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Abstract: This paper presents the study of the impact of harmonic distortion
generated by the thyristors controlled series capacitor (TCSC) in Algerian
electric power system. By applying Fourier transform of terminal voltage and
switching function, the TCSC model is used as a harmonic admittance matrix,
in the frequency domain, and then integrated into a balanced harmonic load
flow algorithm based on the Newton-Raphson method. The study has been
carried out with the equivalent Algerian power system 114 bus. The total
harmonics and RMS voltages are evaluated under different operating regions of
the TCSC.
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1 Introduction

With the increase of electronic devices use in power systems, the problem related to
harmonic distortion becomes a very important issue. These harmonics have a significant
impact on power systems such as: communication interference, protection system
malfunctioning, transmission lines overheating, reduction of the equipment life and more.
Furthermore, the analysis of harmonics in power systems, including nonlinear loads is
crucial (Romero et al., 2011).

In particular, harmonic load flow is used for harmonic analysis problem to give
information related to nodal voltage and branch current at each frequency of interest.
However, based on this information, an operator may either predict a resonance problem
that could be appeared at each harmonic, or evaluate the total harmonic distortion of
voltage and current waveforms. In the literature, several approaches have been performed
to solve the harmonic power flow problem. In Xia and Heydt (1982a, 1982b), the
conventional power flow was reformulated to include the nonlinear loads. In Lin et al.
(2004) and Moreno and Usaola (2004), the previous method was extended to include
unbalance system. In Smith and Arrillaga (1999), a model of the converter was
established and included in the algorithm. Norton equivalent model of nonlinear load was
well presented in Thunberg and Soder (1999). In this paper, the harmonic analysis is
based on the algorithm developed by Xia and Heydt (1982a), because it considers the
harmonic interaction between the AC transmission system and the nonlinear loads. The
problem solution is then obtained using the Newton-Raphson method. The increase of the
power demand could provide some constrained operating conditions such as system
saturation, and therefore voltage drops may also exist in all power system nodes. The
TCSC as a flexible AC transmission system (FACTS) technology has two regions,
namely inductive and capacitive regions governed by a system of anti-parallel thyristors
that allows the control of reactive current derived by the thyristor controlled reactor
(TCR) branch. It is mainly used for increasing power transfer capability and improving
system transient stability. Recently, considerable effort has been dedicated to investigate
the series compensation effects in power systems in fundamental frequency (Fuerte-
Esquivel et al., 2000). The discontinuous reactive current derived by TCR branch remains
flowing in TCSC loop circuit and results in a distortion of TCSC capacitor voltage.
Therefore, deriving a harmonic model of TCSC in the frequency domain is essential to
determine their interaction with the AC system.

Many works in the literature have treated the TCSC harmonic modelling. In Kai
et al. (1999) the TCSC device was modelled as voltage and current sources. The
obtaining results show that these models are not able to give accurate information about
the interaction between the nonlinear load and the other AC system components. Another
model that represents the TCSC as harmonic impedance source was used to investigate
the interaction between the TCSC and a simplified radial transmission system with linear
and nonlinear loads (Chavez and Ramirez, 2006; Garcia et al., 2014). These studies were
handled only in capacitive region. In today power systems containing a variety of
nonlinearities, the impact of TCSC on the compensated transmission line is very
important.

In this paper, the TCSC is represented as a harmonic admittance matrix used at each
frequency. The proposed algorithm has been tested for Algerian electric power system
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114 buses in the presence of eight odd order harmonics: 5th; 7th; 11th; 13th; 17th; 19th;
23th; 25th.

2  Modelling of TCSC in the harmonic domain

The TCSC is one of the most system FACTS, used to expand the transmission facilities
and the stability enhancement. It contains an anti-parallel reactance branch called
thyristor controlled reactor (TCR), with series capacitor as shown in Figure 1. The
thyristors 7h; and Th, are gated on twice in each cycle, controlling the reactive current
derived by the TCR. This current can be found by integrating the voltage across the
reactor Vx multiplied by a switching function H(¢) (Sen and Sen, 2009). The latter is
schematically shown in Figure 2 has two states: 1 — when the thyristor is ON and
0 — when the thyristor turns OFF.

