by

gzz = tan? <5n;ax) (4.1)

where QQse and Qg are the ratings of the series and the shunt capacitor
respectively, dmax is the maximum angular difference between the two ends
of the line. For dyax in the range of 30°-40°, Qg varies from 7% to 13%
of Qsn. Although the series capacitors tend to be twice as costly as shunt
capacitors (per unit var), they are still cheaper to use. In addition, the
location of a series capacitor is not critical.

The use of thyristor control to provide variable series compensation
makes it attractive to employ series capacitors in long lines. A major advan-
tage is that the SSR problem (Torsional Interaction) is significantly reduced.
The feasibility of fast control of thyristor valves enables the improvement of
stability and damping of oscillations using appropriate control strategies.

The first demonstration project of TCSC was commissioned in 1991
at a 345 kV Kanawha River Substation in West Virginia, U.S.A. under
American Electric Power Company. This was a test installation of thyristor
switches in one phase for rapid switching of series capacitor segment and
was supplied by ABB, Sweden.
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In October 1992, the first three phase TCSC was installed at 230 kV
Kayenta Substation in Arizona under Western Area Power Administration
(WAPA). Here a 15Q capacitor bank is connected in parallel with a TCR
and permits a smooth and rapid control of (capacitive) reactance between
15 and 602 through phase control of TCR.

A larger prototype three phase TCSC was installed in 1993 at 500 kV
Slatt Substation in Oregon under Bonneville Power Administration (BPA).
The project was sponsored by Electric Power Research Institute (EPRI) and
the equipment was developed by General Electric in U.S.A. Here, six modules
of TCSC are connected in series and controlled to provide a variation in
impedance from +1.4Q2 to —16¢2.

In Sweden, a long, series-compensated 400 kV transmission line con-
nected to a nuclear power station was chosen to install TCSC by splitting the
existing series capacitor into two parts — a fixed capacitor and a Thyristor
Controlled Series Capacitor at Stode Station [23]. This was necessitated by
an SSR problem that caused repeated triggering of protections. The TCSC
allowed the existing level of compensation to be continued without any SSR
problems.

4.2 Basic Concepts of Controlled Series
Compensation

By controlled series compensation, we imply dynamic control of the degree
of series compensation in a long line. This can be achieved in two ways as

1. Discrete control using TSSC (Thyristor Switched Series Capacitor)

2. Continuous control using

(a) TCSC or
(b) GTO thyristor Controlled Series Capacitor (GCSC)

The configuration using TSSC is shown in Fig. 4.1(a). Here, the
thyristor switch is either off or on continuously. To insert the capacitor, the
switch is turned off while it is turned on to bypass the capacitor. A major
problem with this configuration is that the SSR characteristics of the TSSC
are no different from that of the fixed capacitor. Also, the full line current
flows through the thyristor switch when it is on. Thus, this configuration is
not common.

The configuration using TCSC is shown in Fig. 4.1(b). Here, a TCR
is used in parallel with a fixed capacitor to enable continuous control over the
series compensation. Although harmonics are present in steady state with
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(8. TSSC (b). TCSC
Figure 4.1: Configurations of series compensation

partial conduction of thyristor switches, the TCSC can be used to mitigate
SSR. In addition, TCSC provides inherent protection against over voltages.

The configuration of GCSC in similar to what in shown in Fig. 4.1(a)
except that the switch is made of GTO thyristors to permit turn off capabil-
ity when current is flowing through the switch. This enables, phase control
to be applied to the capacitor in a similar fashion as in a TCR. As a matter
of fact, the GCSC is a dual of the TCR in that the voltage across the ca-
pacitor can be controlled by controlling the conduction (or turn-off) angle
of the GTO thyristor switch.

Although continuous control of the capacitor is possible in both
TCSC and GCSC, the latter is yet to be applied in practice. In compar-
ing TCSC with GCSC, the former has the advantages of (a) lower costs due
to the requirements of conventional thyristors as opposed to GTO and (b)
boost in the capacitor voltage provided by the discontinuous conduction of
the TCR (Note that TCSC is formed by the parallel combination of a fixed
capacitor and a TCR in each phase). The TCSC was also labeled as RANI
(Rapid Adjustment of Network Impedance) in a paper by Vithayathil et al.
[6].

