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The article discusses the issues of sinusoidal pulse-frequency modulation in au-
tonomous voltage inverters instead of sinusoidal pulse-width modulation. Analytical
expressions describing static and dynamic power losses in power semiconductor diodes
and transistors are also given. It is shown that the use of the method of frequency-pulse
modulation will reduce dynamic losses in semiconductor switches.
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Introduction

Conversion of DC voltage to AC voltage can be carried out using an inverter made on
transistor modules IGBT [1]. One of the simplest converters of this type is a three-phase
two-level autonomous voltage inverter (AVI) with pulse-width modulation (PWM) [2, 3], the
scheme of which is presented in Fig. [1}
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Fig. 1. Three-phase AVI circuit with PWM or PFM modulation
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Fig. 2. Diagrams of pulse-frequency modulation formation

Pulse-frequency modulation is a type of modulation where the pulse width of the t; re-
mains constant and only the pause time changes t,. Voltage generation diagrams shows in
Fig. |2/ for controlling semiconductor inverter switches by pulse-frequency modulation (PFM).
The sinusoidal signal U(t), which has undergone frequency-pulse modulation, will be repre-
sented by a sequence of pulses of the same duration ¢;, the width of the pause ¢, between
which will change with the change in the amplitude of U(t) [4H7].

1. Calculation of power losses in AVI

Power losses during switching of the IGBT transistor for the specified forms of current and
voltage signals are divided into three parts, as shown in Fig. [3] Total energy losses include
static and switching losses in the IGBT transistor and in the reverse diode . Static losses
of IGBT transistors and diodes occur when the state is on. This P.,,4 10ss can be calculated
as the product of collector current and collector-emitter voltage according to formula (1))

to
Pcond.im; = /(Uce(Ic)Ic>dt7 (1)
t1

where I. — collector current; U, — collector-emitter voltage. Dynamic losses in IGBT
transistors occur during the transition from one steady state to another in Fig. [3] when
switching from the off state to the included state and vice versa [9-13]. Power losses when
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Fig. 3. IGBT transistor switching process: turn on energy loss; turn off energy loss; conduction loss
(static losses in the included state); t1-¢2 — power-on interval, t2—t3 — on state interval, t3—t4 —
shutdown interval
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switching the device may vary depending on current, voltage, gate resistance and transition
temperature [3].
The value of the average power of switching losses is determined by formulas or :

Psw.im) = [Eon<jc) + Eoff([c)] fa (2)

to tq

Prasinn = [0+ [ (L0t 3)

t1 ts

where E,,(I.) is the energy at switching on, which depends on the amount of collector
current; E,f¢(I.) — energy when turned off, which also depends on the value of the collector
current; f — switching frequency.

Total losses in AVI can be determined by the expression :

PAVI - Pcon. inv T Psw. nvy (4)

where P4y — power loss in AVI; P, i, — static power loss in the transistor and in the
reverse diode; Py, iny — switching power losses in the IGBT transistor and in the reverse
diode.

AVI switching losses make a significant contribution to total losses. To assess the effi-
ciency of the AVI and the reliability of its design, it is necessary to accurately calculate the
switching losses.

2. Mathematical simulation of AVI with PWM and PFM

In the MATLABR2019 environment, using blocks from the Simulink library 15], the
AVI scheme with PFM is simulated, which is shown in Fig. . In the work 8] the losses in
AVI with PWM modulation are modelled and shown.
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Fig. 4. Model AVI with PFM in MATLAB environment
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Fig. 5. Model AVI with PFM in MATLAB environment
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Fig. 7. Simulation result: output currents AVI with PFM
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Three-phase output current: la, Ib, lc.
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Fig. 8. Simulation result: output currents AVI with PWM

The model in Fig. [ contains the following units: a unit of an autonomous three-phase
bridge voltage inverter on six IGBT/Diode modules (VT1/VD1-VT6/VD6); PFM control
system unit; automatic calculation unit for losses in the inverter (FS15R06XE1); load block
(Yn, Lh); set of measuring instruments.

