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Abstract—The proposed isolated buck–boost series resonant
dc–dc converter contains two full-bridge hybrid switching cells
capable of half-bridge operation. This feature is regarded as topol-
ogy morphing control. Voltage buck regulation requires special
modulations applied to the primary-side hybrid switching cell. In
contrast, voltage boost regulation requires special modulations for
the secondary-side hybrid switching cell. Combining the topology
morphing control with the buck–boost regulation capability, a
novel dc–dc converter operating in six different modes was derived.
Moreover, the converter is capable of bidirectional operation. This
article describes the influence of the topology morphing control
on the dc voltage gain of the converter, which results in three
boost and three buck modes. The six modes are described, and
equations for the converter’s dc voltage gain are provided. Based
on the selected design guidelines for the power part and the control
system, a 350-W prototype was designed and built. Experimental
results confirm the theoretical expressions for the converter’s dc
voltage gain. Experimental efficiency is provided in a wide input
voltage range for both energy transfer directions. Operating points
with the highest thermal stress of components are analyzed with
corresponding power loss breakdown calculations, confirming the
measured thermal results.

Index Terms—Bidirectional power flow, DC-DC power
converters, microgrids, series-resonant converters, topology
morphing control.

I. INTRODUCTION

THE proliferation of dc distribution is anticipated in energy-
efficient buildings in the near future [1]. Considering the

dc nature of renewable energy sources and battery storage, high
step-up dc–dc converters have been extensively studied in the
last decade [2]. Numerous topologies, both nonisolated and
isolated, were proposed. The isolated dc–dc converters could
be considered a preferable solution for residential applications
since the isolation barrier serves as an extra safety measure [4].

Recent studies have focused on isolated dc–dc converters with
a wide input voltage range to accommodate the demands of
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emerging applications, such as parallel photovoltaic (PV) power
optimizers, modular battery energy storage, and chargers for
electric vehicles. Isolated buck–boost converters show the most
promising performance in the distributed energy generation [5],
[6]. They could be implemented using either one advanced
switching cell, like quasi-Z-source [7], or two switching cells
[8]. Among the latter type, series resonant buck–boost converters
with the low quality factor of the resonant tank are justified
as suitable solutions for numerous applications [9]. They are
characterized by simple implementation, constant switching
frequency, soft-switching, and a wide input voltage range [10].

Initially, series resonant topologies are buck converters by
their nature, which can be controlled at the fixed switching
frequency if their quality factor is below unity for all operating
conditions [11]. By adding a secondary-side semiactive or active
switching cell, it can achieve a voltage boost functionality [12].
This cell short-circuits the resonant inductor or the resonant
tank to increase the energy stored, like in the conventional boost
converter. The transition point between the two modes is tuned
for the nominal input and output voltage.

Recent literature mainly describes the application of different
voltage boosting cells at the secondary side of the series reso-
nant converters (SRCs) to extend their regulation range. All of
those cells are based on the concepts of active and semiactive
rectifiers used in ac–dc applications. One of the first and sim-
plest approaches is to short-circuit the resonant inductor by a
four-quadrant switch while feeding the transformer secondary
winding with voltage [8]. Even though this approach attracted
significant interest [13]–[16], it suffers from the input voltage
regulation range that is limited at high step-up ratios and load
currents [17]. Boosting cells that short-circuit the entire resonant
tank provide better voltage regulation capabilities, but higher
losses in semiconductors.

In high step-up applications, the use of the half-bridge, i.e., the
voltage doubler rectifier, could be recommended. There are two
known implementations: with two switches and balanced current
stress of the resonant tank [12] and with one switch resulting in
higher efficiency but increased current stress of the resonant
tank components [18]. Nevertheless, an SRC-based buck–boost
converter with a full-bridge semiactive rectifier demonstrated
high performance in [19]. On the other hand, its light-load
efficiency was reduced compared to the converter with the
half-bridge rectifier (HBR) due to the extra losses in a higher
number of components and a transformer with a twice higher
turns ratio.

