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Abstract

This paper shows a new direction as to how the transformer
parameters may be best utilized and presents the performance
and control of novel DC/DC and AC/DC converter topologies.
All the three inductances of a transformer have been utilized to
realize a CL3 topology having excellent characteristics and
requiring no external inductor. For half bridge topology the
capacitor used for the purpose of input voltage splitting also
serves as the resonating capacitor. Thus in the half bridge
version the topology is realized only with a specially designed
transformer and no other external components. A laboratory
setup is produced and experiments conducted for DC/DC and
AC/DC applications. New design procedure and control
technique for the converters also presented. These topologies
are very promising in small power applications.
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1  Introduction

  In Power converter applications where input-output
ohmic isolation is mandatory or preferred, a transformer
is used and to reduce the overall size of the converter, the
switching frequency is stepped up. For hard-switched
converters increase in operating frequency results in
increased switching losses, whereas owing to the
advantages of Zero Voltage Switching (ZVS) and/or Zero
Current Switching (ZCS), the resonant converter may be
designed to operate at very high frequency [1-21].

Depending on the topological configurations, resonant
converters exhibit a wide range of characteristics. For the
voltage fed network, the basic two-element topologies
have their pros and cons and to improve upon the same,
multi-element structures are investigated [3-9]. Also,
after Steigerwald [3] explained the advantages (i.e. ZVS
turn-on and almost loss free turn-off) to operate a
resonant converter in the lagging power factor mode,
operation in this mode has become a standard practice.
Although multi-element topology offers excellent
characteristics but increases size and cost. Interestingly
transformer coupled converters may be configured
around the transformer by properly taking into account
the transformer parameters [10-13]. In this context, this

paper shows a new direction as to how the transformer
parameters may be best utilized and presents the
performance and control of novel DC/DC and AC/DC
converter topologies.

2 Development of the Proposed System

The simplified transformer equivalent circuit (ignoring
the core loss) is shown in Fig.1. Usually for a normal
transformer the leakage (primary and secondary)
inductances are too small and the magnetizing
inductance is too large and hence are not suitable to
replace any of the inductances used to form the resonant
topology. In earlier publications authors presented a CLL
topology which is ideal to operate in the lagging power
factor mode and offer excellent characteristics [21].
However, the network requires two inductors and
therefore bigger in size. Interestingly if a capacitor is
only added to the transformer equivalent circuit a CL3

type of topology results and if the primary leakage can
be made negligible then the topology becomes the CLL.
This paper shows that the CL3 topology is also equally
suitable to operate in the lagging power factor mode and
proposes a simple realization of the network for both
DC/DC and AC/DC applications.

Top: Simplified Equivalent Circuit of the Transformer.
Bottom: The CL3 Topology Realized by a Specially Designed

Transformer with only a Capacitor.

Fig.1. Development of the Proposed Topology.

Lm

a:1

Rac=8R/π2

L2

Lm

a:1
L1C1

Rac=8R/π2

0-7803-6456-2/00/$10.00 ©2000 IEEE   320



  Fig.2. shows the DC/DC and AC/DC Resonant
converter topologies which use a specially designed
transformer (ST). The special transformer offers three
adjustable inductances. The voltage splitting capacitors
are uses as the capacitor (C1=2CIN) in the resonant
network. Half bridge inverter is used to reduce the device
count. In the case of AC/DC converter an additional
capacitor CF is used to filter out the high frequency
current components generated due to the inverter
switching.

The special transformer with higher leakage and lower
magnetizing inductance may be realized in a number of
ways. A simpler one utilizing E-I type ferrite core is
shown in Fig.3. Windings are placed on the outer limbs.
Inductances are adjusted by controlling the three airgap
lengths (lg1, lg2 and lg3).

3  Converter Performance

  Due to specific advantages [3] the converter is
operated only in the lagging power factor mode and at
rated load the current phase lag is reduced to minimum
to consume minimum VA to supply the rated load power
(watts). AC sinusoidal analysis has been carried out to
bring out the important features of the network. Also
converter components and devices are considered to be
ideal. The simplified equivalent circuit is shown in Fig.4.
The expression for the converter AC gain may be
expressed as,

Where,

Fig.3. Transformer Core Details.

Fig.4. Simplified Equivalent Circuit (R= Load Resistance).

Fig.5 shows the converter gain (M) vs. frequency ratio
(=ω/ω0) characteristic for γ1 (=L1/Lm) =1.0 and γ2

(L2/Lm)=1.0 and for different magnitudes of Q (=0, 1 and
10). It  has  been  observed  that  at  the point “A”
(determined  by  the  frequency  ratio  and γ’s), the
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Fig.2a. Proposed DC/DC Converter.

