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ANALYSIS OF THE ENERGY EFFICIENCY OF A TWO-LEVEL VOLTAGE
SOURCE INVERTER IN THE OVERMODULATION MODE

Purpose. Increasing the output power and ensuring maximum sinusoidality of output current in a two-level voltage source

inverter by implementing the overmodulation mode.

Methodology. Simulation in Matlab/Simulink environment of voltage source inverter in the overmodulation mode. Mathe-
matical apparatus of Fourier analysis of the output current spectrum.

Findings. Modeling of the voltage source inverter in the overmodulation mode allowed obtaining a number of dependencies:

- the dependence of the VSI output power on the modulation coefficient k;

- the dependence of the total harmonic distortion of the output current and output voltage on the modulation coefficient;

- the dependence of the total harmonic distortion of the input current in VSI on the modulation coefficient.

Originality. It is established that the overmodulation mode in the voltage source inverter can significantly increase the output
power and improve the sinusoidality of output voltage and output current. It is established that the dependence of the total har-
monic distortion of the output current has an extremum that causes the point of maximum sinusoidality.

Practical value. The use of the overmodulation mode in a two-level voltage source inverter will ensure maximum sinusoidality
of output current and minimize additional power losses in the load from higher harmonics. In addition, the overmodulation mode
will significantly reduce the level of emission of higher harmonics of current into the supply network. Practical application of over-
modulation mode is performed in frequency converters of the company “VO OVEN”.

Keywords: autonomous voltage inverter, harmonics, dynamic power losses, modulation coefficient, overmodulation, energy efficiency

Introduction. Voltage source inverter (VSI) is one of the
most common types of power semiconductor converters,
which is used in various industries.

An urgent task is a comprehensive improvement of energy
efficiency of VSI, including:

- efficiency, depending on the static and dynamic power
losses in the IGBTs, as well as additional power losses associated
with the resistance of conductors and power of control system;

- sinusoidality of output current of the VSI, on which the
additional losses in the VSI load depend (the amount of addi-
tional losses in induction motors from the higher harmonic
current according to research [1, 2] constitute 8—17% of the
value of total power loss);

- total harmonic distortion and the spectrum of harmonics
of the input current, on which the additional losses in the pow-
er supply lines depend [3, 4].

Literature review. The above VSI energy efficiency indica-
tors are largely dependent on the modulation algorithm cho-
sen. The most commonly used in VSI are classical sinusoidal
pulse width modulation and single modulation. The advantage
of PWM over single modulation is the ability to control the
amplitude of the first harmonic of the output current, which is
necessary for both scalar and vector control of the asynchro-
nous electric drive [5]. At the same time, the disadvantage of
PWM is the lower output power, as well as the need for a high-
er switching frequency of power switches, which causes higher
dynamic power losses [6, 7].

To obtain improved energy performance of VSI, improved
algorithms are implemented, for example, quasi-sinusoidal
output voltage with trapezoidal PWM [8, 9]. However, the dis-
advantage of this method is the lack of control of the output
voltage amplitude.

To reduce the emission of higher harmonics of the input
current, it is advisable to use the interleaving mode [10, 11].
However, this method is possible only when several inverters
are connected in parallel.
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Another promising method for increasing the energy effi-
ciency of the voltage source inverter is the use of the overmod-
ulation algorithm in PWM [ 12, 13]. Overmodulation is a mod-
ulation mode in which the peak value of the job signal exceeds
the level required to provide 100 % modulation, with the mod-
ulation coefficient k exceeding one unit. This mode allows im-
proving a number of energy parameters of VSI, as well as regu-
lating the amplitude of the output voltage.

P Amod ’
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where k is the modulation coefficient; 4mod is the amplitude
of the modulated signal of the task; Acur is the amplitude of
the carrier signal.

However, the underlying energy dependence VSI in the
overmodulation mode has not been studied, which made the
subject of this publication.