The main drawback of the SRC-based isolated buck–boost
dc–dc converters is that their performance deteriorates when the
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voltage boost or buck ratio is increased. As a result, efficiency at
the maximum or minimum input voltage is much lower than
at the nominal voltage with no voltage boost or buck. The
latter operating point could be regarded as the pass-through or
dc transformer (DCX) mode that provides the highest possible
efficiency for the given arrangement of the primary-side inverter
and secondary-side rectifier. The topology morphing control
(TMC) can make use of these DCX modes and provide a more
balanced converter performance across a wide input voltage
range [10]. It can be done by reconfiguring one switching cell
into another, like full-bridge to half-bridge.

Recently, several attempts were made to apply the TMC to
the SRC-based buck–boost dc–dc converters. However, they
considered only limited cases of TMC. For example, in [20],
the secondary-side boosting switching cell was reconfigured be-
tween asymmetrical full-bridge and asymmetrical half-bridge.
This provided a sizable extension of the high efficiency range.
However, it was proposed for a low step-up converter, whereas
it is known from [21] that the asymmetrical full-bridge boost
rectifier provides relatively poor performance in high step-up
applications. Second, in [22], the primary-side switching cell
changed its operation by changing modulation to extend the
high efficiency range. Third, the primary-side full-bridge was
reconfigured into the half-bridge in [22], which improved ef-
ficiency but resulted in a significant efficiency step change,
compromising the converter’s long-term reliability.

Another but less obvious advantage of the TMC application in
the given converters is avoiding abnormal operation conditions
when the voltage of the resonant capacitor(s) exceeds a certain
limit, and a converter could suffer from high circulating cur-
rents [24]. This could happen at high-voltage boosting factors,
whereas in TMC applications, this factor should not exceed
twofold [10].

This article aims to demonstrate the full power of the TMC in
an application of the SRC-based buck–boost converter by utiliz-
ing the hybrid switching cell capable of operating with different
modulations on both converter’s sides. Section II presents the
proposed converter that features six operating modes, three buck
and three boost modes, along with the analysis of the converter’s
operation. Section III deals with the selected design guidelines
for the power part and control system. Our experimental results
are given in Section IV. Finally, Section V concludes the article.

II. BIDIRECTIONAL ISOLATION HEXAMODE DC–DC
CONVERTER

The topology of the proposed isolated hexamode bidirectional
dc–dc converter (IHMC) consists of two versatile hybrid switch-
ing cells and a step-up isolation transformer (see Fig. 1). The
topology is symmetrical; therefore, the IHMC can operate in
two power flow directions. Blocking capacitors are included in
the hybrid switching cells that allow for morphing the hybrid
switching cells from full-bridge to half-bridge by turning ON

one switch and turning OFF the other one in one leg, as shown
in Fig. 2. Topology morphing in each switching cell causes a
change in the dc voltage gain G of the converter. Therefore, the

Fig. 1. Proposed isolated bidirectional hexamode dc–dc converter.

Fig. 2. Reconfiguration of the hybrid switching cell.

Fig. 3. Operation modes of the proposed hexamode SRC.

converter can operate in three configurations based on combina-
tions of the full-bridge inverter (FBI) or the half-bridge inverter
(HBI) at the input side, and the full-bridge rectifier (FBR) or
HBR at the output side can be used to extend the input voltage
range (see Fig. 3). At the same time, the switching cells allow
for applying different buck and boost control methods. The
combination HBI–HBR is not used in the proposed converter
because the gain is the same as in the FBI–FBR, but it suffers
from doubling the current stress.

In addition, the blocking capacitors neutralize any dc bias
current in the isolation transformer windings, which allows for
applying different asymmetrical control methods [9]. Besides,
the blocking capacitors and leakage inductance of the trans-
former form the equivalent series resonant tank along with the
transformer’s leakage inductance and the series capacitors.

