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Summary: The article describes the laboratory and simulation tests of 12- and 24-
pulse power grid converter systems with DC voltage output that work together
with shunt active power filter (APF). It presents both the operations’ principles
and the results of these tests. The systems under discussion make it possibie to
reduce the number of unwanted higher harmonics in the power network current.
Moreover, they can also help eliminate the 23- and 25-order harmonics especially
in the conditions of local power network supply. In order to obtain the mulii-
pulsed system's operation. a set of coupled three-phase power network reactors
(CTR) has been used.

Keywords:  Active power filters. coupled three-phase power network reactors,
local power network. multi-pulse grid converters, power
conditioning.

1. INTRODUCTION

Supplying a rectifier from grid generates unwanted, higher harmonics of the
network current. With the increase in the number of converter’s pulses, THD coefficient
of the network current decreases, according to n=kp+1 formula, where n stands for the
index of generated harmonic, p is the number of converter pulses and k represents
any natural number. In order to filter higher current harmonics, Active Power Filter
(APF) can be used. The power of APF has to be proportional to distortion power.
Increasing the number of converter’s pulses, for example, with the aid of a set
of properly paired coupled power network reactors, one obtains the reduction of
distortion power. Consequently, it makes the use of smaller gabarits of the Active
Power Filter possible.
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2. SYSTEM DESCRIPTION

The project concerns a current topic of power-electronic conversion of the AC
power drawn from a supply line. without negative effect of the converter on this line
[4]. Along with more and more popular converters realised with the aid of full-
controlled semiconductor elements, such as power transistors and GTO thyristors,
controlled by using pulse width modulation techniques, there is a possibility to build
power-electronic converters. which convert the energy of the AC into that of the DC
with the aid of a set of properly paired coupled reactors installed between the supply
line and the semiconductor rectifier. Proper magnetic pairings and proper pairing of
reactor windings makes it possible to convert the three-phase voltage system of the
supply line into the system with a larger number of phases without the use of
transformers. At the same time, the power of the three-phase coupled reactors is several
times lower than that of classical converter transformers. Minimisation of the supply
line current deformation is obtained by using a system of coupled power network
reactors, the task of which is to increase the number of phases of the converter input
voltage with the aid of diodes or conventional thyristors.

The coupled reactors play here a similar role to that of the converter transformers
revealing a complicated system of secondary windings; however the power of the
reactors is several times smaller. To improve the system power factor and THD
coefficient, the small shunt active power filter was implemented by using a three-phase
voltage-source IGBT inverter. The filter was also applied to the multi-pulse converter
with CTR. The harmonic content, and reactive power absorption of described converter
system are significantly reduced by both CTR and shunt active filter. This shunt active
power filter is composed of two distinct elements:

1) the PWM converter (power circuit)
2) the active filter controller.

In order to reproduce accurately the compensating currents, the PWM converter
should have a high switching rate. Normally, f pwyn > 10f pmax - Where £ pa represents
the frequency of the highest load current harmonic to be compensated. Both voltage-
source (VSI) [1] and current-source (CSI) inverters can be used to implement a shunt
active filter. Although they are similar to the PWM inverters used for ac motor drives,
unlike the PWM inverters for shunt active filters, which must behave as a non-
sinusoidal current source, almost all shunt active filters in commercial operation use
voltage-source inverters. All experimental results presented in this work were obtained
from a prototype realized with a VSI. Fig.1a shows the basic configuration of a shunt
active filter [8], [9]. It comprises a voltage-source inverter (VSI) with PWM current
control (hysteresis control) and an active filter controller that realizes almost
instantaneous control algorithm. The shunt active filter works in a closed-loop, sensing
continuously the load current i and calculating the instantaneous values of the
compensating current reference i*y for the PWM converter. If the switching ratio of the
PWM converter is high enough, the current iy will contain high frequency harmonics,
that can be easily filtered out using small high-pass filters. In an ideal case, the PWM
converter may be considered as a linear power amplifier, where the compensating
current iy tracks strictly its reference i*,. The control algorithm implemented in the
shunt active filter controller determines the compensation characteristics of the shunt
active filter.
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Simulation tests were carried out to examine the possibility of the use of the system

as a supply source in intermediate frequency converters for voltage inverters.

