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ABSTRACT There is an increasing demand for efficient and low-profile power converters in almost all
industrial applications. Some require stable performance over a wide range of input voltages, whereas others
require converters with a stable performance over a wide range of output voltages. In this regard, little work
has been done to combine both requirements into one solution. This work suggests a unique solution that
addresses both requirements at once. A power converter with 2×3 reconfigurable modes has been presented,
able to operate with DC gains of 1, 2 and 4, which can be further extended to 8. The converter shows stable
performance for the extended range of both input and output voltage. The flexible reconfigurable feature
of the proposal can be applied in a variety of applications. Two reconfigurable modes on the input side
can be configured following the variation in the line voltage to maintain a stable performance, and three
reconfigurable modes for the output voltage, which raises the output voltage from 24V to 48V and 96V.
The proposal is applied in an example application of a phase shifted full bridge converter. The converter is
characterized for Vin = 100-400Vdc, Pout = 1kW.

INDEX TERMS Wide range power converters, reconfigurable converters, flexible converter, ZVS convert-
ers, wide input range, PSFB converter, medium power, series transformer, wide output.

I. INTRODUCTION
Wide range power converters are receiving attention in a
broad range of industrial applications, like server stations,
DC grids, photovoltaics, electric vehicles and supercapaci-
tors. Some require a power converter with the capability to
handle wide variations in the input voltage, like photovoltaic
applications, whereas others require a converter capable of
handling wide variations in the output voltage, like charg-
ing of batteries/supercapacitors. Photovoltaic/server station
applications need wide input range converters at a fixed out-
put voltage, whereas battery/supercapacitor charging appli-
cations need wide output range converters at a fixed input
voltage. An extensive work [1]–[8] is progressing in the
power electronics industry to meet the requirements to some
extent. The focus has been on either extending the range
of input voltage or extending the range of output voltage.
The literature [9]–[13] provides a solution for server power
applications: to reduce the size of the link capacitors during
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hold-up time. The performance of the converter is optimised
only for the nominal operating range. This narrows the scope
of the proposal. The main constraint in extending the range
of input voltage is the reduction of the operational duty cycle
with the increase in line voltage. More circulating current
flows in the freewheeling interval adds more conduction loss.
In [14], an adapted control strategy has been presented tomin-
imize circulation current loss. However, it reduces losses only
under low power conditions and makes the design complex.
The authors [15] reduce the conduction loss by adding a boost
capacitor, however, it cuts the range of zero voltage switching.
The literature [4]–[6], [16] reports an extended range of input
voltage for photovoltaic and EV applications. Although they
report stable performance over the extended range of the input
voltage, the output voltage remains fixed.

Similarly, the proposals [1]–[3], [17]–[19] report stable
performance over the extended range of the output voltage,
however, the input voltage remains fixed. The most common
approach for the extended range of voltage gain is a frequency
modulated LLC power converter. LLC converters show opti-
mum performance when operating at the resonant frequency,
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the switching frequency has to swing in a wide range to
achieve extended voltage gain, this results in degraded overall
performance [4]. Moreover, the voltage regulation of LLC
converters is load-dependent and affected by circuit param-
eters like resonant capacitance and magnetizing/resonant
inductance [3]. The variable frequency operation further adds
complexity regarding EMI. The other traditional solution
used to obtain a wide range of output voltage is the bench
type variable output power supplies. These solutions could
be linear power supplies or switch-mode power supplies.
However, none of the solutions meets the present requirement
because of their bulkiness and lower efficiency. To meet the
requirement of a wide range of output voltage, multiple power
converters are usually stacked together, which increases the
cost and complexity of the system [12]. Moreover, it degrades
the reliability and efficiency of the overall system.