Purpose. The purpose of the study is to determine the
main energy characteristics of VSI in the overmodulation
mode, namely:

- dependence of the output power of VSI on the modula-
tion coefficient;

- dependence of the harmonic distortion index of the out-
put current on the modulation coefficient;

- dependence of the harmonic distortion index of the input
current on the modulation coefficient;

- defining dependencies of power losses in the IGBTs on
modulation coefficient for the overmodulation mode.

The results of the study of energy processes in the voltage
source inverters with sinusoidal PWM in the overmodulation
mode. To study the energy characteristics of VSI in the over-
modulation mode in the Matlab program, a simulation model
was developed. The simulation was performed with the follow-
ing parameters: power voltage: 3 KV; inductance input filter
1 mH, the capacitance of the input filter 2 MF; inductance
load 4 mH, load impedance 2 Ohms, frequency of the first
harmonic of the output voltage 50 Hz, the frequency of the

68 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2019, N° 4



reference signal in PWM is 1 kHz. A simulation model of the
voltage source inverter with the control systems under study is
shown in Fig. 1.

In the PWM overmodulation mode, the amplitude of the
sinusoidal reference signal is intentionally set higher than the
amplitude of the carrier saw-tooth signal (Fig. 2), while the
modulation coefficient k takes a value higher than one unit
(Fig. 3).

In the overmodulation mode in VSI under the same load
and power experience the following results occur:

- the amplitude of the output voltage and output current
increase;

- sinusoidality of output voltage and output current in-
creases;

- dynamic power losses in the IGBTs reduce;

- the index of harmonic distortion of the input current re-
duces.

The output voltage forms of VSI at modulation coefficients
k=1and at k =2 are shown in Fig. 4.

As shown in Fig. 4, by increasing the modulation coeffi-
cient k above one unit, the form of output voltage of VSI tends
to the output voltage form under 180-degree control. At the
same time, with an increase in the value of the modulation
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Fig. 1. The simulation model of a two-level voltage source in-
verter
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Fig. 2. Pulse width modulation in the sine PWM at k= 1
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Fig. 3. Pulse width modulation in the overmodulation at k = 2
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Fig. 4. Form of output voltage of VSI:
a—atk=1;b—atk=2

coefficient km above the amplitude unit of the first harmonics
of the output voltage and output current, they will exponen-
tially tend to the values at 180-degree control.

The dependence of the amplitude of the first harmonic of
the output current of VSI on the value of the modulation coef-
ficient is shown in Fig. 5.

The dependence of the output power in one phase of VSI
on the modulation coefficient is shown in Fig. 6.

Thus:

- the overmodulation mode allows increasing the output
power of VSI;

- the dependence of the amplitude of the first harmonic
output current and output power (Figs. 5, 6) in the overmodu-
lation mode has considerable nonlinearity when k > 1.

The analysis of the parameters of power quality of VSI in the
overmodulation mode. The overmodulation mode has a posi-
tive effect not only on the output power of the VSI, but also on
the power quality parameters [14, 15]. In the overmodulation
mode, sinusoidality of the output voltage and output current
increases. The obtained dependence of the total harmonic dis-
tortion (THD) of the output voltage on the modulation coef-
ficient k is shown in Fig. 7, a. As the value of the modulation
coefficient k increases, the value of the THD of the output
voltage will decline exponentially to the value of the total har-
monic distortion in the single modulation mode, i.e. to the
value of 31.09 %.

The dependence of the total harmonic distortion of the
output current in VSI on the modulation coefficient is shown
in Fig. 8.

As shown in Fig. 8, the THD of the output current is re-
duced to a value of 11.8 % at k = 2.1 and then begins to grow.
This point is important based on the minimization of addi-
tional power losses in the asynchronous motor from higher
harmonics.

