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Abstract: The present article reports an analysis and investigation of direct AC-AC quasi-resonant converter. A bidirectional
power device, whose switching frequency is lower than the frequency of the current passing through the load, is used for its
realisation. A mathematical analysis of the processes has been made and comparative results from computer simulation and
experimental study have been brought. The converter can find application in wide areas of power electronics: induction heating,

wireless power transfer, AC-DC converters.
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1. Introduction

The standard method of converting AC to AC power is by
rectifier, supplying power to inverter, to whose output is
connected the load. The so called “direct converters” are
used to increase the energy efficiency. There are matrix
converters for direct AC to AC power conversion [1,2].
Resonant converters are also used for the same purpose
[3,4,5]. In [6] a direct AC-AC resonant converter has been
considered, using two bidirectional power devices, including
an active-inductive load while switching to the power supply.
The converter described in [7,8] uses 4 power devices, and
during the active intervals a serial oscillator circuit is

connected to the input voltage source. The converter
presented in [9] uses two bidirectional power devices, an
additional capacitor for soft switching and a serial oscillator
circuit connected to the input voltage at specified intervals.
The induction heating converter described in [10] is most
similar to the converter presented in this paper. An analysis
has been made on the assumption that the converter is
supplied with DC voltage, whose value is equal to the
effective value of the AC input voltage, which does not
correspond to the actual physical action. The "multi-cycle
modulation" used in the study provides only discrete power
regulation of the load and the use of variable switching
frequency deteriorates the electromagnetic compatibility.
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Figure 1. Block diagram of the new AC-AC quasi-resonant converter.
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The purpose of the present paper is to give more accurate
mathematical analysis, suitable for testing the converter's
operation in random mode, and not only in the so called
“multi-cycle modulation”, which is a particular case of the
present investigation. Constant frequency and pulse width
modulation operation is proposed for the power regulation.

Fig.1. shows a block diagram to illustrate the
implementation of the considered converter.

Its effect is similar to that of the so called "class E-
inverters" [11,12]. When switching on the bidirectional
switch 3 for time tyy the capacitor 5 is quickly charged to
the momentary value of the AC input voltage. This voltage is
applied also to the load 6 and the current passing through it
increases in absolute value. When turning off the switch for
time Tg — tyy, damped oscillations develop in the oscillator
circuit, composed of load and capacitor, with frequency w,
determined by the elements values. The process of switching
is repeated at a period Ts > T,, and each switching on in the
circuit adds energy. This energy can be regulated via change
in time tyy at constant switching frequency wg . This
frequency is much bigger than the frequency of the source 1
AC input voltage. With the help of the smoothing filter 2 the
higher harmonics of the switch current are removed. Thus the
current from the AC voltage source has an almost sinusoidal
shape.

2. Mathematical Description

Fig.2 shows the implemented power circuit, which will be
used also for mathematical analysis. The timing diagrams of
the basic values are shown on fig.3 for one switching period
Ts. The analysis in one switching period is divided in two
intervals: the first with duration t,, , and the second -
Tg¢ — toy- The aim is to obtain expressions for the basic
values during both intervals: the current through the
inductance, capacitor's voltage and the current through the
bidirectional switch.

For the first interval with duration t,, the current through
the load inductance changes from Iy, to I}y . The value of
the capacitor's voltage is constant,
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Figure 2. Practical design of the converter.
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Figure 3. Waveforms for analysis: top- inductor current iy, middle-
capacitor voltage u. , bottom — bidirectional switch current gy

equal to the momentary value of the input voltage (due to the
high switching frequency of the switch).

Uc = Us 1)
The differential equation has the form
ug =L+ Ry @)
From the initial condition
i (t=0)=1I, A3)
is determined the integration time constant and this gives

u

i(t) = % + (It0 - ?5) : e_g, 4

L
where T = =

The current value at the end of the interval is:

_ton
i,(ton) = Ieon = % + (Ito - E)-‘5' T (%)

R
The average current value through the switch is
determined by:
1 t .
ISWAVR = T_Sfo on lL(t)' dt H (6)

where substitution of (4) and transformation leads to the
following result:

ton
__us ton T us -
ISWAVR_F'T_5+T_s'(1t0_?)'(1_e T ) (7)
For the second interval with duration Ts — toy the current
changes from [;;op to Iy, . The last value is used as initial in
the next switching period. The differential equation has the
form:
dig,
Tdt

, 1,.
L +R'lL+EflL'dt:0 (8)

The solution is:
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i, () = e % (Cl.cosw/wﬁ — 2.t + C2.sin/ wj — 62 .t) , 9

R 1
where § = —; wgp = —
2L LC

Accepting that w, = \/w; — §2 (10)
i,(t) = e, (Cl.cos wot + C2.sinwyt) (11)

The integration constants are determined by the following
conditions:

i,(t =0) = Ion = C1 = Ipon (12)

i (t = %R) =0-C2=—Ion- cotwo.%R (13)

The final value of the current in this interval /; is obtained
using (11) for time T — top.

