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DETERMINATION OF PULSATION FACTORS OF THE SYSTEM OF SUPPRESSION
OF INTERFERING HARMONICS OF A SEMICONDUCTOR CONVERTER

Purpose. The purpose of the paper is to define the pulsation factors of a closed-loop automatic control system (ACS) of
interfering harmonics containing a semiconductor converter with double-sided pulse-width modulation (PWM), as well as
confirmation of theoretical assumptions about possibilities of self-compensation of pulsation factors’ influence in the system
with double-sided PWM. Methodology. The research was conducted with the usage of classic electric circuit theory, frequency
analysis methods, generalized function theory. Results. The obtained expressions mathematically relate pulsation factors,
value of the damping coefficient and manipulative variable for different frequencies of interfering harmonics in the system
with double-sided PWM. The research concerned harmonics with frequencies 100, 300, 600, 900 and 1200 Hz as the most
significant constituents of the output voltage of a 12-pulse semiconductor converter. The obtained expressions allow taking
into account settings of the selective link and its approximation on the level of supreme frequencies with aperiodic link.
Originality. The research has experimentally proved theoretical assumptions about self-compensation of pulsation factors in
the system with double-sided PWM. It has been shown that the damping coefficient has a low-impact influence on the values
of pulsation factors. It is caused by the pass band of the selective link, which is included in the closed-loop control system of
harmonics regulation. Practical value. Application of the research results can contribute to the development of the closed-loop
control system for effective attenuation of interfering harmonics in direct current contact wire without interfering in the
power part of the semiconductor converter. Besides the possibility to regulate output voltage, it will also help to solve the
problem of electromagnetic compatibility of a traction substation semiconductor converter with contact wire. The application
of the developed closed-loop control system will as well provide for decreasing the size of the filter in the direct current
traction substation unit. References 9, figures 5.

Key words: pulsation factor, interfering harmonic, automatic control system, double-sided pulse-width modulation,
semiconductor converter.

I]env. I]envio cmamovu asnaemca onpeoenenue GaxKkmopos nyibcayuil 3aMKHYmOl CUCHIEMbL A6MOMAMUYECKO20 PeZyIUPO8aAHUA
(CAP) mewaroujux 2apmonux, cooepxcauieil NOIynpoeoOHUKOEbLIl npeodpasoeamensd ¢ 08yXCnOPOHHEN WUPOMHO-UMNYIbCHO
mooynayuen (LIIHM), a maxsce noomeepircoeHue meopemuyeckKux RnPeOnoCvlIOK 0 603MOMCHOCHMU CAMOKOMREHCayuu
Oeiicmeus pakmopos nyavcayuii 6 cucmeme c ogyxcmoponneii ILIUM. Memoouka. /[na npogedenusn paoomsl ucnonb306anucy:
Knaccuueckas meopus INeKmMpUUecKux uenei, Memoobl 2apMOHUYECKO20 AHANU3A U Meopus 0000weHHbIX QyHKYuUIl.
Pezynvmamul. Ilonyuenvl eviparxcenus, mamemamuiecKu ceaA3vléarouiue (haxmopsvt nyavcayuil, 3HAYeHUA Korpguuyuenmos
0eMnuposanus u peyiupyemozo napamempa OnA PAa3HbIX YACHIOM MeWaruux 2apMOHUK 6 cucmeme ¢ O08YXCHOPOHHEIl
LIHM. Hayunas mnoeu3na. IKCHEPUMEHMATILHO NOOMEEPHCOEHbl Meopemuueckue RnPeonoCvllIKU 0 CAMOKOMHEHCAYUU
Odeiicmeusn ¢hakmopoe nyavcayuit 6 cucmeme c¢ ogyxcmopouneir IIIHM; Ilpakmuueckoe 3nauenue. Hcnonviosanue
pesynomamos padomovl nozeonum cozdame 3amkuymyro CAP ona rpghekmuenozo nooaenenus mewarnouwux 2apMoOHUK 6
KOHMAKmMHOI cemu nocmoannozo moka. buoin. 9, puc. 5.

