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Abstract

In the article, the methods of switching stages of a multi-level inverter are studied. These techniques use
pulse-width modulation for switching, which is obtained by comparing a reference sinusoidal signal and a
sequence of triangular pulses. The article describes algorithms for obtaining a control sequence of pulses and
examines how a particular strategy can reduce the coefficient of harmonic components of the output voltage of
the inverter. To do this, Simulink simulates each of the strategies for different frequencies. Based on the
simulation results, the dependence of the coefficient of nonlinear distortion on the frequency of the carrier
oscillation for different switching strategies is obtained. The simulation was performed without filtering the
output voltage of the inverter, and with the use of a low-pass filter. In addition, an experimental study of a six-
level PWM inverter was performed. Using the Fluke 435-II electrical energy analyzer, oscillograms and
spectrograms of the inverter are obtained. Harmonics of the output voltage are detected that differ in power from
the entire spectrum.

Key words: multi-level inverter, PWM, switching angle, nonlinear distortion coefficient, sinusoidal
voltage.

CTPATEI'HA KOMMYTAIIUU MHOT'OYPOBHEBOI'O UHBEPTOPA
MoJagaxmeToB C.C.l, IHeTrpoB H.A.l, Arpiraes T.B.!
LTCKTY um. M. Kosvibaesa, [lemponasnosck, Kazaxcman
KosecHnkos A.2
2000 «Apbonaymy, Hosncyy, Ounaanous

AHHOTANMA

B naHHON cTaThe HCCIIEAOBaHBI METOJUKM KOMMYTAIMM CTyIEHEe MHOTOYpOBHEBOI'O HHBEPTOpA.
JlaHHBIE METOAMKM HCHOJB3YIOT IIUPOTHO-UMIYIbCHYI0 MOAYJALUIO OIS KOMMYTAIUMM, KOTOpas MOJIydaeTcs
IIyTeM CPaBHEHUS 3TAJIOHHOTO CHHYCOUAAJIBHOTO CUTHANA M MOCJIEJ0BAaTEIILHOCTU TPEYTOJIbHBIX UMITYIbCOB. B
CTaThe OMHUCAHBI AJITOPUTMBI ITOTYYEHUs YIPaBIISIONIeil MOocIe0BaTeIbHOCTH UMITYIbCOB M UCCIIE0BAHO KaK Ta
WIN WHas CTPATeTHsl MO3BOJIIET YMEHBIINTh KOI(G(HUIMEHT TapMOHHYECKHX COCTAaBIISIOMNX BBIXOJHOTO
HaTpsDKCHUS WHBepTopa. [t aToro B cpene Simulink mponsBeneHO MOIeIMpOBaHNE KaKIOW U3 CTPATerHid IS
pasnuuHbIX dYacToT. Ha oOcCHOBE pe3ymbTaToB MOJETMPOBAaHWSA MONydYeHa 3aBHCUMOCTh Ko3(h¢uumeHTta
HENMHEHHBIX HCKAXEGHHM OT 4YacTOThl HECyHmIero KojeOaHumsi Al pasHbIX CTPATETHH KOMMYTAIHH.
MogenvupoBaHue MPOU3BOAUIOCH 0€3 (DHIBTPAMH BBHIXOJHOTO HANPSHKEHHWS WHBEPTOPA, W C MCIIOIb30BaHHUEM
OHY. [ToMuMO 3TOro MpoM3BEIEHO 3KCIEPUMEHTAILHOE UccienoBaHue 1ectuypoBHeBoro IHIMM-unBepropa.
I[lpu mnomomm aHanmuzatopa osaekrpudeckoi osHermn Fluke 435-11 mnonydeHHB OCHMJUIOTpAMMBI U
CIEKTPOrpaMMBbl HHBEPTOpA. BBIABICHBI TapMOHUKH BBIXOAHOTO HANPSKEHUS BBIICISIOMIMECS 10 MOIHOCTH U3
BCETO CIIEKTpa.

KaioueBble ciioBa: MHOrOypoBHEBbIN nHBEpTOp, LLIMM, yron kommyranuu, Ko3hOUIMEHT HETMHEHHBIX
HCKa)KeHUH, CHHyCOUIaIbHOE HAIPsDKCHHUE.
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AHjaTna

