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Abstract - A novel single stage, high power factor three-phase 
power supply which consists of a high frequency, line-side 
interphase transformer and a high switching frequency, isolated, 
DC-DC Current Sourced Push-pull Converter is presented. 
Besides the high power factor it presents soft switching both in 
turn-on and turn-off of the power and auxiliary switches. The 
high power factor and low harmonic content is reached by means 
of the Line Interphase Transformer which is in turn switched at 
a high frequency switching by means of a push-pull converter. 
The main analytical equations, simulation and experimental 
results are presented. 

I. INTRODUCTION 

High power factor (HPF) three-phase power supplies have 
been usually implemented by means of multiple switched 
stages. The first one is almost always a pre-regulator rectifier 
stage with high voltage level at its output (-4OOV) [1,2,3,4]. 
In order to obtain an isolated, regulated and low level output 
voltage, as required by the applications, the use of a DC-DC 
converter as a second stage is mandatory. One known 
topology is made up of three groups of a single phase power 
factor corrector in series with an isolated DC-DC converter 
[SI. Although it has the advantage of using three independent 
converters its disadvantages are the great number of 
components and the characteristic single phase pulsed power 
flow from the utilities. Another three-phase topology is 
formed by using three groups of single phase power factor 
corrected DC-DC converter [6], with the same disadvantages 
as above, but with the advantage of having no front-end pre- 
regulator circuit. The use of a three-phase power factor 
corrected scheme followed by a DC-DC converter has also 
been studied [7,8,9,10], not always avoiding the use of a great 
number of components and a complex control circuitry. 

Solutions for single stage there exist but they are very 
complicated and make use of many power switches [ 11,121. A 
new single stage scheme is proposed in this paper with the use 
of the Line-Side Interphase Transtormer [13], acting as a 
passive power factor corrector, integrated with an isolated 
high frequency Push-pull DC-DC Converter. 
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11. THE PROPOSED CIRCUIT 

Since the proposed lopology is made up of two integrated 
parts, the description below will present, by order, the Line- 
Side Interphase Transformer (LIT) and the DC-DC converter. 

A. The Line-Side Interphase Transformer 

This line interphase transformer was originally used in a 
low frequency scheme of a high power factor, 12-pulse three- 
phase rectifier, intended for medium power levels (tens of 
kilowatts), followed by two paralleled three-phase diode 
bridge rectifiers (Fig. 1) [14]. And this special transformer is 
the main reason for the high power factor of the current driven 
from the utilities. 

In this low frequency scheme the LIT allows, by itself, a 
high power factor and eliminates de low order harmonics up 
to the 9th. The Il lh and the immediately above ones are 
minimized by the introduction of three input inductors (X,) 
just before the LIT. 

The LIT i s  a kind of autotransformer made up of three 
single phase transformers with three windings each: one 
primary (W,) and two secondaries (W, and W,). These three 
transformers are interconnected according to Fig. 1. By 
designing it with a proper turns ratio the LIT is capable of 
transforming a unique balanced three-phase system into two 
three-phase systems, al!;o balanced, but with a 30" phase-shift. 
The output voltage (\To in Fig. 1) is then a 12-puise DC 
voltage and the resulting line current driven from the mains is 

Fig. I .  Low frequency LIT-based 34, rectifier 
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like that in Fig. 2(top), without the three-phase input reactors 
(XL). With the inclusion of these reactors, thc line currcnt 
becomes that of Fig. 2(bottom). 

In this Fig. 2(bottom) the low order harmonic content (3Id 
to Bth) is climinatcd and the line current waveform approachcs 
a sinusoidal one, with low total harmonic distortion (THD): 
less than 6%. 

In order to obtain the 12-pulse output rectified voltage the 
following relations should be guaranteed [ 141: 

N ,  = 3.73 (1 1 

where N stands for turns ratio and W stands for number 
of turns of the windings. And  the average output DC 
voltage is given by: 

where VL is the line-to-line voltage of the electric network. 
V,, = 1.24.VL (2) 

A high frequency scheme with the LIT is already known 
[15,16] and is shown in Fig. 3 which consists of the LIT and 
of a high switching frequency pulse width modulation (PWM) 
output stage with boost-like characteristics. In this high 
frequency scheme the DC-DC Boost converter is switched at a 
very higher frequency than that of the AC mains, and if the 
discontinuous current mode (DCM) for each L input inductor 
is guaranteed, than the LIT windings are driven at high 
frequency and the use of a low volume ferrite core is made 
possible, resulting in a global magnetic volume much less than 
that of the low frequency LIT rectifier in Fig. 1. 

