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Applying TCSC Frequency Response Data
Derived Using Electromagnetic Transient
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Abstract—The traditional SSR frequency scanning technique
can be generally considered as the most practical and
straightforward approach to study the possible instabilities
concerning torsional oscillations. However, as the number of
controllable and highly nonlinear power system components is
continuously increasing, their contribution to the frequency
response characteristics of a power system will become more
significant. Therefore, the traditional SSR frequency scanning
technique can more often be found insufficient for modeling the
torsional oscillation related characteristics of a power system
with reasonable accuracy.

In this paper approach for determination of the frequency
dependent response of the Thyristor Controlled Series Capacitor
(TCSC) to torsional oscillations is presented utilizing the generic
signal injection approach. After analysis of the frequency
dependent response characteristics of the TCSC with different
study approaches suitability of the determined frequency
response data in a SSR frequency scanning study is illustrated
and analyzed. Finally, the possible benefits and limitations of
different approaches to model the frequency dependent response
characteristics of the TCSC for SSR frequency scanning
purposes are discussed briefly.

Index Terms—Thyristor Controlled Series Capacitor,
frequency response, SSR, electromagnetic transient analysis,
frequency scanning

1. INTRODUCTION

HE traditional SSR frequency scanning technique has

been introduced to represent the response of an electrical
power system to torsional oscillations of a turbine-generator
shaft [1] and successfully implemented in several papers [2, 3,
4]. The main drawback in the application of the traditional
SSR frequency scanning technique is that it is restricted to an
analysis of the damping characteristics of networks consisting
only linear and uncontrolled power system components.
Therefore, due to a constantly increasing number of
controllable and highly nonlinear power system components
possibly affecting the damping characteristics of the network,
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the main application of these approaches is to provide
background data for more detailed study methods. However,
often more detailed study methods, such as the
electromagnetic transient (EMT) analysis enabling an accurate
representation of any controllable component, require that the
model of the studied transmission network have to be reduced
extensively to maintain the computational burden within
reasonable limits. Nevertheless, in case of meshed, highly
series compensated transmission networks extensive reducing
may not be possible. In such cases, including the sub- and
supersynchronous response characteristics of the controllable
components affecting subsynchronous damping to SSR
frequency scanning natured study has thus to be considered
highly beneficial.

The implementation of a nonlinear and controllable power
system component such as the Thyristor Controlled Series
Capacitor (TCSC) in a SSR frequency scanning study requires
the estimation of the frequency dependent response of the
TCSC on torsional oscillations. In [5] both EMT based and
analytical approaches are applied to determine the frequency
dependent response of the TCSC on frequencies concerning
torsional oscillations. In [6] studies are expanded to include,
for example, the effect of the synchronization method on
frequency dependent response of the TCSC and the scope of
the studies is mainly on the resistive behavior of the TCSC in
subsynchronous frequencies. Although these studies provide
interesting information on the frequency dependent response
of the TCSC, they do not provide relevant information that
could be applied to an analysis of the effect of the TCSC on
subsynchronous damping. This is because the previous studies
ignore the fact that to analyze the effect of the TCSC on
subsynchronous damping, the response analysis has to be
performed considering that torsional oscillations induce
simultaneously sub- and supersynchronous components.
Consequently, as illustrated in this paper, the ignorance of the
effect of either induced sub- or supersynchronous component
in a response analysis of the TCSC will result in the data that
is irrelevant as regards the subsynchronous damping analysis.

This paper presents an approach to determine the frequency
dependent response of the TCSC by considering the inherent
characteristics of torsional oscillations in connection with the
generic EMT analysis based current injection model. After the
comparison of the frequency dependent response
characteristics of the TCSC with alternative study approaches,



the validity of the EMT analysis based TCSC response data in
connection with a traditional SSR frequency scanning study
is presented and analyzed. Finally, based upon the results, the
possible benefits and limitations of different approaches to
model the frequency dependent response characteristics of the
TCSC for SSR frequency scanning purposes are briefly
discussed.