The methods for described system examination included theoretical analysis,
simulation tests and model tests of a real converter containing two 6-pulse bridge systems
supplied from a three-phase power network via a system of shunt active filter with
coupled three-phase power network reactors. As it was expected, the currents drawn from
the supply line had almost a sine form, of course not typical form of classical 12-pulse
rectifiers, realised using three-phase converters. The test results not only can be used for
verification of the developed design algorithms for the examined class of converters, they
also allow for studying possibilities of application of the examined converter in the DC
and AC driving systems. Because of the requirement of high reliability level they can be
used especially in the marine applications.

The overall work aimed at developing a design method for power-electronic
converters that would convert alternate voltage into one-way voltage, and would
be equipped with a system of three-phase coupled reactors having the form close to
a sine curve, which secure consumption of the current. This included simulation and
laboratory tests, for which laboratory models of a 2-kVa 12-pulse and 24-pulse
converters systems with shunt active filter were designed and constructed. The
realisation of the issue has made it possible to formulate a more precise theory of and
develop a design methodology for power-electronic converters used for converting the
energy of the AC into that of the DC. A significant feature of these converters is
reduced consumption of the deformation power.

The essential issues associated with the realisation of the above indicated research
tasks included:

e Developing a mathematical model of the system and determining analytical and
synthesizing relations that allow formulation of a design procedure for a converter
which would consist of a system of three-phase coupled reactors, two in-parallel
paired rectifier bridges and shunt active power filter

e  Working out a simulation model and carrying our detailed simulation tests of the
system, to create the basis for verification of the theoretical results and final
formulation of the conditions to be met by a magnetic system of reactors and the set
of properly configured power semiconductor elements

e Experimental verification of the results of the theoretical analysis and simulation
tests, complemented by the interpretation of the obtained results.

The 12-pulse diode rectifier presented in the Fig.1b is supplied from a three-phase
power network with the phase voltage U, (n=a,b,c). The input circuit of the converter
comprises linear power network reactors Ls, Ld, shunt active filter and coupled three-
phase power network reactor CTR. Input terminals of the reactor CTR are connected
with the supply network terminals through linear reactors Ls, Ld. Output terminals of
the reactor CTR are, in turn, connected with phase branches of two three-phase diode
bridge systems. The DC terminals of all bridge systems are connected in parallel to the
filtering capacitor Co. The task of the set of the coupled reactors is to generate three
alternating voltages Ug,, of which waveforms take the sine shape when idling and the
12-step shape at load close to nominal. Voltages Uy,, measured with respect to the input
circuit star point N, can be interpreted as the quantities created in result of cyclic starts
of the DC voltage 2E,, via the switches of two bridges. Required condition to be met in
order to obtain 12-step waveforms of voltages Uy, is that all diodes must conduct the
current during half of the voltage period of the supply line. The symmetry of the 12-step
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24-pulse converter. Of the highest significance is the fact that higher harmonics, of
orders of 17, 19. are not practically recorded, while the harmonics of orders of 5, 7 and
23, 25 are significantly reduced. Fig.6 shows voltage and current oscillograms in the
line supplying the 24-pulse converter, working in nominal load conditions. Noteworthy
is relatively small deformation of the line current. That the oscillogram of the phase
voltage in the supply network does not reveal deformations only confirms correct
operation of the model system under nominal load conditions. Fig.7 presents
a frequency spectrum of the current drawn from the supply network, with the
percentage values of higher harmonics related to the basic harmonic. Calculated from
formula:

(D

THD coefficient is equal to 4,88%., which is considered to be very good. Moreover,
Fig.7 reveals visible reduction of higher harmonics of orders of 5.7, 11. 13, 17, 19, 23,
and 25.
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PROSTOWNIK DIODOWY Z DEAWIKAMI SPRZEZNYMI
IMALYM ROWNOLEGLYM FILTREM AKTYWNYM

Streszczenie

Artykul zawiera wyniki badan symulacyjnych i testéw laboratoryjnych 12- i 24-
pulsowego przeksztattnika sieciowego z wyjsciowym obwodem napigcia statego,
pracujacego z réwnoleglym filtrem aktywnym. Omowione rozwigzanie pozwala
znaczgco zredukowaé wystepowanie niepozadanych harmonicznych pradu sieci, tym
catkowicie wyeliminowa¢ harmoniczne rzgdu 23 i 25. Wielopulsowa praca ukladu
zostata osiggnigta poprzez zastosowanie zespotu trdjfazowych dlawikow sprzezonych.