The drawback of the unregulated output voltage related to 
the low frequency scheme is surmounted by the duty cycle 
control of the output Boost converter in the high frequency 
scheme. The main waveforms derived by numerical 
simulation for a 6kW, 26kHz, 220Vcd400Vdc are presented 

in Fig.4. As can bc sccn i n  this figure, the topology is able of 
working as a thrce-phase, high power factor converter. 

B. The ZVS-PWM, Clamped Mode, Double Primary- 
Side Inductor C0nverte.r (DIC) 

Also known as a Current-Sourced (Push-pull) DC-DC 
converter it was first reported in [17], derived from the Half- 
Bridge converter from the duality principle. As can be seen in 
Fig. 5 ,  this converter has two primary-side, input inductors 
acting, together with the batteries, as current sources. This 
topology is perfectly adapted to be connected to the two 
separated (positive) current sourced outputs of the LIT (Fig. 
3). Due to the high switching frequency of this converter the 
LIT can be designed to use ferrite-type cores. Its equivalent 
inductance (LeJ is shown to keep the following relation with 
the inductance of each input inductor of the three-phase power 
supply: 

( 3 )  

The operating principle of this converter is based upon the 
overlapping of the power :,witches: when they are both ON the 
input inductors are charged and when one switch goes OFF 
(while the other is still ON) the energy just stored in the 
corresponding inductor is transferred to the load via the 
isolating transformer and one rectifier diode. By controlling 

Fig. 3. High freqiiency LIT-based 3@ rectifier 

DateITime run 08114197 1032 03 Temperature 27 0 
-t 

60- +- -, -i-- I 
27ms 30ms 35m5 40ms 45ms 

T me 
I(LC) V(F3Y3 

Fig 4 Simulation results foi the high frequency LIT-based scheme Fig. 2. Line current without filter (top); Line current with filter (bottom) 
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the duty cycle of the switches, in the pulse width modulation 
circuit, the power flow is regulated. 

The most important analytical results, besides the equation 
(3) above and disregarding the leakage inductance, are the 
following: 

static gain (or voltage ratio) in CCM: 

v, 1 
q=-=- Vi, 1- D 

static gain (or voltage ratio) in DCM: 

I 

, n  
2 

where v, = -v, , is the half of the output voltage referred to 

the primary, Le, is the equivalent input inductance, f is the 
switching frequency, R, is the load resistor and D is the duty 
ratio (defined as the simultaneous ON time of the power 
switches, SI and Sz). 

The theoretical high frequency waveforms of the DIC 
converter, in DCM, are shown in Fig. 6 as simulation results. 
In this figure one can see the duty cycle "D" which is defined 
(for the sake of comparison with the basic Boost) as the 
simultaneous ON-time of the power switches over half the 
switching period. "IC' stands for the line current, which is also 
the current through any input inductor. The auxiliary drive 
signals are shown in lower amplitude and are complementary 
to the correspondent main drive signal. 

Lk/2 S? and S4 auxiliary switches 

- 
Fig 5 - Current-sourced push-pull converter 

The current-sourced converter is operated in DCM so that 
the LIT makes use of the high switching frequency of the 
converter and the line current results with high power factor. 
In continuous conduction mode the LIT does not make use of 
the high frequency and should be designed under the low line 
frequency resulting in much bigger size. Only in this case the 
high power factor would be guaranteed. 

Due to the presence of an inevitable leakage inductance (Lk) 
in the primary of the output transformer, the use of the so 
called active clumping [18] is recommended with very good 
results, having as a consequence (with the use of switching 
capacitors in parallel with the switches) the soft switching of 
the power and auxiliary switches. The clamping circuit 
consists of the clamping capacitor (C,) and the auxiliary 
switches (S3 and Sd),  and the switching capacitors (Cl.4) cause 
the soft switching to happen with the help of the leakage 
inductor's current. 

C. The Proposed Topology 

The proposed topology consists of three input inductors, 
the LIT and the ZVS-PWM, clamped mode DC-DC 

n 1  

Fig. 6. Main high frequency waveforms. 

Fig 7. Main high frequency waveforms 
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converter, according to Fig. 8. The design is made in such a 
way that the three input inductors are put in discontinuous 
conduction mode. When both power devices are 
simultaneously ON those inductors are short circuited and 
their current follow the applied phase voltage. When either 
switch is turned OFF the energy stored in the inductors is 
transferred to the load via the LIT, together with its diode 
bridges, the clamping circuit, the output transformer and one 
output rectifier. The duty cycle ( D )  of the DZC converter is the 
power flow control variable. 

