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Introduction

At the moment the development of power electronics
equipments is focused on high component density
approach [1, 2]. This allows decreasing the dimensions and
weight and improving the cost-effectiveness. The
frequency converter for control of AC induction motors is
one of the most promising power electronics equipment
that has the constantly increasing market [3]. Inverter,
which converts the DC voltage into variable frequency
variable amplitude three phases AC voltage, is the main
and most expensive part of the frequency converter. The
three-leg voltage source inverter, which contains six
switches, usually is used in frequency converters [4]. The
IGBT transistors shunted by the free-wheeling diodes are
commonly used as switches. They commute the windings
of motor, therefore, conduct relatively high current in
circuits with relatively high voltage. Since transistor is not
ideal switch, there is some voltage drop across the open
transistor, i.e. it produces so-called conducting losses.
During the transient caused by switching of transistor both,
transistor current and voltage drop across the transistor
become high and the switching losses are generated. The
transistor chip temperature must not exceed limiting value
for reliable operation of inverter transistors, therefore, the
power losses analysis and determination of means for their
reduction is essential in the design of frequency converters.

The power losses in inverter are determined not only
by the parameters of transistors used as switches but by the
output voltage modulation method as well. Nowadays the
methods based on the Space Vector Modulation (SVM) [5]
are used commonly. The technique and results of
investigation of power losses in inverter for case when
proposed Space Vector Pulse Frequency Modulation
(SVPFM) method with averaged pulse lengths was
employed are presented in this work. The obtained results
were compared with the results gained for commonly used
conventional SVPFM method [5]. It is shown that
suggested SVPFM method allows us to decrease the power
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losses in inverter as compared to conventional SVPFM
method. The investigation was performed according the
High-tech Development Program project dedicated to
development of frequency converters for control of AC
induction motor fan drives of advanced energy-saving
industrial ventilation systems.

The inverter output voltage formation method

Let us remind the main principles of Space Vector
Modulation (SVM) method [5, 6]. The switches in each leg
of inverter (Fig. 1a) must work in opposite phase in this
method, i.e. if the top switch of the leg is in state “On”, the
bottom switch must be in state “Off” and vice versa.
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Fig. 1. Inverter with the connected motor (a) and hexagonal
diagram, which presents the SVM principle (b)

The inverter has 8 states in such a situation. States
(0,0,0) (all three bottom switches are in state “On”’) and
(1,1,1) (all upper switches are in state “On”) are zero
states. The remaining 6 states are base states and
correspond with the apexes of hexagon in Fig. 1b. Vector



U, presents the voltage generated by inverter: its length
corresponds with amplitude of the first harmonic A;, angle
@ - with angle relative to initial point of period. Depending
on the @ value, U, can be inside of one of the six sectors
and is formed by two closest base vectors (Uygg and Uyyg
in Fig.1b) and zero vectors. The time periods T1(6) and
T,(6), at which are active base vectors Ujgy and Uy,
respectively, determine the value of @. They are calculated
using following expressions: Ty (6) = T, m sin (73 - ),
T2(0) =T, m sin(6), where T, = 1/f; is period of carrier
signal, which determines the discreetness of ¢ change, 6is
angle between the first base vector and U, (€ matches
with ¢ in Fig. 1b) and m is modulation index. The zero
vectors work within time period To(6) =T, - T1(6) - T2(6).
The usage of different zero vectors gives different
algorithms of inverter switches commutation. The
frequency of the first harmonic of generated voltage, which
determines the rotation speed of motor supplied by
inverter, is called phase frequency (f,), the frequency of
carrier signal — carrier frequency (f¢). The m modulates the
length of vector U, (modulates the amplitude of the first
harmonic of the generated voltage A;). The m value is
changed from value, which is close to zero (at low phase
frequency f,), to value m=1 at nominal phase frequency f,
= foom (usually from =50 Hz). The linear control of A, at
which ratio Ai/ f, is constant, allows keeping constant
motor torque. In such a situation m = f; / fyom. The linear
control law of A; is used in case when motor load torque is
independent of rotation speed. In case when motor is
applied for fan and pump drives the load torque decreases
when rotation speed decreases, therefore, the law of
control with decreased A, at which m<f, / f,on, can be
used.

One of the peculiarities of the developed SVPFM
method with averaged pulse lengths, as compared to the
conventional SVPFM method, which is based on the
traditional ideas of SVM, is fact that base vector activity
periods are calculated on basis of trigonometric function
integrals [7]

6+A60
Ti(0, A0)=(Tcm /A0) [ sin(z/3-x)dx ,

(1
T2(6, AG)=(Tcm /A6) | sin(x)dx .

[

The base vectors activity periods in this method are
fit not to initial angle 6, as it is in conventional SVPFM,
but to interval [0, € +460 ]. The investigation shows that
using of pulses with averagedd lengths allows improving
the initial part of voltage spectrum (Fig 2).

