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In this paper a study of the impact of the harmonics
generated by a static Var compensator (SVC) is
presented. The SVC is modeled, in the harmonic
domain, as a coupled current source by using the
complex Fourier transforms. Then, this model is
converted to polar form to be integrated into the
harmonic power flow program. This approach has
been carried out on the IEEE 14 bus test power
system, in order to show its effectiveness in
evaluating the impact of harmonics, injected by the
shunt compensating devices, and its interaction
with the AC transmission system, in meshed power
networks. Since the SVC consists of a thyristor-
controlled reactor (TCR) and a fixed capacitor,
the harmonic currents are functions of the TCR
thyristors firing angles. The variation of the total
voltage harmonic distortion as function of firing
angle changes and location of nonlinear loads is
clearly presented and discussed.

1 Introduction

The progress in power electronic devices made possible
the use of efficient reactive power compensating
devices. These compensating devices belong to the
Flexible Alternating Current transmission systems
(FACTS) that include shunt and series compensating
devices. The first one is used to improve the weak nodal
voltage in power system either as a static Var
compensator (SVC) or a static synchronous
compensator (STATCOM) [1].

The static Var compensator has been used in
transmission and distribution power systems as one of
the pertinent solutions for power factor correction,
reactive power compensation and weak nodal voltage
improvement [2]. But these operations are done on the
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determent of power quality, since the SVC contains in
its circuit a thyristor-controlled reactor (TCR), in
parallel with a fixed capacitor. Since the thyristor-
controlled reactor derives non-sinusoidal discontinuous
current and consequently generates harmonic currents.
It is considered as a high current source.

There has been much research conducted in the field of
harmonics generation by the SVC. In [3] harmonic
analysis of the SVC and STATCOM was performed
using PSCAD/EMTDS simulations. In [4] a different
scenario was investigated to determine harmonic
resonance frequencies by using a harmonic impedance
model of the power system in the presence of the SVC.
A system changes impact of the existing SVC and its
interaction with harmonics generated by wind
generation installed at the same bus [5]. A
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comprehensive analysis on harmonic characteristics of
different FC-TCR based SVC is reported in [6]. The
authors presented in [7] a probabilistic approach for the
SVC placement to control harmonic voltage distortion,
as well as reactive power compensation in the power
system.

The harmonic currents generated by nonlinear loads,
flow into the power system and cause a distortion in the
voltage and current waveforms. These harmonic
currents could cause a resonance problem in electrical
power systems. Thus, the operator may have
information of nodal voltage and branch currents at
each frequency. The harmonic power flow is a powerful
tool to get the nodal harmonic voltages. In the last years,
many researchers have been performed in the field of
harmonic power flow algorithms. These algorithms
vary in terms of data requirement and modeling
complexity. In [8], the frequency response of network
as seen from specified bus is determined using
frequency scan algorithm. In [9-10], the conventional
power flow is reformulated to include the nonlinear
loads. This method was used to study such topics [11-
13] related to harmonics. In [14-15], the previous
method is extended to include unbalance of the system.
In [16], a model of the converter is established and
included in the algorithm. A Norton equivalent model
of nonlinear load is presented in [17].

With increasing of loads based on power electronics in
the transmission power system, the total harmonic
distortion voltage at bus system voltages will be very
high. It is important to notice that the fixed current
source model such that was used in [18] does not take
into consideration the voltage harmonics changes. This
is due to the fact that the harmonic current SVC is
expressed as a function of the applied voltage and firing
angle of TCR. The SVC can be modeled as coupled
harmonic current source. In this paper, this model will
be incorporated in the well-known harmonic power
flow iterative algorithm [9] to show the harmonic
interaction impact between the SVC harmonic current
and AC electrical power system in presence of multiple
nonlinear loads. This method has been carried out on
the IEEE 14 bus test system, in the presence of five
nonlinear loads producing odd harmonic components
5th; 7th; 11th; 13th; 17th; 19th; 23th; 25th in order to
study harmonics related problem.

2 The power system components modeling
The first step in the harmonic power flow consists of

modeling the linear components, such as
transmission lines, generators and transformers, and

the nonlinear loads at fundamental and harmonic
frequencies.