Through integration is obtained the law on capacitor
voltage variation:

uc(®) = £ [ iy (6).dt (14),
ie.
e~ 5t .
uc(t) = m[(Cl.w0 —C2.5).sinwyt — (C2.w,y +
C1.65).cos wyt] (15)

Its maximum value for this switching cycle is:

_sTR

Tr e 4
u tz—)=u - u =—.[C1.w —
c( ’ cM cM cad ( 0

€2.6).sin wg. & — (C2.wq + C1.6). cos wo. 2|(16)

The maximum value of the capacitor's voltage corresponds
to the switching cycle around the maximum value of the
power supply voltage. The last values of the variables in each
interval are used as initial values in the next one. For the first
switching period after the input voltage passes through zero
I, = 0. Thus all values can be determined by sequential
calculation from the moment the input AC voltage passes
through zero to the end of its half-period.

3. Computer Simulation

An investigation has been made of the proposed
converter's operation using the PSIM program. Fig.4 shows
the circuit for computer simulation. The value of the resonant
inductance is 100uH, of the resistor in the oscillator circuit -
0.01Q. The value of the resonant capacitor is 10nF . The
values of the smoothing input filter elements are: Lp =
680uH,Cr = 20uF . The maximum value of the input
voltage is 70V, and its frequency -50Hz . The switching
frequency of the switch is set to10kHz, changing the time
tony - The results from the simulation at t,y = 30uS are
shown on fig.5, fig.6 and fig.7 in different time scale, in
order to track the operation in one switching cycle, as well as
for a longer period.

B

Figure 4. Circuit for computer simulation.
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Figure 5. Results from simulation: from top to bottom inductor current i;, capacitor voltage u., bidirectional switch current gy, input voltage ug, input
current ig ;X-axis — from 0 to 60mS.
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Figure 6. Results from simulation: from top to bottom inductor current iy, capacitor voltage u. , bidirectional switch current igy, , input voltage ug, input
current ig ; X axis — from 42.4 mS to 42.6mS.
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Figure7. Results from simulation: from top to bottom inductor current i; , capacitor voltage u. , bidirectional switch current igy, ; X axis — from 42.4 mS to

42.6mS.

For the cycle shown on fig. 7 a comparison has been made
between the results from the computer simulation and those
from the calculations according to the mathematical analysis
formulas. From fig.7 are taken the readings from the
simulation for the current I;; = 26.46A and the voltage in
the beginning of the interval ug = 63.1V. Following formula
(5) is calculated I; oy = 45.314, and fig.7 reports a value of
40.28A. The value obtained from the simulation is smaller,
as at the end of the first interval the voltage decreases and the
result from fig. 7 reports a value forug = 28.37V . This
decrease accounts for the difference in the average values of
the current through the switch — calculated according to (7)
8.034, and according to fig.7 with the corresponding PSIM
function 10.23A. The constants C1 = 40.28 and C2 = 0.032
are calculated using the formulas (12) and (13), and formula
(16) is used to obtain the maximum value of the capacitor's
voltage ugy = 4027.56V . Fig.7 reports a value of 4007V

4. Experimental Investigation

An experimental investigation of the converter has been
made, carried out according to the scheme shown on fig. 2.
The element's values are the same as those from the
computer simulation except for the resistor in the oscillator
circuit. The measurement shows, that the inductance used in
the circuit has a value equal to 100uH within the range from
5kHz to 120kHz . The value of its resistance from the serial
equivalent circuit at 100kHz is 1Q). Therefore the damping
in the oscillator circuit will be greater in comparison with
that in the computer simulation. The results from the
experimental investigation are shown on fig.8, fig.9, fig.10,
fig.11, fig.12 and fig.13 in different time scales.
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Figure 8. CHI- input voltage, CH2 — inductor current — 2A/div.
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Figure 9. CHI- capacitor voltage, CH2 — inductor current — 2A/div.
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Figure 10. CHI- capacitor voltage, CH2 — inductor current — 2A4/div.
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Figure 11. CHI- capacitor voltage, CH2 — inductor current — 2A/div.
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Figure 12. CHI- input voltage, CH2 — input current — 0.54/div.,toy = 10uS.
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Figure 13. CHI- input voltage, CH2 — input current — 0.5A/div.,, toy =
15uS

A comparison between the results from the experimental
investigations and those from the calculations according to
the mathematical analysis formulas has been made for the
cycle shown on fig. 11. On fig.11 the reported current is
Iy, # 0 and ug =45V . Using formula (5) is calculated
Iiton = 3.044, and from fig.11 the reported value is 2.44.
Formulas (10) and (11) are used for the calculation of the
constants C1 = 2.4 and C2 = 0.0017, and according to
formula (14) is calculated the maximum value of the
capacitor's voltage ucy = 238V. Fig.11 gives a value equal
to 280V .

Fig.11 shows also that the damping in the experimental
circuit is considerably greater than that in the computer
simulation. Fig.12 and fig.13 show, that the shape of the
current from the source is near to the sinusoidal. The first
harmonic current is ahead of the voltage, which can be seen
on fig.5. This is due to the greater value of the input filter
capacitor. Increasing the switching time of the bidirectional
power device reduces the dephasing, and the converter is
approaching the active load with respect to the source. A
power factor close to 1 could be achieved by appropriate
design of the input filter and power device control system
synchronisation.

5. Conclusions

The present paper provides a mathematical analysis of a
direct AC-AC quasi-resonant converter. The analysis is based
on a sequential calculation of the main values in each
switching cycle from the beginning to the end of the input
AC voltage half cycle. The comparison of the analysis results
with those from the computer simulation and the
experimental investigations shows good coincidence in the
values of the key variables.
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