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a  b  s  t  r  a  c  t

The  increase  of nonlinear  devices  in power  systems  leads  us to consider  their  adverse  effects  on the  wave-
form  distortion,  and  consequently,  the  effects  and propagation  of  this  harmonic  distortion  over  the whole
power  system.  This paper  presents  the analysis  of  the adverse  impact  caused  by  the  harmonic  distortion
generated  by  the  thyristor-controlled  series  capacitor  (TCSC)  and  its  interaction  with  the  transmission
line.  The  analysis  is carried  out  on  the  frequency  domain,  where  total  harmonic  distortion,  apparent
power,  active  power,  reactive  power,  distortion  power  and  power  losses  are  presented  under  different
TCSC  operation  condition.  The  analysis  of  a four-node  radial  power  system  exhibiting  harmonic  distortion
because  of  the  TCSC  operation  is  presented.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Because of the use of nonlinear devices in power systems the
problem of harmonic distortion becomes an important issue to
address. This harmonic distortion has several and sometimes criti-
cal power quality problems such as interference in communication
systems, protection system misoperations, overheating of the elec-
trical equipment and conductors, reduction of the equipment life
span, and additional losses in the power systems [1]. Consequently,
an analysis of harmonic propagation in the power system is impor-
tant.

In general, the power systems contain a variety of nonlinearities,
each of them constituting a potential harmonic source. Complete
information of the harmonics generated by the nonlinearities is
useful for the analysis of the harmonic propagation [2].

In the last years, there has been a growing interest for obtaining
the steady-state network voltages at harmonic frequencies because
of the increase of nonlinear devices in the electric power network.
Several procedures in the frequency and time domains have been
used to analyze the harmonic problems [3]. An important issue is
the consideration of the nonlinearities; for example, the simplest
approaches assume no interaction between network and nonlinear
devices [3,4]. Other methods such as iterative harmonic analysis
contemplate the effect of the harmonic voltage on the represen-
tation of the nonlinear devices but with the limitation that the
fundamental voltages are assumed to be unaffected by harmonic
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voltages [5,6]. Some reformulations of the conventional load flow
exist in order to include nonlinear devices; the fundamental and
harmonic voltages can be assumed to produce power consumption
[7–9]. An extensive review of these methods is presented in [3,10].

Note that the representation of harmonic sources is a key
problem, and exist different ways to represent them; for exam-
ple in commercially available software these are presented as
current sources, which may  come from measurements, from expe-
riences with similar systems or from calculations under specified
system conditions. These values, however, only represent the sys-
tem at the time of the test [4]. Several algorithms have been
proposed with more advanced representations of the critical har-
monic sources focusing on their interaction with the rest of the
power system components [2–4]. Furthermore, the accuracy of the
obtained steady-state solution with any of the harmonic power
flow approaches depends on the type of nonlinear components
connected to the system and the models used to represent them
[1–12]. Another point to consider is the fact that the exclusive use
of measurement and analysis at discrete points (nodes) of the sys-
tem provides no information of the harmonic voltages and currents
along the transmission lines, and yet this information is essential to
determine effects on the equipment near the lines and in the lines
themselves [1–3].

Previous contributions indicate that the harmonic analysis can
be performed in the frequency, the time or the hybrid domain.
In particular, for power systems with nonlinear components and
transmission lines with frequency dependent parameters, the har-
monic analysis in the frequency domain presents some advantages;
for instance, the frequency dependent transmission line model is
very simple as compared with the equivalent model in the time
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domain; for steady-state, the frequency domain model is purely
algebraic. On the other hand, the time domain models of nonlin-
ear components are in general simpler than those in the frequency
domain; however, the frequency domain model of the TCSC has
been widely studied and currently has a detailed and computa-
tionally efficient model. In [13] the time and frequency methods for
harmonic analysis in power systems is presented in detail. Under
this scenario, the harmonic domain is the natural frame of reference
for analysis of harmonic propagation in power systems with TCSC
and transmission lines with frequency dependent parameters.