Transmission line is modeled as lumped © equivalent
circuit as shown in fig.1. At the fundamental
frequency, the admittance matrix is still the same as
the one used in conventional power flow.
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Figure 1. Transmission line model
However, at harmonic frequency, this admittance

matrix is evaluated at each harmonic of interest and
is given by:
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Generators are modeled as conventional PV buses
with their lower and upper limits at fundamental
frequency, while at harmonic frequency, it will be a
passive element and its harmonic impedance is
expressed as function of its sub-transient reactance as
follows:

XM =hx| )

Where X! is the equivalent impedance at the h™"
harmonic order, and X, is the sub-transient reactance
of the generator. The transformer due to a nonlinear
relation between the voltage and the current, its
model will be very difficult at harmonic frequency.
Moreover, it could be even considered as a harmonic
producing device especially when operating under
over excitation. In this paper we assume that the
transformer is approximated by its linear leakage
inductance under harmonic frequency and its
appropriate harmonic impedance is:
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Capacitor and inductor are modeled as fixed shunt
reactance and their harmonic impedance for the ht"
harmonic order are given by:

XM = 27hf L (4a)

XM =1/ (27hf,C) (4b)
Where: L and C are the inductance and capacitance
of inductor and capacitor respectively. f; is the
fundamental frequency.

PQ and linear loads are modeled, at fundamental
frequency, as conventional PQ or PV buses. Whereas
at harmonic frequency, they are modeled as a shunt
admittance given by the following expression:

el

e

M _

Yk (5)

3 The basic circuit of the Static Var
compensator

The one-line diagram of the static VVar compensator
connected at bus k is shown in Fig. 2. It consists of
two parallel branches, including the thyristor-
controlled reactor and fixed capacitor. From the
operating point of view, the SVC can be seen as a
variable shunt reactance that derives a discontinuous
inductive or capacitive current from the power
system, depending on the operating conditions of the
system. This current, rich in harmonic components,
is generated by the TCR branch. The thyristor-
controlled reactor consists of two anti-parallel
thyristors connected with a series reactor. These
thyristors, Thl and Th2, are fired sequentially in each
positive and negative half cycle respectively. The
firing angle o is measured from the positive zero
crossing voltage, and since the fundamental current
lags the source voltage in TCR branch by 90° i.e. the
TCR current control starts at 90° when the supply
voltage equals its maximum instantaneous value
[19].

Bus k

Transformer

Th, Th,

C

Figure 2. Basic circuit of the SVC
4 The SVC model in the harmonic domain

The switching function illustrating the sequential
operation of the thyristors Thl and Th2 is
schematically represented in Fig.3. The state 1
indicates the turn on of one of the thyristors, while
the state 0 indicates that both thyristors are turned off.
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Figure 3. Switching function H (t)

If the bus voltage of the SVC is a periodic function
and contains harmonic components, by using
complex Fourier series we get its expression in the
harmonic frequency domain as follows:

+00 .
Vi= > VTmeJ(th) (6)

M=—o0

Where: V1, is the m"harmonic complex coefficient
of the applied bus voltage V.. On the other hand, the
switching function H (t), can be represented, in the
harmonic domain, by the following expression:

H= io hy (01,61,02.¢,) el(™) (7)

N=—o0
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Where hy is n™ harmonic coefficient of the switching
function H. From Fig.3, ¢ is the conduction angle and
® is the centre of the conduction period. The
harmonic magnitude of switching function is given
by:

tl+27 .
=L e ™ )gwt (8)
t1

hn

Cor

In the harmonic domain, the voltage across the
inductor Vris given by:

VR =ViH =3 Vhel™m  (g)

m,n=—co

The product of the two complex phasors in (9) can be
expressed as a matrix form, consisting of an Infinite
magnitude of switching function multiplied by a
phasor voltage vector of TCR.

Vies| [+ g hy hy

Ve |=|+ m hy hy - IVi, | (10)

Ve oy oy Vg

The H is a Toeplitz matrix that represents a cross-
coupling between harmonics, which is an important
characteristic in switching function. By referring to
the models used in [20], the harmonic admittance
matrices for the TCR and fixed capacitor are given as
follow:

Yrcr =[LD(3hw)] " H
Yc =C[D(Jhw)]

(11)
(12)

Where D is the differentiation matrix, L is the
inductance of the series reactor of TCR and C is the
capacitance of shunt capacitor. Thus, the equivalent
admittance of the SVC in steady state can be written
as:

Ysve =Yrer +Yc (13)

4.1 Switching function calculation

The calculation of the complex harmonic coefficients
of the switching function in (8) needs a Newton

iterative procedure since it is related to the applied
voltage and the value of the delay firing angle (o). It
should be noted that this formulation is more
important since it could be applied even when the
conduction period of two thyristors are not equal due
to the asymmetry of half wave voltage waveform.