II. TORSIONAL OSCILLATIONS IN POWER SYSTEM

A. Relation between Mechanical and Electrical Frequency
Components

The sub- and supersynchronous oscillations in a power
system (with a nominal frequency of wy,,) are most
commonly induced by the subsynchronous mechanical
oscillations of large turbine-generators. Any changes in the
static state either on the mechanical or the electrical side of a
turbine-generator act as an impulse to these mechanical
oscillation modes. The modal frequencies @y, are
determined based on the mechanical structure of the turbine-
generator. Torsional oscillation with frequency ., results
both sub- and supersynchronous voltage and current
components with frequencies wg,; and w,,, at the generator
terminals.
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Damping of these oscillations consists of both the

mechanical and the electrical damping of the system. Due to
basically only a small contribution of the mechanical damping
of the turbine-generator shaft on the overall damping of the
system accurate determination of the electrical damping of the
system can be seen crucial. Consequently, series compensated
transmission lines and a FACTS device located in the vicinity
of the turbine-generator are the main components having an
adverse contribution on the damping of torsional oscillations.

B. Analysis of the Damping of Torsional Oscillations

Time-domain and frequency-domain study methods for
analysis of the electrical damping of torsional oscillations
have been developed. Whereas the detailed EMT analysis
based time-domain studies enable a torsional damping
analysis to be executed with high accuracy, they often require
significant amount of computing capacity and are relatively
time consuming especially in the analysis of extensive power
system structures. On the contrary, the traditional SSR
frequency scanning technique allows even large power system
structures to be examined with a relatively small time
consumption. However, for example in a analysis performed
by utilizing SSR frequency scanning technique only linear and
uncontrollable power system components can be included. [7]

Based upon these facts, it seems obvious that there is a need
to further analyze the limitations and possibilities to
implement nonlinear and controllable power system
components in a SSR frequency scanning study even with
adequate accuracy. Therefore, in this paper the EMT analysis
based approach for analyzing the inherent response of the
TCSC to torsional oscillations is applied to estimate the

possibilities to implement the TCSC as a part of a SSR
frequency scanning study.

III. APPROACH FOR STUDYING THE RESPONSE OF TCSC IN
PRESENCE OF TORSIONAL OSCILLATIONS

A. Response of TCSC on Torsional Oscillations

To fully wunderstand the factors affecting the
subsynchronous damping capabilities of the TCSC the
response of the device to torsional oscillations should be
determined. Because of the specific switching pattern of a
device such as TCSC its operation can be considered to
include both discrete and continuous characteristics and
therefore the determination of sub- and supersynchronous
frequency response of the device is not an entirely
straightforward task.

A sub- or supersynchronous frequency component @ in the
terminals of the Thyristor Controlled Reactor (TCR) part of
the TCSC causes the original frequency component to diverge
in multiple frequencies because of the switching frequency
being twice the fundamental frequency wjug. This is
illustrated in Fig. 1. [5]
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Fig. 1 A portion of the discrete frequency spectrum of the TCR due to a sub-
or supersynchronous frequency component

It should be noted that Fig. 1 is only illustrative and in reality
all frequency components have their own specific amplitude
and phase determined by the inherent characteristics of the
device. However, in general it can be considered that the
amplitudes of the frequency components decay as a function
of 1/m [5]. As an obvious consequence of the presented
frequency modulation ability of the TCR the sub- and
supersynchronous frequency components induced by a
turbine-generator are coupled through the TCR switching
action. Therefore, it is justified to conclude that the combined
effect of the sub- and supersynchronous frequency
components have to be considered in studies related to the
effect of the TCSC on the subsynchronous damping and its
response to torsional oscillations.

B. Generic Open-loop Current Injection Model for Studying
the Response of TCSC on Torsional Oscillations

In [5] the current injection model (Fig. 2) and switching
functions based on the Fourier series expansion are applied in
analytical manner to analyze the response of the TCSC to the
injected sub- and supersynchronous current components. To
simplify the analytical analysis, the switching instants for the



thyristors are determined only based upon the injected
fundamental current component. In [6] the main scope of the
study is on the resistive behavior of the TCSC on the sub- and
supersynchronous frequencies. This analysis includes also the
effect of the nonfundamental frequency components on
synchronization reference as it determines the sub- and
supersynchronous frequency dependent response of the TCSC
through analytical equations. However, in both studies the
effect of the amplitudes and the phases of the injected current
components on the study results are ignored. Furthermore,
despite the question of SSR damping abilities of the TCSC is
emphasized in both studies, coupling between the sub- and
supersynchronous frequency components in case of turbine-
generator shaft related torsional oscillations are not discussed.
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Fig. 2 Generic open-loop current injection model

