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Three-phase soft-switching inverter with coupled inductors,
experimental results
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Abstract. This paper presents experimental results of the three-phase soft-switching inverter with coupled inductors that verify the control
method influence on efficiency improvement. Different kinds of control methods were tested on the 6 kW experimental inverter. A short
discussion on a few design methods of the resonant tank elements was made. Experimental results confirm that the advanced control
algorithm and the proposed new design method of the resonant tank elements significantly increase the efficiency of this resonant in-

verter.
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1. Introduction

Three-phase high efficiency inverters are demandable solu-
tion in high power applications, particularly in the electric car
drive systems. The soft-switching pole inverters have complex
structure and control, only a few of them can obtain higher ef-
ficiency than hard switching inverters [1, 2]. The three-phase
soft-switching inverter with coupled inductors belongs to them
and is shown in Fig. 1. The actual problems related with this
kind of inverters are determination how far the advanced con-
trol and various design of the resonant tank elements meth-
ods influence the efficiency improvement. Introducing high
performance DSP microprocessors, CPLD structures and dig-
ital control technique, makes it possible to perform complex
control algorithms without additional sensors. In spite of the
fact that many years since this type of inverters has been
elaborated [3, 4], there is no good design procedure for the

resonant tank elements selection. Unfortunately, the widely
used design method [5] increases the loss in this type of the
inverters.

The main transistors T1-+-T6 are switched under zero volt-
age conditions ZVS and the auxiliary transistors Tal=+-Ta6 are
switched under zero current conditions ZCS. Therefore this
inverter has a very low switching loss. The detailed operation
principle and the control algorithm were described in [2]. The
control is similar to the auxiliary resonant soft-switched in-
verter ARCP. On the base of control signals from the primary
modulator, the control unit of the inverter with coupled in-
ductors stretches out or cuts down these signals and generates
additional one for auxiliary switches. The control signals se-
quence depends on the phase load current sign ¢y. Figure 2
shows the 7;, current in one leg of the auxiliary branch and
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Fig. 1. Three-phase soft-switching inverter with coupled inductors
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Fig. 2. Current 77, and control signals for ¢y ;0
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Fig. 3. Currents in one inverter leg for 7y > 0, standard switching,
where ¢7, — current in the auxiliary branch, wce, i — collector-emitter
voltage and collector current of the high voltage side main transistor.

If we assume that ¢y > 0, then before the ¢; time the
phase load current flows through diode D2. To turn on the
main transistor T1 in the ZVC conditions, first the auxiliary
transistor Tal is turned on at time ¢1. The ¢, current increas-
es linearly and at time o exceeds the load current ¢y = I.
The additional current /g has to compensate the loss in the
resistance of the resonant circuit. When the T2 transistor is
turned off at time t3, the resonant reloading process of the
capacitors C starts. At time ¢4, the upper capacitor C' is com-
pletely discharged and diode D1 conducts at time period t45.
It allows turning on the main transistor T1 at ZVS conditions.
After time t5 the ¢ current decreases linearly to zero. The
inductance Lg; leaves the saturation state at the time ¢g and
constitutes high impedance for the resonant frequency. The
residual magnetizing current of the auxiliary transformer de-
cays, flowing through diodes Da2, Dol at time period tg7. If
the load current is small, then to turn off the main transistor
T1, the auxiliary transistor Ta2 is switched on at time ts. The
17, current increases linearly in the opposite direction and at
time tg9 reaches the —Ip value. The main transistor is turned
off at ZVS condition and the capacitor C with resonant induc-
tance generates oscillations. At time ¢;¢ the lower capacitor
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C' is completely discharged and diode D2 starts to conduct.
During the time period 112, the diodes Dal, Do2 conduct
the residual magnetizing current of the auxiliary transformer.
The turn off process of the main transistor is finished. Typi-
cal turn on and turn off processes of the main transistor are
shown in Fig. 3.