4.2 Harmonic current characteristics of the SVC

The current derived by the SVC, can be determined
by a direct product of its harmonic admittance
obtained in (13) and harmonic phasor voltage. This
current is expressed in complex form, which contains
positive and negative terms, including the harmonic
interaction between SVC compensator and AC power
system. The harmonic current injected into the
system, has the same harmonic characteristics
generated by the TCR i.e. are all odd harmonics but
are different in phase and magnitude due to the shunt
capacitor effect. Moreover, in the case where the
secondary winding of the transformer is coupled in
delta or ungrounded wye, triplens harmonics are not
allowed to flow into the power system.

5 Harmonic Power Flow Program

There are a large number of harmonic analysis
methods that are in widespread use. The most
popular of these are: frequency scans, harmonic
penetration and harmonic power flow and Current
source (or current injection) methods [8], but these
methods do not take into consideration the harmonic
interaction with the power system components and
harmonic sources. In this section, a harmonic power
flow is illustrated based on the Newton Raphson
method, since it has already been applied with
harmonic source that has a V-l nonlinear
characteristics. In this method we define linear bus as
PQ or PV buses, and nonlinear bus is the bus at which
the harmonic source is connected. However, the
Newton’s method is used for forcing the appropriate
mismatch vector (AM) containing mismatch power
(AW) and current (AI) to zero, using a Jacobean
matrix J and obtaining appropriate correction terms
(AU).

AM =[J]AU* (14)

AU¢ =U¢ —u<H (15)

Where ( is the iteration number

The matrix formulation of the problem is:
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5.1 Mismatch power (AW) additional equations are introduced for each

The load flow equations used in the harmonic power
flow are the same as the ones used in the fundamental
power flow for all buses expect the nonlinear bus (at
which the harmonic sources are connected) The
difference being is in the nonlinear bus where

PP+ FY. +Q.

nonlinear
m

AW = _
Aprgonlmear ,AQ

Where, P® , Q® are the real and reactive
fundamental load power for the linear bus j and F;®,
Fi,j® are the line fundamental real and reactive
powers for the linear bus j. AP AQpoMinear gre
the total real and reactive mismatches power for the
nonlinear bus m.

rm:r,m

ar? :[Ir(lr)n +G

5.3 Harmonic current Mismatch (AI(1))

The harmonic current mismatch AI® is found by
applying the Kirchhoff current law at harmonic
frequency for all busses i.e is defined for linear and
nonlinear buses including swing bus by:

" _
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harmonic frequency considered in the HPF in order
to calculate the total harmonic real and reactive line
current at nonlinear bus.

The expression of the fundamental and total power
mismatch is given by:

)
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5.2 Fundamental current Mismatch (AI(1))

The expression of fundamental current mismatch is

found by the application of the Kirchhoff current law
at fundamental frequency for only nonlinear buses
where all currents (e.g., fundamental real and reactive
line currents I, n®, lin®’and fundamental nonlinear
real and reactive load currents Grm®, Gin®)) are
referred to the swing bus, the formulation is given

by:

0L c0 O

L,mi»==rrn rnLn

@7t
+Gi} | (18)

Where: In™, I;n®™) are harmonic real and reactive
line currents, G;m™ , Gim™ harmonic nonlinear real
and reactive load currents. The formulation of
Jacobin matrix J is well described in [21].

5.4 Integration of generating harmonic current in
HPF

The expression of the TCR current, as discussed in
section 4, is a complex form constraining negative
and positive complex coefficients. In order to
integrate it into HPF as coupled current source, it will
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be converted into its polar form by using the complex
Fourier transform and then the current will be
expressed by its magnitude and phase.

6 The flow chart for Harmonic power flow
including the SVC

Solution procedure of the HPF with presence of the
SVC can be presented as can be seen on Fig. 4.