Stowa kluczowe: Energetyczne filtry aktywne. sieciowe trojfazowe diawiki sprze-
zone, wielopulsowy przeksztattnik sieciowy. kondycjonowanie
energii
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Summary: This article presents the verification of a mathematical model
polarimetric current sensor proposed in [1]. The verification was based on
computer simulation, which was based on the finite element method. Simulation
model was prepared for one of the options for deployment of high voltage cables
110 kV [2]. The simulation was performed for two operating conditions of high-
voltage power line — and rated the state short-circuit conditions. In addition,
estimated absolute and relative error of measurement.

Keywords: Verdet constant, Faraday effect, mangeto-optical phenomenon,
polarimetric sensor, telecommunication optical fiber, high-voltage
line, Finite Element Method (FEM)

1. AMATHEMATICAL MODEL OF THE POLARIMETRIC
CURRENT SENSOR [1]

The sensor operation is based on the analysis of the properties of a light wave that
propagates through the optical fibre and is transformed when subjected to an external
magnetic field generated by a live conductor — energy line.

Optical fibres are not optically active when not exposed to an external magnetic
field but become active when a magnetic field is applied — the plane of polarization of a
light beam is rotated by a certain angle, this is so-called Faraday effect described with
the following formula [1]:

a=V-L-B 8
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where:
o —the angle of the plane of polarization rotation [rad],
V' —the Verdet constant (proportionality constant) |:]fad } ’
-m

L —the length of the path where the light and the magnetic field interact {m],
B — magnetic flux density [T]

The Verdet constant in the formula (1) is an empirical value that characterizes the
material of the medium as a constant of proportionality between the magnetic excitation
and the reaction of glass. Standard types of oxide-based glass - diamagnetic materials
have positive and low Verdet constants [1]. Also, as far as diamagnetic materials are
concerned, the constant depends to a large extent on the length of a light wave, and to
a small extent on the temperature [1].

It is possible to describe the relationship between the current in the electric
conductor and a change of polarization angle for a single coil of optical fibre with the
length of /=2-7-R, where: R — the distance between a fibre coil and the centre of the
live conductor (fibre curl radius). In order to do so, the Ampére law must be applied in
the integral form:

1= §Hdl=H-I=H-2-7-R @
=2 R
where:
[ —current [A],

H - magpetic field strength [é]
m

For a dielectric medium such as a telecommunication fibre, the relationship
between the induction and the magnetic field strength may be defined as follows:

B=py,-H 3
where:

M, =4-7-107 [—\Li} - permeability of vacuum.
A-m

On the basis of the above formulas (2) and (3) the following relationship may be
described:
_ My )

" 2.7-R @

The modification of formula (1) using formula (4) shows that for a sensor fitted
with an optical fibre with the length of L=N-I=N-2-7-R a change of light
polarization angle may be described with the following relationship:

a=V-u-1-N 5)
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Polarimeter

Single
mode laser

Fig. 1. A block diagram of polarimetric current sensor

After determining a polarization angle « with the polarimeter measurement, the
equation (5) may be used to determine the current intensity:

[#4
1=—ﬂ T (6)

The value of current / (6) is influenced by the Verdet constant } — a parameter
characteristic of the type of optical fibre used for the construction of a sensor. Verdet
constant value for single-mode optical fibers are presented in the article {1], have been
obtained based on mathematical calculations.