If the load current has sufficient value to reload the ca-
pacitor C during the dead time, the auxiliary transistors are
not used. The turn off process is controlled in hard switching
manner; this situation is shown in Fig. 4.
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Fig. 4. Currents in one inverter leg for ¢y > 0, turn off process
without using auxiliary switches

2. Control methods

The classic control method uses constant time control sig-
nals that are adjusted according to the maximum value of the
load current (equal to the nominal amplitude of the sinusoidal
shape load current Iy, ). In result a high amplitude resonant
current appears in the auxiliary circuit. The standard value
of the transformer ratio is 1:1. Theoretically the ¢; current
has the constant value equal to the sum of the I,,x and the
amplitude of the resonant current I,,, given by

. U

i = Imax + Im :Imax'i_ﬁa (D
where Z — characteristic impedance of the resonant circuit,
Iyax — amplitude of the load current ¢y = I,y sinwt.

The experimental results shown in Fig. 5 display that value
of the current 7y, slightly changes together with instantaneous
value of the load current. This phenomenon is the result of the
change of the main diodes reverse recovery time t,,.. The ¢,
increases with the diode forward current, the time ¢3 grows
up and the current i;, becomes greater.

The advanced control of the soft-switching inverter with
coupled inductors ought to regulate the width of the control
signals dependently on the instantaneous value of the load
current. This control is called variable-time and the current
17, is given by

ip=if+ Im. )
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Fig. 5. Current in the auxiliary branch 77 and load current %y,
classic control

Figure 6 shows that the current ¢;, follows up the load
current ¢7. Thanks to the reduction of the i; current ampli-
tude, the conduction loss in the auxiliary circuit decreases. In
regions where the load current is high, the turn off process
of the main transistor is performed without auxiliary circuit,
Fig. 7. Thanks to that an additional loss limitation is obtained.
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Fig. 6. Current in the auxiliary branch 77 and load current <y,
variable-time control
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Fig. 7. Turn off process without auxiliary circuit participation at high
load current regions, variable-time control

3. Review of the resonant tank elements
design methods

Design of the resonant tank elements has strong influence
on efficiency. For the soft-switching inverter with coupled in-
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ductors the same design procedure as for ARCP inverter is
used. The most popular procedure described in [5] strongly
recommends using as high resonant capacity as possible. It
helps to decrease the turn off loss, but as it was shown in
[6], the amplitude of the resonant current grows up and the
loss in the resultant resistance of the resonant circuit increases
much faster (in square of ir,). In result, the total loss remains
greater. The design procedure based on energy minimisation
in the resonant circuit is shown in [7]. Despite of far sim-
plifications, obtained solutions are very complicated and can
be hardly used in practice. In [6] a new design method, al-
so based on energy minimisation, was described, but derived
Egs. (3), (4) are very clear and easy to use.

o aUTR
L= Py 3)
ITR
= 4
Cr ol “4)

where a = 1 + \/7/Q - coefficient, Q) — quality factor, U
— DC link nominal voltage, I — nominal load current, Tr —
resonant period.

The resonant inductance L in the Eq. (4) contains the re-
sultant leakage inductance Lz of the auxiliary transformer
given by (5).

Lz = L, + Lk, 5)
where L, — leakage inductance of the primary windings, L,

— leakage inductance of the secondary windings, k& — trans-
former turns ratio.

4. Experimental results

To verify the control method influence on the loss level, the
6 kW experimental inverter with coupled inductors shown in
Fig. 8 was build.

Fig. 8. Research station of the soft-switching inverter with coupled
inductors

The main elements of the station are: 1. Main inverter,
2. Auxiliary switches, 3. Three-phase diode bridge rectifier,
4. Capacitor set in DC link, 5. Auxiliary two-phase diode rec-
tifier, 6. Pre-load resistor — R, 7. Contactor set S1, S2, 8. Su-
perior modulator system SVM, 9. Control unit of the ARCP
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inverter, 10. Voltage supply with 12 isolated output voltages,
11. Load inductors Ly, 12. DC-link indictor L., 13. Load
resistors Ry, 14. Auxiliary transformers, 15. DC-link current
probe, Tektronix A6303, 16. Rogowski stripe for the reso-
nant current measure, CWT15B, 17. DC-link voltage probe,
Tektronix P5120, 18. Oscilloscope Agilent MSO7034A.

