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Mixed Commutation Techniques and their Influence on Loss in
the Three-Phase Voltage-Feed Zero Current Switching Inverter

Streszczenie. Niniejszy artykut przedstawia wplyw zastosowania komutacji: twardej i miekkiej na straty w tréjfazowym falownika typu ZCS,
ktory moze by¢ zastosowany w uktadach napedowych pojazdéw elektrycznych. Falownik tego rodzaju charakteryzuje sie bardzo niskim poziomem
strat przetgczania dla pradéw znamionowych. W zakresie pradéw obcigzenia o niewielkiej wartosci, ograniczenie strat przetgczania przez komutacje
migkkg nie rekompensuje dodatkowych strat przewodzenia w fgcznikach pomocniczych. Zatem w tym zakresie pradow obcigzenia komutacja twarda
zapewnia nizszy poziom strat catkowitych. Przeprowadzono badania eksperymentalne tréjfazowego falownika typu ZCS o mocy okoto 1,5kW.
Przedstawiono zalety i wady zastosowanej metody sterowania. (Mieszane metody komutacji i ich wplyw na straty w tréjfazowym falowniku

napigcia przetgczanym w warunkach zerowego pradu ).

Abstract. The paper presents the hard and soft commutation influence on loss in the three-phase ZCS inverter which can be implemented in the
electric cars drive systems. A very low switching loss level, for nominal load current conditions is typical for this kind of inverter. In the range where
load current has small value, loss reduction obtained thanks to soft-switching does not to compensate additional conduction loss in the auxiliary
switches. Therefore in this load current range, the hard-switching warrants lower total loss level. The experimental research of the 3 kW three-phase
ZCS inverter has been done. The merits and disadvantages of implemented control method were shown.
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Introduction

The three-phase zero current switching inverter
originates from McMurray thyristor based inverter [1]
developed in 1960s. When the power transistors became
popular, this idea has been adapted to new requirements
[2]. Many control methods were proposed in the past
[2,3,4]. The most popular one is described in [4]. A structure
with reduced number of switches was also elaborated [5,6].
But simulation and experimental results [7,8] show that this
structure has far greater total loss than 6 switch ZCS
inverter. A diagram of the analyzed inverter is shown in

Fig.1.
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Fig. 1. Three-phase ZCS inverter

Both the main transistors T1+T6 and auxiliary transistors
Ta1+Tab6 are switching in zero current conditions.

Detail operational principle were described in [4,9]. The
control signals and characteristic waveforms in one phase

for load current />0 are shown in Fig. 2.
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Fig. 2. Control signals and operational waveforms
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It is assumed, that before time to, the whole load current is
flowing through diode D2. Turning on the auxiliary transistor
Ta2 at time to starts the soft commutation process of the
main transistor T1. Under the initial capacitor C voltage
influence, the resonant current i flows through transistor
Ta1, serially connected L, C resonant tank elements, diode
D2 and voltage source U. At time period t,.3 the resonant
current i is greater than load current. As the diode D1
conducts, the main transistor T1 can be turned on and
auxiliary transistor Ta1 is turned off in the zero-current
conditions. The resonant current i decreases to zero and
the turn on process ends at time ts. The turn off process
begins when the auxiliary transistor Ta1 is switched on at
time ts. The resonant current i_ increases and at time period
t6.7 its value exceeds the load current. The main transistor
T1 can be turned-off at zero current-conditions because its
anti-parallel diode D1 conducts the current. The Diode D2
has reverse bias as long as the resonant capacitor C
voltage reaches the supply voltage U value (capacitor C is
loaded then by the load current). At time ts the diode D1
starts to conduct and during time period te.10 the resonant
current iL changes its direction, the diode Da1 conducts.
The auxiliary transistor Ta1 is turned off at zero current-
conditions and commutation process ends at time t1o.
The experimental operational waveforms at turn-on and
turn-off process of the T1 main transistor are shown in
Fig. 3.
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Fig. 3. Operational waveforms, i — load current, i. collector current,

i — resonant inductor current, u; — capacitor voltage
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Fig.3 shows, that during time periods ty3 and te7,
resonant inductor current i_ is greater than load current it
and the main diode D1 conducts current equal to iL - it
Thanks that, the main transistor T1 can switch under zero-
current conditions. Inside the regions, where the load
current has small value, the resonant current has high
value. Therefore, in this region high conduction loss in the
auxiliary circuit is generated. Fig. 4. shows current in the
resonant inductor iL and sinusoidal shape load current is in
one phase of the inverter.
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Fig. 4. Resonant inductor current i and load current i, soft
commutation