This proposal presents a novel concept to extend the range
of both sides as a single reconfigurable solution. By using
the reconfigurable characteristics of the proposed converter
along with the requirement of the intended application,
the range of either side can be extended while keeping the
performance stable. This work is an extension of previous
work [13], [20], [21], where the solutions for extending
both ranges have been separately discussed. By combining
both solutions, this work introduces a novel concept of a
five distinct mode isolated power converter. This one size
fits all flexible solution can be implemented either in wide
input-range applications or inwide-output range applications.
This work focuses on a complete system, however, for sim-
plicity, the discussion has been kept consistent with previous
work. The simplified block diagram of the proposed concept
is shown in Fig. 1. There are 2×3 distinct modes, i.e., modes
1-2 on the input side and modes 3-5 on the output side.
The converter can be configured to either set of input/output
modes manually or by pre-programming a certain limit. Gen-
erally, power converters are designed for nominal operating
conditions, the performance degrades beyond nominal condi-
tions. The reduction of the duty cycle with the increase in line
voltage is the main cause of performance degradation, due
to the flow of more circulating current and increased ripple
current. In the proposed converter, instead of reducing the
duty cycle, the effective gain of the converter is adjusted to
keep the operational duty cycle high for a wider range of input
voltage to maintain a stable performance. For the extended
range of output, instead of changing the switching frequency
like an LLC resonant converter, the output voltage can be
raised from base voltage X volt to 2X volt, to 4X volt or 8X
volt. The proposal has been verified in an example application
of a phase shifted full bridge (PSFB) converter, where the
converter is characterized for an input voltage of 100-400V
and up to the load power of 1kW. To simplify, both wide
input and wide output characteristics have been investigated
separately.

The main advantages of the proposal are (1) a unique
one size fits all solution for both wide input range appli-
cations and wide output range applications while keeping

FIGURE 1. Block diagram of the proposed converter, showing five
reconfigurable modes, two on the input side and three on the output side.

FIGURE 2. Simplified circuit diagram of the converter showing key circuit
elements of each section.

the performance stable, (2) the flexible reconfigurable struc-
ture simplifies implementation for a variety of applications,
(3) the gain of the converter can be raised to eight and (4) the
use of series transformers simplifies heat management.

II. CIRCUIT DESCRIPTION
The main circuit diagram of the converter is shown in Fig. 2.
The full circuit can be divided into four main sections, power
drive section, power transfer section, the rectification section
and the output control section. The power drive section com-
prises of six power devices Sa-Sf, which are arranged to drive
power making three legs on the primary side. As shown in the
switching diagram Fig. 4, in primary mode-1, the devices of
both leg-1 and leg-3 operate in phase, whereas inmode-2, leg-
2 stays neutral. The inductors Lk12 and Lk34 are the sums of
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FIGURE 3. Synchronous rectification of one of the output blocks along
with proportional gate drive controller.

the intrinsic leakage inductance of transformers T1 − T2 and
the transformers T3 − T4 respectively. Along with intrinsic
output capacitance of power devices, the inductors
Lk12 and Lk34 resonate to obtain soft switching of power

devices. The power transfer section contains four transform-
ers, which transfer power from the primary side to the sec-
ondary side, and provides isolation between the two sides.
Each transformer consists of the same number of primary
turns NP and secondary turns NS . The rectification section
independently rectifies the secondarywinding voltage of each
transformer and makes four isolated blocks of the output
voltage. Each block rectifies the respective secondary wind-
ing voltage employing synchronous rectification by using the
proportional gate drive technique. This technique eliminates
the need for an external biasing supply for the gate driver,
thusmakes it possible to build an electrically isolated rectified
voltage for each transformer. A circuit diagram of one of the
output blocks is shown in Fig. 3. Each block contains two
MOSFETs along with independent gate drive controllers for
synchronous rectification and the filtering elements capaci-
tor/inductor. The output control section consists of nine active
devices S1-S9. These devices are arranged to configure the
output voltage in any of the three possible modes, that is
mode-3 to mode-5 on the output side. It means the provision
of nine active switches aligns blocks in series, parallel or a
combination of series/ parallel.