7 Case study and simulation results

The solution procedure describing the integration of
the SVC in the harmonic power flow is tested on the
IEEE 14 bus transmission system [22] using Matlab

package.
< Read data )

v

Perform fundamental power flow
and set initial guess for harmonic
voltage vector

!

Build The harmonic
admittance matrix

|

Compute Harmonic
current for each non
linear load with respect
to its fundamental load
current

v

Compute SVC current
by iterative process

Evaluate
mismatch
vector

Update new
voltage vector

Figure 4. Flowchart for the method

The main step of this procedure consists of power
system components modeling at fundamental and
harmonic frequencies. The linear components of the
tested system were modeled as PQ or PV bus at the
fundamental frequency, while at the harmonic
frequency they were modeled as passive elements
whereas, the harmonic interaction impact of the SVC
was investigated through two scenarios as following:

Scenario 01: The harmonic current interaction with
AC system

In this scenario, the nonlinear load is connected at bus
12 as constant current source, and has a typical
spectrum as tabulated in table A.1. The magnitude
and phase angle corresponding to each harmonic
frequency are determined with respect to the
fundamental load current.

Since the delay firing angle varies from 90° to 180°,
the current generated by the SVC is also changing.
Fig. 5. shows the variation of each harmonic current
component of the SVC as a function of firing angle.
We have noticed that the lower order harmonics, i.e.
5th: 7t 11™ are predominant components but their
peak instantaneous values differ.

x 107
.

SVC current (p.u)

0 & > =
90 100 110 12 130 140 150 160 170 180
Firing Angle

Figure 5. The harmonic current of the SVC connected
at bus N°12

To illustrate the impact of the firing angle changing
on the steady state waveform current, Fig.6-8
represents a set of current waveforms depicted in
time domain for some fixed firing angles 90°-120°-
160° respectively. We notice that, the waveform
shape changes as a function of the firing angle.
Besides, both the thyristors are fully conducting at
90°. The current waveform shown in Fig. 6 has
slowly distorted due to the harmonic interaction with
the AC power system.

If the thyristors are controlled at a =120°, the current
has a discontinuous form similar to one of the TCR,
but there is some difference as depicted in Fig .7. due
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to the capacitor charge and discharge operations. It
can be seen that its instantaneous peak is reduced
from 0.03 (at a=90°) to 0.015 (a=120°) and the 5™,
7" and 11" harmonics are still predominating
components. From Fig. 8. when a= 160°, the current
waveform will be continuous, and it has a distorted
waveform. All harmonic components have a
negligible effect if the SVC operates at a firing angle
close to 180°.

The results shown above have been found based on
two iterative procedures. The first one is the Newton
iterative method for obtaining the corresponding
values of conduction period of each thyristor to
determine the complex coefficients of switching
function. The second one is the harmonic power flow
method. However, two embedded iterative loops
have been used in this paper to study the interaction
impact of the SVC.

Scenario 02: Impact of the SVC with multiple
nonlinear loads

In this case the tested system was modified by
introduction of multiple nonlinear loads through five
cases. In the beginning, the system was experienced
with only the presence of the SVC connected at bus
14, and then five nonlinear loads were connected at
buses: 4, 5, 9, 11, and 13. The firing angle is set at
120° for different cases. The number of connected
non linear loads for each case is shown in table 01. In
this table NLD signifies nonlinear load with
spectrums data for each one tabulated in table A.2.
The harmonic current derived by the SVC is affected

by different cases in the sense that the SVC was

003

0.02

Y4 SUNRE A  SUR L S SO - S

SVC current {pu)

i i i i i
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
time (s)

(@)

modeled as coupled harmonic current source. This
current is directly dependent on the applied voltage.
The results are shown in figures 9 to 11. Figure 9
illustrates total harmonic distortion of the voltage at
the SVC bus. Figure 10 illustrates total harmonic
distortion of the voltage at all busses. And finally,
figurell illustrates the harmonic components of the
SVC current.

Table 1. Five cases under study

NLD NLD NLD NLD NLD
atbus | atbus | atbus | atbus | atbus
04 05 09 11 13
Case 01 Any Nonlinear loads
Case 02 X
Case 03 X X
Case 04 X X X
Case 05 X X X X X

If the system operates only with the presence of the
SVC, the THD voltage at all buses was normalized as
its maximum value does not exceed 5% as shown in
figure 10. The value of the THD voltage exceeds its
recommended limits at buses where the nonlinear
loads were connected. Moreover, as shown in figure
09, we have noticed that the THD voltage at the SVC
bus is still constant in cases 02.and 03 because the
SVC location is so far from the location of the
nonlinear loads connected at buses 04 and 05,
respectively.