Fig.2b. Proposed AC/DC Converter.
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converter exhibits load-independent feature. Interestingly
if a converter is designed to operate at the point “A” at
rated load, then with the decrease in load current, the
converter automatically enters in the lagging power
factor mode. Thus in the full operation range the
converter operates in the lagging power factor mode,
dispensing with the need of device snubber [3]. To
compensate for the variation in input voltage, the
converter need to be designed corresponding to the
minimum input voltage and maximum load current and
for all other loading conditions, the frequency may be
controlled to keep output voltage constant. Fig.6 shows
the effect of secondary leakage (in terms of γ2). It is clear
that only a specific amount of leakage provides best
operation. In Fig.6, the curve corresponding to γ2=0
displays the characteristic of a PRC. Thus the
improvement of the topology over the usual PRC is
appreciated. The boosting of voltage with load enables
this converter to operate with minimum frequency
variation. This explains the requirement of proper
attention to all the existing inductances in the inductor-
transformer to obtain optimum performance. Different
other transformer core configurations are under
investigations.

Fig.5. M vs. ω/ω0 characteristic for different Q.

Fig.6. M vs. ω/ω0 characteristic for different γ2.

  For the purpose of design, a new design variable β,
which is the ratio of currents flowing through the
transformer primary in the case of no-load and full load
conditions respectively has been defined. Thus knowing
β and M, the converter components may be found from
the following equations,

  It is to be noted that the inductance magnitudes are
inversely proportional to β. Therefore a higher β offers
smaller size but at the cost of low part load efficiency.
This calls for a compromise between converter
performance and size reduction. A higher β also allows
the converter to have increased output voltage and also
more “selectivity”.
  Finally, the gap lengths are to be determined. For
simplification, the reluctance of the core is neglected
compared to that of the air gap and the fringing flux
around the edges, is taken into consideration by
assuming that the region of uniform flux density extends
outward from each of the gap edge by a length equal to
half of the gap length [10,11]. After algebraic
simplification, ignoring the higher order terms, the
following closed form equations may be found,

  For AC/DC applications, the converter may be thought
of as a diode rectifier fed DC/DC converter. The input
AC voltage is rectified and the unfiltered DC voltage is
applied to the DC/DC converter. As the switching
frequency of the inverter is quite high compared to that
of the power frequency, the voltage applied to the
inverter appears to be almost DC and thus the converter
components may be designed corresponding to the
maximum power transfer condition [14,17].

4  Converter Control

4.1 For DC/DC Converter

  A PI controller fed VCO (Voltage Controlled
Oscillator) type control scheme is found suitable for such
type of converter. The controller senses the output
voltage, compares the same with a reference generating
an error, which is processed by the PI controller. The PI
controller output is fed to the VCO to generate the
necessary gate drive signals of the IGBTs. Details of the
control blocks are shown in Fig.7. It is to be noted that
when operated at or near the point “A”, the network
requires short circuit protection. As the voltage across the
capacitor increases monotonically with the increase of
the load, the capacitor voltage is sensed, compared with a
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reference and if exceeded, the gate drive of the IGBT is
withdrawn. This has the advantage of requiring no
current sensor for safe operation of the system.

4.2 For AC/DC Converter

  The controller in AC/DC converter has to serve the
dual purpose of output voltage control and input current
shaping. The output voltage control method is carried out
in the same as of the DC/DC converter. However,
depending on the technique of the input current shaping,
two new control strategies have been developed as
shown in Figs.8 and 9.

To develop the control schemes the converter is
initially operated only with the voltage control hardware
and the converter input current is observed. A sample
nature of the converter input current is shown in Fig.10.
The desired waveform being a sinewave (shown with
broken lines in the figure), the waveform from
experiment shows that the converter draws less current
near the zero crossing and more current near the voltage
peak. As the converter is operated always in the lagging
power factor mode a monotonous gain-frequency ration
relation exist, which may be exploited to improve upon
the converter input current waveform. The technique is
through fixed frequency modulation by reducing
frequency near the zero crossing and increasing the same
near the peak. Reduction in frequency reduced the
equivalent impedance and thus draws more current and
vice versa. This control scheme is simple requiring no
current sensor.
  To further improve the converter input current use of a
current sensor is recommended. The input ciurrent is
sensed and compared with a  reference  generating an
error which is processed by a PI controller, the output of
which drives the VCO. The details of the scheme is
shown in Fig.9. Two PI controllers are used as shown.

Fig.8. Control Scheme-1.

      Current from Experiment           Desired Waveform
Fig.10. Converter Input Current Waveform

With No Current Control.

