A new ZVT power factor corrected three-phase AC-AC converter
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This paper presents a new Zero-Voltage Transition (ZVT), power factor corrected three-phase
ac-ac converter with single-phase High Frequency (HF) link. It is a two-stage converter; the
first stage is a boost-integrated bridge converter (combination between 3-ph boost converter
and a bridge converter) operated at fixed frequency and operates in two modes at ZVT for all
switches and establishes a 1-ph square wave HF link. The second stage is a bi-directional
Pulse-Width Modulation (PWM) 3-ph bridge that converts the 1-ph HF link to a 3-ph voltage
using a novel switching strategy. The converter modes of operation and key equations are
outlined. Simulation of the overall system is carried out using Simulink. The switching
strategy and its corresponding control circuit are clearly described. Experimental
verification of the simulation is carried out for a prototype of 100V, SO00W at 10kHz link
frequency.
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1. Introduction

Power Factor Correction (PFC) circuits have
become standard input stages for almost every
medium and high power switching power
supply operating at the mains voltage. Today's
most often used configuration includes a boost
converter as an input stage, stabilizing the
input to the second stage, which is usually a
half- or full-bridge converter which provides all
necessary output voltages [1]. Efficiency of the
boost PFC is high (90-95%), but the second
stage converter has a maximum efficiency of
about 85% (which is significantly reduced if
high output currents are produced). Overall
maximum efficiency is, therefore, about 76%-
80% [2].

Recently, soft-switching techniques are
used to eliminate variable frequency operation,
reduce component stress and improve the
system efficiency. Zero-Voltage Transition and
Zero-Current Transition (ZVT and ZCT)
modifications of almost every basic converter
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topology have been widely accepted, and the
semiconductor industry has followed that
trend by developing several fully integrated
controllers. The full-bridge, phase-shift, ZVS
topology is the most frequently used [3].

A non-sinusoidal voltage clamper circuit
has been used to achieve soft switching with
an inductive or current source load. However,
excessive voltage stress due to the leakage
inductance (typically about 4 times the input
line voltage) has been reported [4].

Numerous ZVT converter topologies have
been previously proposed [5, 6], however these
drawbacks have been reported:

1. The auxiliary circuit consists of several
components, and the auxiliary switch requires
a floating gate drive.

2. The auxiliary circuit components have
high voltage and current stresses and
therefore, increased conduction losses.

3. Reduced overall efficiency due to the hard
turn-off of the auxiliary switch.
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To overcome these drawbacks, several
kinds of soft switching PWM converters have
been presented in the literature [7, 8]. They
achieve high efficiency, minimum switching
stresses, switching losses, and facilitate PWM
control with constant frequency operation. All
soft switching PWM methods utilize resonant
techniques to soften the switching transition
with Zero-Voltage Switching (ZVS and/or
(Zero-Current Switching) ZCS, and they can
be generally classified into either passive or
active ones. Passive methods use only
resonant inductors, capacitors, and diodes to
achieve soft switching turn-on and/or turn-off
of the switches [9]. Active methods, as in [4],
use resonant inductors, capacitors, diodes,
and auxiliary active switches to reduce
switching loss due to main power switches.
The concepts of fundamental soft switching
cells were employed to generate many families
of soft switching PWM converters [7-11].

The ZVT-PWM soft-switching converters
[10, 11] solve the existing problems of high
switching losses of conventional PWM
converters and high voltage and current
stresses of resonant converters. These kinds of
converters are especially wuseful in the
application of high efficiency power converter
systems.

This paper presents a new ZVT, power factor
corrected three-phase ac-ac converter with
single-phase HF link. The proposed system
configuration enjoys the following advantages:
switching at ZVT, input PFC, constant

3-ph boost integrated ZVT bridge converter

i

frequency operation, and single-phase HF link
that makes it possible to use a single-phase
isolation transformer if isolation is needed for
the system. The different modes of operation,
switching strategy, and control circuit are
presented. Results obtained from Simulink
simulation of a 500W, 100V Ilaboratory
prototype switching at 10kHz, verify the
performance of the proposed configuration,
highlight its advantages, and mention its
drawbacks.