TCSC is a mature technology available for application in AC lines of
voltage up to 500 kV. This chapter will concentrate mainly on TCSC except
for a section on GCSC.

Consider the equivalent circuit of the TCSC modeled as a capacitor
in parallel with a variable inductor (as shown in Fig. 4.2(a)). The impedance
of TCSC (Zrcsc) is given by

—jXc - jX1TcoRr —-jXc
ZTCSC = — = 4.2
J(Xrer — Xe) (1 — e ) (4.2)
TCR

The current through the TCR (Ipcgr) is given by

Ircr = - )IL = (1 - —) (4.3)
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Figure 4.2: TCSC circuit representation

Since the losses are neglected, the impedance of TCSC is purely reactive.
The capacitive reactance of TCSC is obtained from (4.2) as

X
Xrosc = M

XrcRr

(4.4)

Note that Xpcgc is capacitive as long as X¢ < Xror. Xror = 00 when the
thyristors are blocked and I7cr = 0. For the condition when X¢ < X7or,
Irer is 180° out of phase with the line current phases I;. In other words,
I isin phase with —fTCR.

For the condition where X > Xpcog, the effective reactance of
TCSC (Xrcsc) is negative implying that it behaves like an inductor. In

this case, I, and ITcop are in phase. The capacitive and the inductive oper-
ation of TCSC is shown in Fig. 4.2(b) and (c) respectively.

Example 1

Compute 2322 and 228 if (a) Xrop = 1.5X¢ and (b) Xpor =
0.75X¢.

(a) From Egs. (4.4) and (4.3), we get substituting the values

Xrcse 1
= 5 =30
Ircr 1 9.0

I;  15—-1
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(b) For Xrcr = 0.75X¢,

X 1
TCSC =30
I
TCR _ 1 _ 40
I, 1-0.75

It is interesting to observe that even though the magnitude of the TCSC re-
actance is same in both (capacitive and inductive) cases, the current through
the TCR is more for the inductive operation (twice that for the capacitive
operation). This indicates that thyristor ratings determine the maximum
limit on the Xpcoge for the inductive operation.

The TCR injects also harmonics in addition to the fundamental fre-
quency current. This distorts the capacitor voltage which does not remain
sinusoidal even though the line current remains approximately sinusoidal.
(Note that the presence of harmonics in the capacitor voltage can result in
harmonics in the line current, but for long lines, these can be neglected).
It is also obvious that inductive operation of the TCSC results in higher
voltage harmonics across the capacitor.

The presence of the voltage harmonics invalidate the expression for
the susceptance of TCR derived in chapter 3, (assuming sinusoidal voltage).
This expression is repeated below for ready reference.

o —sino
Brcr = ﬁ (4~5)

Eq. (4.5) cannot be used for the calculation of Xpcgc as a function of the
conduction angle (o). A new expression for Xpcgc will be derived in section
4.4.

It is to be noted that X < X¢. A typical value of % is 0.16. This
results in protection against over-voltages due to fault currents by increasing
the conduction angle to 180°. It is obvious that there is a value of the
conduction angle (o,.s) for which Xpcr = X¢ and the TCSC reactance is
maximum (theoretically infinite when losses are neglected). It is necessary
to ensure that the conduction angle stays within limits even during transient
operation. The ratio of X&—CCSC is kept below a limit (say 3.0 in the capacitive
region). The actual value of the limit is also a function of the line current to
ensure that the capacitor voltage rating is not exceeded. In general, there
are three voltage ratings based on the current ratings.

1. Viated is the maximum continuous voltage across the TCSC. This must
be more than X % Iaeq to allow for continuous modulation with
vernier operation (typically with 15 % margin)
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2. Viemp is the maximum temporary voltage (Xcliemp) Where Iiemp is
the temporary line current (typically 1.35 X I;ateq) that has a typical
duration of 30 minutes.

3. Viran is the maximum voltage required during transient swings. This
must be equal to or more than X¢ X Iiran where It is the maximum
line current for which the thyristor control is not affected by protective
considerations. Typically, Ityan = 2 X Liateq and lasts for a duration of
3 to 10 seconds.