The subsequent increase in the THD of the output current
above k = 2.1 is explained by the fact that when the modulation
coefficient increases, the content of the fifth and seventh har-
monics in the output voltage and, accordingly, in the output
current increases. Thus, it can be concluded that the use of the
overmodulation mode is advisable to the value of the modula-
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Fig. 5. Dependence of the amplitude of the first harmonic of the
output current on the modulation coefficient k
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Fig. 6. The dependence of the output power in one phase of VSI
on the modulation coefficient
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Fig. 7. The dependence of the THD:

a — of the output voltage on the modulation coefficient; b — of the
input current of VSI on the modulation coefficient

tion coefficient k < 2.1, after which there is a deterioration in
the sinusoidal output current.

Another advantage of the overmodulation mode is reduc-
tion of the input current ripple, which leads to improved elec-
tromagnetic compatibility of VSI with the supply network.
The dependence of the total harmonic distortion of the input
current of VSI on the modulation coefficient is shown in
Fig. 7, b.

Results of Fourier analysis of the output voltage, output
current and input current of VSI at £ = 1 and in the overmodu-
lation mode at k£ = 2.1 are shown in Table 1.

The definition of static and dynamic power losses of power
switches in the overmodulation mode. In the overmodulation
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Fig. 8 The dependence of the total harmonic distortion of the
output current from the modulation coefficient k

Table

Energy efficiency parameters of modulation algorithms
in two-level VSI

Energy performance of VSI PWMatk=1| PWMatk=2.1
PWM frequency, Hz 1000 1000
Amplitude of the first harmonic 1436 1825
of the output voltage, V
Amplitude of the first harmonic 709.7 901.6
of the output current, A
Full power in one phase VSI, 1186.6 1645.4
kVA
THD of the output voltage, % 67.39 44.5
THD of output current, % 14.92 11.93
THD of input current, % 70.13 21.49
Static power loss in IGBT, W 702 924.44
Dynamic power losses in 3091 1241
IGBT, W
Total power losses in IGBT, W 3793 2165.4

mode, time intervals develop in which the sinusoidal reference
signal is above a sawtooth waveform [16]. In these time inter-
vals there is no switching in IGBT switch, which leads to a
decrease in the number of switching power switches, and,
thus, reduces dynamic losses [17, 18].

Calculation of static and dynamic power losses of power
switches for the considered modulation algorithms was carried
out for IGBT-modules of the 45™ class type CM1200HG-90R
with a rated current of 1200 A manufactured by Mitsubishi
Electric. The calculation was performed in a specialized pro-
gram MelcoSim. The dependence of the power losses in the
power IGBT type CM1200HG-90R at a voltage of 3 kV DC
link and the value of the output current 710 A on the modula-
tion coefficient k is shown in Fig. 9.

Summary comparative results of calculations and modeling
of the energy performance of VSI with classical modulation at
k =1 and the overmodulation mode k£ = 2.1 are given in Table.

Conclusions. The overmodulation mode compared to clas-
sical sinusoidal PWM under the same load parameters VSI
can significantly improve the energy performance of the VSI,
namely:

- increase the output power of VSI;

- reduce the values of the total harmonic distortion of the
output voltage, output current and input current VSI;

- reduce dynamic power losses of IGBT.

For the overmodulation mode in the VSI the following de-
pendencies are defined:
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Fig. 9. The dependence of the power losses in the IGBT
CM1200HG-90R on the modulation coefficient

- dependence of the total harmonic distortion of the out-
put voltage, output current and input current on the modula-
tion coefficient;

- dependence of the amplitude of the output current and
output power on the modulation coefficient.

It is established that in the overmodulation mode the de-
pendence of the total harmonic distortion of the output cur-
rent VSI on the modulation coefficient has an extreme value,
which causes a minimum value of the total harmonic distor-
tion, which is important to reduce additional losses in the
asynchronous motor from higher harmonics.
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Merta. IligBuieHHsS BUXiZHOI IOTYXHOCTI i 3a0e3me-
YEHHSI MAaKCUMaJIbHO1 CUHYCOINATbHOCTI BUXiTHOTO CTPYMY Y
JIBOPIBHEBOMY aBTOHOMHOMY iHBEPTOpi HAIPYTU IUISIXOM
peatizallii pexXxumy rnepeMomyJIsiiii.