As mentioned, the proposed converter has 2 × 3 recon-
figurable modes, i.e., two on the input side and three on
the output side. This makes five distinct operational modes.
The converter works differently in each mode. To simplify
the analysis, mode-3 has been considered as the default con-
figuration of the output control section, where all blocks
connect in parallel. The switching control signals along with
key waveforms, like transformer primary voltage/current, are

FIGURE 4. Device switching control along with key switching waveforms
for operational modes 1-5.

shown in Fig. 4 [22]–[26]. The following is an explanation
of how the proposed converter works in order to extend both
ranges. For simplicity, the discussion has been categorized
into two sections.

III. EXTENSION OF THE INPUT RANGE
A. OPERATION OF MODE-1/MODE-3
In mode-1, all six power devices take part in power conver-
sion. One device from each leg contributes alternatively in a
half-period of a cycle. As seen in Fig. 4, both outer legs are
out of phase with leg-2. Leg-2 clamps input voltage on the
common point to Vin and zero in alternate half cycles. This
connects a pair of series-connected transformers T1− T2 and
T3 − T4 in parallel. The voltage stress on each transformer
in that case is Vp12/2, the primary current also follows two
paths i.e., Ip12 through transformers T1−T2 and Ip34 through
transformers T3 − T4. After passing through synchronous
rectification and filtering elements, the rectification section
prepares four isolated blocks of the output voltage. To con-
figure them in parallel, switches S2, S5 and S8 connect pos-
itive terminals and switches S3, S6, and S9 connect negative
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FIGURE 5. Status of devices/switches and the flow of current in a
half-cycle of the period during the operation of the converter in
mode-1/mode-2.

terminals. This parallel configuration is finally applied to the
load. Fig. 5 shows the status of devices on the primary side
and the status of switches on the secondary side for one of the
half-cycles. In the other half-cycle, the other group of primary
devices, i.e., Sb, Sc, and Sf, become active, whereas on the
secondary side, which is the default configuration, the same
set of switches remains active. Both primary current Ip12 and
Ip34 can be determined as

Ip12 = Ip34

=

{(
Vin−nef _1Vout

2Lm_1 + 2Lk_1 +
(
nef _1

)2 Lo_T
)
+ILo_T /nef _1

}
(1)

where Vin is the input voltage, Vout is the output voltage, Lm_1
and Lk_1 are respectively the effective magnetizing/leakage
inductances, Lo_T is the total output filter inductance, and
ILo_T is the total load current. The effective turn ratio is
defined as nef _1 =

(Vin/2)
Vout

=
Np
Ns
, where NpNs are the

number of primary and secondary turns respectively. The
output voltage of the converter at the terminals of the load
is determined as

Vout (mode1/3) = 2Deff
Ns
Np

(
Vin
2

)
(2)

The effective duty cycle Deff is defined as Deff = D −(
Dloss + ϕshift

)
, where D is the duty cycle.

B. OPERATION OF MODE-2/MODE-3
As shown in Fig. 4, the operation of the converter in mode-
2 differs in such a way that the devices of leg-2 remain
inactive and the converter operates as a traditional phase
shifted full bridge converter. The outer two legs take part in
the transfer of power. The power is transferred alternatively
through a diagonal pair of devices Sa−Sf , and Sb−Se. It con-
nects the primary winding of all four transformers in series.