Table 1. Verdet constant value depending on the wavelength and the molar concentration of
dopant GeO, [1]

. . [ rad
V' for the silicon doping GeO,
A T-m |
3,1 M% 5,8 M% 7,9 M% 13,5 M%
1310 nm
second optical 43784 4,3755 4,4090 4,0649
window
1550 nm
third optical 5,4579 5,4437 5,4642 49073
window

2. CHARACTERISTICS OF THE SIMULATION MODEL AND
RESULTS

In order to verify the mathematical model of the polarimetric current sensor [1],
was chosen one type of column high-voltage power lines 110 kV [2] (Fig. 2).
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wavelength, a varying number of turns (of differen length - L=N.2-7-R, where

R =55 mm) and state of the high-voltage power line. The results are shown in Table
3 and Table 4;

Table 3. The angle of polarization depending on the number of turns of the coil fiber,
measurement wavelength, the type of fiber for rated operation condition of power line

The angle of polarization a [rad]

1310 nm (second optical window) 1550 nm (third optical window)
Ge0, | 3,1 M% | 58 M% | 7,9 M% {13,5M%| 3,1 M% | 5.8 M% | 7,9 M% [13,5 M%
\Y% 43784 | 43755 | 4.4090 | 4.0649 | 5.4579 | 5.4437 | 5.4642 | 4,9073

1 0.00421 | 0.00420 | 0,00424 | 0.00391 | 0.00524 | 0.00523 | 0.00525 | 0.00471
10 | 0.04206 | 0.04204 | 0.04236 | 0.03905 | 0.05243 | 0.05230 | 0,05249 | 0.04714
100 | 0.42063 | 0.42035 | 0.42357 | 0.39051 | 0.52434 { 0.52298 | 0,52495 | 0.47144

1000 | 4.20632 | 4.20354 | 4.23572 | 3.90515 | 5,24340 | 5.22976 | 524945 | 4.71444

Table 4. The angle of polarization depending on the number of turns of the coil fiber.
measurement wavelength, the type of tiber for short-circuit condition of power line

The angle of polarization a [rad]

1310 nm (second optical window) 1550 nm (third optical window)
Ge0, [ 3,1M% [5.8M% [ 79M% |135M%| 3,1 M% | 58 M% | 7.9 M% {13,5 M%
\4 43784 | 43755 | 4,4090 | 4.0649 | 5.4579 | 5.,4437 | 5.4642 | 4.9073
1 0,16011 | 0.16001 | 0,16123 | 0.14865 | 0,19959 | 0,19907 | 0.19982 | 0.17945
10 | 1.60113 | 1.60007 | 1.61232 | 1,48648 | 1.99589 | 1,99069 | 1.99819 | 1.79454

N1 100 |16.01127]16.00066 16.12317|14.86484 | 19,95887 ] 19.90694 | 19.98191117.94539
160.1126| 160.0066 | 161,2316| 148,6483 | 199.5886 | 199.0694 | 199.8190|179.4539
1000 9 4 9 8 7 0 6 1

» determine the values of current flowing in a cable of high-voltage power line
110 kV using data presented in Table 3 and Table 4, and the pattern (6). The results
are shown in Table 5 and Table 6;

Table 5. Values of current flowing in a cable of high-voltage power line depending on the
number of turns of the coil fiber. measurement wavelength, the type of fiber for rated
operation condition of power line

Values of current flowing in a cable of high-voltage power line /,, [A]

1310 nm (second optical window) 1550 nm (third optical window)
Ge0, | 3,1M% | S.8M% [ 79M% |13,5M%| 3,1 M% | 5.8 M% | 7,9 M% (13,5 M%
\4 43784 | 4.3755 | 4.4090 | 4.0649 | 5.4579 | 5.4437 | 54642 | 49073
1 789.3 789.3 7893 789.3 789.3 789.3 789.3 789.3
10 789.3 789.3 789.3 789.3 789.3 789.3 789.3 789.3
100 789.3 789.3 789.3 789.3 789.3 789.3 789.3 789.3

1000 | 789.3 789.3 789.3 789.3 789.3 789.3 789.3 789.3
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Table 6. Values of current flowing in a cable of high-voltage power line depending on the
number of turns of the coil fiber, measurement wavelength. the type of fiber for short-
circuit condition of power line

Values of current flowing in a cable of high-voltage power line /,, [A]

1310 nm (second optical window) 1550 nm (third optical window)

GeO, | 3,1 M% | 58M% | 7,9 M% [13,5 M%| 3,1 M% | 58 M% | 7,9 M% (13,5 M%
A\ 4,3784 | 43755 | 4.4090 | 4,0649 | 5.4579 | 54437 [ 5.4642 | 49073

1 29100.5 | 29100,5 | 29100.5 | 29100.5 | 29100,5 | 29100.5 | 29100,5 | 29100,5
10 | 29100.5 | 29100,5 | 29100.5 | 29100.5 | 29100.5 | 29100.5 | 29100,5 | 29100.5
100 | 29100,5 | 29100.5 | 29100.5 | 29100.5 | 29100,5 | 29100,5 | 29100,5 | 29100.5
1000 | 29100.5 | 29100.5 | 29100.5 | 29100,5 | 29100,5 | 29100.5 | 29100,5 | 29100.5

= determine the absolute error (7) and relative error (8) [4] of measurement of current
using polarimetric sensor. The results are shown in Table 7.