Kniouesvie crosa: dakrop myabcanuii, Melaomas rapMoHIKa, CHCTeMa aBTOMATHYECKOI0 pPeryJupoBaHusl, JBYXCTOPOHHSIS
IIHPOTHO-UMITYJIbCHASI MOAYJISIIHUS, OJIYNIPOBOJHHUKOBBIN Npeodpa3oBaTeb.

Problem definition. The main disadvantages of
semiconductor converters with increased pulsation are:

e impossibility to create a converter with absolutely
symmetrical shoulders, which leads to generation of
harmonics, reduction of the quality of electric energy at
the output of the traction substation and deterioration
of the electromagnetic compatibility of the rectifier
with the traction network. The problems of
symmetrization of semiconductor converters remain
unsolved in [1, 2];

e constant presence of non-canonical harmonics in
output voltage, to which signaling, centralization and
blocking (SCB) devices are critical and which do not
depend on rectifier pulsation, due to the practical
impossibility of creating an integer ratio of turns of high
power transformer windings supplying rectifier bridges.
At the same time, in [3, 4], the possibility of applying
active filtering of harmonics of the output voltage of a
semiconductor converter is not considered.

In addition, the cause of the disturbing harmonics
is the discrete nature of the rectification conversion of
the electric energy of the alternating current and the

effect of the inherent asymmetry of the rectifier and the
asymmetry of the supply network. These reasons cause
the generation into the contact network of canonical and
non-canonical harmonics. A large contribution to the
formation of an interfering voltage is made by
harmonics whose frequencies lie in the range
fm = 100...1200 Hz. The use to reduce the amount of
interfering harmonics in the specified range in the
composition of the smoothing filter of rejection LC
circuits is not effective enough [5, 6]. This is explained
by the difficulty of obtaining precise tuning of the
rejection circuits at the frequencies of the interfering
harmonics and changing the resonant frequencies caused
by the temperature and time effects.

That is, it is actual to search for alternative technical
solutions for combating the interfering harmonics of a
semiconductor converter.

In [7] the questions of application of special closed
structures for regulating the harmonics of the output
voltage of the controlled converter were considered.
However, the proposed systems with single-sided PWM
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have a narrow bandwidth and do not allow high PWM
frequencies to be realized.

Thus, in the context of the problem under
consideration, the issues of using a semiconductor
converter with a two-way PWM, as part of a closed
automatic control system, remain unresolved to reduce
the values of interfering harmonics and improve
electromagnetic compatibility ~with the traction
network.

The goal of the work is investigation of
electromagnetic processes in the automatic control
system of interfering harmonics of a semiconductor
converter with a two-way PWM and obtaining
expressions for determining the factors of pulsations
acting in this system.

Main part. In the automatic control system
containing a converter with two-way pulse width
modulation (Fig. 1), two pulsation factors act [9].
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Fig. 1. Closed automatic control system of the semiconductor
converter with two-way PWM

In the automatic control system under consideration,
the main power flow from the mains to the load is
transmitted through the main 12-pulse uncontrolled
rectifier (UR). The wide-adjustable booster converter
(BC) controlled by the control system (CS) is designed to
transmit power, which is about 20 % of the power of the
main rectifier.

Stabilization of the voltage of the rectifier unit is
ensured by negative feedback on the load voltage Uy,
with the help of the voltage regulator (VR), and the
regulation of the interfering harmonics of load voltage
over a wide frequency range is performed by internal
circuits containing selective links W1(p), Wa(p) ... Wi(p)
with transfer functions.

The proposed automatic control system of the
rectifier with a pulse-width-adjustable BC meets the
requirements of astaticism. This requirement is achieved
by the introduction of an integral part in the VR, as well
as the use of adaptive feedback on the circuit suppression
factor of the load voltage harmonics.

The main task of the L-shaped passive the LC-filter
(PF) in this system is the suppression of the harmonic of
the voltage of the BC carrier frequency.

The use of a two-sided PWM instead of a one-
sided PWM is due to the possibility of extending the
converter bandwidth, which will suppress the
harmonics of the output voltage of a DC traction
substation over a wide frequency range, and therefore
reduce the volume of the PF.

