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Excitation of the resonant loads with the multi-vector synthesized si-
nusoidal voltage decreases conduction losses and improves reliability

A method of DC/AC conversion based on the
multi-vector synthesis of the sinusoidal voltage with
the sequential elimination of unwanted harmonics
in the output voltage and current resulting in lower
power dissipation especially for the resonant loads
is discussed. Simulation results of the standard
50% duty cycle operation approach and the pro-
posed multi-vector topology are compared and
linked to the temperature related characteristics of
the MOSFET switches and resulting life expec-
tancy of the DC/AC inverter. Ref.12, Figs. 6, tab. 1.
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Introduction

Continuous efforts to increase efficiency of the
power generating and converting systems and
modules are pushed not only by the growing cost
of the energy but also by other considerations such
as the reliability depending on the components op-
erating temperature. According to the Arrhenius
law which is applicable to the electronic compo-
nents [3] every 10°C increase of the operation
temperature decreases component life expectancy
in half.

Power components losses generate heat which
becomes a significant problem especially in the
space constrained high temperature operating
equipment [8]. For the industrial frequency opera-
tion any type of the existing power switches such
as thyristors, GTO, IGBT or bipolar transistors may
be used, but for the frequencies over 100kHz
MOSFETSs are the preferable ones.

MOSFET switch losses include two main com-
ponents — switching and conduction. While the
switching losses may be significantly reduced by
using ZVS/ZCS modes of operation the conduction
losses may be the biggest source of heat to be
dealt with. MOSFET conduction losses are propor-
tional to the channel resistivity Ryqson and RMS cur-
rent. Early paper on the dependency of Ry, ON die
temperature found an additional dependency upon
the drain current [5]. Results of the more extensive

research covering temperature range up to 200C
and drain current effect (Fig. 1) are provided in [9]
and [10].
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Fig. 1. Normalized Rgson Vs. temperature and drain
current [10]

The normalized changes of Ryson sShown on Fig.
1 vs. two parameters - the die temperature T and
the drain current | may be described as following

/
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where |t is a test current from the datasheet,
while parameters a, b and c are found following the
standard fitting procedure to maximize the correla-
tion factor based on the manufacturer datasheet [2]
and some experimental points [10].

The same drain current produces 3 to 5 times
more power at 200C compare to 25C and with poor
thermal management it can trigger a thermal run-
away ending in the catastrophic failure or at least it
decreases total inverter reliability and its expected
life time [3].

For the special high temperature equipment
operating in the ambient temperature range 150C
to 175C with very narrow margin for the tempera-
ture rise providing a heat flow from the power com-
ponent to the ambient every watt of dissipated
power is critical. Any sound attempt is welcomed to
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decrease the power dissipation per each MOSFET.
Use of multiple switches connected in parallel to
share both current and dissipated power is a com-
mon practice.

This paper describes an approach based on
the multi-vector sine wave synthesis providing se-
lective cancelling of the higher harmonics in the
output voltage of DC/AC convertor and significantly
reducing related to the higher harmonics power
dissipation while operating with the resonant loads.

1. Switch mode inverter operation with the
resonant load

High efficiency DC/AC converters operating
with the resonant loads include the switch mode
stages (PWM Inverter) and a series filter between
the output of the inverter and a resonant load as
shown on Fig. 4. The inverter output voltage
usually has a negligible switching time compared to
the period of the output operating frequency. To
produce maximum power a square wave 50% duty
cycle voltage is generated containing only odd
harmonics with the amplitudes Vn defined by
Fourier equation [6] where n is a harmonic number
and ¢ is a half-width of the rectangular pulse with
the amplitude Vq

4
V, =V Esm(ngo) (2)

Useful is only the fundamental harmonic
producing output voltage at the resonant load while
the rest of harmonics generate currents which are
simply shorted to the ground. High harmonic
currents in some cases may exceed the
fundamental one and they may produce a
significant heat in the power components. A series
output filter Lf, Cf tuned to the fundamental fre-
quency limits high harmonic currents. Filter
optimization is always a delicate balance between
the filter bandwidth allowing fast changing
(modulation) of the output voltage (Lf minimized)
and high harmonics currents limiting (Lf
maximized).

2. Harmonic cancellation using phase shifted
vectors

Classic problem with the third harmonic
cancellation for the electrical motors has a simple
solution - two 60° shifted voltages cancel third
harmonic [6]. Other methods include multiple
switch mode inverters combining their output

voltages with different amplitudes or frequencies
[1], [4], [6]. Discussed multi-vector approach allows
cancelling of multiple unwanted harmonics by
combining the same amplitude and frequency 50%
duty cycle phase shifted voltages forming a quazi-
sinusoidal voltage [11] as shown of Fig. 2.
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Fig. 2. Inverter topology cancelling 3 (B) and 5 (C)
harmonics [11]

Resulting combined output voltages to form a
sinusoidal signal at the load are shown on Fig. 3.
Marker A refers to the original 50% duty cycle
voltage at the output of each inverter, B refers to
the voltage without 3™ harmonic and C refers to the
voltage without 3™ and 5™ harmonics. Sine voltage
is restored at the load.
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Fig. 3. Original 50% duty cycle inverter output signal
A, modified inverter with cancelled 3" harmonic B
and inverter with cancelled 3™ and 5" harmonics C

3. Simulation Results and Discussion

Simulated schematic shown on Fig. 4 is
configured to produce A, B or C output voltages
(Fig. 3) depending on the control signals phase
shifts between the half-bridge output stages
following Fig. 2 diagram.
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MOSFET switches conduction losses are
calculated based on series resistors 0.1ohm
representing Rdson of used IPW90R120 at 25C die
temperature or 0.3ohm for 175C according to Fig.
1. MOSFET temperature rise due to the conduction
losses is based on the known die to ambient
thermal resistance 5C/W. Resulting life expectancy
decrease is shown in Table 1.