Figure 1 One module of TCSC circuit (see online version for colours)

(
|4 H V
c— 7k Y
min_E‘ P
4—
Vi >H;Z

<
«

|

Figure 2 Switching function H(t) (see online version for colours)
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Assuming that the voltage across the TCR and switching function H are periodic. By
applying a complex Fourier series of two waveforms, we obtain the following
expressions:

oo
Vr = Z Vi, (i) i
oo
H= Zhn (0'1, ¢1, O'2,¢2)ej(nwt) (2)

n=—oo

where V7, is the m™ harmonic coefficient of the terminal voltage Vr, and %, is n™
harmonic coefficient of the switching function H. From Figure 2, ¢ is the conduction
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angle and ¢ is the centre of the conduction period. The harmonic magnitude of switching
function is given by:

11427
- —j(nwt)
h=s j H(t)e /™) dwt 3)

t1

In the harmonic domain, the voltage across the inductor Vz is given by:

Ve()=ViH = Y Viyhyelmenm )

m,n=—oo

Equation (4) can be expressed as a matrix form, consisting of an infinite magnitude of
switching function multiplied by a terminal voltage vector of the TCR.

VR—3 e h() h—l h—2 e VT—3

Vo =]+ W hy ha || Vi (5)

VR—] e h2 hl h() e VT—I

where matrix H has a Toeplitz form. It represents a cross coupling between harmonics
which is an important characteristic in switching function. By referring to the models
used in Bohmann and Lasseter (1989), the harmonic admittance matrix for the TCR and
capacitor are given respectively as follows:

Yrer = [LD(Jhw)]' H (6)
Yo = C[D(Jhw)] (7

where D is the differentiation matrix and L is the reactor inductance, and C is the
capacitance of series capacitor. The TCSC is well described by two parallel branches of
the TCR in (6) and capacitor admittance in (7) and it can be written as:

Yrese = Yo + Yrer (®)

This model represents the harmonic admittance matrix of TCSC in steady state, where all
the harmonics and cross-coupling between them are clearly represented (Martinez, 2001).
Unlike the TCR, the calculation of the harmonic coefficients of the switching matrix
corresponding to Yrcsc is found with the terminal voltage difference.

3 Integrating harmonic admittance matrix of TCSC in HPF

TCSC modelling is used to represent the device under a given condition in the frequency
domain. This model is integrated into the harmonic load flow program in order to study
their effect on the network. The most used three methods in literature are:

1 equivalent power injection (Garcia et al., 2000)

2 creation of a fictitious node (Gotham and Heydt, 1998)
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3 modification of the admittance matrix (Preedavichit and Srivastava, 1998).

The last technique is used in this paper to include the TCSC model in power system.
Figure 3 shows a TCSC device installed between line i — .

Figure 3 Transmission system with embedded TCSC
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At fundamental frequency, the equivalent admittance of the line between buses 7 and j is
determined and substituted to the line admittance without TCSC and is modified as
follows:
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Vi = (10)
where y, yjo are the series and shunt admittance respectively.

The equivalent harmonic admittance of the line between buses 7 and j is formulated at
each harmonic frequency (m) in the system as a same way than the fundamental
frequency:

’m yt’]nO 'm
i +T —Vi
= y (an
—y[m /m 4+ 200
y./ y./ 2

where y;' is the m™ harmonic admittance of the line between buses my and j with the
presence of TCSC.

4 Iterative harmonic analysis algorithm

The first step of the harmonic load flow program consists of modelling the linear
components of electrical power system (transmission lines, transformers, generator, and
capacitor bank) and nonlinear load as (electronic devices, arc furnace, converters) at
fundamental and harmonic frequencies. The Newton’s method is used to forcing the
appropriate mismatch vector (AM) containing of mismatch power (AW) and mismatch
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current (Al) to zero using a Jacobin matrix J and obtaining appropriate correction terms

(AU).
AM =[J]AU¢ (12)
AU¢ =U< -y (13)

where £ is the iteration number.
The matrix formulation of the problem is:

_ﬁ“) 1 [ Jo J® . JW o T'Taw
N oD (e . o | | x®
ﬁm ﬁ(”) %(7’5) . ) 7D EW)
|- ) . . ) _ (14)
A_V.(L) E(L’l) ﬁ(L,S) . E(L’L) HD E(L)
a0 | |6 6" . wG"™ mo | | A"

Where all elements in this matrix (14), are sub-vectors and sub-matrices partitioned from
AM, J and AU.
The fundamental and total power mismatches are given by:
AW =[PV +FQ, 00" +FY,..., B + F)

m—1 r,m—1°

oV 4 FW

r,m—1 im—1°°°°>

)
linear linear 1i li
APrzton inear , Aerr'tlon inear , A})nmm inear , AQ;lwn inear ]

where

. Pj(l), j(-l) are the fundamental real and reactive load power for the linear bus j

. F,(,]}, F,-f}) are the fundamental real and reactive line powers for the linear bus j

e Apjontinear - Anonlinear are the totals real and reactive mismatch power for the nonlinear
bus m.