Meronuka. ImitaniiiHe MoOeNIOBaHHSI B CEpeAOBUILI
Matlab/Simulink aBTOHOMHOTO iHBEpTOpa HATIPYTH B PEXKM-
Mi mepemoaynsanii. Matematnuynuii anapar @yp’e-aHamizy
CITEKTpa BUXiTHOTO CTPYMY.

PesyabraTn. MoneatoBaHHsSI aBTOHOMHOTO iHBEpTOpa Ha-
MPYTU B PEXUMIi TTePEeMOMYJISALiT JO3BOJIWIIO OTPUMATU PSIIT
3aJI€XKHOCTEM:

- 3QJIEKHICTh BUXiIHOI MOTY>KHOCTI Bifl KoedilieHTa Mo-
JTYJISILT,

- 3aJIeXKHOCTI KoedillieHTiB TapMOHIYHUX CITOTBOPEHb
BUXiZHOTO CTPYMY i BUXiIHOT Hampyru Bif KoedilieHTa Mo-
JTYJISIT

- 3aJIeXHICTh Koe(illieHTa TapMOHIYHMX CIIOTBOPEHb
BXiIHOTO CTPYMY BiJ KoedillieHTa MOTYJIsIIi.

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2019, N 4 71



HayxoBa HoBM3HA. BcTaHOBJIEHO, 1110 PEXXUM MEPEMOIY-
JISILil B aBTOHOMHOMY IHBEpPTOpPi HAIpyru J03BOJISIE Y 3HA-
YHiil Mipi MiABUILUTYU BUXiAHY MOTYXHICTh i MOJIMIIUTYA CU-
HYCOIIaJIbHICTh BUXiIHOI HANpPyTd Ta BUXiTHOTO CTPYMY.
BceraHoBneHo, 1110 3ajieXXHiCTh KoedillieHTa rapMOHIYHUX
CIIOTBOPEHb BUXITHOTO CTPyMYy MAa€ €KCTPEMYM, 1110 3yMOB-
JIIOE TOYKY MAaKCUMaJIbHOI CUHYCOiTaJIbHOCTI.

IIpakTyHa 3HAYMMICTB. 3aCTOCYBaHHS PEXUMY TTEPEMO-
NyJIsiii y TBOPiBHEBOMY aBTOHOMHOMY iHBEPTOpPi HANpyru
JIO3BOJIUTH 3a0e3MeUYnTH MaKCUMAaJlbHY CUHYCOIIaIbHICTh
BUXIZIHOTO CTpyMy W MiHiMi3yBaTu JIOAATKOBi BTpaTW B Ha-
BaHTaXXeHHI Bill BULIIMX TapMOHiK. KpiM 11boro, pexxum rnepe-
MOMYJISILT JO3BOJIMTh 3HAYHO 3HU3UTU PiBEHb €MicCii BULIIUX
TapMOHIK CTPYMY B Mepexy XKubiieHHs. [IpakTuuHe 3actocy-
BaHHS PeXUMY MTepeMOYJIsLIii 3MiliCHEHO B TIepeTBOpIoBaYax
yactotu TOB ,,BO OBEH*.

KunrouoBi cioBa: asmonomuuil ingepmop Hanpyeu, 2apmMoHi-
Ku, OuHamiuni empamu, Koegiyienm modyaayii, nepemooyis-
yis, enepeoeghekmugHicmo
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ean. IToBblllIeHWe BBIXOAHONM MOLIHOCTH U obecrieye-
HUE MaKCUMAaJIbHOM CMHYCOMIATbHOCTH BBIXOJHOTO TOKa B

JIByXyPOBHEBOM aBTOHOMHOM WMHBEPTOPE HAIPSDKEHUS ITy-
TEM pealn3aluy peXXrMa MepeMOIyISIINN.