Al=1-1, @)
Al
S, = T 100% ®
where:
Al — absolute error of measurement of current, [A],
I — value of the current in the cable of high-voltage power line. unable to
work. considered as the reference value, [A],
I, — value of the current in the cable of high-voltage power lines measured by
the polarimetric sensor, [A],
S, — relative error of measurement of current, [%].

Table 7. Values of the absolute error and relative error of measurement of current using
polarimetric sensor for two operating states of high-voltage power line 110 kV

i f
States of the high-voltage Absolute error of Relative error o
£ measurement of current | measurement of current
power line [A] [%]
rated operation condition: /= 800 A 10,70 1,36
short-circuit condition; /= 30 kA 899.50 3.09

4. CONCLUSIONS

Environment EMRC NISA has been used to simulate the distribution of magnetic
induction around the cables of high-voltage power lines 110 kV.
Based on the results can draw conclusions concerning the correctness of the
mathematical model of the polarimetric current sensor described in [1]:
= presented in [1] model of the polarimetric current sensor, in which the measurement
coil is made of single-mode optical fiber (telecommunication fiber) is properly
designed — it confirms the analysis of measurement errors included in Table 7. it
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should be noted that the estimation of measurement errors affects the accuracy of
determining the module of magnetic induction based on the results of the simulation;
measured by a polarimeter angle of polarization of light must be in the range
of 0 to 2n radians. Currently used polarimeters can measure the angle of polarization
with an uncertainty 0,001%, therefore, the results in Table 3 and Table 4 are
presented with such accuracy. Analyzing the results included in these Tables it can
be concluded, that if we want to measure currents in the cables of high-voltage
power line 110 kV, both in the rated operation condition and short-circuit condition,
using one polarimetric sensor, it should have fiber-optic coil built of ten turns.

If we replace the conventional current transformers fber-optic current transformers

(polarimetric current sensors), we can make more precise measurements of the current
in the cables of high-voltage power line 110 kV and adequately protect the power lines
against short-circuits (e.g. damage to equipment on the generation side).
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WERYFIKACJA POPRAWNOSCI MODELU MATEMATYCZNEGO
POLARYMETRYCZNEGO CZUJNIKA NATEZENIA PRADU
Z JEDNOMODOWA SWIATLOWODOWA CEWKA POMIAROWA

W OPARCIU O SYMULACJE KOMPUTEROWA METODA ELEMENTOW

SKONCZONYCH

Streszczenie

W artykule przedstawiono weryfikacj¢ modelu matematycznego polarymetrycznego czuj-
nika pradu w [1]. W tym celu wykorzystano symulacj¢ komputerowa, opartg na metodzie
elementéw skonczonych. Opracowany model symulacyjny dotyczyl jednej z mozliwych
opcji rozmieszczenia przewodow na stupie linii elektroenergetycznej wysokiego napigcia
110 kV [2]. Symulacja zostata przeprowadzona dla dwéch stanow pracy linii wysokiego
napigcia — pracy znamionowej i zwarcia. Ponadto zostat oszacowany bigd bezwzgledny
i wzgledny pomiaru natgzenia pradu za pomoca czujnika polarymetrycznego [1].

Stowa kluczowe: stata Verdeta, zjawisko magnetooptyczne Faradaya, czujnik pola-
rymetryczny, swiattowdd telekomunikacyjny, linia wysokiego na-
piecia, Metoda Elementéw Skonczonych (MES)
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Summary: The article concerns the aspects of vector analysis of current and voltage
distorted waveforms in three-phase circuits from the point of higher harmonic content.
Apart from that, the work contains the results of the analysis of current’s vector
harmonic based on the complex SDFT. These results have been obtained after having
conducted a simulation. The article also tackles the proposal of accelerating the SDFT
algorithm in order to facilitate its implementation in real-time systems.

