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Abstract

This paper presents frequency domain method for harmonic analysis of space vector based STATCOM.
Space Vector Pulse Width Modulation (SVPWM) method is an advanced PWM method. It is a best
method among all the PWM techniques. It provides a freedom in a switching cycle for placement
space vector. In this paper, the SVPWM is used for switching of STATCOM. The harmonic (or fre-
quency) domain is a steady-state form of harmonic analysis method, which represents converters
to their harmonic spectra. This paper presents harmonic analysis by means of harmonic domain
for space vector based Static shunt converter (STATCOM). Performance of the STATCOM is eva-
luated in harmonic domain simulation studies in MATLAB environment.
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1. Introduction

Harmonic in power system is introduced by highly non-linear devices and it degrades its performance. Forced
Commutated VSCs are the main building block for low and medium power application. Due to recent develop-
ment in the semiconductor technology and availability of high power switches e.g. Insulated Gate Bipolar Tran-
sistor (IGBT) and Gate Turn off Thyristor (GTO) have widespread acceptance in for high power VSC’s, which
are used for HVDC converters and FACTS controllers. The process of calculating the magnitude and phase of
fundamental and higher order of system signals means power system harmonic analysis. The generation of har-
monics in power system is due to large size of power converter. To reduce the harmonics in the system, filter
and modern switching pattern are used. The increasing prevalence of flexible AC transmission system (FACTS)
devices makes to have accurate model of these devices. One attracting method for modeling the steady state
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performance of these devices is frequency domain analysis [1] [2]. Harmonic phasor contains both positive and
negative frequency terms for phase dependence. FACTS devices are characterized by their switching nature. For
the reactive power compensation, the favorable FACTS device is STATCOM. STATCOM is a shunt connected
device to regulate the voltage at the connected node [3]. To understand the interaction between the STATCOM
based on VSC and utility system, there is a need of appropriate model.

VSC based STATCOM acts as source of harmonic current injection into the system and also interacts with
harmonic distortions present within the system. To represent the harmonics interaction between STATCOM and
system, as well as its effect on the system, it can be achieved from an accurate model of STATCOM based on
VSC [4]. However, it is difficult to analyze the STATCOM, since it has both continuous and discrete time dy-
namics. Various switching techniques and modeling techniques are used for STATCOM to reduce effectively
generated harmonics, including PWM techniques multi-module PWM techniques, selective harmonic elimina-
tion, and multi-level topology.

The Harmonic (frequency) Domain method is used for power system analysis in the steady state to model the
coupling between phases and between harmonics. In Harmonic domain, the non-linear components such as
converters are converted into Norton equivalents and then combined with the of the system admittance matrix
and solved iteratively by the Newton-Raphson technique [2] [5]-[10]. The continuous time domain components
of system are converted to the frequency domain and give much simpler representation of the components in the
frequency domain than in the continuous time domain. The resulting waveform is decomposed into a finite set
of harmonically related phasors, which add together to approximately recover the original waveform. Then, the
system matrix equation is formed and the desired system quantities are obtained. The response of the network is
determined from the individual phasors using the standard steady state network solutions. The total network so-
lution is generated by superimposing the phasor solutions [7].

Previous work conducted in harmonic domain has been primarily focus on modeling PWM, multi-module,
selective harmonic elimination based STATCOM [11]. The complete equivalent circuit, represented as a har-
monic Norton equivalent, is incorporated in the external system according to the transformer electrical connec-
tions [5] [12]-[15].

A linear frequency domain model is given in [16]. Characteristics harmonics are derived from large signal
transfer matrix and non-characteristics harmonics are calculated from small signal transfer matrix. Instantaneous
power flow for harmonic calculation based on Newton Raphson method is given [17] [18].

To extend the results obtained by other authors in the modeling of STATCOM FACTS device, the proposed
SVPWM VSC based STATCOM model is developed in order to be able to obtain the evolution in harmonic
components of the STATCOM signal. Harmonic analysis of PWM based STATCOM is shown in [1]. This pa-
per presents the harmonic analysis of SVPWM based SSSC during steady state condition. The harmonic infor-
mation can be used for control system design for space vector based STATCOM as space vector modulation
scheme is more suitable for digital implementation. The paper is organized as follows. The second section pro-
vides fundamentals of harmonic domain method. Third section is fundamental of space vector based pulse width
modulation based voltage source converter; this arrangement is used in this paper. Fourth section deals with
harmonic domain modeling of SVPWM VSC used for STATCOM.