4.3 Operation of TCSC

A single line diagram of a TCSC is shown in Fig. 4.3 which shows two
modules connected in series. There can be one or more modules depending
on the requirement. To reduce the costs, TCSC may be used in conjunction
with fixed series capacitors.

BREAKER
/50000 3

Figure 4.3: Single Line Diagram of a TCSC

Each module has three operating modes (see Fig. 4.4).

(a) Bypassed

Here the thyristor valves are gated for 180° conduction (in each direction)
and the current flow in the reactor is continuous and sinusoidal. The net
reactance of the module is slightly inductive as the susceptance of the reactor
is larger than that of the capacitor. During this mode, most of the line
current is flowing through the reactor and thyristor valves with some current
flowing through the capacitor. This mode is used mainly for protecting the
capacitor against overvoltages (during transient overcurrents in the line).
This mode is also termed as TSR (Thyristor Switched Reactor) mode.

(b) Inserted with Thyristor Valve Blocked

In this operating mode no current flows through the valves with the blocking
of gate pulses. Here, the TCSC reactance is same as that of the fixed capaci-
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W(

(a) Bypassed

—

(c)Vernier operation

Figure 4.4: Operating Modes in a TCSC

tor and there is no difference in the performance of TCSC in this mode with
that of a fixed capacitor. Hence this operating mode is generally avoided.
This mode is also termed as waiting mode.

(c) Inserted with Vernier Control

In this operating mode, the thyristor valves are gated in the region of (ayin <
a < 90°) such that they conduct for the part of a cycle. The effective value
of TCSC reactance (in the capacitive region) increases as the conduction
angle increases from zero. amiy is above the value of « corresponding to the
parallel resonance of TCR and the capacitor (at fundamental frequency). In
the inductive vernier mode, the TCSC (inductive) reactance increases as the
conduction angle reduced from 180°.

Generally, vernier control is used only in the capacitive region and
not in the inductive region.
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4.4 Analysis of TCSC

To understand the vernier control operation of TCSC, it is necessary to
analyze the TCSC circuit (see Fig. 4.5).

|
:
.

Figure 4.5: The TCSC Circuit

For simplicity, it is assumed that the line current is specified and can
be viewed as a current source. The equations are

c‘%’ = ig(t) —ir (4.6)
dir

L— = 4.7
T = wou (47)

where v = 1 when the switch is closed and v = 0 when it is open. The
current in the thyristor switch and the reactor (ir) is zero at the instant
when the switch is opened. Note that when u = 0, and the initial current
17 = 0, it remains at the zero value until S is turned on and v = 1. The line
current s is defined by,

is(t) = I coswt (4.8)

It is convenient to measure the firing angle («) form the zero crossing instant
of the line current. It can be shown that the zero crossing of the capacitor
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voltage (v¢) coincides with the peak value of the line current in steady state.
The range of « is from 0 to 90° corresponding to the conduction angle varying
from 180° to 0°. The angle of advance (/) is defined as

B=90°—« (4.9)

which also varies from 0 to 90°. Fig. 4.6 shows the waveforms of i,(t), ir ()
and v (t) with delay angle («), angle of advance () and conduction angle
(o) indicated.

-90 -45 0 45 90 135 180 225 270
ot (deg.)

Figure 4.6: Waveforms of is(t), ir(t), ve(t)

The equations (4.6) and (4.7) can be solved if the switching instants
are known. The switch, ‘S’ is turned on twice in a cycle (of the line current)
at the instants (assuming equidistant gating pulses)

t1 =2

£y = 23 } (4.10)

where 0 < 8 < Bmax. The thyristor switch turns off at the instants to and

t4 given by
to =1t + 7
4.11

ty =t3 + % ( )
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where o1 and oy are the conduction angles in the two halves of the cycle. In
steady state, 01 = 09 = ¢ with half wave symmetry and

o =23 (4.12)
Solution for the time interval (—f < wt < f3)

During this interval, u = 1. From Egs. (4.6) and (4.7) we obtain

Pip
LOW +r = Zs(t) (413)
The solution of this differential equation is given by
)\2
ir(t) = ﬁlm coswt + A cosw,t + Bsinw,t (4.14)
where
1 Wr Xco 1
= —, = —=4/—, Xg=—, Xp=wlL 4.15
Wy o " X, C woC L =W ( )