The input voltage Vp14 is divided between four transformers
and the voltage on each transformer is reduced to Vin/4, and
the same amount of primary current Ip14, flows through each
transformer. The primary current in mode-2/ mode-3 can be
determined as

Ip14 =

{(
Vin − nef _2Vout

Lm_2 + Lk_2 +
(
nef _2

)2 Lo_T
)
+ ILo_T /nef _2

}
(3)

where Lm_2 and Lk_2 are the effective magnetizing/leakage
inductances respectively. The effective turn ratio is nef _2 =
(Vin/4)
Vout

=
Np
Ns
. The output voltage of the converter for this

configuration can be determined as

Vout (mode2/3) = 2Deff
Ns
Np

(
Vin
4

)
(4)

IV. EXENSTION OF THE OUTPUT RANGE
A. OPERATION OF MODE-4
This mode relates to the output control section, and can
be made active while the primary side is either in mode-
1 or in mode-2. Therefore, only the operational status of
the output control section will be discussed. This mode first
configures two blocks in series and then connect them in
parallel. As seen in Fig. 6(a), switch S1 configures block-
1 and block-2 in series, and switch S4 configures block-
3 and block-4 in series. The switches S8 and S9 connect this
series combination in parallel. This means that the voltage
that appears on the load is Vload =

(
Vblock_1 + Vblock_2

)
‖

(Vblock_3 + Vblock_4). This doubles the output voltage of the
default mode-3. The output voltage can be determined by
considering any of the operational modes on the primary side.
For the primary section configured in mode-1, the output
voltage of the converter in mode-4 is

Vout (mode1/4) =
[
2Deff

Ns
Np

(
Vin
2

)]
× 2 (5)

In mode-4, a series-connected pair of output filter inductors
appears in parallel to the load. The primary current can be
determined either by (1) or (3) and by considering the total
value of the output filter inductance in this mode.

B. OPERATION OF MODE-5
This mode also relates to the output control section. It con-
figures all blocks of the output voltage in series. This mode
can also be made active regardless of the operational sta-
tus of the primary section, i.e., either mode-1 or mode-2.
As shown in Fig. 5(b), three switches S1, S4 and S7 take part
in arranging all blocks in series. The three switches involved
connect positive and negative terminals and thus the load
is provided with the series configuration of all blocks. This
means the output voltage is four times higher compared to the
default configuration of the output control section, i.e., mode-
3. Similar to mode-4, the output voltage of the converter can
be determined by considering either of the operational modes
on the primary side. For example, the output voltage of the
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FIGURE 6. Status of switches in the output control section, (a) mode-4,
(b) mode-5.

converter in mode-5 while the primary section is working in
mode-1 is determined as

Vout (mode1/5) =
[
2Deff

Ns
Np

(
Vin
2

)]
× 4 (6)

V. DC GAIN OF THE CONVERTER
As discussed, the status of modes on both the input side and
the output side determines the effective DC gain of the con-
verter. Since each configuration connects circuit components
differently, the gain of the converter also differs in eachmode.
By using (2), (4), (5) and (6), and configuring output blocks
in mode-3 as a reference, the DC gain of the converter for
each mode is determined as

G_mode1/3 =
Vout
Vin
=
Ns
Np
Deff (7)

G_mode2/3 =
Vout
Vin
=

1
2
Ns
Np
Deff (8)

G_mode1/4 =
Vout
Vin
= 2

Ns
Np
Deff (9)

G_mode1/5 =
Vout
Vin
= 4

Ns
Np
Deff (10)

By using (7)-(10), comparison curves have been drawn for
the normalized condition Ns/Np = 1 in Fig. 7. As seen,
the gain of mode-1/3 is double the gain of mode-2/3 and is
four times higher in mode-1/5. The gain multiplication factor
for each input/output configuration is listed in Table 1, where
the gain can be raised to 4. By referring the gain= 1 to mode-
2/3, the gain of the converter can be raised to 8 when it is
configured to mode-1/5.

The gain characteristics of both input modes 1-2 can
together be used to extend the range of the input voltage.
A comparison plot of duty cycle against the variation of
input voltage in mode-1/3 and mode-2/3 for the normalized
conditions Ns/Np = 1 is plotted in Fig. 8. The reduction

TABLE 1. Multiplication factors for the calculation of the gain of the
converter in each configuration.