By makamana ke IeHIeiii HHBEPTOP CaThUIAPBIHBIH KOMMYTANHS dicTepi 3epTrenai. by omicremenep
STAJOHJBIK CHUHYCOMJQJIABI CHTHAIIBI JKOHE YIIOYPBIIITHI HMITYJILCTAP/bIH Ti30EriH CaJbICTBIPY apKbIIbI
JIBIHATBIH KOMMYTAIMs YINiH KEHJIIK-MMIYJIBCTIK MOAYJSLUMAHBI NaiinanaHanpl. Makajiaza WUMITYJIbCTapIbIH
Oackapy Ti30eriH aixy anropuTMIepi CHUIaTTalFaH jKoHe coJl HeMece Oacka crparterus MHBepTopnblH LIbiFbic
KEpHEYiHIH TapMOHUKAIIBIK KYpaybIIITapbIHBIH K03 (GUIMEHTIH a3aliTyFa MyMKIiHIIK Oepeni. byn ymin Simulink
OpTachIH/A SPTYPJI JKUUTIKTEp YIIIH CTpaTerusuIapAblH 9pKaChICBIH MOJIeNbIeY JkacairaH. Kasipri kesze, Oy
MOJICTIBICY/IIH HOTIIKENepl HeTi3iHAe KOMMYTALMSHBIH Op TYpJdi CTpaTerusulapbl YIIIH cajiMakK TYCETIH
TepOeIiCTIH KUINTiHEe CBI3BIKTHI eMec Oypmanay Kod(pQHIMEHTIHIH TOYeNAUIri anelHFad. Mopaenbaey
nHBepTOpAbIH LIBIFEIC KepHEYIH CY3yci3 KOHE TOMEH JKHUTKTEri (QuIbMAepHAi KOJNIaHy apKbUIB XKYPTi3iiii.
Bynan 6acka anter mexreiini KUM-UaBepTOpasl DxcniepuMeHTanas! 3eprrey kyprizingi. Fluke 435-I1 snextp
SHETHACHIH TAJJAFBIIITEIH KOMETiMEH OCHMLIOTpaMMaliap MEH HMHBEPTOPJBIH CIIEKTPOTpaMMalapbl allbIH/IBI.
Bapnbik criekTpreH KyaT OoiibiHIIa OemineTiH LLIbIFpIC KepHEYiHIH TApMOHUKTEP]1 aHBIKTAIbI.

Tyiiingi ce3nep: kem aeHreitni nHBepTop, KM, KoMMmyTaumsi OypbIlbl, CBI3BIKTHI eMec Oypmaiay
K03((ULKEHTI, CHHYCOUIAIIABI KEPHEY.

Introduction

The topology of building a multi-level inverter allows switching voltage levels.
However, in most cases, a particular topology differs only in the number of switching keys,
power supplies, and other execution elements used, and does not allow you to get a significant
advantage in reducing the harmonic components. To reduce them, a specific strategy is used
for choosing the switching time of each of the stages of a multi-level inverter. At the moment,
there are various strategies used for implementing a multi-level inverter [1-3]. Most of them
are based on the use of pulse-width modulation [4-6].

The use of PWM is widely used to obtain a sinusoidal voltage at the output of a single-
level inverter, where the pulse width of the carrier oscillation varies according to the
sinusoidal law. But PWM can also be used for switching in a multi-level inverter [7-10] with
the only difference that the carrier vibrations form each of the stages of the inverter
separately.

Based on the topology of building a multi-level inverter, presented in [11], we
investigate how various strategies can reduce the coefficient of harmonic components, and
determine the optimal one.

The method of switching

The PWM-based switching strategies discussed in this article are listed below:

- common-mode PWM strategy;

- antiphase PWM strategy;

- alternating antiphase PWM strategy;

- PWM strategy with the imposition of carrier oscillations;

—  PWM strategy with different frequency.

Consider a common-mode PWM strategy for switching stages. The modulating signal
Us is a sine wave with an amplitude of 312 V and a frequency of 50 Hz according to the law
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U, =312 5in100mxt.

A triangular signal of symmetrical shape will act as a carrier oscillation, i.e. the duration
of growth of such a signal is equal to the duration of its decline [12]. The frequency of the
carrier triangular signal will be unchanged, but it must be several times higher than the
frequency of the modulating sinusoidal signal. The amplitude of the triangular signal is
selected depending on the amplitude of the stage of the multi-level inverter.

We introduce the concept of a frequency coefficient k¢, which is equal to the ratio of the
frequency of the carrier oscillation f; to the frequency of the modulating signal f.

ot

iy

Thus, we can investigate the effect of this coefficient on the coefficient of nonlinear
distortion. Similarly, we introduce the concept of the amplitude coefficient ka, which will be
calculated using the formula

-4

_f;, L)

n is the number of stages of the inverter, A, is the amplitude of the carrier oscillation,
and A is the amplitude of the modulating signal.

Consider strategies based on a three-level inverter [13]. Let the level of the steps be the
same and conditionally equal to 1. In this case, the Amplitude of the modulating oscillation is
equal to 3.

