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New Capacitor Switching Schemes to Control
Subsynchronous Resonance
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(Hoon-Goo Lee - Seong-Hwan Lee * Seung-Wook Kang - Kyung-Hee Han + Yon-Tack Chung)

Abstract -~ Subsynchronous resonance(SSR) causes a torsional shaft torque on the generator. Damages resulting from the
uncontrolled SSR have resulted in the breakdown in the shaft and costs for replacement power. This paper is to determine the
feasibility of controlling SSR by the fast modulation of series compensation capacitors. The presence of subsynchronous
currents in the system was detected by a subsynchronous relay which was modeled by the transient analysis of control
systems(TACS) in electromagnetic transients pogram (EMTP). The capacitor segments were switched by bi-directional
thyristor switches. These were modeled into EMTP. The strategy to switch the capacitors were modeled as a closed loop
system. The paper proves that effective control of SSR can be obtained only by the detuning of the system and the removal

or blocking of subsynchronous energy from the system.

Key Words : Series capacitor, Subsynchronous resonance(SSR), transient analysis of control systems(TACS), electromagnetic

transients pogram (EMTP)

1. Introduction

The operation of a transmission line at a high level series
compensation reduces the VAR losses on the power system
which improves the power transfer and the control.

However, high level series compensation may produce SSR
that may damage the generator shafts. Damages resulting
from the uncontrolled SSR have resulted in many of loss due
to the breakdown in the shaft and costs for replacement
power [1]. So, many contributions have made in the field of
damping of torsional oscillations which occur in a power
system  with  series-capacitor compensated lines. For
comparing the different techniques and investigating various
SSR countermeasures, the IEEE SSR  Working Group
proposed a standard model known as the IEEE first
benchmark model for computer simulations in 1977 [2]. The
IEEE first benchmark model has been extensively employed
for many years, although the model is a simple radial form
of power system rarely encountered in practical power

systems. In 1984, another more common type of power
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system model, the IEEE second benchmark model,
recommended by the same group [3]. Many strategies for
the control of SSR have been proposed. Of interest to the
current task is the work related to the control of SSR using
switched capacitors. One of the schemes for the control of

was

subsynchronous energy is the NGH Scheme, named after its
invertor, N G Hingorani [45]. But, the disadvantage of this
system is that it has to be installed on every line that
participates in SSR and may be very costly.

The aim of this paper was the development of strategies
to control SSR and simultaneously maintain a high level
series compensation. The transmission line was selected as
test system. This system has been tested in computer
simulations on the second benchmark model, system-1. The
switching operation was modeled using the TACS in EMTP.
The transmission line system was modeled into the EMTP.
The simulation calculated shaft torque, transmission line
current, and capacitor bank segment voltages. Shaft torque
oscillations were plotted. The growth rate of the oscillations
was determined from these plots. The paper proved that
effective control of SSR can be obtained only by the
detuning of the system and the removal or blocking of
subsynchronous energy from the system.

2. System description and modelling

2.1 Model description

The EMTP representation of the second benchmark model
is more complex than the first benchmark model. This test
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network was developed by the IEEE working group on
subsynchronous resonance. This benchmark model which
deals with the so-called "parallel resonance” was divided into
system-1 and system-2.

The system-2 model constitute two different generators
and a series
example, Y type).

The systern-1 model constitute a synchronous generator
feed to an infinite bus via two parallel lines; one of the lines
is with series capacitor The electrical
representation of the second benchmark model, system-1 is
shown in Figure 1. The delta~star transformer is represented
by a saturable model. The leakage resistance of the primary
side is 0.00096[Q] and the leakage reactance on the secondary
side is 132.6[mH). Capacitances of 0.1[g] are connected on
the star side of the delta-star transformer, between the
phases and ground. Oscillations are initiated by fault the line
'b’ with a three phase to ground fault. The fault current is
limited by a reactor of 2[H]. The fault is cleared after three
cycles. The bus is modeled with three sinusoidal sources.
The source impedance is a resistance of 3.5[Q] and an
inductance of 198.9[(mH].

The circuit parameters are as follows. These are in per
unit on a 100[MVAI/500[kV] base.

The transmission lines are modeled using both the positive

single compensated transmission line(For

compensatiorn.

and the zero sequence impedance. Line ‘b’ is compensated by
a capacitor of 24.11[¢F']. This capacitance was divided into
ten equal segments connected in series. Each segment is
241.1{¢F]. The capacitor segments were switched using
EMTP's thyristor models. Back to back connected thyristors
were used.

The mechanical part of the studied system is depicted in
Figure 2 which is a mass-spring system containing four
masses.