Hence, the angular resonant frequency is defined as follows:

ωr =

√
C3n2 + C2

LlkC2C3
(1)

where Llk is the leakage inductance of the transformer and n is
the turns ratio of the transformer.

This topology is considered to operate in the discontinuous
resonant current mode, i.e., with the resonant tank quality factor
much below unity. Hence, the switching frequency should be
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5%–10% lower than the resonant frequency to implement suf-
ficient dead-time for soft-switching employing the transformer
magnetizing current [10].

Different buck and boost control methods have been demon-
strated for controlling the gain in SRCs [9], [10]. Among others,
the hybrid phase-shift modulation (HPSM) and the asymmetrical
pulsewidth modulation (APWM) can be highlighted as the high-
efficiency buck control methods for FBI and HBI configurations,
respectively. Among the boost control methods, the PSM and
the APWM are the methods that perform best for both FBR and
HBR configurations, respectively. The same control modes can
be applied for the backward as well as for the forward power
flow directions.

The normalized dc voltage gain of the IHMC for the forward
power flow can be defined as follows:

G =
VHV

VLV · n (2)

and for the backward power flow, the voltage gain equals

G =
VLV · n
VHV

. (3)

The operation modes for the forward power flow described
below are grouped into boost and buck, as this converter is still
essentially a buck–boost converter with three configurations.

A. Buck Control Modes

In the HPSM, the voltage gain is controlled by the phase-shift
duty cycle Dbk between the leading-leg switches (S1 and S2)
and the lagging-leg switches (S3 and S4), as shown in Fig. 4(b)
and (c). To avoid parasitic oscillations and maintain magnetizing
current circulation on the primary side, the conduction times of
switches S1 and S2 are decreased. Switches Q1–Q4 operate as
synchronous rectifiers. At the beginning of each half-period, one
pair of switches, either Q1 and Q3 or Q2 and Q4, is turned ON, in-
creasing the current that circulates through respective switches.
When the current is decreased to zero, the rectifier switches
are turned OFF. However, in the FBI–HBR mode, switch Q1 is
turned OFF continuously, whereas Q2 is turned ON. And only
two switches, Q3 and Q4, operate as synchronous rectifiers.
As a result, the median voltage Vmed(C3) of the secondary-side
blocking capacitor equals VHV/2 [see Fig. 4(c)], whereas in the
FBI-FBR mode, the median voltage Vmed(C3) equals zero [see
Fig. 4(b)]. The median voltage is used here as the average value
is different from it due to the asymmetric operation of each
switching cell. In both buck modes, all transistors are turned ON

at zero current, and only two transistors (S3 and S4) are turned
OFF at a high switching current.

The normalized dc voltage gain of the IHMC for the voltage
buck control and the FBI–FBR configuration presented in [25]
equals

G = B ( 0.25−A) +

√
B2( A− 0.25)2 + 2 AB. (4)

There are two parameters used to simplify it

A = CrRfSW (5)

B = 1− cos(ωrDTSW) (6)

where R is the equivalent resistance of the load, TSW is the
switching period, fSW is the switching frequency, and D is the
control duty cycle, either buck or boost. In addition, an equation
for the duty cycle can be defined as follows:

Dbk =
1

ωr · TSW
arccos

(
1− G2

2 ·A−G · (A− 0.25)

)
. (7)

The equations of the voltage gain and the duty cycle are based
on the assumption of lossless components of the converter.

In the case of the buck FBI–HBR mode, an equation for the
gain was presented in [23] in the following form:

G =
1

2

(
B ( 1−A) +

√
B2( A− 1)2 + 8 AB

)
. (8)

The duty cycle presented in [23] can be rewritten as follows:

Dbk =
1

ωr · TSW
arccos

(
1− G2

2 ·A−G · (A− 1)

)
. (9)

The APWM is applied to control the voltage buck gain in the
HBI–FBR configuration. In this mode, switch S3 is turned OFF,
and switch S4 is turned ON continuously. The control signals of
switches S1 and S2 are complementary, separated by the dead-
times, and asymmetrical [see Fig. 4(a)]. The control signal of
switch S1 equals the duty cycle Dbk. The condition time of switch
S2 is decreased, as in previous modes, and provides sufficient
time for a complete sinusoidal half-wave of the resonant current.
This improves the soft-switching performance of the converter.
Only transistor S1 is turned OFF at a high switching current in
this mode.