The constants A and B are determined from the boundary conditions. From
Eq, (4.7) and (4.14), we obtain

di A2
ve(t) = L% = —ﬁImXL sinwt—ANX sinw,t+BAX cosw,t (4.16)
In steady state, due to half wave (odd) symmetry,
vo(wt = —0) = —vo(wt = ) (4.17)

The above condition leads to the conclusion that the constant B = 0. This
also shows that the zero crossing of the capacitor voltage occurs at wt = 0.
Since ip(t) = 0 at wt = — 3, we get

A2 cos 3
A= I, 4.18
A2 —1 "cos\3 (4.18)
and we can express ip(t) and ve(t) as
)\2
ip(t) = mIm {cos wt — CCO(;S/\% cos wrt} (4.19)
I, X . .
ve(t) = )\27—6; [— sinwt + Csoig sin wrt] (4.20)
It can be shown that
ir(wt=0)=0 (4.21)
and
Vo1 = —Ve2 (422)
where
ve1 = vo(wt = —f), ve2 = vo(wt = )
The expression for voo is given by
I, X .
¢ [—sin 8 + A cos B tan Af] (4.23)

Vo2 = 7)\2 1
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Solution for the time interval (5 < wt < 1 — f3)

For this interval, u = 0. Also i7(t) = 0. The capacitor voltage (v¢) is given
by

1 wt
volt) = vos+ — / s (1) dust
CJs
= vo2 + InXc[sinwt — sin f] (4.24)
Note that the current through the capacitor (i¢) is given by
ic(t) = ia(t) — iz (1) (4.25)

The waveforms of is(¢),ir(t) and vc(t) over a cycle are shown in Fig. 4.6
for A = 2.5, 8 = 15°.

Computation of the TCSC Reactance (Xrosc)

The TCSC reactance corresponding to the fundamental frequency, is ob-
tained by taking the ratio of the peak value of the fundamental frequency
component (V1) to the peak value of the sinusoidal line current. From
Fourier analysis, the fundamental frequency component (V1) is calculated
from

w/2
Vey = 4 / ve(t) sin wid(wt) (4.26)
™ Jo

The above equation follows from the fact that vo has half-wave odd symme-
try about the axis wt = 0. Substituting (4.20) and (4.24) in Eq. (4.26), we
get

N LI
Vor= — / ve(t) sinwtdwt + ve(t) sin wtdwt
T |Jo g

where
I, X Acos (8
1 _ m-C . .
ve(t) = N2 _q | sin wt + o5\ sin wﬂf} (4.27)
V&) = wee + InXco(sinwt — sin f) (4.28)

The reactance (Xposc) is usually expressed in terms of X¢. By defining,

Ve
Xrosc = % (4.29)
we can derive the ratio % as
C
Xrose 2 A2 2cos? 3 sin 23
=14+ Atan A3 —t - 08— 4.
Xo +7T(/\2_1) ()\2_1)( an A\ — tan ) — 3 5 (4.30)
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The above expression can be simplified as

XTCSC_1+E A2 _ A +1 sin2ﬁ_ 2cos? - Atan \(
Xe T owm(A2-1) A2 —1 2 (A2 -1)
(4.31)
The capacitor voltage also contains odd harmonics of the order
n=2k-1, k=1,2,3,... (4.32)

Remarks

1. The fundamental frequency component and the harmonics in the ca-
pacitor voltage can also be obtained from the calculation of harmonics
in the TCR current ir(t).