Keywords: Complex Sliding Window Discrete Fourier Transformation, selective
active power filtration, position vector spectrum analysis, voltage and
current distorted waveforms

1. INTRODUCTION

The development of microprocessors' market has popularised vector steering methods,
which require a relatively big number of calculations. These methods assume transforming
a three-phase electric circuit into biaxial Cartesian system and using fictitious current and
voltage space vectors that rotate in this spectrum [2, 3,5] (current and voltage are, in fact,
scalar values). Basing on these fictitious vectors, including a relatively small amount of
mathematical calculations, there is a possibility to determine a real vector of magnetic flux in
an electric machine. This makes affecting the torque directly possible [8].

It turns out that not only are vector methods useful in driver automatics, but also in
spectrum analysis of distorted waveforms. Information concerning current and voltage
spectrum may, therefore, pose the initial data for active filtration algorithm, or even
reactive power compensation [2, 5, 6]. However, harmonic analysis with the use of DFT
requires many mathematical calculations, including complex multiplication and
trigonometric functions [1]. These operations are extremely time-consuming for every
microprocessor. Taking voltage or current analysis in a three-phase circuit into
consideration, an investigated value should be analysed in each phase separately. Yet,
after having conducted the distortion mentioned above, analysing only two waveforms
suffice. In four-wire installations a zero-sequence component should also be considered.
However, this component does not exist in three-wire circuits.
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Fig. 1. The current measurement and change of coordinate system: a) in four-wire circuit, b) in
three-wire circuit

In the latter, the measurement in one phase can additionally be omitted as according
to Kirchhoff's circuit laws, the value in the third phase constitutes the vector total
of the two remaining phases.
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of s DFT

Amplitude and Phase Spectrum

Fig. 2. Six-pulse diode rectifier as a source of higher harmonic of network current.

Since the components in a biaxial system are orthogonal, they can be treated
as one complex signal in which one component has a role of a real part and the other
of an imaginary part. In the result, two real signals (¢ff) are not analysed, but only
a complex one is taken into consideration. In fact, the amount of calculations
in the process of further analysis is not reduced, as it was in the case of transition from
three to two phases mentioned above. However, it still makes it possible to organise
obtained information in a way that facilitates further operations (this will be described
in details further in the article).

The object used in simulation researches is a six-pulse diode rectifier with RL
load and a filtering capacitor in DC circuit. It is supplied from a symmetrical
three-phase network (Fig. 2). Such a rectifier constitutes a non-linear load for the
network, so it is a source of creating current’s higher harmonics. Due to the voltage
drops on network impedance, which is dependent on current, it also creates voltage on
clamps [2, 3, 5, 6].
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2. DFT OF COMPLEX VARIABLE

DFT can be used for spectrum analysis of a signal. After having brought
in the notion of current and voltage space vector in af coordinate system, one can start
analysing each compound separately. The trigonometrical form of DFT is as follows:

N-1
X(m)=>"x{(n)-(cos(2zmm/ Ny~ jsin(2zmm/ N)). ¢))
n=0
where:

n — index of sample in time domain;

m — harmonic number;

N — amount of samples in a period of fundamental harmonic.

By substituting x(#) respectively by component values « and £ of the analysed
waveform, the spectra of two real signals are obtained.

Since ¢ and f components are orthogonal, they can be treated as two
components of one complex signal. With the assumption that @ component stands
for a real part, whereas £ component for an imaginary part, complex variable
x(n) can be presented as follows:

x(n) = a(x(n)+ jp(x(n)) X @
or in a more formal way:

x(n)=Re(x(n))+ jIm(x(n)) | Q)

By substituting relation (3) to (1) and ordering, the following formulas are obtained:

N-1
X(m)= Z[Re(x(n)) (cos(2znm! N)+Im(x(n))-sin(2zcnm/ N))] +
lvvll1=0 (4)
+ JZ[ Im(x(n))- (cos(27rnm/ N)—Re(x(n))-sinQ2znm/ N ))]
n=0 ’