The high-pressure turbine (HP), the low-pressure turbine
(LP), the generator (GEN), and the exciter(EX) are coupled
on the same shaft. If the rotating machine is not a
conventional, balanced, three phase synchronous generator,
the user must use the universal machine. Otherwise, the user
must use the EMTP’s type 59 dynamic synchronous machine
source component(an EMTP source by general classification).

So, the EMTP’s type 59 source is used [6]. The generator
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Table 1 Circuit Parameters-Second Benchmark model output
voltage is 17963.0[V] at 60[Hz]. The 3 phase MVA

Flement Sec};\?esilté:FQ] Sequzeircoe[Q]
Line ‘a’ resistance - Ra 0.0067 0.0186
Line "a’ reactance - Xa 0.0739 0.210
Line ‘b’ resistance - Ry 0.0074 0.022
Line b’ reactance - Xu 0.0800 0.240
Source resistance - Rs 0.0014 0.0014
Source reactance - X; 0.030 0.030
]
HP LP GEN EX

Fig. 2 The mass-spring system for system modeling

- - )

2411 uF]

Fig. 3 Series capacitor and the switches

rating of the two pole machine is 600[MVA]

In figure 3, thyristor switches were connected in shunt
with a few of the capacitor segments. These switches were
protected with resistances or inductances connected in series
with the antiparallel connection of the thyristor strings. The
tumn-on of the thyristor switches discharged the capacitors.
Resistances(r) of 0.006[Q] were added in series with the
thyristor to represent their on-state resistance.

The machine electrical and mechanical data are tabulated in
the following table.

Table 2 Machine Electrical Data

Elements Data Elements Data

Ra 0.0045 (pu) X 0.140 [pu)
X4 1.650 [pu) X, 1.590 (pu]
X'q 0.250 (pu) X'y 0.460 (pu)
X'y 0.200( pu) X" 0.200 [pu]
T 4o 4.50 [(sec.] T a0 0.55 (sec.]
T 4 0.040 (sec.) T 40 0.090 (sec.)
Ra 100.0 (pul Xn 100.0 (pu)
Xo 0.147 (pu)




Table 3 Machine Mechanical Data

Mass Inertia Damping Spring constant
(Lbm ft"2) |[Lb-ft/rad/sec)| [Lb-ft/rad/sec)
EX 1383 4.3 439 x 10°
97.97 x 10°
GEN 176204 547.9 5012 X 106
LP 310729 966.2
HP 49912 155.2
Table 4 Mode Shapes
Rotor Model Mode?2 Mode3
frequencies (24.65Hz) (32.39Hz) (51.1Hz)
Exciter 1.307 1.683 -102.6
Generator 1.00 1.00 1.00
LP-Turbine -0.354 -1.345 -0.118
HP-Turbine -1.365 4.813 0.0544
Table 5 Angular velocity of mass at rotor frequency
Mode fa(Hz) oa(rad/sec) Hn(pu)
1 24.65 .05 1.55
2 32.39 .05 9.39
3 51.10 .05 74.80

The inertia, damping and spring constants are given in the
indicated physical units. The damping have been chosen
proportional to inertia so that each mode has the same
torsional damping in rad/sec. Therefore, the modal damping
directly related to the viscous damping of the elements [3].
Where, f, = rotor frequency, on. = torsional damping, Hn, =
231 x 10° {2 J (ViyVlrpm’ / MVA (angular velocity of
mass) and Jx = Inertia in lbm-ft*

2.2 Base case analysis

It was necessary that the behavior of the system, with
respect to the occurrence of SSR, under different levels of
line compensations should be known. Eigenvalue analysis
was used to determine this. The analysis provided plots of
the undamping in the system as a function of the percentage
series compensation. The more the level of undamping, the
less stable is the system.

Figure 4 shows the results of the eigenvalue analysis on
the second benchmark model [3].
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Fig. 4 Eigenvalue study result plotted- Percentage Compe-
nsation vs Undamping (Real part of Eigenvalue)

Table 6 System eigenvalues (rad/sec) at: pf =09 lagging

and Xc/X1 = 55%
Modes Real Imaginary
3 .00061293 +j 322.31092907
2 .00508760 1j 203.54024729
1 .38302593 +j 155.23361253

. (3 TR 3 - YRS t (x]

(a) HP-LP

— ) e 1 - ToR T ® [s1

(b) LP-GEN

Fig. 5 Shaft torque varations of the Second Benchmark
Model without control
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Table 6 and figure 4 gives the system eigenvalues at the
operating condition of X/Xi = 55%, and lists the eigenvalues
of the system without control. It is obviously found that the
eigenvalues of the mode 1 will be unstable for some XX
compensation degrees. The eigenvalues are based upon the
following approximate relationship from reference [3,7].
Imaginary number = f, X rad/sec.