Due to shortcomings of the previous studies the current
injection approach was further analyzed to give a more
realistic insight on formulation of the frequency dependent
response of the TCSC in connection of a subsynchronous
damping related study. Consequently, based upon the relation
between the equations (1) and (2) the current injection
approaches presented in [5, 6] were expanded to consider the
response of the TCSC on the simultaneously injected sub- and
supersynchronous current components. In this case the total
injected current can be expressed as follows:

Lije = H(@4,,0) + 1(@,,) + (@) 3)

The main shortcoming of the approach illustrated by Fig. 2
is that it has an open-loop structure. In other words, in reality
either any change in the series connected impedances of, for
example, a turbine-generator, a step-up transformer, a
transmission line, an equivalent network and the TCSC or
change in the loading situation of the transmission line would
have an effect on the injected current components. This again
would change the impedance characteristics of the TCSC as
will be further illustrated in this paper. However, the open-
loop model can be seen advantageous for example in
illustrating on general level the factors affecting the sub- and
supersynchronous response of the TCSC excluding effects of
the surrounding network components on the response.

The frequency dependent response of the TCSC was
studied by applying a constant open-loop firing angle o and
generic Phase-Locked Loop (PLL) based synchronization with
line current reference. The studied TCSC was rated based
upon a 50 % series compensation degree of the transmission
line of system described in Fig. 3 by knowing the somewhat
oversized ratings of the device compared to any existing
applications. However, because of the similar ratings of the
previous studies and the strong contribution of such device to

the subsynchronous damping characteristics of the studied
power system this approach could be seen beneficial
concerning the analysis of this paper. The main parameters of
the studied TCSC and its PLL circuit are presented in table I.

TABLE I
MAIN PARAMETERS OF STUDIED TCSC

LTCSC 34.59 mH
CTCSC 32.55uF
Ofund 27-60 rad/s
o 65°
Ko (PLL) 30
K (PLL) 300

IV. COMPARISON OF THE APPROACHES FOR DETERMINING THE
FREQUENCY DEPENDENT RESPONSE OF THE TCSC

To illustrate the subsynchronous damping analysis related
shortcomings of the generic open-loop current injection
model, that is extracted from the surrounding power system
and especially from the oscillating turbine-generator, its
response characteristics were compared with characteristics
obtained by utilizing more complete approach based upon the
IEEE 1* Benchmark model for SSR studies [8] (shown in Fig.
3). In addition to the TCSC, the extended approach included a
turbine-generator, a step-up transformer, a transmission line
and an equivalent voltage source of which parameters were
equal to the parameters of the benchmark model.
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Fig. 3 Studied power system model

By modulating the mechanical speed of the turbine-
generator in a frequency range 1-59 Hz corresponding sub-
and supersynchronous current and voltage components can be
observed in the electrical system as determined in (1).

@, =27 -k,wherek =1,...,59 Hz 4
With this approach the subsynchronous damping [9], and
thereby the frequency dependent response of each electrical
component on these oscillations can be determined with an
analysis based upon the discrete Fourier transform of the
voltage over and the current through the component.

The frequency dependent response of the TCSC by utilizing
the generic open-loop current injection model was studied
with two different signal injection approaches. The arbitrary
signal injection approach included analysis utilizing both
separately and simultaneously injected arbitrary chosen sub-
and supersynchronous current components. In connection of
the system related signal injection approach the system related
sub- and supersynchronous current components were applied
in the study.

A. Arbitrary Signal Injection Approach

In approach Al the response of the TCSC was analyzed by
separately injecting the arbitrary chosen sub- and
supersynchronous current components related to the studied



mechanical oscillation mode. This approach can also be
considered as the common approach of the previous studies
[5, 6]. The amplitude of the injected current component was
chosen arbitrary to be 0.1 % of the amplitude A4g,, of the
fundamental component. Similarly, the relative phase between
the fundamental and nonfundamental component was set to
0°. Based upon the proposition of the paper, in approach A2
both the arbitrary chosen sub- and supersynchronous current
components were injected simultaneously.
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In Fig. 4 the frequency dependent impedance Zycsc of the
TCSC by utilizing the arbitrary chosen signal injection is
compared to the frequency dependent impedance of the TCSC
determined from the extended power system model.

measured sub- and supersynchronous current components
were injected separately and in approach B2 simultaneously.