The normalized dc voltage gain of the SRC for the APWM
control method in the HBI–FBR configuration equals [23]

G = 0.5

(
B ( 0.5−A) +

√
( B ( A− 1))2 + 4 AB

)
. (10)

An equation for the duty cycle can be written as follows:

Dbk =
1

ωr · TSW
arccos

(
1− G2

A−G · (A− 0.5)

)
. (11)

B. Boost Control Modes

The phase-shift boost modulation is used in the FBI–FBR and
HBI–FBR configurations [see Fig. 4(d) and (e)]. In the FBI–FBR
configuration, the primary-side switches (S1–S4) are controlled
complementarily in two diagonals. The median voltages of the
blocking capacitors C2 and C3 equal zero. In the HBI–FBR
configuration, switch S4 is turned ON continuously, whereas the
other, S3, is turned OFF. The median voltage Vmed(C2) of the
input-side capacitor C2 equals VLV/2. In both configurations, the
control signals of the switches (Q3 and Q4) are complementary
and shifted by the duty cycle Dbt relative to the control signals of
the inverter switches (S1–S4). This modulation shorts the output
side of the resonant tank and charges energy into it. The other
switches (Q1 and Q2) operate as the synchronous rectifier. They
are turned ON softly and turned OFF at a high switching current,
whereas other transistors are switched at zero current.
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Fig. 4. IBMC operation in the buck mode for three configurations: HBI–FBR (a), FBI–FBR (b), and FBI–HBR (c). IBMC operation in the boost mode for three
configurations: HBI–FBR (d), FBI–FBR (e), and FBI–HBR (f).

The gain for the boost mode and the FBI–FBR configuration
presented in [25] equals

G =
1

2−B

(
1 +

√
1 + 4 A ·B · (2−B)

)
. (12)

From (12), the duty cycle could be obtained as follows:

Dbt =
1

ωr · TSW
arccos

(
1− G2 −G

0.5 ·G2 + 2 ·A ·G
)
. (13)

In the HBI–FBR configuration, the gain in the boost mode is
given as follows [25]:

G =
1

2−B

(
1

2
+

√
1

4
+A ·B · (2−B)

)
. (14)

And the duty cycle of the boost HBI–FBR mode is given as
follows:

Dbt =
1

ωr · TSW
arccos

(
1− 2G2 −G

G2 +A ·G
)
. (15)

In the case of the FBI–HBR configuration, the asymmetrical
PWM voltage boost is applied for controlling the converter
gain [see Fig. 4(f)]. In this mode, the output-side switch Q1 is
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TABLE I
SEQUENCE OF OPERATION MODES

Fig. 5. Normalized voltage gain characteristics for the IHMC.

turned OFF continuously, whereas Q2 is turned ON. The energy
is charged in the resonant tank by extending the conduction time
of the switch Q4 by the duty cycle Dbt. At the same time, switch
Q3 operates as the synchronous rectifier. In the first-half period,
the resonant current is always sinusoidal. It should be noted that
the duty cycle of switches S1 and S4 is decreased from 0.5 to Dp

for achieving zero current switchings.
Therefore, the duty cycle of switches S2 and S3 equals

(1 − Dp). In this mode, only switch Q4 is turned OFF at a high
switching current.