The ratio f. /f, = M is constant in SVPFM methods,
because of this , A@ =2 z/ M is constant as well and the
values of integrals can be calculated in advance. This fact
allows us simplify the formation of control signals for
inverter switches.

In parallel with the averaged pulse length in the
proposed SVPFM method the switch commutation
algorithm, which allows us to minimize the number of
switching of inverter switches (Fig. 3) and avoid
commutations at maximal phase current, is employed. This
allows reduction the switching losses in inverter.
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Fig. 2. The spectrum of the voltage generated by SVPFM with
averaged pulse lengths and conventional SVPFM methods at f,
= fom and M=96

Phase A
i Phase B i
! —
_'i__ul—.l Phase C i
i@i T‘JUD i@: T111 :h: T‘JUD i Tﬁ}i T111 :
2 2 2 2 |
) T. 0 T. it

Fig. 3. The switch commutation algorithm with the minimized
number of switching for the first sector (high level in the diagram
corresponds to the state 1 of the appropriate leg, low — to the state
0)

Investigation of inverter power losses

The power losses in inverter, which is used in
frequency converter, were investigated experimentally. The
inverter was based on six separate IGBT transistors, which
were mounted on the heat sink. The direct measurement of
inverter power losses is complicated and not accurate,
therefore, they were evaluated indirectly by measurement of
heat sink temperature. The inverter supplied the 4 kW AC
induction motor loaded mechanically. The temperature of
inverter heat sink was investigated for cases when output
voltage was formed using SVPFM method with averaged
pulse lengths and conventional SVPFM method. The results
were obtained at f, =48 Hz , f; =4.6 kHz, and f, =25 Hz,
fc = 2.4 kHz . The investigation was performed at nominal
13 Nm and decreased 6.5 Nm motor load torque (M). The
temperature measurement was provided using Dallas
Semiconductor digital thermometers DS18B20 with the
maximal measurement error +0.2 °C.

The obtained results are given in Figs. 4, 5 and 7. They
present the transients of heat sink temperature (Tp) in
respect to ambient temperature (T,) at various f,, f¢, A; and
M. It is seen that employment of SVPFM method with
averaged pulse lengths allows us to reduce the heat sink
temperature (reduce the power losses in inverter), as
compared to the case when conventional SVPFM is used.
This happens because the switches of the appropriate
inverter leg are not commuted in the proposed SVPFM
method during the time periods, which correspond to the



maximal phase current provided by this leg (Fig. 6).
Therefore, the switching losses in inverter decrease.

Additional reduction of power losses in inverter using
SWPFM method with the average pulse length is caused
by the low harmonic content in the initial part of voltage
spectrum (Fig.2).
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Fig. 4. The transients of inverter heat sink temperature in respect
to ambient temperature for case when voltage is formed using
SVPFM method with averaged pulse lengths (square dots) and
conventional SVPFM method (round dots) at nominal motor load
torque for various phase and carrier frequencies and linear control
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Fig. 5. The transients of inverter heat sink temperature in respect
to ambient temperature for case when voltage is formed using
SVPFM method with averaged pulse lengths (square dots) and
conventional SVPFM method (round dots) at decreased motor
load torque with control of inverter voltage by law with decreased
Ay
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Fig. 6. The AC induction motor phase current (upper curve) and
phase voltage (bottom curve) formed using SVPFM method with
averaged pulse lengths at f,=25Hz, f;:=2400Hz, A= 0.5 Ainom,
M=13Nm. (The voltage has been measured using 1/4 voltage
divider)
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The results of investigation of impact of carrier
frequency on inverter power losses are presented in Fig. 7.
It is seen that in case when carrier frequency rises from
2400 Hz to 6000 Hz (by 250%), the inverter heat sink
temperature increases by 5°C or by 17% only. This fact
shows that mainly conducting losses cause the power
losses in inverter. Therefore, the additional power losses
reduction could be achieved by employment of transistors
with low voltage drop across the open transistor.
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Fig. 7. The transients of inverter heat sink temperature in respect
to ambient temperature at nominal motor load torque for various
carrier frequencies and linear control of A;

Conclusions

The introduction of averaged pulse lengths in SVPFM
method allows improving the initial part of voltage
spectrum. The use of the special switch commutation
algorithm enables to minimize the number of switching of
inverter switches and avoid commutations at maximal
phase current. These solutions, which are employed in
proposed SVPFM method with averaged pulse lengths,
allows decreasing the power losses in inverter as compared
to the case when conventional SVPFM method is used.