Figure 1A shows the diagram of switching time selection for the common-mode PWM
strategy. For this case, the value of the frequency coefficient k¢ is 20, i.e. the frequency of the
carrier triangular signals is 20 times higher than the frequency of the sinusoidal oscillation.
The value of the amplitude coefficient ky is 1.

As you can see from the picture, the carrier vibrations for each stage are in the same
phase. The number of carriers required to obtain the switching time at each level is equal to
the number of inverter stages multiplied by two. It should be noted that all carriers have the
same amplitude. According to this strategy, if the value of the carrier triangular oscillation for
a given time is higher than the value of the sinusoidal signal, then a high — level value is
formed, otherwise a low-level value is formed. Thus, the commuting pulse is generated
whenever the triangular pulse of the stage is larger than the sine wave.
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Figure 1 diagrams of the position of carrier vibrations for various strategies
of the strategy

According to the principle of the formation of the control pulses according to the law of
reversed-phase shim strategy all bearing vibrations of positive half-wave are in the same
phase relative to each other and all the supporting negative half-cycle fluctuations are also in
phase but in opposite phase with the carrier oscillations of positive half-wave (Figure 1B).

For an alternating antiphase PWM strategy, the carrier vibrations of the same amplitude
are in the opposite phase relative to the neighboring ones (Figure 1C). In fact, this and the
previous strategies are convenient from the point of view of application, since a phase shift of
180 shifts the carriers so that the positive and negative half-waves are in the same position
relative to the carriers. Thus, the pulses are formed for positive and negative half-waves in the
same way, which is very convenient.

Since the sine wave has a characteristic steepness, the number of switches for the lower
levels of the inverter is less than the number of switches for the upper levels. In order to
equalize the number of switches for all levels, you can use different frequencies for carrier
vibrations. This is implemented in the PWM frequency strategy. The carrier position diagram
for this strategy is shown in figure 1G (kg =40, kpp =20, ks = 12.5, ka = 1).

Using PWM with superimposed carrier vibrations, you can increase or decrease the
duration of switching pulses and eliminate short-term bursts. This is achieved by increasing
the amplitude of the carrier vibrations, as the triangular signals are cut off and become
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trapezoidal. The diagram of the position of the carrier vibrations for the PWM strategy with
overlapping carrier vibrations is shown in figure 1E (ks = 20, ka = 1.5).

Modeling

To study the effect of switching strategies on the coefficient of harmonic components,
we will build a special model in the Simulink visual modeling environment.

Figure 2 shows a model of a 6-level inverter for the study of switching techniques [14].
The Sine Wave block generates a sinusoidal oscillation with a frequency of 50 Hz and an
amplitude of 312 V. the Repeating Sequence Block generates a triangular signal of the carrier
oscillation. This signal is formed with a constant component from the Constant block, the
value of which is adjusted depending on the stage of the multi-level inverter. The triangular
and sinusoidal signals are compared by the relative Operator comparison operator, which
sends the signal to the power key. If the Sinusoidal signal is larger than the triangular one, the
operator generates a logical unit, otherwise it generates a logical zero. To investigate only the
impact of a particular strategy, we will exclude the influence of IGBTs, which we will replace
with conventional power keys, which are represented by Ideal Switch blocks [15].
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Figure 2 Model of a 6-level inverter for the study of switching techniques
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The output voltage obtained from the simulation differs from the usual step voltage by
the presence of pulse-width modulation (Figure 3). It should be noted that the closer the
pulses are to the border of the transition to a high level, the wider the pulses and vice versa.
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Figure 3 output voltage Waveform

To compare strategies, the value of the nonlinear distortion coefficient is important,
which is automatically calculated using the powergui block by means of a fast Fourier
transform. The data for the strategies are listed in table 1.as you can see, the coefficients of
nonlinear distortion are quite large, due to the presence of high frequencies in the output
voltage of the inverter. Therefore, these strategies are applied with a low-pass filter. In order
not to distort low frequencies, it is necessary to select a filter with a smooth frequency
response at the bandwidth frequencies [16, 17]. A typical third-order Butterworth filter with a
cutoff frequency of 1000 Hz was used [18]. For modeling, the Butterworth filter is built using
the Analog Filter Design block, where the filter order and cutoff frequency are set to 6283.2
rad/s.