2. Circuit description and operation

The detailed circuit diagram of the
proposed 3-ph ac-ac converter employing
input PFC and ZVT is shown in fig. 1. The
proposed system consists mainly of two
converters; the first converter is a combination
of a 3-ph boost converter and a bridge
converter, its function is to establish the
constant amplitude-constant frequency 1-ph
HF link voltage at ZVT for the bridge converter
switches, and incorporates the input PFC of
the 3-ph supply currents. The second
converter is a 3-ph PWM bi-directional bridge,
its function is to reconstruct a balanced 3-ph
low frequency output voltage from the
constant amplitude-constant frequency 1-ph
HF link voltage. A 3-ph filter is located at the
3-ph bridge’s terminals in order to suppress
the associated switching harmonics. A HF
isolation transformer is included in the circuit
for galvanic isolation of the dc side from the
load circuit.

1-ph to 3-ph AC-AC converter

S3 Ss
S Output
—l —l filter
A o1 3-ph
B C %: load
SG SZ

Fig. 1. The proposed ZVT power factor corrected 3-ph AC-AC converter with 1- 1-ph HF link.
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2.1. The boost integrated ZVT converter

This converter can be operated in
Continuous Current Mode (CCM) or in
Discontinuous Current Mode (DCM) depending
on the loading conditions. In CCM, the gating
signals of switches M;—M; have a 50%
complementary duty cycle, and a square wave
HF link is established. At light loads, the
converter operates in DCM where pulse width
is decreased with a dead gap and the HF link
voltage is symmetrically cut by an angle o from
both ends. The current waveform in the tank
inductor is divided into several intervals for
each mode of operation. These intervals
depend on the polarity of voltage and direction
of current in the tank circuit.

The equivalent circuits during different
time intervals are shown in fig. 2. Note that the
HF cycle is completed during the interval when
di, d» and ds are conducting. In CCM, the
modes of operation can be summarized as
follows: the cycle starts when diodes D; and D3
are conducting, fig. 2-a, inductor current
decreases from its initial value and before the
end of this interval switch M; is turned-on at
ZVT, then current in diode D; transfers to
switch M, fig. 2-b. The input inductors, L,
prevent the momentary short-circuit which
occurs across the supply, as in conventional 3-
ph boost converter. When switch M3 conducts
at ZVT, the current in diode Ds transfers to the
switch Ms, fig. 2-c.

=it )~ Y ). (1
Vyy =V -V, (2)
i =i ®© L), 8
i3 (® =i, (). @

Switches M; and Ms; are turned-off when
diodes D, and D; become forward biased,
fig. 2-d. When the current in diode D, transfers
to M4 at ZVT, fig.2-e, inductor current becomes
negative and increases linearly; when switch
M, turns-on ZVT, diodes D, and D; become
reverse biased, and the link voltage equals the
capacitor voltage, fig. 2-f.

(Vc _Vo) (
L

i ()= t—ty)+iL (tp) . (5)

VXY = Vc ’ (6)
iy (8) =1 (8) — i (2), (7)
iya(t)=1L(t). (8)

If overlap of triggering signals exists, the
following interval will be added to the previous
intervals. This interval happens when diode Ds
becomes forward biased, and switch M4 turns-
off, fig. 2-g, inductor current decreases linearly
from its initial condition; the inductor current
keeps decreasing as long as both switch M,
and diode Ds; are conducting, and the link
voltage becomes zero, fig. 2-h.

iL() =i (ta)~ (Vo / D(t—ts). (9)
Vyy =0, (10)
iv2() =i (0 =i (©), (11)
ima(®) =L@ (12)

In DCM, the modes of operation can be
summarized as follows: the cycle starts when
diode D is conducting, the current in D; is a
resonating sinusoid with a maximum value of

V. /L, /C, , that provides the ZVT for switch

M, in addition to Ds;, switch M; and the
auxiliary switch M. are conducting, and the HF
link voltage equals to the negative of the
capacitor voltage, fig. 2-i. When switch M;
turns-on at ZVT, the current in M; increases
until the end of this interval while the inductor
current decreases linearly, where the HF link
voltage still equals the negative of the capacitor
voltage,

i =-CeT g (19
Vxy =-Ve. (14)
iy () = 1 =1L (F), (15)
iMa(t)=—1(1). (16)

The following three intervals are the same
as those of CCM except that at the end of the
last interval, currents in M, D3, and inductor
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Fig. 2. Equivalent circuits for the different time intervals of the 3-ph boost-integrated ZVT bridge converter.

are all equal to zero, and the HF link voltage
becomes zero due to the overlap between
triggering signals of My and Ms.

2.2. Thel-Ph to 3-Ph AC-AC converter

Since the output of the bridge converter is
of a constant amplitude, the modulation
process should be incorporated in the output
stage. Therefore, the output ac-ac converter
should be controlled by a certain PWM tech-
nique in order to achieve the modulation
process of the overall system.