Mertoauka. MMUTallMOHHOE MOICIMPOBAHUE B Cpele
Matlab/Simulink aBTOHOMHOTO WMHBEPTOpa HAaINpsSDKEHUS B
pexuMe TepeMonyssinuu. MaTteMatudeckuii ammapar ®y-
pbe-aHajn3a CreKTpa BHIXOJIHOTO TOKA.

PesynbTaTel. MogenupoBaHre aBTOHOMHOTO MHBEPTOPa
HAIPSDKEHUST B PEXUME TIePEeMOIYIISILIUK TTO3BOJIMIO TIOJTY-
YUTH PSIJT 3aBUCUMOCTEI:

- 3aBUCUMOCTb BBIXOJHOM MOILLIHOCTH OT KO3 dUIIMEeHTa
MOIYJISILINY;

- 3aBUCUMOCTHM KO3((ULIMEHTOB rapMOHUYECKUX MCKa-
SKEHUI BBIXOTHOTO TOKAa M BBIXOJHOTO HAIPSTDKEHUs OT KO-
a¢pbULeHTa MOAYJISALINH;

- 3aBUCUMOCTb K02 DUITMeHTa TApMOHMYECKIX UCKaXKe-
HUIi BXOJIHOTO TOKa OT KO3(h(hULIMEHTAa MOAYISILIUHN.

Hayynas HoBM3HA. YCTaHOBJIEHO, UTO PEXUM MEPEMOJLY -
JISILIUY B aBTOHOMHOM MHBEPTOPE HAIPSKEHUST TO3BOJISIET B
3HAYUTENILHON CTETIEHW TIOBBICUTH BBIXOTHYIO MOIIIHOCTH 1
YAYYIIATh CUHYCOUAATBHOCTh BBIXOIHOTO HAIPSIKEHUS U
BBIXOJTHOTO TOKA. YCTaHOBJIEHO, UTO 3aBUCUMOCTb KO3 du-
LIMEHTA TADMOHUYECKUX UCKAXXKEHU I BBIXOJHOTO TOKA UMEET
SKCTPEMYM, OOYCIIaBIMBAIONINI TOYKY MaKCUMAaJbHOU CH-
HYCOMIATbHOCTH.

IIpakTuyeckas 3HAYMMOCTb. [IprMeHeHUe pexuMa Tiepe-
MOJIYJISILIMY B IBYXyPOBHEBOM aBTOHOMHOM MHBEPTOpPE HAITpsi-
JKEHMSI TTO3BOJIUT O0ECTIEYNTh MaKCUMAIbHYIO CUHYCOMIAb-
HOCTb BBIXOTHOTO TOKA U MMHUMU3UPOBATh JOMOJTHUTEIbHbIE
MOTepH B HArpy3Ke OT BBICIIMX rapMOHMK. Kpome atoro, pe-
SKUM TIEPEMOYJISIIUK TIO3BOJIUT 3HAYUTEIbHO CHU3UTh YPO-
BEHb MUCCHUM BBICIIMX FAPMOHUK TOKA B MUTAIOLIYIO CETh.
[MpakTnueckoe MpPUMEHEHHE DPEXUMa TMEPeMOIYISILIMUA OCy-
IIECTBJICHO B TIpeoOpazoBaresissx yactotel OO0 ,,BO OBEH®.

KaroueBbie c10Ba: asmoHOMHbIIL UHEEPMOP HANPSNCEHUS.,
2aPMOHUKU, OUHaAMU4ecKue nomepu, Kodp@uuuenm mooyas-
yuu, nepemooyaayus, IHepeo3IPPHeKmusHoOCmb

Pexomendosano 0o nybaikayii 0okm. mexH. HAYK
0. C. Kpawenininum. Jlama naoxooxcenns pykonucy 28.07.18.

72 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2019, N° 4