2. Analysis in the Harmonic Domain

Consider the non-linear relationship

y="f(x) @)
where x and y are periodic variables, which when determined by infinite Fourier series are expressed as follows
x(t)= 3 X e )
h=—w
y(t)= 2 v,e" ®)
h=—w

Let X and Y are the vectors of X, and Y, Thus, Equation (1) takes the form
Y =f(X) (4)
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If Equation (1) is differentiable, then for small increments about base values X, y, the following relationship is
valid

Ay = f'(X,)AX (5)
The linearised, general form of Equation (5) can be written as
AY =[J]AX (€)

Matrix [J] of Equation (6) is the Jacobian associated with Equation (4).
Let us assume that the linearization process takes place about an operation point X, Yy, i.e.

AX =X -X, )
AY =Y -V, ®)

From Equations (6), (7) and (8)
Y =[J]X+¥N 9)

YN is the Norton harmonic injection.
From above equation, we conclude that every non-linear component should be amenable to a Norton equiva-
lent representation in the Harmonic Domain [11] [19].

3. Space Vector Modulation
3.1. Principles of SVPWM

Pulse Width Modulation (PWM) inverters play a major role in the field of power electronics [20]. Signal
processing view point space vector modulation is a digital modulation technique. SVPWM is based in such a
way that there are only two independent variables in a three-phase system. Orthogonal coordinates are used to
represent the 3-phase voltage in the phasor diagram. A three-phase voltage vector represented by complex space
vector as in Equation (1) neglecting zero sequence components [16] [18] [21] [22]

1 1 || Van
Ba}:é L' 72 72 |lven (10)
Pl 310 B2 —B/2) ven

SVM use the combinations of switching states to approximate the locus of V. In a-f plane, a hexagon centred
at origin of af plane, identifies the space vectors shown in Figure 1. Space vector plane of Figure 1 is divided
into six sectors. Each sector covers the space corresponding to 60°.

The distinct possible switching states of the 2-level VSC are represented as eight voltage vectors, out of
which six are active states (V1-V6) and two are null states (VO, V7). The active states contribute output line vol-
tage as +Vdc or —Vdc, where as null states do not contribute any output voltage for VSC. The eight voltage vec-
tors are shown in Table 1. ON state is denoted by 1of the switch and O denotes OFF state of the switch.

The reference vector is synthesized by the three adjacent switching vectors. For example, when V  falls into
sector | as shown in Figure 2, it can be synthesized by V1, V2 and V0. The volt second balance equation is

Vi Ts=VIT1+V2T2+VOTO (11)

ref

where Ts is the period of the switching cycle, T1 and T2 are the switching times of the vectors V1 and V2.
T1 and T2 are calculated as

V. in (60—
Ty Vor_gSin(60-0) (12)
2/3  sin60
v .
T2 g SO (13)
2/3  sin60
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Similar calculation is applied to sector Il to VI Vector V8 can be used in place of V7. The choice is depend on

4
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V1 & Sector I V1 >
v
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Figure 1. Switching vector of 2-level converter
in af plane.
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sV oref
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Figure 2. Representation of reference vector.

Table 1. 2-Level inverter voltage vectors voltage vectors.

Line to neutral voltage

S. No. Sa Sh Sc

Van Vbn Ven
1 1 0 0 Vdc 0 0
2 1 1 0 Vdc Vdc 0
3 0 1 0 0 Vdc 0
4 0 1 1 0 Vdc Vdc
5 0 0 1 0 0 Vdc
6 1 0 1 Vdc 0 vdc
7 1 1 1 Vdc Vdc Vdc
8 0 0 0 0 0 0

TO=Ts-T1-T2

the requirement to minimize average number of switching per cycle.
The Maximum value of V¢ is obtain when 6 = 30° and V. is given by

This is the maximum value of line to line voltage injected by the converter. The maximum magnitude of Vg is
also the radius of circle inscribed in the hexagon shown in Figure 1 The Square wave converter generates a

MaxV,,, = cos30°4/2/3.Vdc

space vector of magnitude ~/6/r Vdc the maximum value of the modulation index as

mmax = =0.907

NS
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3.2. Harmonic Domain Model of Switching Vector

The General switching function is obtained in time domain for space vector modulation. The harmonic content
in switching function is given by Fourier series.

h .
Sa(a)t) = Zhsaejn(oOt (17)
n=—
d jnaxt
Spioty = Zhsbe] “ (18)
n=—.
4 jnagt
Sc(a)t) = ZSCEJ v (19)
n=-h

where S,, Sy, S are switching function obtained by using SVPWM algorithm. The line switching vector is de-
fined as

Sab = Sa - Sb
Spe =S, =S, (20)
Sca = Sc - Sa

The switching vector for harmonic domain is defined as

S1 = Sbc SZ = [Sab Sbc Sca] (21)

4.STATCOM Based on PWM Converter

A STATCOM consist of VSI, DC capacitor and a coupling transformer. Figure 3 shows schematic re presenta-
tion STATCOM connected to an equivalent Ac power system where reactive power exchange between
STATCOM and AC power system is take place. Inverter is made up of IGBT or GTO switches, which turn on
and off at a rate considerably higher than power frequencies. SVPWM techniques are control the inverter output
harmonics. Capacitor charges and discharges in every cycle. For steady state operation capacitor voltage is as-
sume to be constant.