The model of the control system with sinusoidal PFM is shown in Fig.

Time diagrams of the control system in Fig. 5] are shown in the Fig. [fl In PFM, the
pulse duration remains constant, and the pulse repetition periods are variable and change
according to the sinusoidal law.

Figures [7] and [§ show current diagrams in AVI with PFM and PWM.

3. Automatic calculation unit for losses in inverter

Currently, there are various methods for calculating losses in IGBT transistors that use rather
complex formulas using numerous parameters. Consequently, these methods of calculation
are not easy to implement in practice. In this article, the losses in the AVI are determined by
the method of computer modelling, in which graphs of energy dependencies of semiconductor
diodes and transistors were used.
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Fig. 9. Saturation voltage collector-emitter tran- Fig. 10. Power switching characteristics of
sistor type FS15R06XE3 FS15R06XE3 power transistor
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The approximation method defines the mathematical functions that most accurately
describe the graphs of energy dependencies [9, |11, 12] Use(1.), Ur(IFr), Eom(l:), Eors(Le),
E.ec(I.). Energy graphs of the dependencies Us.(I.), Eon(l:), Eors(I.) are taken from the
documentation for semiconductor diodes and transistors and after approximation are shown
in Fig. [9 and [I0] Using this calculation method, it is possible to determine static and
dynamic losses in IGBT-transistors and reverse diodes [§] AVI, as well as to quantify the
efficiency of the converter in general.

After approximation of power loss graphs of IGBT-transistor module type FS15R06XES3
the following equations —@D are obtained:

Ucp(l,) = —102775(1./100)° + 98467(1,./100)° — 36327(1./100)* 4 6505.8(1,/100)>—

—590.76(1./100)? + 32.772(1./100) + 0.3152, (5)
Ur(Ir) = —72672(1r/100)* + 71308(1/100)® — 2722(1r/100)* + 5043.3(15/100)*—
—481.84(1r/100)* 4 27.018(1r/100) + 0.4514, (6)

E,n(1.) = 4.8894(1,/100)*+7.982(1./100)*+0.0715(1./100)?4-1.8573(1./100) +0.0486, (7)
E,s¢(I.) = —15.198(1./100)* 4 16.984(1./100)* — 8.0363(1./100)*+

+3.6428(1./100) + 0.0456, (8)

Eree(Ir) = 5.4932(1r/100)* — 5.7025(1r/100)? + 2.6764(1r/100) + 0.0792. (9)

The obtained mathematical dependencies —@D accurately describe the energy graphs
of power losses in IGBT /Diode of AVI modules.

To calculate the static and dynamic power losses of the IGBT transistor, the voltage and
current of the transistor are used.

Figure [11] shows the unit for calculating static and dynamic power losses of the reverse
diode IGBT/Diode module type FS15R06XE3.

Figure [12[shows the block for calculating static and dynamic losses IGBT /Diode module
type FS15R06XES.
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Fig. 12. Block for calculating losses IGBT/Diode module type FS15R06XE3
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The results of modelling static and dynamic power losses of the IGBT /Diode module
type FS15R06XE3 are shown in Fig. and [14 To simulate dynamic losses, a modelling
method with a constant calculation step is used [8, [10} [11].
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Fig. 13. Results of simulation of static losses of FS15R06XE3 module at PFM
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Fig. 14. Dynamic loss simulation results of FS15R06XE3 module at PFM
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4. Comparison of losses in AVI with PWM and PFM

The analysis of losses obtained when simulation AVI schemes with PWM and PFM at
a maximum frequency of f.x = 8 kHz is given. The obtained diagrams of the output pulse
voltage AVI with PFM showed that the modulation frequency at the edges of the half-periods
of the output pulse voltage is about two times less than in the middle of the half-times of
the output pulse voltage. This leads to a decrease in dynamic losses in transistors AVI with
PEM compared to AVI with PWM by 21.4 %, because the power of dynamic losses is directly
proportional to the modulation frequency.