Approach Bl:
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The frequency dependent impedance of the TCSC by
utilizing the system related signal injection is presented in Fig.
5. Correspondence between the generic open-loop current
injection model and the extended power system based
responses improves by utilizing the system related signal
injection. In matter a fact, by injecting the system related input
currents simultaneously (approach B2), the responses based
upon the generic open-loop current injection model and the
extended power system model become almost identical. As a
conclusion, the effect of the overall response of surrounding
power system on torsional oscillations can be seen crucial and
cannot be ignored if the effect of the TCSC on
subsynchronous damping is of interest.
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Fig. 4 Frequency dependent impedance of TCSC with arbitrary signal
injection approach

As can be seen from Fig. 4 the frequency dependent
impedance of the TCSC with the arbitrary chosen input
currents differs significantly from the impedance measured
from the extended power system model. Even simultaneous
injection of the sub- and supersynchronous current
components do not produce similar impedance as in the case
of the extended power system model.

B. System Related Signal Injection Approach

The system related signal injection approach utilizes the
currents signals Joe,(Wfima)s Igen(®Wsp) and Igen(y,,) measured
from the extended power system model. Therefore, the
amplitudes and the phases of the applied current signals were
basically determined by the frequency dependent impedance
seen by the oscillating generator. In approach Bl the
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Fig. 5 Frequency dependent impedance of TCSC with system related signal
injection approach

V. APPLYING TCSC FREQUENCY RESPONSE DATA IN SSR
FREQUENCY SCANNING STUDY

Despite the distinct differences between the frequency
dependent response data of different approaches, based upon
these results it is not possible to estimate the accuracy, in
which they describe the actual frequency dependent response
of the TCSC on torsional oscillations. Therefore, the
frequency dependent impedance data of all studied cases were
applied in a SSR frequency scanning study concerning the
network structure presented in Fig. 3. This approach allowed
an analysis of the accuracy, in which the applied impedance
data estimates the actual effect of the frequency dependent
response of the TCSC on torsional oscillations.



The subsynchronous damping of the studied power system
in the mechanical frequency range 5-55 Hz was determined
with the detailed EMT analysis [9] and the SSR frequency
scanning study approach presented in [4]. By determining the
total impedance Z,.(w) of the studied power system the
electrical damping De(w) for the studied mechanical
frequency range can be estimated. [3]
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In Fig. 6 the electrical damping of the detailed EMT
analysis is compared to the SSR frequency scanning study
results utilizing the TCSC impedance data of the arbitrary
signal injection. From Fig. 6 can be seen the relatively poor
correspondence between the EMT analysis based and the SSR
frequency scanning study based damping curves when the
frequency dependent impedance of the TCSC obtained
utilizing the arbitrary signal injection was applied in the SSR
frequency scan.
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Fig. 6 Electrical damping based upon EMT and frequency scanning
approaches with arbitrary signal injection

In Fig. 7 the electrical damping of the detailed EMT
analysis is compared to the SSR frequency scanning study
results utilizing the TCSC impedance data based upon the
system related signal injection. Damping curves in Fig. 7
indicate clearly the importance of considering the coupling

between the sub- and supersynchronous frequency
components when studying the torsional oscillation related
response of the TCSC.

By utilizing the frequency dependent response data of the
TCSC related on the approach BI, where the system
dependent input currents were injected separately,
correspondence between the detailed EMT analysis based and
the SSR frequency scanning study based damping curves
differs significantly. On the contrary, by considering the
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coupling between the sub- and supersynchronous frequency
components with the simultaneously injected system related
current components the damping curves of the EMT analysis
and the SSR frequency scanning study based approaches
resemble each other with reasonable accuracy.
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Fig. 7 Electrical damping based upon EMT and frequency scanning