FIGURE 7. Comparison plot of gain of the converter in each mode by
taking mode-1/3 as a reference.

FIGURE 8. Comparison plot of the variation of duty cycle against the
input voltage between mode-1/3 and mode-2/3, the reduced effective
gain in mode-2/3 allows higher duty cycle.

of effective gain of the converter in mode-2/3 doubles the
required duty cycle. This makes it possible to extend the
input range while keeping the duty cycle high. For example,
a converter can be set to operate in mode-1/3 for Vin = 100-
200V and then to mode-2/3 above 200V. This keeps the duty
cycle high for a wider range of input voltage.

VI. DESIGN CONSIDERATIONS
The circuit parameters of the converter act differently in each
mode. Some important considerations for the stable operation
of the converter have been outlined in the following:

A. TRANSFORMER CONSIDERATIONS
The combined effective parameters of all four trans-
formers differ in each mode. Assuming that the output
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TABLE 2. Logical table for the selection of output modes.

blocks are configured as default, the transformer parame-
ters seen by the primary section in mode-1/3 are LM_P ={
(Lm1 + Lm2) ‖ (Lm3 + Lm4)

}
and Lk_P = {Lk12 ‖ Lk34,

whereas inmode-2/3, it becomes LM_eq = {Lm1+Lm2+Lm3+
Lm4, Lk_eq = {Lk1 + Lk2 + Lk3 + Lk4. The total magnetizing
inductance of the circuit is four times less in mode-1/3 than
in mode-2/3. Therefore, the magnetizing current would also
be high in mode-1/3. The other parameters, like leakage
inductance and resistance of the winding, will also display
a similar pattern.

B. CURRENT CONSIDERATIONS
In mode-1/3, the stress on leg-2 is twice as much as the
stress on the other two legs. This is because the sum of
current flowing through the other two legs passes through
leg-2. Therefore, the selection of power devices should be
made by considering current/power stress in mode-1. On the
secondary side, for the default mode-3, the total load current
is shared between all four blocks, which makes stress on
synchronous devices and filter element as I0/4, in mode-
4 as I0/2, and it is I0 in mode-5. The specifications of the
secondary side elements can be chosen depending on the
requirements of the intended application.

C. CONSIDERATION OF THE OUTPUT CONTROL SECTION
There are two very important considerations for the proper
function of the output control section. One is the orientation
of switches and the other is the electrical isolation of switches
from each other. The switches should be placed such that
there is no interference from body diodes as long as the
switch is inactive. To ensure the isolation of each switch,
the gate drive and the biasing supply need to be carefullyman-
aged. To verify the concept, this proposal uses TOSHIBA’s
photo-coupler part number TLP701 as a gate driver to the
switches. Table 2 explains the control signals in terms of
logical value to achieve respective mode on the output side.

D. CONTROL STRATEGY
A simplified control scheme has been implemented to vali-
date the concept. There are three main sections of the scheme,
one is sensing of the line voltage to adapt the required mode
on the input side, the second is the mode selection on the
output side and finally, the pulse width modulated control to
regulate the converter. Since the circuit effective parameters
differ in each operational mode, therefore, separate look-up

TABLE 3. Specification/component details of the example application.

tables for each combination of input/output modes have been
implemented in the microprocessor. Based on the status of
input/output mode, an appropriate control strategy along with
voltage feedback has been adopted to control the converter.
The complete control strategy has been implemented by using
Microchip’s dsPIC based microprocessor. To switch control
signals between six power devices, PWM signals have been
routed through six multiplexes. In order to remotely control
the features, communication between the converter and the
personal computer (PC) has also been implemented.