Conclusion

The article presents the method of mathematical simulation of AVI with PFM and PWM.
A model of AVI with sinusoidal PFM, which is set by analog-digital method, has been
developed. The above diagrams of the autonomous voltage inverter with PFM show that
the modulation frequency at the edges of the half-periods of the output pulse voltage is two
times less than in the middle of the half-times of the output pulse voltage. As a result,
the dynamic losses in the IGBT modules of the autonomous voltage inverter with PFM will
be significantly lower than in a similar scheme with PWM. To calculate the power losses
of IGBT transistors by the method of polynomial approximation, mathematical equations
describing the graphs of the dependencies Us.(I.), Ur(Ir), Eon(1.), Eorf(lc), Erec(1.) are
determined. The obtained mathematical equations accurately describe the graphs of power
losses. The use of PFM allows to reduce dynamic losses by 21 % and increase the efficiency

of AVL.

References

[1] Dunaev M.P., Dovudov S.U. Simulation of a single-phase two-level autonomous voltage
inverter with pulse frequency modulation. Proceedings of the Information and Mathematical
Technologies in Science and Management. 2020; (2):134-143. DOI:10.38028/ESI.2020.18.2.011.

[2] Dunaev M.P., Dovudov S.U., Arshinskiy L.V. Energy characteristics the autonomous
voltage inverter with the pulse-frequency modulation. Proceedings of the International Multi-
Conference on Industrial Engineering and Modern Technologies, FarEastCon’2020. Vladivos-
tok, Russia, 2020: 1-5. DOI:10.1109/FarEastCon50210.2020.9271151.

[3] Dunaev M.P. Power electronic converters in power plants. Irkutsk: IRNITU Publ.; 2016: 116.

Pronin M.V., Vorontsov A.G. Power turn-off semiconductor converters. Saint Petersburg:
Elektrosila Publ.; 2003: 12-13.

[5) Dovudov S.U., Dunaev M.P. Analysis of energy indicators of pulse con-
verters. Bulletin of Irkutsk State Technical University. 2020; (2):345-355.
DOI:10.21285/1814-3520-2020-2-345-355.

[6] Dunaev M.P., Dovudov S.U. Simulation of the frequency-pulse converter circuit. Proceed-
ings of the Information and Mathematical Technologies in Science and Management. 2019;
(3):144-152. DOI:10.25729/2413-0133-2019-3-13.

[7] Ertan H.B., Simsir N.B. Comparison of PWM and PFM induction drives regarding audible
noise and vibration for household applications. IEEE Transactions on Industry Applications.
2004; (6):1621-1628. DOI:10.1109/TTA.2004.836316.

[8] Dunaev M.P., Dovudov S.U. Simulation of power losses in a frequency inverter. Elec-
trotechnical Systems and Complexes. 2021; (2):45-51.

=



Simulation of losses in autonomous inverter circuits . . . 13

[9] Nakaoka M., Saha B., Mun S.P., Mishima T., Kwon S.K. Pulse width
and pulse frequency modulation pattern controlled active clamp. Proceedings of the
33rd Annual Conference of the IEEE Industrial Electronics Society. 2007: 1968-1971.
DOI:10.1109/TECON.2007.4460148.

[10] Dunaev M.P., Dovudov S.U. Comparing the energy performance of pulsed DC converters
according to the results of computer simulation. Electrotechnical Systems and Complexes.
2021; (1):35-41.

[11] Plakhtii O.A., Nerubatskyi V.P., Hordiienko D.A., Khoruzhevskyi H.A. Calculation
of static and dynamic losses in power IGBT transistors by polynomial approximation of basic
energy characteristics. Bulletin of Kharkov National Technical University. 2020; (2):82-88.
DOI:10.33271 /nvngu/2020-82.