Due to the discontinuous operation of the converter, the 
resulting line current will be proportional to the phase voltage 
during the simultaneous ON-time of the power switches. The 
line current waveform will then tend to be close to a 
sinusoidal one, and in phase with the phase voltage. 

111. SIMULATION RESULTS 

Based upon the analytical equations and the design 
considerations above, the proposed power supply was 
designed and simulated, with the following specifications: 
rated output of 6kW (60V/100A), line voltage of 220V/60Hz 
(line-to-line), switching frequency of 26kHz. The main 
parameters are: L=12pH, D=O,I6, Lk=75pH, R0=O,6R, 
V,,=6OV. Some main waveforms are shown in figures 9 and 
10. 

IV. EXPERIMENTAL RESULTS 

The experimental results provided below correspond to a 
prototype not yet implemented for the rated power, due to 
some problems in the availability of the specified diodes for 
the diode bridges in the output of the LIT, and also due to 
some practical problems (unbalanced line voltages, lack of a 
good AC voltage variator, construction of the LIT and so 
one). Up to the rnoment this paper is concluded, just a 1kW 
prototype could work. But it worked properly and confirmed 
the main expectations derived from the theoretical analysis 
and simulations. 

The laboratory assembly implemented the circuit of Fig. 8 
where the main drive signals have been generated by a 3527 
IC- based circuit and the auxiliary drive signals have been 
obtained by the simple inversion of the main ones. The part 
number of the IGBTs used have been the SK 75 123 D 
(75Al1200V with integrated body diode) with their 
correspondent drives (SKHI 23). The switching frequency 
was varied between 23kHz and 26kHz, being fixed, 
eventually, at 23kHz. The line voltage was fixed at 120V and 
the output reached 51V at 20A with duty ratio of 16%. 

The main waveforms, presenting a high power factor, 
although in a light load, are shown in figures 11 to 14. 

Fig. 8. High frequency, High power factor, 34 power supply 
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Fig. 9. High frequency simulation results: (from the top) V,,,, I,,,, Iawlfct,, IL. 

Fig. 10. Low frequency: input inductor current (bottom); Line current and 
phase voltage (divided by 6) with high power factor (top). 
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These preliminary results can already show that the 
proposed LlT-based, high frequency, 3Q power supply works 
in the manner it has been conceived and can constitute a 
suited solution for a single stage, high power factor power 
supply. The resulting power factor, even for this light load , 
points to a better result for higher load and with global 
improvements in the prototype. 

The clamping circuit worked properly and clamped the 
voltage within the expected level (see Fig. 15) although an 
expression for this clamping voltage is still under research. 

Te k L ,  

I 

Fig. 12. Phase voltage (top) and switched inductor current (in the High 
Resolution of the oscilloscope). 
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Fig. 13. Line input current (HF filtered ): THD=18% and 

power factor=0.977 (light load). 
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Fig. 14. Fourier analysis of the filtered line current for 
light load. 

The diodes of the rectifying bridges in the output of the LIT 
should be fast and rated h r  high voltage, sirice one of the 
features of the proposed converter is that it stresses the LIT 
and its diode bridges with high voltage levels (-lkV). The 
saturation of the windings of the LIT is then likely to happen 
if a proper design is not wcll accomplished. The ZVS of all 
the switches took place accordingly, what is a very desired 
feature since the DCM stresses these switches with high peak 
current levels. 

V. CONCLUSIONS 

A new scheme of a single stage, high power factor, isolated, 
three-phase power supply with output of 60VI100A has been 
presented which makes use of a special kind of 
autotransformer, named line interphase transformer (LIT). 
The isolation is achieved by means of a current-sourced DC- 
DC converter switched at a high frequency, with just two 
power switches. This high frequency allows the interphase 
transformer to use ferrite cores, hence its volume results 
smaller than if it were operated under the low line frequency. 

The use of the active clamping, with the addition of two 
more auxiliary IGBTs and a clamping capacitor, is mandatory 
to effectively clamp the overvoltage that arises from the 
leakage inductance during the turn off of either power switch. 
The use of small commutation capacitors in parallel with each 
IGBT causes the converter to operate under zero voltage 
switching, improving the whole efficiency. Simulation and 
experimentation verified the analytical results. The topology 
seems to be very robust because it uses just two power 
devices and a passive power factor corrector circuit, which is 
accomplished by the LIT. Due to these features, such an 
architecture seems to be well fitted for telecommunications 
loads. 

TP k 
I I 

I 

Fig. 15. Voltage across and current through 
the main switch. 
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