Relation (4) presents a trigonometrical form of DFT of complex variable. In this case,
in order to determine one harmonic, one needs to conduct 4xN trigonometrical
multiplications (twice as many as in the case of real variable). These calculations
are extremely time-consuming for a microprocessor. Therefore, taking the algorithm's
efficiency into account, there is no difference between the analysis of one complex
variable and two real components. In spite of that, a vector approach to current
and voltage analysis is still of advance. There are several reasons for this stipulation.
Firstly, during analysis of complex signal, onerous symmetry is omitted [1].
The phenomenon of this symmetry results in excessive m > N/2 index harmonics and
the necessity of their intentional omission in further analysis (still, onerous aliasing
exists, which will be described further in the article). Another reason is obtaining
additional information concerning the direction of vector's rotation. The information
is obtained while analysing complex variable.
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According to standards, in the case of determining THD factor for current,
the analysis ought to include harmonic's measurement up to 40th number. In the results
this number has been narrowed down to 20 in order to avoid darkening the picture with
such a big amount of bands (40 complex harmonics give, according to (11), 81 bands).

3. COMPLEX SLIDING WINDOW DISCRETE FOURIER
TRANSFORMATION

In classic understanding, the implementation of DFT is based on collecting
N number of signal's samples (which constitute the period of fundamental harmonic),
then, the sequence of calculations based on (1) is conducted on these samples’ set
for each m harmonic that is of interest. After having conducted all necessary
calculations, N sequence of samples is collected again and the whole procedure
is repeated. This solution, however, has two major disadvantages. First of them
is a computation unit's uneven loading, as all the calculations have to be performed
in a short time (between collecting the last sample of one calculations' series
and the first sample of the next series). The other disadvantage is obtaining calculations'
results only after having collected the last sample in the period of fundamental
harmonic. In the case where the harmonic analysis is used for implementation
of a selective active filtration [7], the information about higher harmonics' appearence
might already be out-of-date at the very moment of its obtainment. In such situation,
the test on reactions on transition states turns out to be pointless.

The effects of the first inconvenience can be lessened by using the FFT algorithm,
which leads to the limitation of computation unit's loading [1]. That, in turn, requires
undergoing extra operations, such as additional actions in the number of input samples’
selection, taking actions on the windows to limit spectral leakage, etc. Still,
the problem of processor's uneven loading can be entirely eliminated by using double
buffering of collected samples. In this case, the samples of a present waveform
to one buffer are collected, at the same time, the calculations are being done on the other
one, where the samples from a previous period are stored. However, such a solution
increases disadvantageous lags in obtaining up-to date results.

The useful feature of DFT is the fact that it does not matter from which point
in the periodic waveform's analysis is begun. What does matter is analysing as many
successive samples as constitute one period of fundamental harmonic [1].
The amplitude spectrum for a given periodic waveform will always be the same,
no matter the phase of signal's cutaway in the buffer (window) of samples constituting
one period. The phase spectrum, however, depending on the analysed waveform's
phase, will show, for each harmonic, a shift proportional to the relation of samples's
number on which the window has been shifted to the number of samples constituting
a period of a given harmonic. This can be written as follows:

P :27r7nv1-n’ (13)

where:
¢ — stands for a phase shift of m-numbered harmonic,
harmonic number for which a shift is calculated,
N — number of samples constituting fundamental harmonic,
number of samples on which the window's content has been shifted.
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of 87,8°. During the insertion of next samples the value oscillates reaching the extreme
values of 55°, 90° and 77° successively. Only after having entirely filled the window,
can one state that the phase is determined at the value of 90° and the amplitude at 3,7A.

4. IMPLEMENTATION OF THE COMPLEX VARIABLE'S SDFT
AND THE PROPOSITION OF ITS ACCELERATING

As it has been mentioned before, one of DFT's disadvantages is big and uneven
loading of a computation unit with a great amount of calculations. Such loading takes
place after each filling the buffer with the samples of an investigated waveform.
Two buffers can be used in order to eliminate this phenomenon. Then, the former
is filled with up-to-date samples, whereas the latter stores the samples from a previous
signal and the calculations are performed on this buffer. At the same time, samples
are collected to the first buffer. Such a solution decreases the loading's irregularity
of a computation unit and makes the use of a cheaper, less efficient microprocessor
possible. However, it delays appearing up-to-date calculations’ results.