For the FBI–HBR configuration, the gain in the boost mode
equals [26]

G =
1

1− 0.5B

(
1 +

√
1 + 4 A ·B · (1− 0.5B)

)
. (16)

The corresponding duty cycle is given as follows [26]:

Dbt =
1

ωr · TSW
arccos

(
1− G2 − 2G

0.5 ·G2 + 4 ·A
)
. (17)

C. Normalized Voltage Gain

Each control method can be applied in the forward power
direction as well as in the backward direction. Table I shows the
sequences of operation modes for both directions with respect
to the voltage ratio between the high- and low-voltage ports.

The normalized voltage gain of the IHMC in any direction
is plotted in Fig. 5 as the function of the generalized control
duty cycle D for two values of the operating powers P1 and P2

using (4), (8), (10), (12), (14), and (16). Measured voltage gain
characteristics will be provided in Section IV (see Fig. 15).
As described above, the converter operates under six control
modes. Relative to the definition of the voltage gain (2) and (3),
the sequence of operation modes is the same in both directions.
The gain ranges between the boost HBI–FBR and the buck
FBI–FBR modes; the boost FBI–FBR and the buck FBI–HBR
modes are transition regions. Points of transitions between these
modes are selected based on the experimental or estimated
efficiency curves.

It should be noted that the buck control methods feature a
dead control zone, where the voltage gain G depends weakly on
the duty cycle. This zone is nonusable for the converter control
in practice, especially at a light load.

III. DESIGN AND CONTROL GUIDELINES

A. Isolation Transformer

The efficiency of the IHMC depends on the design of the
isolation transformer. The first parameter of the transformer is
the turns ratio n. The turns ratio is selected based on the required
voltage gain range. As shown in Fig. 5, theoretically, the voltage
gain range of the proposed converter can cover the range G = 0–
3. However, for optimization of the converter’s performance, the
minimum duty cycle Dbk(min) in the buck HBI–FBR mode and
the maximum duty cycle Dbt(max) in the boost FBI–HBR mode
should be limited. The reason is that the duty cycle values close
to zero in the buck mode would result in a very short conduction
time of the switch S1. At the same time, the duty cycle values
close to one in the boost mode would result in very high charged
energy in the resonant tank. Both cases cause a high peak and rms
currents in switches and the transformer and, consequently, high
switching and conduction losses in the converter. Thus, selection
of the operation voltage gain range is a tradeoff between the
power losses and the voltage gain range.

In summary, the turns ratio of the transformer can be calcu-
lated as follows:

n =
VHV(max)

VLV(min) ·Gmax
(18)

where VHV(max) is the maximum operation voltage of the high-
voltage side; VLV(min) is the minimum operation voltage of the
low-voltage side; Gmax is the maximum voltage gain in the boost
FBI–HBR mode (16), which is calculated using Dbt(max).

The next parameter of the transformer is the flux density
Bmax that achieves its maximum value in the boundary oper-
ating points between the boost and the buck modes under the
FBI–FBR topology in any direction. The flux density Bmax in the
forward and backward directions can be calculated, respectively,
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as follows:

Bmax(fw) =
VLV

4 · fS ·Ae ·Npr
(19)

Bmax(bw) =
VHV

4 · fS ·Ae ·Nsec
(20)

where Ae is the effective core area, and Npr and Nsec are the turns
numbers of the primary and secondary windings, respectively.

The following parameter is the magnetizing inductance Lm,
which influences the dead-time TD(pr.lc) between input-side
switches in the boost modes directly. Moreover, the longest dead-
time is required in the boost HBI–FBR mode. Therefore, the
maximum value of the magnetizing inductance for the forward
direction can be defined as follows:

Lm(max) ≤
TD(in.lc) · n

16 · fS · Coss(LV)
(21)

where Coss(LV) is the parasitic output capacitance of one low-
voltage switch.

In the backward direction, the maximum value of the magne-
tizing inductance can be calculated as follows:

Lm(max) =
TD(in.bt)

16 · fS · Coss(HV)
(22)

where Coss(HV) is the parasitic output capacitance of the high-
voltage switches.