The peak value of the fundamental component I can be found from

4 [m/2
I = —/ i (t) cos wtdwt
™ Jo
4| B )2 cos 3
= - [ ; ﬁlm [cos wt — cos cos )\wt} dwt] (4.33)

The fundamental component of the capacitor voltage is obtained from
Ver = (Im — I1) Xc (4.34)

The peak value of the nth harmonic (I7,) in the TCR current is ob-
tained from

4 [m/2
Ip, = — / i7(t) cos nwtdwt (4.35)
™ Jo
2 1N {sin(n -1 N sin(n +1)3
T (A1) n—1 n+1
cos B [sin(n—\)B  sin(n+ )\)B] }
- 4.
cos)\ﬁ[ n—A\ + n+ A (4.36)
The peak value of the n'* harmonic in the capacitor voltage (Vi) is
given by
X
The ratio ( In‘jg?c) is obtained as
Vo 2 22 {Sin(n —-1)p n sin(n + 1)8
InXe  ©(\2-1) n—1 n+1
_ cosf {sin(n—)\)ﬁ N sin(n+)\)ﬁ” 7 357
cos A\ n—A n—+ A

(4.38)
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_ (2k—Drw

2. X_TX—CCSC — 00 at fBres = ~—55— where k is an integer. Since the range of
[ is limited to 90°, if A < 3, there will be only one value of B,es at which
the TCR and the capacitor will be in resonance at the fundamental
frequency. Typically, A = 2.5. The variation of X}—CCSC as a function

of B for A = 2.5 is shown in Fig. 4.7. The negative value of X&—CCSC
indicate that the reactance is inductive.

0 10 20 30 40 50 60 70 80 90
B (deg.)

Figure 4.7: Variation of (Xrcsc/Xc¢) as a function of 3
|V0n‘

The variation of <m) as a function of g is shown in Fig. 4.8. The

capacitor voltage wave forms for (i) 8 = 20° and (ii) § = 70° are shown
in Fig. 4.9.

3. As the TCSC impedance is very high at resonance (fres) given by

T
Bres = o (4.39)

the operation of TCSC must ensure that the upper limit on 3(Omax)
should be strictly enforced even under transient conditions. Generally

X&iccsc < 4 to ensure that the voltage ratings on the capacitor are not
exceeded.
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Figure 4.9: Capacitor voltage waveforms for 3 = 20° 3 = 70°

4.5 Control of TCSC

The control of TCSC also includes protective functions (protective bypass).
The control functions are partitioned into two levels - common (to all mod-

90
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ules) and the module ( level ). Commands for the control flow from the
common level to the module levels while the status information is sent back
from each module level.

Module Control Functions

There are three basic functions at each module level. These are

(a) reactance control
(b) SSR damping control (involving modulation of the reactance) and

(c) Bypass (for protection)

The controller also ensures that the transients associated with mode tran-
sitions are minimized. The module controller executes the ordered change
to reactance within one half cycle. This includes bypassing, reinsertion and
setting the vernier without overshoot.

The protective bypass (TSR mode) is initiated in response to

(i) line overcurrent
(ii) arrester overcurrent

(iii) arrester energy exceeding a limit.

The line overcurrent protection detects fault currents in the line and
rapidly implements thyristor bypass to reduce duty on MOV (metal oxide
varistors) and capacitors. The bypass is performed on all the three phases
simultaneously. When the line current returns and stays within limits for
a preset time, the bypass is removed. The arrester overcurrent protection
detects overcurrents in the arrester and implements thyristor bypass in the
affected phase(s) to reduce varistor duty. The bypass is removed when the
arrester currents reduce and stay below limits for a preset time.

The arrester energy protection initiates a bypass when [ i?dt in the
arrester exceeds its rating. In this case, the bypass is not removed automat-
ically because of the long thermal time constants associated with excessive
arrester energy.

Common Control Functions

The common level receives signals of line current and TCSC voltage to gen-
erate feedback signals for closed-loop control functions. It also receives com-
mands from energy management centre for setting power order. The major
control functions in a TCSC are described below.



120 FACTS Controllers in Power Transmission and Distribution

Power Scheduling Control

The simplest type of power scheduling control adjusts the reactance order (or
setpoint) slowly to meet the required steady-state power flow requirements
of the transmission network. The adjustment may be done manually or by
a slow acting feedback loop.

An alternative approach is to use a closed-loop current control in
which the measured line current is compared to a reference current (which
may be derived from the knowledge of the required power level).

An interesting approach to power scheduling is one where during a
transient, the line in which TCSC is situated carries the required power so
that the power flow in parallel paths is kept constant. This is equivalent to
maintaining the angular difference across the line a constant and has been
termed as Constant Angle (CA) control. Assuming the voltage magnitudes
at the two ends of the line are regulated, maintaining constant angle is
equivalent to maintaining constant voltage difference between two ends of
the line.

