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Abstract

A new control scheme, based on variable
switching frequency and duty cycle, is
introduced for the Single Active Bridge
converter. A static analysis is realized and a
design procedure is proposed. The resulting
designs are compared with previously
proposed control strategies by means of
simulation.

Introduction

Isolated DC — DC converters are subject to
numerous developments due their relevance in
popular topics such as battery chargers for
electric vehicles, renewable energies or grid
tied converters; the SAB converter can be
considered as an interesting topology for these
applications.

The Single Active Bridge converter (SAB) can
be considered a variation of a Dual Active
Bridge (DAB)[1]. The main difference
between the DAB and the SAB is that the
power flow is unidirectional due to the
replacement of the secondary transistor H
bridge for a full wave diode bridge or other
means of passive rectification.  This
modification greatly simplifies the converter as
there are no active switches on the secondary
side, therefore no auxiliary circuitry is
necessary, resulting in potentially increasing
power density and reliability. Moreover, as the
output bridge is passive, the control variable
(phase-shift between bridges in the DAB) must
be different. A general scheme of the SAB
converter is shown in Fig. 1.
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Fig. 1: Single Active Bridge (SAB) descriptive
schematic.

From the static behavior, analyzed in [2]-[5],
two distinct conduction modes are identified
according to the inductor current (i)
waveform. These conduction modes offer
different soft-switching capabilities [6], some
papers propose control and minor hardware
modifications to extend the soft-switching
conditions further or mitigate losses [7]-[11].

As the secondary bridge is composed by
passive elements, control strategies used to
extend the soft-switching conditions of the
DAB, such as double or triple phase shift, are
not possible. The previous literature considers
the duty cycle as the only control variable of
the SAB, which limits design and operation
flexibility. A control scheme based on variable
switching frequency and constant duty cycle
was introduced in [12]. This control scheme
allows operating in only one conduction mode
for the entire range of operation, making
possible to obtain Zero Voltage Switching
(ZVS) or Zero Current Switching (ZCS) at any
operating point, even at light loads.

In this document another control scheme is
introduced, it uses the duty cycle and the
switching frequency as control variables to
provide an extra degree of freedom (DoF).
This additional DoF is used to mitigate some
of the drawbacks that using only one control
variable had by also changing the duty cycle
within a range of values that still ensures only



one conduction mode for the whole operating
range.

Static analysis of the SAB and variable
switching frequency

Two conduction modes, based on the inductor
current waveform, are identified in the static
analysis. In [6] is derived that ZVS is
achievable in Continuous Conduction Mode
(CCM) and ZCS is obtained when operating in
Discontinuous Conduction Mode (DCM). The
inductor current waveform and the soft-
switching events are depicted in Fig. 2.

The SAB converter voltage conversion ratio,
which is dependent on the output load for both
conduction modes, corresponds to:
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Fig. 2: Input (ig) and inductor (ir) currents. a)
In CCM. b) In DCM

Where n is the transformer turns ratio, d is the
duty cycle as defined in Fig. 2, L is the
inductor value, T is the switching period and
Ry is the output load.

The condition for operating in one mode or
another is described by:

Vo
Nerie = <V_> = 2dcrit (4)
g" crit
The critical duty cycle is a function of the
normalized voltage conversion ratio, therefore
by maintaining the duty cycle bigger or smaller
than the maximum or minimum critical duty
cycle, depending on the voltage range
specifications and the transformer turns
relation, operating only in one conduction

mode is possible for the full operating range.

From equations (1) and (2) a dependency of
the transferred power by the converter on the
switching frequency for both conduction
modes can be observed. Furthermore, the
switching period only appears in (3) and shows
a linear relation with the connected load. This
is the basic idea behind the control strategy
proposed in [12]. Maintaining a constant duty
cycle that guarantees CCM or DCM operation
and control the transferred power by varying
only the switching frequency. Both conduction
modes offer advantages and disadvantages,
CCM makes possible ZVS, however there is a
recirculating current that contributes to
increase conduction losses; in DCM there is no
recirculating current therefore, ZVS is lost but
ZCS is achieved. For these reasons, the most
suitable conduction mode depends on the
specifications of the converter and its design
goals.

For variable switching frequency and fixed
duty cycle, two main drawbacks arise. The first
one is that the recirculating current, necessary
for ZVS, cannot be controlled. The second one
is that the switching frequency range can be
large.

As the duty cycle is fixed on a value, the
recirculating current relative to the output

current does not change with the switching
frequency. So, if the recirculating current is set
at minimum power to guarantee ZVS, it would
result bigger than necessary at maximum



power, contributing to greater conduction
losses (see Fig. 3).

The excessive switching frequency range is
mainly due to the linear relation with the
connected load. Therefore, there is a direct
dependency of the

switching frequency range and the load
variability specification.

Variable duty cycle and switching frequency
strategy.

Adding a second control variable can help
mitigate the previously described drawbacks
associated with maintaining a fixed duty cycle.