5  Experimental Results

5.1 For DC/DC Converter

An experimental prototype of the converter has been
fabricated in the laboratory. A 48V input and 24V, 1A
output DC/DC converter application has been considered.
A transformer with “1:1” turns ratio is produced with
L1=65.8µH,L2=64.6µHand Lm=54µH. The corresponding
gap lengths are lg1=lg2=0.25mm, lg3=0.4mm. A capacitor
CIN=0.11 µF has been used. Operating frequency is
considered to be around 35 kHz. The controller is also
realized and found to perform satisfactorily. Fig.11
shows the waveform for full load and half load
conditions. Only a frequency increment of 1.01kHz is
required, which is automatically adjusted by the
controller. The converter is decided to operate well in the
lagging power factor mode, so that, in case of overload
and/or input voltage fluctuations, it remains still in the
same mode. The converter operates just in the lagging
power factor mode in the case of minimum input voltage
and maximum output current. As the peak voltage across
capacitor CIN increases monotonically with the load
current, therefore this voltage is sensed and compared
with a maximum allowable reference, which when
exceeded the gate drive of the devices are withdrawn to
protect the devices.
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Fig.7. Control Schematics for DC/DC Converter
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5.2 For AC/DC Converter

  For AC/DC application an arbitrary rating of 75V(rms)
input and 25V, 4A DC output is considered. A filter
capacitor CF of 1µF is used. It is to be noted that a larger
CF may distort the rectified voltage substantially, which
is undesirable, whereas a smaller CF may not sufficiently
filter out high frequency current components generated
by the inverter switching. The resonant network is
realized by the special transformer (ST) and capacitors
CIN (=0.11µF). All three types of controllers discussed
earlier have been fabricated and experimented. For the
case with no current control a peaky current waveform is
noted as shown in Fig.12. The Total Harmonic Distortion
(THD) is found to be 20.8%.
  To improve the converter input current waveform, the

        (Top: VS1  Middle: iS1  Bottom: iST)
                   For Full Load Condition

Control Scheme-1 is implemented. A small voltage
proportional to the rectified input voltage is added to the
output of the PI Controller to have fixed frequency
modulation. Fig.13 shows the corresponding waveforms.
The THD is found to be 9.4%. Considering that no
current sensor and associated circuitry is used, the
scheme seems very attractive. The operating frequency is
found to vary in the range of 34.48kHz to 41.84kHz.
  To further improve the current waveform, a current
sensor is used. The input current is sensed and compared
with a sinusoidal current reference generating an error,
which is processed by the PI Controller-2. Fig.14 shows
the related waveforms. A THD of 4.1% has been noted.
Considering that the normal supply voltage usually has a
THD of 2%. The performance of Scheme-2 is excellent
but at the cost of increased complexity and cost.

        (Top: VS1  Middle: iS1  Bottom: iST)
            For Half Load Condition

(Top: Vin  Middle: iin  Bottom: iS1)
Scale: Top=100V/div. Middle=2A/div. Bottom=10A/div.

Fig.12a. Voltage and Current Waveforms.

(Horizontal Full Range=0-2kHz Vertical Full Range=0-1V)
Fig.12b. Harmonic Spectrum of Converter Input Current.

Fig.12. Experimental Waveforms
With No Current Control.

(Top: Vin  Middle: iin  Bottom: iS1)
Scale: Top=100V/div. Middle=2A/div. Bottom=10A/div.

Fig.13a. Voltage and Current Waveforms.

(Horizontal Full Range=0-2kHz Vertical Full Range=0-1V)
Fig.13b. Harmonic Spectrum of Converter Input Current.

Fig.13. Experimental Waveforms
With Control Scheme-1 in Operation.

Volt Scale: 50V/div. Amp Scale: 5A/div. Time Scale: 10µs/div.
Fig.11. Experimental Waveforms For DC/DC Converter.

THD=9.4%THD=20.8%
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(Top: Vin  Middle: iin  Bottom: iS1)
Scale: Top=100V/div. Middle=2A/div. Bottom=10A/div.

Fig.14a. Voltage and Current Waveforms.

(Horizontal Full Range=0-2kHz Vertical Full Range=0-1V)
Fig.12b. Harmonic Spectrum of Converter Input Current.

Fig.14. Experimental Waveforms
With Control Scheme-2 in Operation.

6  Conclusions

  This paper introduces a new way to realize
transformer coupled resonant converters by properly
utilizing the transformer parameters. For such purpose
the transformer is specially designed with increased
leakage and reduced magnetizing inductances. Adding
only a capacitor a series parallel CL3 topology is formed
which is very suitable to operate in the lagging power
factor mode dispensing with the need for a device
snubber. Also proper design of such converters will
enable the same to operate with minimum variation in
operating frequency despite change in operating
conditions. Several aspects for DC/DC and AC/DC
converters have been discussed. Novel control methods
have been reported in the case of AC/DC converters,
which will keep output voltage constant and also shape
the converter input current as well. Laboratory
prototypes of both DC/DC and AC/DC converters have
been realized and excellent performances have been
confirmed. The proposed control method for AC/DC
converter yields a THD as low as 4.1% for the converter
input current while smoothly controlling the converter
output voltage. These types of converters are very
promising particularly in the small output range.
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