approaches with system related signal injection

As a conclusion, effect of a switched device like TCSC on
the subsynchronous damping can be estimated with reasonable
accuracy by utilizing a SSR frequency scanning technique, if
the subsynchronous response characteristics of the TCSC have
been determined in valid manner. It is obvious that to be able
to determine the subsynchronous response of the TCSC
accurately the inherent characteristics and parameters, such as
control implementation and synchronization method, of the
TCSC must be taken into account correctly. [10] However, the
results of the studies indicate that also the effects of the sub-
and supersynchronous characteristics of power system
surrounding the switched device and the coupling between the
sub- and supersynchronous components due to the frequency
modulation characteristics of switched devices and rotating
machines should be included in the studies. There are two
interesting questions here. First, whether that all can be
captured by an analytical model. And secondly and maybe
somewhat less interestingly, whether an EMT based data set
describing the sub- and supersynchronous response under
certain selected operating conditions can be applied in a SSR
frequency scanning study to present the effect of the TCSC
with reasonable accuracy.

VI. DISCUSSION

Whereas the results shown in this paper do not give
adequate answers to the questions presented in the previous
chapter, based upon the results shown it is obvious that the
effect of a switched device like TCSC on the electrical
damping of power system is composed of various TCSC and
system related parameters. Ideally, the frequency dependent
response data of the TCSC in a SSR frequency scanning study
would be described with detailed analytical equations that
would consider the effect of all the discussed parameters on
the response of the TCSC. This approach would allow



implementation of a TCSC as a part of arbitrary power system
being analyzed by utilizing the SSR frequency scanning
technique presuming that required initial information of the
power system surrounding the implemented device would be
available.

However, because of the variety of the parameters related to
the subsynchronous damping characteristics of the TCSC,
including the effect of all the discussed parameters on
analytical representation, in manner suitable to be included in
a SSR frequency scanning study, may obviously become
cumbersome. Thereby, it can be considered, that even
estimation with adequate accuracy of the frequency dependent
response of the TCSC on torsional oscillations could be
adequate for modelling the TCSC in connection of the SSR
frequency scanning studies especially in case of meshed,
highly series compensated transmission networks. In further
studies, it could be seen beneficial to estimate the significance
and sensitivity of single affecting parameter on the response of
the device on torsional oscillations. This again would enable
evaluation of the most significant ones to be included in the
analytical representation of the subsynchronous damping
characteristics of the TCSC. As a final target, successful
implementation of this analytical representation into a SSR
frequency scanning study would provide a tool to be applied
also into transmission networks including nonlinear and
controllable devices such as TCSC with reasonable accuracy.

VII. CONCLUSIONS

This paper presented an approach for determining the
frequency dependent response of the TCSC on torsional
oscillations utilizing the generic open-loop current injection
model. The main scope of the study was to analyze the
response characteristics in such manner that the results
provide relevant information regarding the effect of the TCSC
on subsynchronous damping. The frequency dependent
response of the TCSC obtained with different study
approaches were compared and it was concluded that, in
addition to simultaneous injection of the sub- and
supersynchronous current components, also the system related
amplitude and relative phase between the injected current
components should be considered to attain results with
reasonable accuracy.

To evaluate the validity of the sub- and supersynchronous
TCSC response data obtained by utilizing different study
approaches, the TCSC response data was applied in a
traditional SSR frequency scanning study to describe the
effect of the response data on subsynchronous damping. The
accuracy of the SSR frequency scanning was compared to the
detailed EMT based damping analysis. Only with the
approach, where the frequency dependent response of the
TCSC was determined considering fully the inherent
characteristics of torsional oscillations, correspondence
between the EMT analysis and the SSR frequency scanning
study based damping results were achieved with reasonable
accuracy. In the paper limitations and restrictions related to
development of an analytical model of the TCSC to be applied
in SSR frequency scanning study were evaluated and it is
concluded that further studies will be required to fully
determine the adequate modeling accuracy needed to represent

the frequency dependent response of the TCSC on torsional
oscillations analytically.

VIII. REFERENCES

[11 L. A. Kilgore, D. G. Ramey, M. C. Hall, “Simplified Transmission and
Generation System Analysis Procedures for Subsynchronous Resonance
Problems”, IEEE Trans. Power Apparatus and Systems, Vol. PAS-96,
No. 6, November, December 1977, pp. 1840-1846.

[2] 1. M. Canay, “A Novel Approach to the Torsional Interaction and
Electrical Damping of the Synchronous Machine, Part I: Theory and Part
II: Application to an Arbitrary Network”, I[EEE Trans. Power Apparatus
and Systems, Vol. PAS-101, No. 10, October 1982, pp. 3630-3647.