E. CONSIDERATIONS OF MODE SWITCHOVER
The smooth transition between modes also requires a few
considerations. On the primary side, the devices of the com-
mon leg turn ON/OFF during transition from mode-1 to
mode-2 and vice versa. As discussed earlier, the gate drive
signals are swapped between legs; an incorrect timing of the
signals may destroy the devices. A short blanking time can be
introduced in the controller to ensure the correct timing and
phase of the signals. During transition, the converter resets
effective gain from high to low and vice versa, the operational
duty of the converter varies, which may result in instability.
The strategy adopted for the evaluation of the concept is
shown in Fig. 9, where the line voltage is sensed and the
controller enters into a transition strategy. A delay of 15 µsec
has been introduced between the switchovers to ensure the
demagnetization of transformers, even for the worst case,
such as light load. To keep the output voltage stable, the new
duty cycle has been updated one cycle earlier than the start of
the switchover command. On the secondary side, the switches
of the output control section have to withstand abrupt turn ON
during switchover of modes 3-5. The turn ON/OFF timing of
switches in the loop also needs careful adjustment.

F. LOSS CONSIDERATIONS
For the evaluation of the performance, the proposed concept
has been implemented in an example application of a PSFB
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TABLE 4. Set of equations along with loss contribution of key components in each mode.

FIGURE 9. Control strategy for the smooth switchover of primary
modes 1 and 2.

converter. The specifications of the converter along with
details of the circuit elements are listed in Table-3.

A standard set of equations, like core loss, switching loss,
gate driver loss, conduction loss and copper loss has been
written on amath processor for analytical estimation of losses
in each mode. The equations along with loss contribution
of key components in each mode is shown in Table 4. The
component-specific parameters have been taken from the
manufacturer datasheets. The remaining key parameters, such
as the transformer’s AC resistance of the windings, leakage
inductance and magnetizing inductance have been measured
by using an impedance analyzer. For the example application,
the converter is configured to operate in mode-1/3 for Vin =
100− 200V , above 200V it operates in mode-2/3. The losses
are calculated separately for both input modes and by the
switching output modes from 3-5.

The total converter loss in each mode is compared
in Fig. 10, which shows similar characteristics. The losses are
maximum for the primary/secondary configuration of mode-
1/mode-3, where the maximum number of power devices and
output control switches are involved, and results in maximum
switching and conduction losses. As a comparison between
mode-1/mode-3 and mode-1/mode-5, the conduction losses
are less in the latter because of the high voltage/low cur-
rent conditions. As the output voltage increases, current
decreases, which decreases conduction losses. For the com-
parison between mode-1 and mode-2, the performance shows
better characteristics in mode-2, because the devices of leg-
2 remain OFF. Although the input voltage is higher in mode-
2, the number of series-connected transformers becomes dou-
ble that of mode-1, which reduces the applied voltage to the
transformers by four.

G. COMPARISON WITH CONVENTIONAL CONVERTERS
As mentioned, this work proposes a unique single approach
to extend both the input range and the output range. An exact
cost/performance comparison between the proposed and the
conventional approaches is difficult to make. However, a gen-
eralized analytical comparison of key parameters for the
same specifications is given in Table 5. For wide input
range applications, the higher operational duty cycle in the
proposed converter maintains the performance stable. The
operation with a higher duty cycle reduces ringing and over-
shoot; as a result, EMI characteristics improve. The only
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FIGURE 10. Loss comparison of the working of the converter in all three
output modes against both the input modes at load power of 1kW.

TABLE 5. Generalized performance comparison of key parameters
between the proposed converter and the conventional converter.

difference is the addition of two more power devices on
the primary side, which slightly increases conduction and
switching losses in the proposed concept. Similarly, for wide
output range applications, unlike the conventional approach,
the proposed converter extends the range while keeping the
switching frequency constant. This simplifies the design and
selection of input/output filtering components. In addition,
it also improves EMI performance. Although the proposal
uses active switches to extend the range, which adds addi-
tional conduction losses, it could be maintained at an accept-
able range by choosing appropriate switches following the
requirements of the intended application. As a whole, the part
count in the proposed converter is higher than the conven-
tional, which increases complexity; however, the reduced
stress on circuit parts cuts the power rating and volume of
the components. The cost of components mainly depends
on the power/stress levels; the only available option in cer-
tain cases is a customized solution [27], [28]. For exam-
ple, compared with the conventional approach for the same
specifications, the DC-current requirement of the filtering
components is greater than 50 Amps. The market for such a
high-current component is slim; the only solution available

FIGURE 11. Picture of the prototype, showing both the control card and
the power card.