During the dead-time, the body diodes of switches conduct
the current. It increases the conduction losses of the converter
due to a high forward voltage and resistance of the body diodes.
On the other hand, a low magnetizing inductance is a reason for a
high magnetizing current, which circulates through the primary
side in the boost modes and through the secondary side in the
buck modes. As a result, it increases the conducting losses in
the transformer windings and MOSFETs on both sides, as well
as the switching losses of the primary-side MOSFETs. Therefore,
there is a balance between the minimum dead-time and power
losses from the magnetizing current.

Previous analysis [9] shows that the inductance of the resonant
tank Lr should be as large as possible for achieving the lowest
amplitude of the resonant current and, as a result, the lowest
conduction and switching losses in the converter. On the other
hand, the maximum value of the leakage inductance is limited by
the input voltage range and the maximum power. The maximum
value can be defined in the buck FBI–HBR mode as follows:

Lr <
Vout · fS
Iout · ωr

2
. (23)

To achieve a high resonant inductance value, an external
inductor is usually added in series with the isolation transformer.
However, an approach used for the transformer design based on
the hybrid split bobbin was described in [27]. It allows for in-
creasing and adjusting the leakage inductance and, consequently,
avoiding an external inductor.

Finally, it is important to consider the winding resistance in the
design of the transformer. Since the spectrum of the resonance
current in each mode includes a set of odd harmonics, the wires
of windings should have low resistance at harmonics up to 11

and reduce the skin and proximity effects. The best solution is
to use the Litz wires with the lowest diameter strands (0.04 mm
in the given case).

B. Series Blocking Capacitors

Considering the ac voltage across the blocking/resonant ca-
pacitors, only a few types of capacitors can be selected for oper-
ation in the resonant tank. In practice, low-voltage high-current
capacitors, such as ceramic capacitors, have a high deviation
of capacitance due to changing applied voltage and operating
temperature. At the same time, film capacitors can operate with
high voltage and have a low deviation of capacitance but feature
low capacitance density per volume. According to these aspects,
the resonant frequency can be adjusted by the high-voltage
film capacitors C3. The capacitance of the low-voltage ceramic
capacitors C2 should be much more than C3 (C2 >>C3) to avoid
deviation of the resonant frequency.

The value of the capacitor C3 can be calculated as follows:

C3 ≈ 1

Llkωr
2
. (24)

The maximum operating voltage of the capacitor C3 is
achieved in the forward buck FBI–HBR mode at a low duty
cycle and can be defined as follows:

VC3(max) =
VHV +ΔVC3

2
(25)

where ΔVC3 is the peak-to-peak voltage ripple of the capaci-
tor C3

ΔVC3 =
Iout

C3 · fS . (26)

In the forward boost HBI–FBR mode, the low-voltage capac-
itor C2 is under maximum voltage stress that equals

VC2(max) =
VLV +ΔVC2

2
(27)

where ΔVC2 is the peak-to-peak voltage ripple of the capaci-
tor C2

ΔVC2 =
Iin

C2 · fS · n. (28)

C. Semiconductors

Typically, the transistors are selected based on the maximum
voltage and current stresses. The maximum voltage of the low-
voltage side transistors equals VLV, and the maximum voltage
of the high-voltage side transistors equals VHV. At the current
stress, switches provide different peaks and rms currents in dif-
ferent operation modes and power flow directions. The highest
current stress of the low-voltage and high-voltage side transistors
is achieved in the buck FBI–HBR mode in the backward and
forward directions, respectively. Expressions for the calculation
of the peak and rms currents in the buck FBI–HBR mode are
derived in Appendix A.
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Fig. 6. Simulated soft transition (a) between HBI–FBR and FBI–FBR and (b)
between FBI–FBR and FBI–HBR.