In the booster converter, the formation of a pulse-
width modulated pulse train is performed by a control
system, the functional circuit of which is shown in Fig. 2.
Functionally, the control system consists of a reference
voltage generator RVG and a comparator K.
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Fig. 2. Functional circuit of the control system

In [8] generalized expressions for the pulsation
factors were obtained in the representation of the transfer
function of the reduced continuous part as a sum of
aperiodic links. For the system for suppressing the
interfering harmonic, the expressions for the pulsation
factors have the form
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To apply formulas (1), (2), we represent the transfer
function of the selective link G(p) as a sum of aperiodic

links
K K
G(p) = ﬁ(—1+—2} 3)
pP—P2
where p, = (-¢tja)/Ty, p2 = (—&—ja)/T, are the poles of the
transfer function G(p).
The coefficients K, and K, are defined as the
residues of the transfer function G(p) in the corresponding
poles
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Substituting (4) and (5) into (3) and transforming,
we obtain
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Taking into account (6), the expressions for the
pulsation factors take the form
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Performing simple but rather cumbersome

transformations in (7) and (8), we obtain expressions for
the pulsation factors of the closed system for suppressing
the interfering harmonics

61 st
Ciie 1 —Cye 0 _
T, T
_é‘:il T _2571
Fll_1+JKpTl 1-2¢ Tocosat+e To . (9)
2aT0 0
st 2
—-Ciz-e ®+g-e 0
where
. T T
Cyy=¢&sina—-—acosa—-
' Ty Ty »
. T T;
Cio =§sma(l—7/)—1—acosa(l—7)—1.
' Ty Ty »
. T T
Cis :efsma;/—l—acosa;/—l,
Ty 0’
T T,
—5771 —571
Cz'] e 0 —Cz.z'e 0+
T, T
By S &L
F—l_l_KpTl 1-2¢ To cosa£+e To 10
) = T , (10)
2(1TO 0
(et 260
+Cy3-e I _g.e T
where
5 I
Cyy=E&sinay——acosay—.
21=6 }/To }/To :
n n
Cyy =¢&sinay——acosa— .,
22=¢ }/TO T
. T T;
Cys =§sma(l—}/)—1+acosa(l—y)—1
' Ty Ty

Fig. 3, 4 show the results of calculating the pulsation
factors for different values of the controlled parameter 7,

the damping coefficient &, and the frequencies of the
interfering harmonics.

From the obtained dependences it follows that in
contrast to a system with one-sided pulse-width
modulation in a system with two-way pulse-width
modulation, the effect of self-compensation of the action
of pulsation factors is observed. There is a weak
dependence of the pulsation factors on the damping
coefficient. This is explained by the fact that the
frequencies influencing the values of the pulsation factors
lie outside the pass band of the selective link.
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Fig. 3. The results of calculating the pulsation factors for
different values of the frequency of the interfering harmonic f
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Fig. 4. The results of calculating the pulsation factors for
different values of the damping coefficient ¢

The amplitude-frequency response of the selective
link G(p) in the region of higher frequencies has a slope
of -20 dB/dec. This gives a prerequisite for the
approximation of the link G(p) by an aperiodic link

H(p)=

, 11
T,p+1 (b
having the same transmission factor as G(p) at the pulse-
width modulation frequency.

The time constant of an aperiodic link is defined as
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where fpy is the pulse-width modulation frequency; f; is
the frequency of the g-th interfering harmonic.

In this case, the expressions for the pulsation factors
take the form [6]:
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Fig. 5 shows the graphical dependencies

characterizing the changes in the pulsation factor in the
function of the regulated parameter y, calculated from
formulas (13) and (14).

1,2

0 0,2 0.4 0,6 0.8 1 1,2

o
7

Fig. 5. Dependences of values of pulsation factors on y

Conclusions.

For the first time, expressions were obtained for
determining the pulsation factors of the automatic control
system of interfering harmonics of a semiconductor
converter with a two-way PWM for different values of the
damping coefficient and the controlled parameter.

It is established that in the considered automatic
control system of a semiconductor converter with two-
way PWM, self-compensation of the action of pulsation
factors occurs.

As a result of the investigation of electromagnetic
processes in the automatic control system of a
semiconductor converter, the possibility of suppressing
interfering harmonics without interference in its power
part was revealed. This is especially important in the
maintenance of the rectifying installation of the traction
substation.
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