1.1. Power electronics based devices

The rapid development of power electronics technology at
transmission and distribution levels has been developing a number
of control devices under the concept of flexible AC transmission sys-
tems (FACTS). FACTS devices can be effectively used for power flow
control, voltage regulation and enhancement stability problems
and more. One of the adverse problems related with the imple-
mentation of FACTS devices is their harmonic generation and their
effect over the transmission system [14–16].

The wide spread presence of power electronic devices in power
systems demands the accurate and detailed representation of such
equipment in power system studies and simulations. The availabil-
ity of specific and accurate models is important when the periodic
steady-state is required, either to initialize a transient simulation
or to study the harmonic content of currents and voltages in the
system under analysis [17]. Note that the steady-state of power
electronic devices is usually based on their time domain character-
istic considering idealized terminal conditions. Nevertheless, the
harmonic distortion caused by these devices is affected by interac-
tions with the network components and topology and also varies
as the operating conditions change [15,17].

A large amount of research effort has gone into designing these
devices and studying their impact on the performance of the power
system. The operation of individual switching elements and control
systems in the FACTS devices is also fully represented. This level of
modeling is useful for confirming their proper operation [15–21].

This paper presents an approach for a complete and unified har-
monic propagation analysis in power systems including a TCSC, the
adverse impacts caused by the harmonics generated and its inter-
action with the transmission line. This approach includes linear
and nonlinear components to be represented by a set of algebraic
equations that describes the whole system, which allows harmonic
coupling interactions between them. The behavior of each har-
monic component along the transmission line is also presented. On
the other hand, the companion harmonic circuit modeling (CHCM)
of the static compensator presented in [22] is employed to obtain a
detailed model of the TCSC and the consequent analysis of the har-
monic propagation response of an electrical system in steady-state
conditions.

2. Transmission line model

The basic elements required to represent a power system are
resistors, inductors and capacitors, which are used to represent
different components: i.e., loads, filters, compensators, etc. Nev-
ertheless, a key element in power systems is the transmission line;
therefore, a representation that provides a full description of the
performance of transmission lines is mandatory.

The proposed analysis is based on the use of CHCM. As is well
reported in Refs. [22,23] the steady-state CHCMs are represented
for a simple complex admittance matrix Y. According to [22] the

Fig. 1. Equivalent � model of the transmission line with frequency-dependent.

harmonic complex admittance matrix for an inductance L is then
given by

YL = [LD]−1 (1)

In addition, the harmonic complex admittance matrix for a
capacitance C is given by

YC = CD (2)

where the matrix D is a differential operator [23].
For proper harmonic propagation analysis in power systems, the

transmission line model has to consider the inclusion of frequency
dependent parameters [24,25]. Fig. 1 shows the equivalent � model
of the transmission line with frequency dependent parameters.

The harmonic complex admittance matrix for the series branch
of the transmission line is given by

Ys = [ZC sinh(�l)]−1 (3)

The model of the line is completed by the shunt capacitance
given by

Ysh = 2Z−1
C tanh

(
�l

2

)
(4)

where the matrices ZC and � are the characteristic harmonic
impedance matrix and the harmonic propagation constant matrix,
respectively. Additionally,

ZC =
√

Z′

Y′

� =
√

Z′Y′ (5)

The series impedance matrix Z′ and the shunt admittance matrix
Y′ are the per-unit-length parameters. For any transmission line
configuration, Z′ is calculated according to Eq. (1) using the per-
unit-length inductance plus the per-unit-length resistance of the
conductors, and Y′ is calculated using Eq. (2) with the per-unit-
length capacitance. It is important to remark that the CHCM is
able to represent transmission line models with distributed and
frequency dependent parameters in an easy and straightforward
way.

Finally, one must consider that for any network of arbitrary con-
figuration with n nodes, a system of n equations are derived from
their CHCM. The representation of the network is given by the nodal
equation

I = YV (6)

where Y is a symmetric nodal admittance matrix of dimension n × n,
V is a vector of n node voltages, and I is a vector of n current sources.

3. Harmonic propagation in transmission lines

The equivalent � model provides information at the ends of
the transmission line, but no information along the transmission
line is given. Nevertheless, for harmonic propagation analysis the
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