D. Converter Control

Several aspects should be taken into account in the design of a
control system for the IHMC. One of the aspects is the dead-time
TD(hc) between control signals of switches, which operate with a
high switching current. The dead-time is dependent on the output
capacitance, operation voltage, and current of transistors. The
maximum dead-time is required at a low operating power. For
the low-voltage side transistors, the minimum dead-time can be
calculated as follows:

TD(in.lc) ≥
2 · Coss(LV) · VLV(max)

ILlkm(min) · n (29)

where ILlkm(min)is a minimum switching current.
For the high-voltage side transistors, the minimum dead-time

equals

TD(in.lc) ≥
2 · Coss(HV) · VHV (max)

ILlk(min)
. (30)

The second aspect is transitions between the configurations
of the topology. The series blocking capacitors feature different
dc voltage stresses in different configurations. For example, for
the HBI–FBR configuration, the median voltage Vmed(C2) of
the input-side capacitor C2 equals VLV/2, but in the FBI–FBR,
Vmed(C2) equals zero. It means that the capacitor must be
recharged during a transition between two topology configu-
rations. This causes high current stress in the circuit, and con-
sequently, the power semiconductor devices can be destroyed.
However, the algorithm for soft transitions between different
control modes and topology configurations has been proposed
in [25]. The main idea of the soft transition algorithm is in the
linear increase or decrease in the duty cycles of switches S3, S4
or Q1, Q2 due to their static operation in one of the adjacent
modes during the transition, as shown in Fig. 6. Fig. 7(a) and (b)
shows the control signals of switches during the soft transition
between HBI and FBI and between FBR and HBR, respectively.
The duty cycle of the next operation mode is calculated based on
the feed-forward control using (7), (9), (13), and (15). As shown
in [25], voltage points for transition between control modes have
to be selected based on the efficiency curves of each mode. To
avoid voltage oscillation at the transition points, it is necessary
to apply hysteresis in the transition algorithm.

Fig. 7. Control signals of switches during the soft transition (a) between HBI
and FBI and (b) between FBR and HBR.

This algorithm provides recharging of the blocking/resonant
capacitors and allows for avoiding oscillations and high peaks in
the currents of the converter and maintaining the input voltage
at a regulated level during the transition time, which can be
calculated for the transition between the FBI and the HBI as

Ttr(C2) ≥ 2 · π ·
√
Lm · C2

n
(31)

and for the transition between the FBR and the HBR, the
transition time is defined as follows:

Ttr(C3) ≥ 2 · π ·
√
Llk · C3. (32)

A special algorithm is not required for the transition between
buck and boost modes within one topology configuration, e.g.,
between the buck FBI–FBR and the boost FBI–FBR modes
because the converter crosses the boundary operating point
smoothly. The reason is that at these points, the duty cycle of
buck modes of 0.5 and the duty cycle of boost modes of 0 are
technically the same operating point.

Implementation of the synchronous rectifier is the third aspect
of the IHMC control system. A simple approach for the realiza-
tion of the synchronous rectifier control circuit is based on the
measurement of current transformers and comparators, as shown
in Fig. 8. Some microcontrollers, such as STM32, have internal
comparators connected with PWM timers. It allows for the
implementation of a compact control circuit. The comparators
detect a low level of the falling resonant current and send a signal
to timers for turning OFF rectifier switches.

Since the IHMC operates in two directions and the mag-
netizing current can circulate through the low-voltage or the
high-voltage side, two control circuits on low- and high-voltage
sides are used in the control system of the synchronous rectifier
to neutralize the effects of the magnetizing current. It allows
for correct detection of an instant when the switches should be
turned OFF. Thus, the current transformer on the high-voltage
side and comparators COMP3 and COMP4 are responsible for
operation in the forward mode, and the current transformer on
the low-voltage side and comparators COMP1 and COMP2 are
responsible for operation in the backward mode. Fig. 9 presents
an example of the control signal generation in the buck FBI–FBR
and the boost FBI–FBR modes in the forward direction based
on microcontroller timers. Based on this example, other modes
in both directions can be realized. This control circuit is also
used for controlling the primary switches in the buck mode. The
current transformer measuring the secondary winding current
should have reinforced isolation.
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Fig. 8. Control circuit of the synchronous rectifier.