Both CC (Constant Current) and CA controllers can be of PI type
with dynamic compensation for improving the response. The steady state
control characteristics of both CC and CA control are shown in Fig.4.10(a)
and (b) respectively. Assuming Vproge to be positive in the capacitive region,
the characteristics have three segments OA, AB and BC. The control range
is AB. OA and BC correspond to the limits on X7pcse. In Fig.4.10(b), the
control range AB is described by the equation

Vrese = It Xr — Vio (4.40)

where [y, is the magnitude of the line current, X is the net line reactance
(taking into account the fixed series compensation if any), V7, is the constant
(regulated) voltage drop across the line (including TCSC). Thus, the slope
of the line AB is the reciprocal of X;r. OA in Fig.4.10(b), corresponds to
the lower limit on TCSC reactance while BC corresponds to the higher limit
on TCSC reactance.

Power Swing Damping Control (PSDC)

This is designed to modulate the TCSC reactance in response to an appropri-
ately chosen control signal derived from local measurements. The objective
is to damp low frequency swing modes (corresponding to oscillation of gen-
erator rotors) of frequencies in the range of 0.2 to 2.0 Hz. One of the signals
that is easily accessible is the line current magnitude. Alternatively, the sig-
nal corresponding to the frequency of Thevenin (equivalent) voltage of the
system across the TCSC can be used. This signal can be synthesized from
the knowledge of voltage and current measurements.
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Vrese  © Vrese

(a) CC Control (b) CA Control

Figure 4.10: Control Characteristics

Transient Stability Control (TSC)

This is generally a discrete control in response to the detection of a major
system disturbance.

The discrete or bang-bang control of TCSC in response to signals
from locally measured variables is described in [16]. The controller is acti-
vated immediately after a major disturbance such as clearing of a fault and
is deactivated when the magnitude of frequency deviation is below threshold.
This type of control is beneficial not only in reducing the first swing but also
for damping subsequent swings.

Subsynchronous Damping Control (SSDC)

The use of vernier control mode at the module level by setting the reactance
setpoint at the requisite (minimum) level is often adequate to damp sub-
synchronous oscillations caused by series resonance in the line and sustained
due to torsional interaction. However in some cases, the constant reactance
control may not be adequate. In such cases, a damping control is added. The
control signal is based on the synthesis of speed of remote turbo-generators.
The control signal can be derived from the locally measured current and
voltage signals.

The coordination of control actions of all modules in a TCSC is
carried out by devising a suitable logic. For example, at Slatt substation,
the highest priority is given to the need to tackle SSR, which determines the
minimum number of modules to be inserted and their minimum reactance.
The power scheduling control has next priority. Even here, there are two
options - one based on minimizing the losses and other based on maximizing
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smooth operation (avoiding stepped variation in reactance order). It is to
be noted that vernier operation results in increased losses in a module.

Power swing damping control has the next priority in modulating the
set point for reactance. This can be replaced by TSC whenever required.

Under normal operational conditions, all the modules may not be
required. To ensure balanced long term duty for each module in a TCSC,
the control logic also incorporates a rotation feature, according to which, the
modules in series are rotated if no insert/bypass operations occur for some
preset time (say an hour). The rotation is performed without changing the
net reactance.

4.6 Modelling of TCSC for Stability
Studies

For stability studies it is not necessary to model the gate pulse unit and the
generation of gate pulses. It is adequate to assume that the desired value of
TCSC reactance is implemented within a well defined time frame. This delay
can be modelled by first order lag as shown in Fig.4.11. The value of Trcgco
is from 15 to 20 ms. X,.s is determined by the power scheduling controller
or in its absence, by manual control based on order from load dispatch.