[3] IEEE SSR Working Group, “Second Benchmark Model for Computer
Simulation of Subsynchronous Resonance”, [EEE Trans. Power
Apparatus and Systems, Vol. PAS-104, No. 5, May 1985, pp. 1057-
1066.

[4] T. Rauhala, P. Jirventausta, H. Kuisti, “Frequency Scanning Program for
SSR Studies Implemented to Function in Connection of PSS/E Power
Flow Analysis Program”, 15" PSCC Proceedings, Liege, Belgium, 22-
26 August, 2005.

[5] A. Daneshpooy, A. M. Gole, “Frequency Response of the Thyristor
Controlled Series Capacitor”, [EEE Trans. Power Delivery, Vol. 16, No.
1, January 2001, pp. 53-58.

[6] K. Kabiri, S. Henschel, H. W. Dommel, “Resistive Behavior of
Thyristor-Controlled Series Capacitors at Subsynchronous Frequencies*,
IEEE Trans. Power Delivery, Vol. 19, No. 1, January 2004, pp. 374-379.

[71 IEEE Working Group, “Reader’s Guide to Subsynchronous Resonance”,
IEEFE Trans. Power Systems, Vol. 7, No. 1, February 1992, pp. 150-157.

[8] IEEE SSR Task Force, “First Benchmark Model for Computer
Simulation of Subsynchronous Resonance,” [EEE Trans. Power
Apparatus and Systems, Vol. PAS-69, No. 5, September/October 1977,
pp. 1565-1572.

[91 T. Rauhala, P. Jéarventausta, “Frequency Scanning Techniques for

Analysis of the Effect of Device Dependent Subsynchronous

Oscillations on Subsynchronous Damping”, 16" PSCC Proceedings,

Glasgow, Scotland, 14-18 July, 2008.

P. Vuorenpdd, T. Rauhala, P. Jarventausta, “On Effect of TCSC

Structure and Synchronization Response on Subsynchronous Damping”,

IPST 2007 Proceedings, Lyon, France, June 4-7, 2007.

[10]

IX. BIOGRAPHIES

Pasi Vuorenpia (S'08) received his Master’s degree in electrical engineering
from Tampere University on Technology, Finland, in December 2006. Since
then he has been research engineer and post-graduate student at the
Department of Electrical Energy Engineering in Tampere University of
Technology.

His main research interests are in applications of FACTS devices, control
systems and power system dynamics.

Tuomas Rauhala (M'04) received his Master’s degree in electrical
engineering from Helsinki University of Technology, Finland, in January
2004. Since then he has been post-graduate student at the Department of
Electrical Engineering of Tampere University of Technology. His main
research subjects are phenomena causing high amplitude subsynchronous
oscillations and analysis of subsynchronous damping.

At present he is also with Fingrid Oyj in department of system
development, where he is mainly involved with system studies and analysis of
transmission network performance.

Pertti Jirventausta received the Diploma Engineer and the Licenciate of
Technology degrees in electrical engineering from Tampere University of
Technology in 1990 and 1992, respectively, and the Dr. Tech. Degree in
electrical engineering from Lappeenranta University of Technology in 1995.

At present he is a professor and a head of the Department of Electrical
Energy Engineering of Tampere University of Technology. His research
activities focus on electricity distribution (e.g. distribution automation, power
quality and new business models), distributed generation, transmission
systems, and electricity market.



	I.   Introduction
	II.   Torsional Oscillations in Power System
	A.   Relation between Mechanical and Electrical Frequency Components
	B.   Analysis of the Damping of Torsional Oscillations

	III.   Approach for Studying the Response of TCSC In Presence of Torsional Oscillations
	A.   Response of TCSC on Torsional Oscillations
	B.   Generic Open-loop Current Injection Model for Studying the Response of TCSC on Torsional Oscillations

	IV.   Comparison of the Approaches for Determining The Frequency Dependent Response of the TCSC
	A.   Arbitrary Signal Injection Approach
	B.   System Related Signal Injection Approach

	V.   Applying TCSC Frequency Response Data in SSR Frequency Scanning Study
	VI.   Discussion
	VII.   Conclusions
	VIII.   References
	IX.   Biographies