The SDFT algorithm updates the data concerning the whole spectrum after each
new sample's collection. However, each conduction of calculations' cycle based
on (1) would lead to loading a computation unit N times more than in the case of classic
DFT implementation (which is already very time-consuming). Nevertheless, it turns
out that there is no need to conduct such a big amount of mathematical calculations.
In accordance with (1), m-—number harmonic's determining resolves to counting
up the sum of products of each x(n) sample's value in one signal's period with
the following term:

cos(2zmm / N) — jsin(2mm/ N) . (14)

Memorising the up-to-date values of all M harmonics and values
of all N products of

x(n)-(cos(Zimm/N)—jsin(27mm/N)), (15)

one can, after each sample's collection, calculate a new value of m-number harmonic
as its up-to-date value reduced by (15), calculated for the oldest sample in the window,
and increased by the same (15), calculated for a newly collected sample. After having
conducted all those actions, the oldest sample in the window is replaced by a newly
calculated one.

According to the example above, calculating each harmonic's value afier
collecting a new sample resolves to one multiplication (15), one subtraction
and one addition. Still, one has to bear in mind the fact that the term (14) appears
in each multiplication that requires additional trigonometrical operations,
and in the case of complex variable's SDFT, basing on (4), each multiplication requires
counting up four trigonometrical products.
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Looking at the relations (1) and (4), one can notice that the angle's values
appearing under trigonometric functions are not accidental. The indexes n and m are
integer variables, the values of which comprise in ranges <0, N-1> and <0, M-1>
respectively. N value, according to (12) and (11), is constant for the agreed number
of analysed H harmonics. Thus, the amount of all possible angles for which sine
and cosine values ought to be calculated, is limited to NxM. For instance, for H=40,
according to (11) and (12), NxM=13122. Another advantage of this solution is the fact
that the values organised in the array in such a way guarantee the same accuracy as their
each-time calculating.

The algorithm enabling the above method's implementation has been shown
in Fig. 9.

After having implemented the algorithm with the arrayed values of trigonometric
functions in a physical circuit based on microcontroller devoid of FPU, its efficiency
is over 100 times higher comparing to the version with calculating values for each time.
In this case, the demand for memory in respect to the price of a faster processor proves
to be of insignificant costs. That is why, if in realised application, SDFT algorithm
is the most time-consuming for a computation unit, equipping the application with
a cheaper processor and bigger memory turns out to be a more economic solution.

5. SUMMARY

Presented algorithm of current's spectrum analysis with the use of complex
variable’s Sliding Window Discrete Fourier Transformation (SDFT) can be
implemented in the real time systems. The obtained results of spectrum analysis can be
used as input data of the active filtration's algorithm. This is the subject of further
research carried out in the Department of Power Electronics and Control at University
of Technology and Life Sciences in Bydgoszcz.

The algorithm has been developed at University of Technology and Life Sciences
in Bydgoszcz with the use of C++ programming language and simulated at Gdynia
Maritime University with PSIM v7 simulation environment.
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WYKORZYSTANIE DYSKRETNEJ TRANSFORMATY FOURIERA
ZMIENNEJ ZESPOLONEJ ZE SLIZGAJACYM OKNEM DO ANALIZY
ODKSZTALCEN PRADOW I NAPIEC W UKEADACH TROJFAZOWYCH

Streszczenie

Artykul przedstawia aspekty wektorowej analizy odksztalconych przebiegdéw pradow
i napig¢ w ukladach trojfazowych pod katem zawartosci wyzszych harmonicznych.
Praca zawiera rowniez wyniki analizy harmonicznej wektora pradu opartej
o transformate Fouriera zmiennej zespolonej ze $lizgajagcym oknem (complex SDFT)
uzyskane na drodze symulacji oraz propozycj¢ przyspieszenia algorytmu SDFT
w celu ulatwienia jego implementacji w uktadach pracujacych w czasie rzeczywistym.

Stowa kluczowe: Dyskretna Transformata Fouriera zmiennej zespolonej ze $lizga-
jacym oknem. selektywna filtracja aktywna. analiza widmowa
wektora wodzacego, odksziatcone przebiegi pradu i napigcia