In Fig. 9 the block diagram of the research station is
shown.
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Fig. 9. Block diagram of the research station

The resonant-pole soft-switched inverter with coupled in-

ductors (RPICI) is fed through six diode bridge (6D) from
three-phase power net. In each phase, the load consist of se-
rially connected resistors Ry (13.38 §2) and inductances Ly
(25 mH). The input power is described by Eq. (6) and the
output power by (7).

Py =IavUay, (6)

Above equations make it possible to calculate the inverter
efficiency (8)
Po
- 5= ®)
e
The inverter was tested at hard switching mode and soft
switching mode with classic and variable time control. The
total power Pr = P;n — Po related with loss for different
carrier frequency: fs = 5 kHz and f; = 10 kHz, respectively,
are shown in Figs. 10 and 11.

Figures 12 and 13 show the efficiency of the inverter.
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Fig. 12. Efficiency n versus phase load current Ifrass
for fs =5 kHz
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Fig. 13. Efficiency n versus phase load current Israss
for fs = 10 kHz

Bull. Pol. Ac.: Tech. 59(4) 2011



Three-phase soft-switching inverter with coupled inductors, experimental results

To confirm the relationship between efficiency character-
istics, the temperature of the radiator was measured. Results
obtained with Fluke 52 temperature meter were placed in the
Table 1.

Table 1
Measured values
Commutation type Hard sw. cSlZZtsic - VSe.erigble

time
Input voltage U sy v 547.0 542.0 541.0
Input current I 4y A 5.1 5.1 5.1
Phase load current Ifrprs A 8.0 8.0 8.0
frequency f Hz 32.1 31.0 31.4
Carrier frequency fs kHz 10 10 10
Initial temperature 7'p °C 17.0 17.0 17.0
End temperature T'x °C 36.1 35.1 34.6

The temperature distribution (for f; = 10 kHz) was reg-
istered by means of the NEC G120 thermo vision recorder
and shown in: Fig. 14 — hard switching, Fig. 15 — soft switch-
ing classic control and Fig. 16 — soft switching variable-time
control.

E=1.00 TA: 18.5 ALAM: OFF Z00M::0FF

Fig. 14. Temperature distribution of the radiator, hard switching

E=1.00 TA: 18.4 ALAM: OFF

ZO00M::OFF

Fig. 15. Temperature distribution of the radiator, soft switching clas-
sic control
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Fig. 16. Temperature distribution of the radiator, soft switching
variable-time control

5. Conclusions

Introducing an advanced variable-time control, the significant
loss reduction in the analyzed inverter can be obtained. It can
be seen from Fig. 13, that the inverter efficiency for load cur-
rent Iyrys = 8 A increases about 2% for the variable-time
control in comparison with the two other control methods.
Also the temperature of the radiator shown in the Table 1 is
1.5°C lower than in hard switching control case and 0.5°C
lower than in classic control mode. During measurement the
fan shown in Fig. 8 was turned on. The temperature distri-
bution shown in Figs. 14-16 inclines to state that both the
temperature in the centre of the radiator (sign by X) and
maximum temperature (marked by M) is significantly low-
er for soft-switching than for had switching mode. However,
the variable-time control guarantees the lowest temperature
of the radiator. The values of the resonant tank elements for
U=538V,Ifpys =10A, Tr =44 ps, z =a = 1.125
calculated from (3), (4) are L = 15 pyH, Cr = 32.7 nF.
Measured resultant leakage inductance of the auxiliary trans-
former is equal to Lz = 8.6 puH. It means that to meet min-
imum energy oscillation in the resonant circuit criterion, the
additional inductance L; = L — Lz = 6.4 uH has to be
connected serially with Lg. Generally, in this kind of inverter
only the resultant leakage inductance Lz is used as a resonant
inductance L. It unnecessarily increases an amplitude of the
resonant current, so the total loss becomes greater. Therefore,
this approach has to be changed. An efficiency improvement
has several benefits: increases range of the electric car, re-
duces size of the radiator, enables to use a greater carrier
frequency.
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