Analyzing equations (1) and (2), the switching
frequency varies inversely to the transferred
power. This means that for the same duty
cycle, the higher the switching frequency the
less power will be transferred. On the contrary,
the higher the duty cycle, the more power is
transferred for a fixed switching frequency.
Additionally, [12] shows that increasing the
duty cycle, when operating in CCM, increases
the relative recirculating current to the output
current.

As in DCM there is no recirculating current,
modification of either control variable only
varies the transferred power and the current
waveform, which can affect the efficiency of
the converter. However, this is not considered
in this paper and only CCM is considered, as
ZVS is considered more advantageous than
ZCS for the specifications of the design guide.

To minimize the switching frequency range, a
duty cycle variation can be applied. At the
point of minimum power, a duty cycle that
guarantees CCM operation and enough
recirculating current to achieve ZVS is set. To
minimize the switching frequency range, the
duty cycle increases for higher power levels.
This makes both control variables contribute to
the power transfer, resulting in a greater
minimum switching frequency. As a drawback,
the relative recirculating current is very
sensitive to duty cycle variations when
operating in CCM, therefore the average
recirculating current is bigger when the duty
cycle is increased for the same power level.

On the other hand, to reduce the recirculating
current at high power levels, the duty cycle has
to decrease as the switching frequency gets

smaller. This would reduce the relative
recirculating current, reducing the absolute
recirculating current even though the
transferred power increases. The lower limit of
the duty cycle is set by the minimum necessary
recirculating current for ZVS. In this occasion,
both control variables are working to obtain
opposite objectives. This enlarges the relative
switching frequency range.

Fig. 3 shows the impact of the variation of the
duty cycle on the relative switching frequency
range, defined by:

Afsw—rel _ fsw—max B fsw—min (5)

fsw—min

. The relative increment of the duty cycle
represents the variation of the duty cycle,
positive or negative, divided by the critical
duty cycle value. In Fig. 3 a), the greater the
relative increment, meaning bigger values of
the duty cycle at bigger power levels, the
smaller the relative switching frequency range.
On the contrary, in Fig. 3 b), where the duty
cycle decreases from the maximum value, the
greater is the decrease, the bigger is the
relative switching frequency range.

For the first approach, as the recirculating
current increases rapidly when the duty cycle
increases, it is appropriate to maintain the
minimum duty cycle value until the minimum
frequency is reached. For the second approach,
to maintain a small recirculating current, it is
of interest to vary both control variables as the
output power increases to maintain ZVS.
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function of the relative duty cycle increment.



Ideal input and inductor current waveforms for
both variable frequency control strategies with
minimum recirculating current are graphed in
Fig. 4.

Design guide

The design guide proposed in [12] aimed for
CCM operation to achieve ZVS. Consequently,
a duty cycle slightly higher than a chosen
maximum critical duty cycle is selected. Once
this parameter is chosen, the transformer turns
relation is obtained immediately. With the
condition of the minimum or maximum power
point, L is determined. If the maximum and
minimum switching frequencies are acceptable
the design is consider valid. This design guide
can be modified to implement a duty cycle
increment by adding the relative switching
frequency range as a final condition to the
process and the duty cycle increment as a
control variable.

During the design process an initial duty cycle,
do, and a final duty cycle, dy, will be used; the
latter corresponds to do plus the duty cycle
maximum increment. These represent the
extreme values that the duty cycle can take.
This design guide is focused towards reducing
the switching frequency range instead of the
recirculating current, therefore dr will be
greater than do. The resulting design process
can be summarized as follows:

1. A maximum critical duty cycle is set by

the designer.
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Fig. 4: Ideal input and inductor currents at
different loads wunder different control
strategies. a) Variable switching frequency and
fixed duty cycle. b) Variable switching
frequency and duty cycle with minimum
recirculating current.

2. Considering the CCM  operation
requirement, equation (4) is used to
determine the transformer turns relation
(n).

3. The minimum duty cycle is set slightly
higher than the maximum critical value to
guarantee the minimum recirculating
current necessary for ZVS.

4. For the minimum power operating point,
the inductor value is determined using:

Vo min
I = <(1 - do)do _ Nmin) Io min (6)
2 Nmin 8 nzfmax

Where Npin is the minimum normalized
voltage conversion ratio, defined as:

Vomin
Nppin = — 7
min anmax ( )

5. The final duty cycle value, di, can be
determined from the maximum power
point condition with the specified
minimum switching frequency:

Vo max
L = <(1 — df)df _ Nmax) Io max (8)
2 Nax 8 nzfmin
V,
Ninax = — )

n Vg min

If the maximum duty cycle is lower than the
maximum threshold, then the design is
considered valid.

Although this design methodology is valid, it
does not take into account the possibility of a
variable duty cycle for selecting a transformer
turns ratio. A bigger value of n provides
smaller maximum critical duty cycles,
allowing the operation with smaller duty
cycles, lower recirculating currents and greater
duty cycle increment. However, this increases
the value of the primary side currents.