Table 1 coefficients of nonlinear distortions of various methods

AP PWM AAP PWM PWM with ICO | PWM with DF
Period | Frequency | Without | After | Without | After | Without | After | Without | After
LFF LFF LFF LFF LFF LFF LFF LFF
0,0013 769,2 9,3 7,04 10,05 7,51 14,24 11,49 9,27 6,98
0,0012 833,3 9,75 6,95 9,6 6,42 15,65 11,8 9,54 6,93
0,0011 909,1 8,78 6,08 7,91 4,44 13,8 9,69 9,7 7,8
0,001 1000 8,38 5,85 10,08 7,1 15,12 9,6 9,46 7,23
0,0009 1111,1 8,99 4,88 9,15 5,17 14,73 7,98 7,86 4,44
0,0008 1250 8,98 4,33 9 5,26 14,39 6,37 8 4,38
0,0007 1428,6 8,94 3,21 9,22 4,59 14,3 4,84 8,92 3,75
0,0006 1666,7 9,14 2,63 9,08 3,79 14,4 3,19 9,12 3,05
0,0005 2000 8,27 2,28 8,98 2,31 15,05 2,11 8,19 2,54
0,0004 2500 8,71 1,65 9,01 1,43 14,29 2,35 8,65 2
0,0003 33333 9,01 1,4 9,17 1,67 14,8 2 8,96 1,38
0,0002 5000 9,86 1,74 9,64 1,7 14,6 2,47 9,22 1,37
0,0001 10000 13,1 4,18 13,3 4,09 21,11 3,63 11,42 1,85
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Based on the simulation results, a graph of the dependence of the coefficient of
nonlinear distortion on the frequency of the carrier oscillation is constructed. In this graph,
dashed lines show the results of strategy modeling without filtering, and solid lines show the
results of modeling with LFF.

20
THD, %
15 =
10 J':-"{ T T e =TT anz222it
'%{{?zﬂk-“?"--":::-::_‘_‘,ﬁ!‘f::::. PR Mo WAM
R ' MY® LLInpe
Wl AP PWM
5 W“%‘\\
L \\ AAP PWM
\\R;;__ - 1 =
——— : !
| | | f, b
i - - - - - - - -
] 1=10° 2107 3=10° 4=10° =107 6107 710 8x10°

Figure 4 Graph of the dependence of the coefficient of nonlinear distortion
on the frequency of the carrier oscillation

As can be seen from figure 4, for all strategies, at low values of the frequency
coefficient k¢, a high value of the nonlinear distortion coefficient is observed, and with
increasing carrier frequency, this coefficient decreases to a certain minimum and then
increases slightly. At the same time, the lowest coefficient of nonlinear distortion is observed
when using a PWM-based switching strategy with RF. When implementing a power inverter,
however, you should not choose a higher frequency, since the frequency increases the energy
loss for transients. It should also be borne in mind that switching is performed by power keys,
such as IGBT or MOSFET, transients in which at a high switching frequency can disable
them [19, 20].

Experiment

An experimental study of a six-level PWM inverter was performed. The resulting
waveforms and spectrograms of inverters are shown in figure 5. Figure 5A shows the
waveform, and figure 5B shows the output voltage spectrogram for a six-level PWM inverter.



M. Ko3bi0aeB aTbinaarsl CKMY Xabapmbichl /
Bectauxk CKI'Y nmenn M. Ko3bi6aeBa. Ne 2 (47). 2020 245

FapOHHKK
K¥YPCOP OCUHNNOTPADA T THD 13.8 %F

& 0:00:02 UF m-E

58,45 Hz T 0:.06:16 A -2x UP & %

THDDC 1 5 9 13 17 21 25 29 33 37 41 45 49

10719715 13:23:59:225398U S0Hz 16 1T EHS0160 10719215 13:29:53 398U SOH=z 18 1T EH50160
A ZOOM & HOLD| A HOLD|
| OH |
—
A) B)

Figure 5 Waveform and spectrogram of the output voltage of a six-level inverter
with PWM strategy

As you can see from figure 5, the shape of the output voltage of the inverter has spikes
on each of the stages, but it is visually close to the sine wave. The output voltage
spectrograms of inverters are of particular interest. You can see that the 37th, 39th, 41st and
43rd harmonics, whose frequencies are 1850, 1950, 2050 and 2150 Hz, respectively, are
expected to stand out in power from the entire spectrum. This is naturally related to the pulse
frequency of the pulse width modulation stages. Harmonics at this frequency are very
convenient to filter, since the filter is set to high harmonics, i.e. with a higher slice frequency.
This filter is lighter and more compact in comparison with a conventional LFF, and is very
simple in design.

Conclusion

The article deals with methods of switching stages of a multi-level inverter based on
pulse-width modulation. Based on the results of Simulink simulation, the dependence of the
nonlinear distortion coefficient on the frequency for various strategies without filtering the
output voltage of the inverter, and with the LPF is obtained. It was found that the lowest
coefficient of nonlinear distortion can be obtained when using a switching strategy based on
PWM with different frequencies for stages. An experimental study of a six-level inverter with
the proposed switching strategy was performed.
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