FIGURE 12. Demonstration of the equal operational duty both in
mode-1/mode-3 and mode-2/mode-3, although the change in the input
voltage is 100%.

is either arranging parallel elements or customizing. This
becomes even more difficult to find solutions as the power
level increases [27]. Furthermore, the presented flexible sin-
gle solution can be remotely configured to meet a variety of
applications. In addition, the use of several transformers and
parallel operation of secondary circuit elements in the pro-
posal reduces thermal management efforts as well as better
system reliability.

VII. EXPERIMENTAL INVESTIGATIONS
A prototype of the example application has been designed to
verify the proposed concept. The specifications and compo-
nent details have already been listed in Table-3. As shown
in Fig. 11, the prototype consists of two modules, one for
the power section and the other for the control section.
The control of the converter is based on Microchip’s dsPIC
platform. The control signals are cloned by using multi-
plexers. As given, the physical turn ratio Np/Ns of a single
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FIGURE 13. Demonstration of the equal amount of flow of primary
current in mode-1 through two different paths. Ch1:-200V/div,
Ch 2:-250mA/div, Ch 3:-200V/div, Ch 4:-250mA/div Time base:-1µ sec/div.

center-tapped transformer is 2:1:1. By using (2) and (4),
the effective DC conversion ratio of mode-1/mode-3 is 4:1:1,
it changes to 8:1:1 in mode-2/mode-3. The performance has
been investigated for all possible operational modes. For
simplicity, the extended range of both the input side and the
output side has been discussed separately.

A. EXTENSION OF INPUT RANGE
As discussed, the range of the input voltage can be
extended by reconfiguring the converter between mode-
1/mode-3 and mode-2/mode-3. The reduction of gain by
half in mode-2/mode-3 allows the converter to operate
with higher operational duty at high input voltage. This
is demonstrated in Fig. 12, where the transformer bridge
voltage has been compared for the operation of the con-
verter in both modes. As seen, the duty cycle in both
modes remains the same despite the change in input voltage
from 200V to 400V. The operation with a high duty cycle
minimizes the freewheeling interval, therefore, circulating
current flows for less time, which keeps the performance
stable.

It has already been mentioned that in mode-1/mode-3 all
three legs on the input side are active, the primary current
divides equally into two paths. That is, primary current Ip12
through transformers T1-T2 and primary current Ip34 through
transformers T3-T4. Fig. 13 demonstrates the bridge voltage
along with the respective primary current for both paths, i.e.,
V12/Ip12 and V34/Ip34. As seen, both paths bear the same
level of voltage and current. Both of these currents add up
in the common leg, which makes the stress two times higher
for this leg.

Fig. 14 demonstrates the dynamic switchover of the con-
verter from mode-1/3 to mode-2/3. The transformer bridge
voltage for both operational modes has been simultaneously
captured along with the input voltage and the output voltage
of the converter. The figure shows both the actual waveforms
captured at the trigger level of the oscilloscope along with

FIGURE 14. Dynamic transition of converter from mode-1/3 to
mode-2/3. Ch 1:-100V/div, Ch 2:- 50V/div, Ch 3:- 100V/div, Ch 4:- 20V/div.

FIGURE 15. Demonstration of the stable performance of the converter
over the complete range of input voltage at fixed load power by using
both input modes separately for each operational output mode.

the embedded magnified view at the instance of transition.
As soon as the line voltage reaches the pre-set mode trigger
voltage, the microprocessor updates the operational duty and
adds a delay before switching to another mode. Decaying
oscillations during the delay interval ensures demagnetization
of cores before switchover.