Hence, when the load current has small value, dominant
component of the total loss are conduction loss and for load
current above border value Iy, the switching loss becomes
dominant component. The proposed regions where hard
switching or soft switching should be used are shown in Fig.

D hard switching
. soft switching

Fig. 5. Different types of modulation

The value of the current I, can be determinated
experimentally or calculated numerically in the base of the
simplified power switch loss model. The second method is
described in [9].

To verify how the mixed commutation control influences
the loss in ZCS inverter, the research station shown in Fig.6
was built.

Fig. 6. Research station

The station consists of the following components:
1. Main inverter
2. Auxiliary inverter
3. Three-phase diode bridge rectifier
4. DC-link capacitor set C1, C2
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5. Auxiliary two-phase diode rectifier

6. Pre-load resistor - R

7. Contactor set S1, S2

8. Superior modulator system SVM

9. Control unit of the ZCS inverter

10. Voltage supply

11. Load inductors

12. Phase load current probe, Agilent N2783A

13. DC-link current probe, Tektronix A6303

14. Rogowski stripe for the resonant current measure,
CWT15B

15. DC-link voltage probe, Tektronix P5120

16. Oscilloscope Agilent MSO7034A

The diagram of the research station is shown in Fig. 7.
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Fig. 7. The diagram of the research station

The ZCS inverter is fed from power net through three-
phase 3 diodes star rectifier. Consequently, the DC-link
voltage is equal to 270V. This solution makes it possible to
limit the maximum value of the resonant capacitors voltage
that is twice higher than DC-link voltage. The output power
of the inverter is equal about 1,5 kW. This power range is
sufficient to verify how different types of modulation
influence power loss in the low load current regions of the
ZCS inverter. Fig. 8 shows resonant inductor current i. and
load current it. for control with mixed modulation type.
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Fig. 8. Resonant inductor current i and load current i, hard and
soft commutation

The comparison to currents shown in Fig. 4 shows that
the introduction of hard switching in the regions where load
current has small value, effectively limits amplitude of
resonant current i.

Inverter efficiency has been calculated from following
equation

(1) n=+-
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where: P, =317 R, , Py =1,, U,y s —RMS
value of the load current, R;— load resistance, 1,y — average
value of the input current, U,y - average value of the DC-
link voltage

Experimental plots of the inverter efficiency for switching
frequency fg =5kH and fs =10kH are shown in Fig. 9 and 10
respectively.
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Fig. 9. Inverter efficiency, f=5kHz
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Fig. 10. Inverter efficiency, f=10kHz

Conclusions

Experimental results show, that in the regions where the
load current has small value (Ixus<2A), introducing hard
switching significantly increases efficiency of ZCS inverter -
about 7% in the analyzed case. For greater load currents
(Iirms>4A) benefit is marginal. If the higher load currents
could be obtained, the soft switched ZCS inverter would

show considerably better efficiency than classic hard
switched one. In practice, mixed modulation mode can get
important loss reduction if load current in ZCS inverter
changes in a wide range. Such conditions are typical for
electric car drive system where an electric motor is often in
an idle mode. The main disadvantage of this solution is
generation of low frequency noise (heard from auxiliary
circuit) that has four times greater frequency then the first
harmonic of the load current i.. This inconvenience can be
considerably reduced if electric components of the inverter
are placed in the hermetic case settled on the radiator.
Another one is the high amplitude of the voltage u. that
demands to use an expensive resonant capacitors. In spite
of the above disadvantages, the proposed mixed
modulation control makes ZCT inverter a very good solution
for electric car applications.
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