REF Xaux
l Xmax
I, .| POWER +

V. .| CONT. 1+sTrcsc
TCSC X ¥

mod X

min
MOD.
CONT

Figure 4.11: Block diagram of TCSC

The block diagram of constant current (CC) or constant angle (CA)
controller is shown in Fig.4.12. T,, is the time constant of first order low
pass filter associated with the measurement of line current I, and the TCSC
voltage. S = 0 for CC control and S = % for CA control. X is the net
reactance of line given by

X = Xpine — Xpo (4.41)
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where Xne is the line reactance and X p¢ is the reactance of the fixed series
capacitor if any. Generally, TCSC will be used in conjunction with fixed
series capacitor to minimize overall cost of compensation while providing
effective control for stability improvement.

r
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ref +® e REG | Xeef
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Figure 4.12: Block diagram of CC or CA controller

The regulator block diagram is shown in Fig.4.13. This consists
mainly PI controller and phase lead circuit if required. K p, the proportional
gain can be set to zero if only integral control is used. The gain K7 is positive
in the case of current control and negative in case of CA control. In the latter
case I,..s is actually the voltage reference divided by X. Hence positive error
signal implies the net voltage drop in the line is less than the reference and
Xrcse (assumed to be positive in capacitive region) is to be reduced. On
the other hand for current control, if the error is positive, the controller has
to increase X1cgc to raise the line current to reduce the error.

i
le BT +
R LIS OR S

J +
Kp
BsT,

Figure 4.13: Block diagram of the Regulator

The modulation controller is designed to damp power swings in the
line by using a control signal derived from local measurement. A convenient
signal to use is the magnitude of line current. The control configuration is
similar to the SMC used in SVC. X4, could represent the increase in the
reactance order required for mitigating SSR or improving transient stability.

The limits on the total reactance order X 4.5 are based on the TCSC
capability. For a single module, the operational region of TCSC in the



124 FACTS Controllers in Power Transmission and Distribution

(a) V-I Plane

A B
Vresce

Iy,

(b) X-I Plane

Xmawo

Xresc

1.0 —

X bypass IL

X mino

Figure 4.14: TCSC capability curves for a module
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Figure 4.15: GTO Controlled Series Capacitor (GCSC)

Vreosc— I plane is shown in Fig.4.14(a). The operation region in (X&iccsc) -
I, plane is shown in Fig.4.14(b). The voltage and reactances are considered
to be positive when TCSC is in the capacitive region.

The line OA in Fig.4.14(a) corresponds to the constant reactance of
TCSC at its limit X,,40. This is selected based on the TCSC design and
should be such that the TCSC does not operate close to the resonance point
which would be inherently unstable. A typical value of X,,4.0 (in pu of
X¢) is 3.0. Line AB corresponds to maximum voltage rating of TCSC. Line
OB corresponds to the operation of TCSC with thyristors blocked. Here

Xrosc =1 pu.

The line OC has negative slope corresponding to Xpypass (wWhich is
negative) in the bypass mode of TCSC. Line OD corresponds to the upper
limit on the inductive reactance (X,in0). Line DE corresponds to trhe volt-
age limit of TCSC in the inductive region. EC corresponds to limit imposed
on the thyristor current in the inductive vernier mode. Under normal con-
ditions, the TCSC operates only in the first quadrant of both Vyoge — I
plane and Xrcsc — I, plane.

The operation at constant maximum voltage (across TCSC) implies
that X7cosc is reduced in inverse ratio of the line current.

The equations for TCSC can be written down from the block dia-
grams shown in Fig.4.11 to Fig.4.13.

4.7 GTO Thyristor Controlled Series
Capacitor (GCSC)

A single phase GCSC is shown in Fig. 4.15. It consists of a fixed capacitor in
parallel with a bidirectional switch made up of a pair of GTO thyristors. In
contrast to a thyristor, a GTO thyristor can be turned off upon command.

A GCSC is a dual of a TCR which is connected across a voltage
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Figure 4.16: Representation of a TCR and a GCSC

source which is assumed to be sinusoidal. By phase control (varying the
delay angle a measured from the instant corresponding to peak value of
the source voltage), the current through a TCR can be controlled. See Fig.
4.16 (a) which represents the thyristor valve as a switch that can be turned
on at controllable delay angle («) in the range from 0 to 90°. A GCSC
is connected in series with a sinusoidal current source. The controllable
switch is connected in parallel with the capacitor (see Fig. 4.16(b)) while
the thyristor switch is connected in series with the reactor. The switch in
a GCSC is turned off at an angle (y) measured with reference to the peak
value of the sinusoidal line current (i5). When the switch across the capacitor
is turned off at an angle «y, the current is(¢) is forced to flow through the
capacitor and the voltage (v¢) starts building up according to the relation
given by