Figure 4 indicates that the generator has the dominant

mode of oscillation which correspond to the critical values of
compensation. So, for the testing of the control strategies, the
critical level of compensation was chosen.
The second benchmark model, without the thyristor control,
was analyzed using the EMTP simulations. That is, the
second benchmark model simulated without the
capacitive switching. The shaft torque was recorded and its
growth rate was calculated. The SSR was initiated in the
system by a short duration ground fault.

was

Figure 5 shows uncontrolled shaft torque growth. If these
oscillations are not controlled, Such a growth can results in
permanent damage to the shaft.

3. Control strategy

3.1 General method of investigation

The aim of this paper was to develop strategies for the
control of SSR by the fast regulations of series compensation
capacitors. Eigenvalue analysis was used to identify the most
critical
oscillations. The approach to
energy in electrical systems was the reduction of coupling
between the electrical and mechanical systems by detuning
the system and the removal of subsynchronous energy from

conditions for occurrence of  subsynchronous

control the subsynchronous

the system.

(1) Detuning techniques: The series compensation is
controlled to detune the system. The detuning decreases the
amount of undamping in the system. As an example, the
strong SSR are generated in the second benchmark model
when the system is operated at 55[%)] compensation. This
can be seen in the eigenvalue analysis plots, Figure 4.

(2) Removal of subsynchronous energy: The firing of the
thyristors discharges the capacitor and removes energy from
the system. It is expected that removal of energy will damp
out the oscillations in the system.

It is also possible that the combination of the two
strategies may be used to vield better and faster control.
Control strategies were developed using the above concepts
of the thynstor controlled circuit

and by the analysis

capability.

3.2 Modulated Control method

3.2.1 Sequential switching of capacitors

The compensating capacitor was divided into a ten
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segment bank. Two of the segments were controlled by
bi-directional thyristor switches. This permitted the fine
tuning of the compensation. The efficient operation of the
fixed
compensation. For example, in the second benchmark model
the desired level of compensation is 55[%]. When a SSR
condition is present in the system, the system is detuned by

system transmission line requires a level of

changing the compensation of the system. This detuning
reduces the level of undamping in the system and will damp
out the oscillations. The system was disturbed by a short
duration ground fault. The presence of SSR in the system
was detected by monitoring the transmission line current.
The transmission line current was fed into a subsynchronous
relay.

Figure 6 shows the filter and the detector of SSR. The
relay consists of a set of filters. The filters are notch type
and are tuned to the nodal frequencies of the system. These
filters are used to eliminates the 60[Hz] component and
calculates the RMS value of the subsynchronous currents.
Arizona company provided
parameters of relay and this relay was modeled in the EMTP
program [8]. The MSW3A is the node between transformer
and filter of figure 1. The ONE, TWO, THREE and FOUR
are the transfer functions or S-blocks of TACS.

The output of the relay is used to control the switching of

public  service the function

the bi-directional switches. When the subsynchronous current
has a magnitude greater than a preselected threshold value,
the thyristor switches are activated to short the capacitor
segments. The elimination of a capacitor segment detune the
trace RMS
magnitude of the subsynchronous currents. If this magnitude

system. The line current was monitored to

increased, one more of the capacitor segments was shorted.
The logic was devised such that if the amplitude of the
subsynchronous current decreased, the capacitors would be

reintroduced into the circuit and the original level of
compensation restored.
MSW3A 040+ FOUR 79944 ‘THREE
TRANS. - ‘ | == -
1421 +46.7S+ S 79944 +565.55+S°
2603575 ™o 2603515 ONE
22604575 + 1279105 +452.45° + S 22603575 + 1279108 +452.457 + S°

e

314,16

F_OUTo
== | ’M$ |——>&— RELAY OUT

f

THRESHOLD

314.16+SJ

Fig. 6 Filter and the detector of SSR



3.2.2 Improved NGH scheme

The basis of the NGH-SSR damping scheme will be
explained with reference to Figure 7a. First consider the
60[Hz] voltage V., combined with a DC voltage. For the
combined voltage, it is seen that some half cycles are longer
than the nominal 60[Hz] half cycle period of 1000/120 =
833[ms). Also consider the 60[Hz] voltage V. (Figure 7b)
combined with a subsynchronous frequency voltage V.
Again, it is seen that the resulting voltage Ve has some half
longer than 8.33[msl.

cycles which are Similarly, any

combination of a base signal (60[Hz]) with DC and
subsynchronous frequencies would result in some half cycles
longer than the nominal half cycle period(8.33[ms)).