Due to different content of the first harmonic
the output transformers turns ratio is adjusted for
each configuration to provide 1000Vp at the load
while operating from 600V bus voltage [8], [11].
Resulting filter current is shown on Fig. 5.

T T T T 1
4503ms 4.504ms 4,505ms 4,506ms 4.507ms

T
4.502ms

T
4501 ms

Fig. 5. Secondary windings (series filter) currents for
A, B, C configurations

Tables 1.

Schematic configuration A B C
Output voltage, Vpeak 1000 1000 1000
Output transformer ratio 2x0.642 |2x0.751 |2x0.791
Relative output transformer ratio 1 1.17 1.23
Filter current, A peak 22.7 9.6 5.06
Filter current, A rms 8.22 3.33 2.1
Switch current, A rms 5.31 2.61 1.79
Switch power dissipation for Rdson 0.1ohm @ 25C 1.41 0.34 0.16
Switch power dissipation for Rdson 0.3ohm @ 175C| 4.22 1.02 0.48
Temperature rise for Rth 5C/W @ 175C 211 5.1 2.4
Life expectancy decrease compare to 175C, times 4.3 1.4 1.2

The output transformer ratio is corrected to
compensate first harmonic change.
4. Amplitude control

Synthesized sine voltage is proportional to DC
bus voltage feeding inverters. To regulate load

voltage from zero to the maximum without affecting
low harmonic content two synthesized identical
voltages with symmetrical phase shift should be
combined following the Chireix outphasing method
[71, [11], [12] as shown on Fig. 6.
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Fig. 6. Multi-vector outphasing topology with regulated output voltage [11]

Conclusions

In this paper a multivector method of sine volt-
age synthesis is analyzed for operation with the
high Q resonant loads based on LTSpice simula-
tion of different inverter topologies including the
same 8 MOSFET switches. The sequential cancel-
lation of the higher harmonics significantly reduces
the power dissipation per MOSFET and increases
reliability and life expectancy especially at high
ambient temperature of 175C up to 4 times accord-
ing to Arrhenius law.
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30ymaKeHHA pe30HaHCHOI Harpy3Kku CUHYCOifAaribHOK Hanpyrow CUH-
Te30BaHOK 6araToBeKTOPHUM METOAOM 3HWXKYE BTpaTH i nigBuLlye
HaAinHIiCcTb

lNokasaHo riepesazy 3acmocysaHHs1 bazamogeKkmopHo20 Memody cupme3dy CuHycoidanbHOI Harpyau
3 1o0aesrieHHAM 8ULUYUX 2apMOHIK rpu pobomi Ha pe3oHaHCHY Hagpy3Ky. [s nepemeoprogadis rnpauyroro-
qux ripu dyxe sucokili memnepamypi (175C) suzpaw 8 o4ikyeaHOM 4Yaci xumms mMoxe bymu 3 — 4 pasu
3a npasusiom ApeHiyca npu mil camill KinbKocmi cunnogux mpaHsucmopis. bion. 12, puc. 6, Tabn. 1.

Knio4voBi cnoBa: empamu nposiOHOCMI, nepemeopeHHs Harpyau rocmitiHo2o cmpyMmy 8 3MiHuU,
8UWi 2apMOHUKU, 6bazamoeeKkmopHuUl Memo0d CUHMEe3y, pe30HaHCHa Hagpy3ka, CUHycoifarnbHa Harpyea,
gucoKomemriepamypHi xapakmepucmuku rosibo08UX mpaH3ucmopis.
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Bo306yxaeHue pe3oHaHCHOW Harpy3ku CMHycouaanbHbIM Hanps)XXeHu-
€M CUHTEe3UPOBaHHbIM MHOIFOBEKTOPHbLIM METOAOM CHMXaeT noTepwu
NPoOBOAMMOCTU U YBeNnn4YMBaeT HaAeXHOCTb

lNoka3aHO npeuMywecmeo Ucroib308aHUe MHO208EKMOPHO20 Memoda CuHme3a CUHycoudasibHO20
HanpsikeHUs1 ¢ nodaesrieHUeM 8bICLIUX 2apMOHUK rpu pabome Ha pe30HaHCHYK Ha2py3Ky. [ns npeobpa-
308amersiell pabomarowjux npu o4eHb 8bICOKUX memrepamypax (175C) ebiugpbil 8 oxudaeMoMm epeme-
HU XU3HU Moxem docmueamb 3 — 4 pa3a ro npasuny AppeHuyca rnpu mom Xe Ko/u4ecmee Ucrosib3ye-
MbIX CuU08bIX mMpaH3ucmopos. bubn. 12, puc. 6, Tabn. 1.

KnioueBble cnoBa: nomepu rposodumocmu, rpeobpasosaHue MOCMOSHHO20 HarpsKeHUsl 8 rnepe-
MEHHOe, 8bicliue 2apMOHUKU, MHOZ208€EKIMOPHbLIU Memod cuHme3a, pe30oHaHCHasi Hazpy3ka, CUHYCOU-
OarnbHoe HarnpsKeHuUe, 8bICOKOMeMepamypHbIe XxapakmepucmuKu rMoJieebix mpaH3ucmopos.
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