The  complete switching strategy of the
1-ph to 3-ph ac-ac converter is illustrated in
fig. 3. The PWM control strategy is carried out

by switching signal generation circuit where a
carrier triangular waveform having a frequency
much greater than that of the output voltage is
compared with 3-ph reference sine-wave sig-
nals synchronized with the mains supply. The
ratio of the frequencies of the triangle wave
and the reference sine waves is defined as the
frequency modulation ratio My This ratio is
typically in order of 200-400 for HF link appli-
cations. However, this ratio is taken as 9 in
fig. 3 in order to provide clear illustrating
waveforms. The ratio of the amplitude of the
sine and carrier waveforms is known as the
amplitude modulation index, Mg, as it provides
the modulation process of the amplitude of the
output voltage. For linear modulation region,
this value is restricted from O to 1 and it is
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taken as 0.8 in fig. 3. The control strategy of
the 1-ph to 3-ph ac-ac converter can be
summarized as follows: a signal is taken from
one of the phase voltages of the mains supply,
where the other two signals of the following
two phases are obtained via two cascaded
phase shifting circuits such that -control
signals Fi, F,, and Fs; are obtained. The
outputs of the three comparators are denoted
Fa, F», and F. respectively. These signals are
used to derive the 3-ph line voltages signals
through subtracting circuits such that Fup, Fpc,
and Feq are obtained. Fuais the derivative of the
carrier waveform. The switching patterns of the
1-ph to 3-ph ac-ac converter Gi—Gs are
synthesized as follows: The individual pulses of
the Fup are alternately carried by switch pairs
S1, Se and Ss, Si, while the pulses of Fyc are
alternately carried by Ss, S and Sz, Sz, and the
pulses of Feqs are alternately carried by Ss, Ss
and Sy, Si. The pulses carried by switch pairs
S1, Se and Sz, Si; for Fapr can be obtained by
multiplying Fa» by Fu, such that the switching
signal Gap is obtained. Another two signals Gy,
and Geq are also obtained by multiplying F.,
and Fca by the Fua. This step identifies the
switching pulses of each pair of switches S
and Ss (Gis: the positive pulses of Gay), and the
switching pulses of the pair of switches Sz and
Sz (Gssa: the negative pulses of Gap). This step is
repeated for the Fyc and Feq such that another
four sets of gating signals are obtained, namely
Gi2, Gz2, Gse, and Gss. The total switching
pattern of each switch is the aggregate of the
pulses carried out by the switch to supply
different line voltage. This can be obtained by
ORing the switching patterns accomplished by
the same switch for different line voltages (for
example; Gi1=Gie OR Giz). The final switching
patterns of the 1-ph to 3-ph ac-ac converter
G1—>Gs shows that they possess a half-wave
symmetry where the switches in the same arm
don’t conduct at the same time to avoid short-
circuiting the transformer terminals. This
switching strategy can be applied for any value
of My (odd or even) and also, not necessarily to
be a multiple of three as required by conven-
tional switching strategies.

The control circuit used to verify this
switching strategy is shown in fig. 4. It con-
sists of 3 comparators to obtain Fa, F», and Fg;
3 subtracting circuits to get the 3 line voltages
signals Fab, Fpe, and Feq; 3 multipliers to get the
3 functions Gas, Gbe, and Ges; 3 negative clip-
pers to get Gis, Gsz, and Gss; and 3 inverting
amplifiers followed by 3 negative clippers to get
Gss, Gss, and Gi2. Then 6 OR gates to obtain
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Fig. 3. Switching strategy of the 1-ph to 3-ph ac-ac

converter.
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Fig. 4. Control circuit of the PWM 1-ph to 3-ph AC-AC converter.

3. Simulink simulation

In order to verify the wvalidity of the
proposed system, the overall system is
simulated using Simulink. A design example at
10kHz switching frequency is chosen in order
to save the disc space and shorten the
computation time. The Simulink connection
diagram is shown in appendix A. The selection
of the values of circuit elements is based on
solving the steady-state relations of the
described modes of operation at full-load. The
full load rating of the design example is chosen
at S500W, and 100V HF link.

Typical simulation waveforms at full-load
for 50% duty cycle and CCM are shown in
fig. 5. The waveforms are presented in the
following order: the switching patterns of
switches M;—M,; HF link voltage, inductor
current; and current in Mz and M. The
negative parts of switch current are carried by
its corresponding anti-parallel diode. Another
set of simulation waveforms at light load in
DCM are shown in fig. 6 for 30% duty cycle,
where an overlap between switching signals
occurs, and a dead interval in the HF link
voltage is observed. It can be shown that the
ZVT is achieved during the entire range of load
variation.