Analytical and design results

The resulting designs for the specifications of
Table 1 according to different design
procedures are in Table 2. The variable duty
cycle is based on the design process proposed
in [5], it uses the duty cycle as the only control
variable and operates in both conduction
modes. The variable switching frequency is



based on [12] and aims for CCM operation for
any operating point, the switching frequency is
considered as the only control variable. The
design based on two control variables
corresponds to the one proposed in this paper
and explained in the previous design guide.

Table 1:Specifications for the design process

Parameter Min Max

Input voltages (V,) 800 V 850V

Output voltages (Vo) | 350 V 400 V

Output current (I,) 0.5A 55A

Table 2: Design guides results

Parameter | Variable | Variable | Both
duty switching | control
cycle frequency | variables

n 1 1 1.09

L (uH) 408 444 337

do 0.05 0.275 0.24

dr 0.45 0.275 0.36

Switching | 33 [22.42, [35,300]

frequency 300]

(kHz)

In Fig. 5 are graphed the relative switching
frequency range and the final average
recirculating current of the proposed variable
switching frequency and duty cycle design as
functions of the initial duty cycle and the duty
cycle increment. The relative switching
frequency range for a given design follows:
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Fig. 5: Relative switching frequency range and
final average recirculating current as a function
of the initial and final recirculating current.
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and the final relative recirculating current is
calculated with:

(ve+ D) (4~ 7vem)

Lrecrer = 4LfI
)

2

(12)

The gradient color curves correspond to the
relative switching frequency range defined by

(5).

The dashed blue lines correspond to the final
duty cycle recirculating current. This is the
average recirculating current for the variable
switching frequency and duty cycle design at
minimum switching frequency and the duty
cycle value of dp which in this case
corresponds to the maximum power point.

From this figure two appreciations can be
made, the smaller do, the closer the relative
switching frequency range curves are, meaning
that the duty cycle increment will have a
greater impact for a reduced do in reducing the
relative switching frequency range.

On the other hand, when the duty cycle
increment is positive, the relative recirculating
current grows more quickly the greater the
increment. These two observations confirm
what was supposed for the design guide, set
the duty cycle close to the maximum critical
duty cycle and maintain the increment as low
as possible. This means that for the design
procedure, the more convenient starting point
is to set a small maximum critical duty cycle
value.

The proposed design is composed by simple
equations with known parameters. This forces
to the designer to choose certain parameters as
fixed, which results in a rigid design process
that many times will not achieve an optimal
solution or even a solution at all. The designer
must take them on an iterative process.



For the design with two control variables, as
the recirculating current rapidly increases with
an increase of the duty cycle while operating in
CCM, control variables follow the profile
depicted in Fig. 6. The duty cycle is increased
when the switching frequency has reached the
minimum value.

With the designs described in Table 2, a
comparison of semiconductor average and
RMS currents as a function of the output
current is realized in Fig. 7 and Fig. 8
respectively. All currents are calculated
considering the minimum specified input and
maximum output voltages.

RMS and average semiconductor currents are
similar for all designs. As expected from the
similar results of the design processes, the two
control variables design offers intermediate
results in comparison with the variable only
duty cycle and the variable only switching
frequency designs. For the average currents, at
low loads all control strategies show similar
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Fig. 6: Control variable curves as functions of
the output current for each design. a) Variable
duty cycle design. b) Variable switching
frequency design. ¢) Variable duty cycle and
variable switching frequency design (proposed
in this paper)
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Fig. 7: Average semiconductor current
comparison.

behaviors, even though they operate in
different conduction modes, the designs
operating in CCM do it with a small
recirculating current. The one based on
variable duty cycle deviates from the other two
at approximately 4 A of output current. This
happens because of a change in the conduction
mode, from DCM to CCM; once this happens
the recirculating current increases rapidly,
which is visible for the intrinsic diode 1. For
the RMS currents the same change in
conduction mode can be observed for the
intrinsic diode 1.

Additionally, for both transistors, specially at
low loads for the same power, the current level
is lower, this is because a more favorable
current waveform results in smaller RMS
currents.

Simulation results

To confirm the proposed control scheme,
simulation results are used. In

Fig. 10, the control variables are plotted as
function of the output current and simulation
measurements of

them. In Fig. 9, two inductor current
waveforms that confirm the analytical
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comparison.

calculations are depicted. These results refer to
the 2 variables design from Table 2. Both
figures correspond to the maximum and
minimum input and output voltages,
respectively.

Conclusions

A new control scheme has been proposed in
which the duty cycle and the switching
frequency are both control variables. The
additional degree of freedom can be used to
reduce the switching frequency range or the
recirculating current, if operating in CCM.
This control strategy is confirmed and
compared by means of simulation as a valid
alternative that manages to expand ZVS or
ZCS to the whole range of operation.

Future work includes, but is not limited to, the
verification via experimental results and the
extraction of an averaged small signal model
of the converter controlled with variable
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Fig. 10: Simulation validation of control
variables as a function of output current.

switching frequency and with the two
proposed control variables.
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Fig. 9: Inductor current waveform for two
different operating points.
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