Fig. 15 demonstrates the stable efficiency characteristics of
the converter over the complete range of the input voltage at
Pout = 1kW. The investigations have been made separately
for all three output modes. To maintain performance stable,
the converter switches between two input modes. As seen,
the converter operates in mode-1/mode-3, mode-1/mode-4,
andmode-1/mode-5 forVin = 100-200V; as the input voltage
increases the efficiency drops because of the reduced duty
cycle. For Vin > 200V, the converter reconfigures to mode-
2/mode-3, mode-2/mode-4, andmode-2/mode-5 respectively.
This consequently rearranges the operational duty cycle to
high again, which results in improved efficiency over the
complete range of input voltage.
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FIGURE 16. Dynamic transition of the output control section
(a) mode-3 to mode-4 and mode-3 to mode-5, (b) mode-4 to mode-5,
(c) mode-4 to mode-3 and mode-5 to mode-3.

FIGURE 17. Comparison of the performance of the converter for the
three output modes 3-5 against both the input modes and for the
variation in the load power.

B. EXTENSION OF OUTPUT RANGE
The performance of all three output modes, i.e., mode-3 to
mode-5, has been characterized separately against both input
modes. Figures 16(a)-16(c) show the dynamic switchover
of output modes by keeping the status of the input side
unchanged. Fig. 16(a) demonstrates the switchover from
mode-3 to mode-4 and from mode-3 to mode-5. As men-
tioned, in mode-3, all output blocks act as all-parallel with
the base output voltage of Vout = 24V . Similarly, mode-
4 arranges the two first in series then in parallel. This raises
the output voltage to Vout = 48V . Finally, mode-5 arranges
all four blocks in series, which in turn raises the output volt-
age to Vout = 96V . Fig. 16(b) demonstrates the switchover
from mode-3 to mode-5, whereas Fig. 16(c) demonstrates the
switchover in reverse order, that is from mode-5 to mode-3
and mode-4. For greater legibility, the ground reference of
the waveform frommode-4 to mode-3 in Fig. 16 (c) is shifted
from the level shown.

Similar to the analytical loss analysis, the efficiency of the
converter is recorded separately for both input modes and
for each configuration of the output control section. A com-
parison is shown in Fig. 17. The comparison shows similar
characteristics as previously discussed. The involvement of
more devices in mode-1/mode-3 shows slightly higher losses
than inmode-2/mode-3. Similarly, the use ofmore switches in
mode-3 slightly reduces efficiency compared to mode-4 and
mode-5.

VIII. CONCLUSION
The proposed concept has been successfully demonstrated
in an example application of a power converter. It demon-
strates stable efficiency over the wide range of both input
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voltage and output voltage. Two reconfigurable modes on
the input side and three reconfigurable modes on the out-
put side can together raise the gain to eight. The presented
flexible approach can be applied in a variety of applications,
where either an extended range of the input or output is
a requirement. For wide input and constant output voltage
applications, the performance of the converter can be opti-
mized by using two input modes. Similarly, for wide output
applications or applications where the system must start with
low voltage and high current or vice versa, the three reconfig-
urable modes on the output side can meet this requirement.
The flexible structure further simplifies the deployment of
one design in other applications by programming it to a new
specification either by configuring it manually or by pre-
programming. By using a flexible reconfigurable structure,
the output voltage can also be adjusted depending on the
loading conditions, like low voltage/high current to high volt-
age/low current. In addition, the use of several transformers
shares the load power among multiple elements on the sec-
ondary side, which allows the use of low-profile elements and
simplifies heat management. This can further help to build
low-profile power converters to meet the requirement of the
present space-conscious industry. As a part of future work,
an adaptive control strategy is planned to further optimize the
performance of the converter.
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