Conversely, if there was no DC or any subsynchronous
components with 60[Hz], then each half cycle would be
8.33[ms]. For
represent voltage across the series capacitor. The hypothesis

the present discussion, these waveforms
of the NGH scheme is that the unbalanced charge (energy)
in the series compensation capacitor is caused to produce
oscillations. So, if there has been cancellation of reactances in
the capacitors and inductors in the system, the oscillation
growth will stop. If this unbalance is reduced, then the
system would be effectively detuned to any frequency other
than 60[Hz].

The idea i1s simply a method of dissipating capacitor
charges, if and when its half cycle voltage period exceeds
the desired half cycle period of 8.33[ms] [4]. However, unlike
the NGH scheme, this scheme uses continuous changes in
the firing angle of the capacitor shorting switches. The

Ve
| {VA [ \
- 833 ms -)I \/ ‘
greater than less than greater than
833 ms 833 ms 833 ms

(a) Combined DC

(b) Combined subsynchronous voltage

Fig. 7 60[Hz] voltage combined with DC and subsynchronous
voltage
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fraction of the AC time period for which the capacitor
segments are shorted is made to be a function of the
magnitude of the subsynchronous current in the system. The
subsynchronous relay discussed earlier is used to give a
measure of the magnitude of the subsynchronous currents
present in the system. The output of the filter is converted
into a proportional firing angle for the switches. The amount
of subsynchronous energy taken out of the system is varied.
More energy is removed when the magnitude of the
subsynchronous current is high. This is done by decreasing
the firing angle of the thyristor switches. Figure 8 shows the
voltage across the switched capacitor segment. Here the
changes in the time for which the capacitor is shorted can
beobserved.

When the system without control, the SSR relay measures
the RMS value=40[A]) of the
subsysnchronous line current. And then, the measured current
value is converted to a firing angle between 180-170 degrees.

value  (Maximum

The conversion algorithm uses the following linear
relationship:
a(ly) = 180—[kxIg] (n

Here 'k’ is a constant of proportionality and is typically
equal to 025 and Iss is the subsynchronous current(RMS
value) in the system. The capacitor is shorted after «
degrees. This removes subsynchron- ous energy from the
circuit.

vl

° EY +0 © » 2de 1”0 " 10 10
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Fig. 8 Capacitor voltage and thyristor firing pulses
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Fig. 9 Firing angle variations and the subsynchronous
current
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That is, is detected, the
thyristor switches are activated. As long as the presence of
SSR is detected by the filter, the thyristor switches are fired.
The firing angle of the thyristor switches is made dependent

when the presence of SSR

on the magnitude of the subsynchronous current in the
system. A measure of the subsynchronous current was
obtained by using the subsynchronous filter and calculating
the rms value of the subsynchronous frequency components.
Eq. 1 is used as the control function.

The firing angle of the thyristor switches was decreased
as the magnitude of the subsynchronous current increased.
Figure 9 shows a typical plot of the variation in the firing
angle and the related subsynchronous current in the system.
The variations of the firing angle with the changes in the
current magnitude can be observed.

When there is no subsynchronous current in the system, or
its magnitude is small, the inductor is not inserted in parallel
with the capacitor. The transmission line now operates at its
desired level of compensation. The thyristor switches are not
fired. Or according to Eg. 1 the firing angle is 180 degrees.

When the presence of subsynchronous currents is detected
in the transmission line, initiated by a line to ground fault,

the switches are slowly introduced into the circuit. This

10°[N - m)

e 4D CH 3 - TR S v Led

(a) HP-LP

10°[N - m]

] 2 . ‘. .

— 10 L - TR 3 t =)

(h) LP-GEN

Fig. 10 Shaft torque variations of the Second Benchmark
Model with control
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blocks the subsynchronous energy from flowing through and
causing shaft torque oscillations.

The figure 10 shows the results on the Second Benchmark.
It can be seen that the growth of shaft torque oscillations
has been decreased.

4. Conclusion

The purpose of this paper was to determine the feasibility
of controlling SSR by the control of series compensation.
Different series compensation control  strategies  were
developed and tested using EMTP simulation. The results of
the study are summarized as follows:

(1) An EMTP model was developed for a back-to- back
thynistor controlled series capacitor. This model utilized
practical values obtained from industry.

(2) For the detection of SSR the concept of a SSR relay
was adapted and incorporated in the EMTP model.

(3) The developed EMTP model was controlled by a closed
loop system. This mode!l incorporated the subsynchronous
relay, transfer function block, logic for the firing of the
thynistors. This control system was realized using the TACS
in EMTP.

(4) This strategy removed variable amount of energy from
the system by firing the thyristors before zero crossing. The
firing time depend on the magnitude of subsynchronous
current. The strategy was tested on the second benchmark
model. The growth of subsynchronous oscillation in both the
test system was controlled by switching of 10[%] of the
compensation capacitance.

In the future, it is expected that the task force plans to
remove the SSR on the generator and we hope this kind of
study will continue.
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