1 wt 1 wt
wlt) = / iy(B)d(wt) = = / I,y cos wid(wt)
Y vy
= i%[sin wt — sin 7] (4.42)

The GTO switch is closed when vo(t) = 0 and this occurs at the instant
when wt = m — 7. The switch remains off for the duration § given by

52#—2722(%—’}/):26 (4.43)

0 may be called the hold off angle (as opposed to the conduction angle in a
TCR). 3 is the angle of advance defined as

B=5-7 (4.44)

Both v and 8 vary in the range 0 to 90°. When v = 0, the capacitor is
continuously conducting and § = 180°. When v = 7,6 = 0 and the capacitor
voltage remains at zero as the capacitor is continuously bypassed by the GTO
switch. The instantaneous capacitor voltage is maximum corresponding to
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Figure 4.17: Current and voltage waveforms

the instant when the line current is zero. The capacitor voltage and the line
current waveforms are shown in Fig. 4.17 along with the currents through
the capacitor and the GTO switch. By comparing the TCR quantities (given
in chapter 3) with those shown in Fig. 4.17, it can be observed that the TCR
current is analogous to the capacitor voltage, the voltage across the thyristor
switch (in a TCR) is analogous to the current in the GTO switch and the
voltage across the reactor (in a TCR) is analogous to the current through
the capacitor. It is to be noted that the firing (delay) angle in a TCR («)
corresponds to the blocking angle () in a GCSC, while the conduction angle
(0) in a TCR corresponds to the hold off angle § in a GCSC.

The capacitor voltage waveform is not sinusoidal. The fundamental
frequency component is given by

4 [7/2
Vou = — / ve(t) sinwtd(wt)
m™Jo
4T /2
= - ﬁ [y [sinwt — sin ] sin wtd(wt)
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2 in 2
— InXc [1 S 'q (4.45)
™ ™
The effective reactance of the GCSC is given by
Ve 2 sin 2
Xaese = —11=XC<1—7 7)
m ™ 7T
X
= 29(5 —sino) (4.46)
™

As 4 varies from 0 to 180°, Xgosc varies from 0 to X¢o. (Note that in a
TCR, Brcg varies from 0 to By, as o varies from 0 to 180°.)

The amplitude of the harmonics voltage (V.,) across the capacitor,
is given by

4 [sin~ycos(ny) — ncos~ysin(n
Vo = 1 Xt [SmY (n7) . 7 sin(n7) ’
s n(n? —1)

n=2%+1,k=1,23,...

(4.47)
The third harmonic component has a peak value of 13.8% of (I,,X¢) at a
value of v around 35°. Unlike in a three phase TCR, there is no provision of
connecting the GCSC in a delta to eliminate the triplen harmonics (unless
an insertion transformer is used). The GCSC would normally be inserted
directly (without any magnetics) in series with the line. Fortunately, the
line impedance (inductive) would be sufficiently high to limit the triplen
(zero sequence) current harmonics to values that would not create problems.
Further, just as a segmented TCR (made of multiple modules connected in
parallel) can be operated with all (except one module) in the TSR mode, a
GCSC made up of multiple, identical modules connected in series, can be
operated with all (except one) in a GSSC (GTO Switched Series Capacitor)
mode. However, in comparison with TSR operation it should be noted that a
GTO switch in a GSSC is called upon to turn-off and on at the instant when
the line current is maximum and the capacitor voltage is zero. A thyristor
switch in a Thyristor Switched Series Capacitor (TSSC) can be turned on at
the voltage zero, but has to wait until the instant of current zero to turn-off.
At this instant, the capacitor voltage is maximum and results in dc offset
for the capacitor voltage which is 100% of (I,,,X.).

4.8 Mitigation of Subsynchronous
Resonance with TCSC and GCSC

4.8.1 Description of SSR

The turbo generators have several rotors corresponding to steam turbines
(High Pressure, Intermediate Pressure and Low Pressure) in addition to
the generator and rotating exciter (if any), all connected by elastic shafts