The fundamental current mismatch AV is defined only for nonlinear buses, where all
currents (e.g., fundamental real and reactive line currents Ir,m(1) , Iim(1 )and
fundamental real and reactive nonlinear load currents Gr,m(1) , Gi,m(1 )) are referred to
the swing bus and is given by:

ALY (10,460, 10 + GO, 10+ GO, 10 + G0 | (16)

i,m [N ERERE]

The harmonic current mismatch A/® that contains harmonic real and reactive line

currents Iﬁf’,,l, I,-(f}y,) and harmonic real and reactive nonlinear load currents Gﬁf’,},, G s

im>

defined for linear and nonlinear buses including swing bus as follow:
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™ m 7 h h h h h h
AL =11 T GO T+ G

a7

h n gk n7
1D +GM, 10+ 60 ]

The formulation of Jacobin matrix J is well described in Fuchs and Masoum (2008).

5 Case study and simulation results

A computer program performed in MATLAB version 7.0 considering the models and
methods described above, has been tested on the equivalent Algerian electric power
system 114 buses which has two voltage levels (220/60) KV; the line and bus data of the
system are given in Amrane et al. (2017). The test system shown in Figure 4 consists of
175 transmission lines, 15 generators, 99 load buses and 17 tap changer transformers, the
total real and reactive power demand are 3,146.2 MW and 1,799.4 MVAR. The system
data and results are based on 100 MVA where bus 4 is selected as slack bus. There are
five harmonic sources located at load buses 12, 32, 33, 66 and 67 with eight harmonic
components for each one as indicated in Tables Al and A2. Since the TCSC cost is
expensive, it is important to choose the best location. Thus, based on the FSVI sensitivity
index (Amrane and Boudour, 2014), the line 112 (between buses 41-49) was chosen as
the weakest line. The TCSC parameters have been selected with capacitance
(Xc = 0.2112 pu) and inductance (X = 0.0939 pu) for 50% of compensation level as
shown in Table A.3.

Figure 4 Algerian electric power system map (see online version for colours)

The fundamental and harmonic reactance of TCSC is found from its harmonic impedance
matrix by selecting only the diagonal element at a corresponding harmonic frequency of
the same harmonic order. Figure 5(a) represents the fundamental reactance variation at
line number 112 (between buses 41 and 49) as a function of firing angle (measured from
Zero crossing capacitor voltage).
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Figure 5 TCSC reactance in compensated line (20), (a) fundamental reactance (b) harmonic
reactance at each frequency (see online version for colours)
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We notice the presence of three operating regions, namely: inductive region, capacitive
region, and resonance region. The last region occurs when the parallel inductive and
capacitive reactance have the same values, therefore it must be avoided. From the
harmonic admittance matrix at each frequency illustrated in Figure 5(b), it is clear that
there is no resonance region and the harmonic reactance at each frequency of interest
increases gradually as the firing angle increases. The variation is greater for low order
harmonics and smaller for high order harmonics.

Figure 6 RMS Voltage at all buses with and without TCSC (see online version for colours)
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In the inductive region, the fundamental reactance begins from a total equivalent
impedance at which the inductive and capacitive reactance XC|XL are in parallel, to
infinity value (when the resonance region occurs). Hence, this region operates for firing
angle range 90° < or < 140°. If the firing angle is between 150° < o < 180°, the reactance
is decreasing from infinity value (parallel resonance) to purely capacitive reactance.
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Two types of results are often necessary to show the TCSC impact in the harmonic
analysis. They are:
a  the RMS voltage at all busses
b the THD voltage at all buses.
These results were carried out with TCSC firing angle in inductive (o = 137°) and

capacitive region (&= 160°) as well as without the presence of TCSC.