The un-rectified 3-ph output phase and
line voltages are shown in figs. 7-a and 7-b
respectively, where the validity of the
switching strategy of the 1-ph to 3-ph ac-ac
converter is verified. The 30° phase angle
between each line voltage and its
corresponding phase voltage can also be
observed. An expanded waveform of Va, Ve and
Vap is shown in fig. 7-c. The harmonic
spectrum of the output phase and line

482

voltages are shown in fig. 8, where the
associated harmonics appear at the link
frequency and its multiples. The 3-phase
input voltages and currents are shown in
fig. 9, where high quality input current
waveforms are obtained with nearly unity
power factor. This reflects the effectiveness of
the PFC boost-integrated ZVT converter.

4. Experimental verification

In order to verify the feasibility of the
proposed converter, a SO00W, 100V prototype is
designed and built for illustration purpose at
10kHz link frequency. The available MOSFET
switches IRF840A (S500V-8A) are used as the
main controlled switches, and fast recovery
diodes MURS860 (600V-8A) are used in the
whole system. The circuit parameters details
are: supply voltage: 100V, 50Hz, Lin=1mH,
L=22uH, C,=1uF, C=470pF, and L=47uH (in-
cluding HF transformer leakage inductance),
turns ratio of the HF transformer=1, and a
variable resistive load is used to draw a load
power up to SOOW. The voltage and current of
switches M; and M, at 50% duty cycle for CCM
are shown in figs. 10 and 11 respectively. The
traces of Mz and M, are similar to those of M;
and M, respectively. The voltage and current of
switch M, are shown in fig. 12. The corre-
sponding inductor current I. and the HF link
voltage Vxr are shown in figs. 13 and 14
respectively. The voltage and current of switch
M, in the DCM is shown in fig. 15. It can be
seen that the boost-integrated ZVT converter
operates with ZVS for all switches. The gating
signals of switches S;—»Ss are shown in
figs. 16, and 17. The unfiltered 3-ph output
voltages are shown in fig. 18, where the output
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Fig. 7. The output waveforms of the 1-ph to 3-ph AC-AC converter a- phase voltages, b- line voltages, c- expanded
waveform.
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Fig. 16. The gating signals of switches Si, Sz, and Ss.

voltages have a low-frequency profile modu-
lated at the 10kHz link frequency. Its
harmonic spectrum is shown in fig. 19, where
it has its fundamental component at SO0Hz and
the first dominant harmonics appear at the
link frequency, 10kHz, which can be easily fil-
tered out using small size output filter. The
supply input voltage and current of one of the
input phases are shown in fig. 20, where the
input current is sinusoidal and in-phase with
the input voltage. It can be also seen that the
experimental results are in close agreement
with the presented simulation results. The
measured power factor ranges around 0.98
during the entire range of load variation
(0>500W). However, the overall system effi-
ciency is about 88% due to the high on-resis-
tance of the MOSFETs used, and the PWM
nature of the 1-ph to 3-ph ac-ac converter.

5. Conclusions

A new configuration of 3-phase ac-ac
converter has been proposed. The proposed
system is based on a single-stage boost
integrated ZVS converter, a 1-ph HF link, and
a 1-ph to 3-ph ac-ac converter to reconstruct
the low frequency output voltage. The overall
system operates at a fixed frequency PWM
control scheme, where synchronization
between input and output voltages is taken
into account through control circuit. Key
equations, simulation and experimental
results have been presented. ZVS is ensured
for all switches of the input stage, for the two
modes of operation during the entire range of
load variation. The novel switching strategy of
the 1-ph to 3-ph AC-AC converter is verified

CH1 S.00% CHZ S00Y M E00ms
CH3 5.00%

Fig. 17. The gating signals of switches Si, Ss, and Ss.

CH B0.0V T CHZ 50.0Y Ml
CH3 50.0v

Fig. 18. The un-filtered 3-phase output voltages.

experimentally, where the output harmonics
appear at the link frequency. However, the
system has the disadvantage that the
harmonic content of the HF link is quit high
due to its square wave nature, this will affect
the design of the HF transformer. This can be
prevailed by making the HF link has a
sinusoidal nature, which, in turn, will affect
the ZVS converter configuration. Also, the
PWM nature of the output ac-ac converter
lowers the overall system efficiency. Applying
soft switching techniques to this converter will
improve the overall efficiency.
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Appendix (a)

The Simulink connection diagram and subsystems
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