[12] Bouzida A., Abdelli R., Ouadah M. Calculation of IGBT power losses and junction
temperature in inverter drive. Proceedings of the 8th International Conference on Modelling,
Identification and Control (ICMIC). 2016; 768-773. DOI1:10.1109/ICMIC.2016.7804216.

[13] Hanini W., Ayadi M. Comparison of IGBT switching losses modeling based on the datasheet
and an experimental study. Proceedings of the 19th International Conference on Sciences
and Techniques of Automatic Control and Computer Engineering (STA). 2019: 382-387.
DOI:10.1109/STA.2019.8717219.

[14] Dyakonov V.P. MATLAB and Simulink for a radio engineer. Moscow: DMK Press; 2011: 976.

[15] Chernykh I.V. Simulation of electrical devices in MATLAB. SimPowerSystems and Simulink.
Moscow: DMK Press; 2008: 288.

Beraucamrensuele Texuonornm, 2022, Tom 27, Ne 5, ¢. 5-13. () OUII BT, 2022 ISSN 1560-7534
Computational Technologies, 2022, vol. 27, no. 5, pp. 5-13. © FRC ICT, 2022 elSSN 2313-691X

MATEMATUYECKOE MOJAEJIMPOBAHNE

DOI:10.25743/ICT.2022.27.5.002
MogenunpoBanue morepb B aBTOHOMHBIX MHBEPTOPHBIX CXeMaX C NIMPOTHO-
U YaCTOTHO-UMITYJIbCHON MOZyJisanueii

M. II. Ayuaes'*, C.¥. Josynos!, JI. B. APIIMHCKHII?

pkyTckuil HAMOHATBLHBIN MCCIEI0BATEILCKII TeXHIUecKnH yanBepentet, 664074, UpkyTck,

Poccua
2MpkyTcKuit TOCYAapCTBeHHbBIH yHIBepCHTeT myTeii coobmienus, 664074, Upkyrck, Poccust

*Kountakrabiit aprop: lynaes Muxann [lasiosud, e-mail: mdunaev10@mail .ru
Hocmynuaa 08 urona 2022 e., npunama 6 newamsd 30 uona 2022 e.

Annorarus

PaccMoTpenbl BONIPOCH! CHHYCOUIAIBHON YaCTOTHO-UMITY/IECHON MOJIYJIAIUNA B ABTOHOMHBIX WH-
BEPTOPAX HANPSKEHUS B3AMEH CHHYCOUTAJILHON MUPOTHO-UMITYIBLCHON Momydaiuu. [lpuBemensr
AHAINTHIECKUE BBIPAYKEHN s, OTTACHIBAOIIIE CTATHIECKNE U TUHAMATECKNE TTOTEPH MOIIHOCTH B CH-
JIOBBIX TIOJIYIIPOBOMHUKOBBIX AM0MaX W Tpan3ucropax. llokazawo, ¥To MCIONB30BaHIE METOA Ua-
CTOTHO-UMTTYJIHCHOW MOAYIANNN TIO3BOJUT CHU3UTH AWHAMWIECKUE TTOTEPH B TOTYTPOBOTHUKOBBIX
MEPEKITI0YUATEIAX.

Katouesvie ca06a: aBTOHOMHBIN WHBEPTOD HANPSIKEHN S, TACTOTHO-MMITYABCHAS MOYIATINS, MO-
JleTUPOBaHNe, TTOTEPH.

Humuposanue: ynaes M.IL., Jlosynos C.V., Apmmackuii JI.B. Monenuposanne noTepb B aBTO-
HOMHBIX HHBEPTOPHBIX CXEMaX C IMMUPOTHO- U 9aCTOTHO-UMITYILCHON MOy, Boraucinrensube
rexrosioruu. 2022; 27(5):5-13. DOI:10.25743 /ICT.2022.27.5.002. (na aHrauicKoM)
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