Figure 7 THD Voltage at all buses with and without TCSC (see online version for colours)
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Using the harmonic power flow program with precision of 10 and by including the
obtained fundamental and harmonic reactance, the nodal voltage at all buses and current
within all branches can be found. Based on the nodal voltage results, the RMS voltage
and THD voltage were calculated at each bus for all firing angle values. Figure 6 shows
the RMS voltage at all buses when TCSC operate in inductive and capacitive regions. In
these system configurations, the RMS voltage for three cases, matches well at all buses
except there is a significant change at load bus 49, where its voltage value drop to 0.7325
due to TCSC control action in inductive region. From Figure 7, the THD voltage is very
high at buses 67, 68, 69, because they carry highest harmonic components injected by
two neighbours harmonic sources connected by buses 66, 67, while at the other buses the
distortion are accepted accordingly to IEEE standards. Since the THD voltage variation is
very small with two selected firing angles, in Figures 8(a), 8(b), 8(c) and 8(d). The THD
voltage was plotted again for all firing angles. These figures include the THD voltage
variation as a function of firing angle at TCSC buses (41 and 49) and harmonic source
buses (67—12). It is clearly seen that, there is an exponential behaviour due to TCSC
action control, and the variation is greater at the two buses which are close to TCSC
location (49, 41) and a little variation at the buses (12, 67) which are far from this device.
Thus, the THD voltage variation is little even at high distorted buses. It is also shown
that, in some cases, the TCSC could provide an improved effect to the distortion voltage
with capacitive control action.
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Figure 8 THD voltage variation of buses (49, 41, 67, 12) as function of all firing angles, (a) THD
voltage at bus 49 (b)THD voltage at bus 41 (c) THD voltage at bus 67 (d) THD voltage
at bus 12 (see online version for colours)
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From these obtained results, it can be observed that the TCSC has a significant effect on
fundamental magnitude and negligible, one on harmonic components due to the small
impact of TCSC harmonic reactance as described in Figure 5(b). However, The TCSC
harmonic impedance is very lower with respect to impedance of the AC network,
yielding the harmonic components derived by TCR branch remain flowing within the
loop circuit (L-C) and do not flow into the AC system.
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6 Conclusions

In this paper, a new harmonic analysis formulation was applied in equivalent Algerian
network with presence of thyristors controlled series capacitor harmonic impact. The
TCSC model was developed using harmonic admittance matrix in order to study the
TCSC harmonic impact with different firing angles. By using harmonic power flow, the
problems are solved, the nodal voltages at all buses and currents at all branches are found
at fundamental and harmonic frequencies. According to the obtained results, the TCSC
has a direct impact on RMS voltage as well as THD voltage while a negligible impact
was observed in harmonic components due to loop circuit (L-C). Finally, the THD
voltage variation was observed well in compensated line and could be improved in
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capacitive region, on the other hand its variation is very low, even at the high distorted
bus if located so far from TCSC device.

In respect to further work, we aim to find the best location of the TCSC in a larger
power system using intelligent techniques under non-sinusoidal conditions.
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Appendix

Table A1  Harmonic spectrum data at nonlinear buses (NLD)

NLD I at NLD 2 at NLD 3 at NLD 4 at NLD 5 at
Harmonic bus 12 bus 32 bus 33 bus 66 bus 67
order Mag Ph Mag  Ph Mag Ph  Mag Ph  Mag Ph
(%) ) %) (9 ) () (%) () %) (9
1 100 0 100 0 100 0 100 0 100 O
18.24 -55.68 424 -95.68 20 0 23.52 111 82.8 -135
7 11.9 -84.11 179 -74.11 143 0 6.08 109 77.5 69
11 573  -143.56 83 -113.56 9.1 0 4.57 -158 463 -62
13 4.01 -1755 7.01 —194.58 7.7 0 42 178 412 139
17 1.93 111.39 1.93 11.39 5.9 0 1.8 -94 142 9
19 1.39 68.3 239 383 5.3 0 137 -92 9.7 -155
23 094 2461 0.64 -4.61 43 0 0.75 -70 1.5 -158
25 0.86 —67.64 046 -17.64 4 0 0.56 -70 2.5 98
Table A2  Nonlinear load used in Algerian power system 114 bus
Nonlinear load POWER
Bus Name MW MVAR
12 NLD1 1.2 0.75
32 NLD2 0.75 0.5
33 NLD3 1.3 0.6
66 NLD4 3 1.1
67 NLD5 1.8 0.7
Table A3  TCSC design parameters
TCSC location Inductc;gca }.’Zjlctance Capacit;gc(;;jactance Compen;;;ion level
TCSC (49-41) 0.0939 0.2112 50%