Most of all the conducting losses cause the power
losses in inverter. Therefore, the additional power losses
reduction can be achieved by employment of transistors
with low voltage drop across the open transistor.
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The technique and results of investigation of power losses in inverter obtained for case when proposed Space Vector Pulse
Frequency Modulation (SVPFM) method with averaged pulse lengths is employed for forming of three-phase inverter output voltage are
presented in the work. The obtained results were compared with the results gained for conventional SVPFM method. It is shown that
employment of the suggested modification of the SVPFM method allows decreasing the power losses in inverter, which is used in
frequency converter for AC induction motor control, as compared to the case when conventional SVPFM method is employed. It is stated
that reduction of power losses is caused by introduction of the switch commutation algorithm, which enables to minimize the number of
switching of inverter switches and avoid commutations at maximal current. Additional reduction of the power losses is achieved by use of
averaged pulse lengths, which allow improving the initial part of voltage spectrum. Ill. 7, bibl. 7 (in English; summaries in English,
Russian and Lithuanian).

A. bamkuc, B. Bueiisruc, B. T'o0uc. Biausinue crparermii MoayJsiiuM BBIXOJHOr0 HANPSKEHUS HA NOTEPH MOILMHOCTH B
HHBepTOpe // DJIeKTPOHHKA U djleKTpoTexHnka. — Kaynac: Texnomnorus, 2009. — Ne 6(94). — C. 47-50.

IIpencraBieHbl METOANKA M PE3YJIbTaThl HCCIENOBAHUSA MOTEPh MOIHOCTU B MHBEPTOPE Ul CiIydasi, KOraa s pOpMUPOBAHUS
TpEX(a3HOro BBIXOJHOTO HANPSHKCHUS HCIOIb3YeTCs HPEIJIOKCHHBI METOJl NPOCTPAaHCTBEHHO-BEKTOPHOW MOMYJIALMH YacTOTHI
umynscoB ([IBMYMN) ¢ ycpenHEHHBIMU ATTMHAME UMITYJIbCOB. Pe3ynbpTaThl HCCIeT0BaHUS CPABHEHBI C PE3yJIbTaTaMH, MOJTYYCHHBIMH,
npumerss o0branbii [IBMYU metoa. Ilokazano, 4ro nmpuMeHeHHe IpemiokeHHoi Moaudukammu [IBMYN metona, mo cpaBHEHHIO C
o6braabM [IBMYM MeTo10M, MO3BOJISIET YMEHBIINTH ITOTEPH MOIMHOCTU B MHBEPTOpE, MCIONB3yEMOM B IIpeoOpa3oBaTelie YacTOTHI,
OpUMEHSIEMOM JUIS YIpaBIeHHWs ACHHXPOHHBIX TpEx(asHbIX sieKTpojsBurareneid. KoHcratupyercs, 4TO yMEHBIIEHHE MOTepeit
MOIIHOCTU JOCTUraercsd 3a Cu€T TOro, 4TO IPUMEHEHUE MMIIYJIbCOB C YCPEIHEHHBIMH JUIMHAMU [O3BOJIAET YMEHBIIUTh
HU3KOYACTOTHBIC COCTABIIOIIME CIEKTpa HANpsDKEHMs, a Takoke TPaH3UCTOpbl KJIOUe MHBepTrOopa B IPEATI0KEHHOM METOJe
HEKOMMYTHPYIOTCSI B HMHTEpBalle BPEMEHH, KOIJa TOK MMEET MaKCUMaiubHble 3HaueHus. Mn. 7, 6ubn. 7 (Ha aHIIMIICKOM f3bIKE;
pedepathl Ha AHTIIUHACKOM, PYCCKOM M JINTOBCKOM $3.).

A. Baskys, V. Bleizgys, V. Gobis. I$¢jimo jtampos moduliavimo strategijos jtaka inverterio galios nuostoliams // Elektronika ir
elektrotechnika. — Kaunas: Technologija, 2009. — Nr. 6(94). — P. 47-50.

Pateikta inverterio galios nuostoliy tyrimo metodika ir rezultatai, gauti, kai jo trifazei i$¢jimo jtampai formuoti taikomas pasiiilytas
vidutinés trukmés impulsy vektorinés erdvinés moduliacijos metodas. Tyrimy rezultatai lyginami su rezultatais, gautais jprastiniu EVIDM
metodu. Parodyta, kad pasitilytas metodas leidzia sumazinti galios nuostolius inverteryje, naudojamame daznio keitiklyje asinchroniniams
trifaziams elektros varikliams valdyti. Konstatuojama, kad galios nuostoliai sumazéja todél, kad pasialytu metodu suformuota jtampa turi
mazesnes zemojo daznio spektro dedamasias ir yra naudojamas rakty jungingjimo algoritmas, kuris leidzia i$vengti rakty junginéjimosi
laiko intervale, kuriame $iais raktais tieckiama srové yra didziausia. Il. 7, bibl. 7 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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