Harmonic Domain Model of STATCOM
Capacitor voltage of the STATCOM in the harmonic domain is given by [23]

VANDN .
R X Line
— NN
pPCC T QP
" © -
— —— V5

‘EE:F PWM Converter

L v i

‘Vdc +

Figure 3. STATCOM equivalent connected at PCC.
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V,,, =3/CD (jhw0) 1, + E,, (22)

where V¢, is assembled with the harmonic content of Vap(t) similarly Iqc includes the harmonic contain of ig(t)
and E4. contain a DC term, i.e.

Eg, =[ 00V, (07)0--0] (23)
Equation (3.1) can be written as
Vcap = anp Idc + Edc (24)

where Z, =]/CD(’1) (jhw0) represent equivalent impedance of the capacitor on the DC side.
The voltage on the DC side its relationship to the AC phase voltages are given in terms of switching function
may be expressed in the harmonic domain as

Vdc :Vcap (25)
Va = Sanc
V, =SV, (26)
Vc = chdc

The line current and the direct current relationship in harmonic domain is given by
le =S,1, +S,1, +S,I, (27)
Therefore, Thevenin equivalent of the three phase converter is given by
Ve = Ein +Zon e (28)
Thevenin impedance which is called as equivalent harmonic impedance as seen from AC side of converter is
Zy, =S8Z,5, (29)
And Thevenin equivalent voltage is given by Equation (14).
Er = S.Eoc (30)

The Thevenin equivalent voltage is a constant three-phase harmonic voltage source which includes the effect of
the SVPWM switching functions over the DC voltage. The Thevenin’s equivalent model of STATCOM is
shown in Figure 4. Figure 4 also contains reactance of coupling transformer in series with Zq,.

5. Implementation of Equivalent Circuit of STATCOM

The Thevenin’s equivalent circuit of STATCOM incorporates the switching function. The switching function is
obtained by using space vector modulation techniques. Space vector modulation was implemented in MATLAB
code to obtain the Thevenin equivalent of the STATCOM. Figure 5 outlines this methodology.

pPCC Vagc

L =
| | —

Vs v, lasc </\>

Zi

Figure 4. Equivalent circuit of STATCOM.
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5.1. Analysis of the Equivalent Circuit

Three phase circuit shown in Figure 3 was used to test the model with the constraint J is =0. Since no active
power exchange take place between STATCOM and system. System data is assumed as V = 1 p.u., R-0.0033 Q,
X =0.1571 Q, Re = 0.01 and Xe = 04712 Q at 50 Hz. C = 1000 pF.

5.2. STATCOM Response

The DC voltage on the capacitor is assume to be 0.7 p.u. Then STATCOM absorb the reactive power. Figure 6
shows the voltages at the point of common coupling. Figure 6 shows that it contains harmonics. Harmonics in
phase A at the inverter terminal is shown in Figure 7. Harmonics in phase A at the point of common coupling is
shown in Figure 8 and Harmonics in the line current at the point of common coupling is shown in Figure 9.

6. Conclusions

This paper presents Space Vector based switching strategy for a STATCOM that utilizes the voltage source
converter to minimize the harmonic at the point of common contact. The entire design of STATCOM and
SVPWM is done in harmonic domain for calculation of harmonic interference in the system and evaluated based
harmonic domain algorithms using MATLAB code.

The proposed model can be used to calculate harmonic interference produced by STATCOM. The simulation
is fast and gives accurate result as compared to time domain simulation where we have to calculate first the

Initial conditions

[ —

Calculation of switching
pattern in harmonic
domain

Formation of DC
capacitance matrix in
harmonic domain

v A 4 l

Calculation of Zth

Y

Calculation of Thevenin’s
voltage

Figure 5. Flow chart outlining Thevenin equivalent.

Voltage at Inverter Terminal Voltage at point of common coupling

6

Voltage (p.u.)

_( 1 1 1 1 1 1 1 1 1 J
"0 20 40 60 80 100 120 140 160 180 200

Time (ms)

Figure 6. Voltages at the inverter terminal.
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steady state condition then we can apply the Fourier analysis to calculate the harmonic in the system. The study
result shows that when we use the Space vector modulation the power quality of the system is improved.
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