0.03 1 1 1 1
0.025
0.02 -

0.015 -

current magnitude in (pu)

001

0.005 -

i 10 15 20 25 30
Harmonic

(b)

Figure 6. Harmonic current of the SVC) at alpha =90° (a)- Waveform, (b) — spectrum
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Figure 7. Harmonic current of the SVC) at alpha =120° (a)- Waveform, (b) — spectrum
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Figure 8. Harmonic current of the SVC) at alpha =160° (a)- Waveform, (b) — spectrum

THO{p.v)
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Figure 9. Voltage THD at bus 14

casez case3

In the case where the nonlinear loads are connected
close to the SVC, the THD voltage increases
suddenly from about 4% to 10% and 16% for cases 4
and 5 respectively, since this voltage bus carries a

high content of harmonics as well as the level of
harmonic current injected into system is larger.
Figure 11 gives the harmonic components of the SVC
for five cases. The changing in the 8 harmonic
components is almost constant for cases 2 and 3. On
the other hand, when the nonlinear load is close to the
SVC bus, this causes a high distortion in the applied
voltage and consequently the harmonic current
becomes larger due to the harmonic interaction
between the ac system and the SVC. This interaction
leads also to an unexpected change in the magnitude
for each harmonic order of interest. As indicated in
Fig.11. In case 5, the nineteenth component has the
highest magnitude. while in cases 01; 02; 03 the fifth
component had the highest magnitude.



Engineering Review, Vol. 40, Issue 3, 21-31, 2020.

29

Bus Number

Figure 10. The Voltage THD at all buses for different
cases

harmonic conterts of current(p.u)

casel case2 cased cased caseS

Figure 11. Harmonic current component of the SVC
for different cases

7 Conclusion

In this paper, a new harmonic analysis formulation of
a power system network including the static Var
compensator is developed using the Newton Raphson
method. The non-linear system equations are
developed and the nodal voltages and branch currents
are obtained at fundamental and harmonic
frequencies. The model of the SVC as coupled
harmonic source is developed and included into a
harmonic power flow algorithm in order to study the
harmonic interaction between the AC system and the
SVC devices. According to this study, the SVC
voltage waveform changing with delay angle is
presented. Moreover, the total harmonic distortion
voltage has varied as function of the number and
location of the nonlinear load with respect to the SVC
bus.

In further work, the best location of the SVC in larger
power systems will be performed using intelligent
techniques to find out the best SVC sizing and
location.
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Appendix

Table A.1. The harmonic spectrum of nonlinear load connected at bus 12 (scenario 01)

Harmonic |, 5 7 11 13 17 19 23 25
order

MAg (%) 100 18.24 11.9 5.73 4.01 1.93 1.39 0.94 0.86
Ph (°) 0] -55.68 -84.11 -143.56 -175.5 111.39 68.3 -24.61 -67.64

Table A.2. The harmonic spectrum of nonlinear loads (scenario 02)

NLD at Bus 04 NLD atBus05 | NLD atBus09 | NLD atBus 11 | NLD at Bus 13
Harmonic

order Mag Ph Mag Ph Mag Ph Mag Ph Mag Ph
(%) ©) (%) ©) (%) @) (%) @) (%) ©)

1 100 0 100 0 100 0 100 0 100 0
5 18.24 -55.68 4.24 -95.68 20 0 23.52 111 82.8 -135

7 11.9 -84.11 17.9 -74.11 14.3 0 6.08 109 775 69
11 5.73 -143.56 8.3 -113.56 9.1 0 4.57 -158 46.3 -62
13 4.01 -175.5 7.01 -194.58 7.7 0 4.2 -178 41.2 139

17 1.93 111.39 1.93 11.39 5.9 0 1.8 -94 14.2 9
19 1.39 68.3 2.39 38.3 5.3 0 1.37 -92 9.7 -155
23 0.94 -24.61 0.64 -4.61 4.3 0 0.75 -70 15 -158
25 0.86 -67.64 0.46 -17.64 4 0 0.56 -70 25 98