Fig. 9. Generalized principle of the control signal generation in the (a) buck
FBI–FBR and (b) boost FBI–FBR modes in the forward power direction.

Fig. 10. Block diagram of a closed-loop control system.

In summary, the example of a closed-loop control system for
the regulation of some variable x is shown in Fig. 10. The mode
selector chooses a control mode automatically; therefore, the
duty cycles Dbk and Dbt are based on an operation voltage gain.
At the same time, when the system achieves one of the thresholds
for the soft transition between the boost HBI–FBR and the buck
FBI–FBR or the boost FBI–FBR and the buck FBI–FBH, the
control system switches to the soft transition algorithm during
the required time and operates with calculated duty cycles Dbk,
Dbt, and Dam. This example of the control system can be used
in both power directions.

Fig. 11. Prototype of the IHMC.

TABLE II
PROTOTYPE PARAMETERS AND COMPONENTS

Fig. 12. Case study safe operation area for the designed IHMC prototype.
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Fig. 13. Experimental steady-state waveforms of the IHMC operating in the forward mode at VLV = 60 V and PLV = 350 W for the buck HBI–FBR (a), at VLV

= 40 V and PLV = 350 W for the boost HBI–FBR (b) and the buck FBI–FBR (c), at VLV = 17 V and PLV = 205 W for the boost FBI–FBR (d) and the buck
FBI–HBR (e), and at VLV = 10 V and PLV = 120 W for the boost FBI–HBR (f); in the backward mode at VLV = 60 V and PLV = 350 W for the boost FBI–HBR
(g), at VLV = 40 V and PLV = 350 W for the buck FBI–HBR (h) and the boost FBI–FBR (i), at VLV = 17 V and PLV = 205 W for the buck FBI–FBR (j) and
the boost HBI–FBR (k), and at VLV = 10 V and PLV = 120 W for the buck HBI–FBR (l).

IV. EXPERIMENTAL RESULTS

A prototype of the IHMC shown in Fig. 11 was built to
validate the converter’s performance in a wide voltage gain
range in both power flow directions. Table II lists the main
components used in the prototype. The isolation transformer
was designed based on the hybrid split bobbin [27] that
eliminates the need for an external inductor. It should be
noted that electrolytic capacitors are not used in the prototype
according to the requirements of parallel PV power optimizer
applications. The following measurement equipment was used:
oscilloscope Tektronix DPO7254, differential voltage probes
Tektronix P5205A, current sensors Tektronix TCP0030A and

PEM ultra-mini CWT015, precision power analyzer Yokogawa
WT1800, and thermal camera Fluke Ti25.

The prototype was designed for operation in the safe operating
area (SOA) shown in Fig. 12. The SOA covers the operation
ranges of typical market-leading PV module types (60- and 72-
cell silicone PV modules) and batteries (12 V, 24 V, and 48 V).

A. Steady-State Waveforms

Fig. 13 shows measured steady-state waveforms of the output
voltage of the low-voltage (yellow) and high-voltage (blue)
switching cells, the voltage of the high-voltage side resonant
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Fig. 14. Experimental switching-ON (a) and -OFF (b) waveforms of transistor S3 at VLV = 35 V and PLV = 250 W under the buck FBI–FBR, switching-ON

(c) and -OFF (d) waveforms of transistor Q3, and switching-ON (e) and -OFF (f) waveforms of transistor Q1 at VLV = 20 V and PLV = 200 W under the boost
FBI–FBR in the forward mode.

capacitor C3 (green), and the current of the high-voltage side
transformer current (magenta) of the IHMC operating in the
boundary points of each control mode. In all buck modes,
the transformer current and voltage of switching cells have
a parasitic oscillation between the output capacitances of the
inverter transistors and the leakage inductance in the zero states.
Also, boost modes feature parasitic oscillations between the
output capacitances of the rectifier transistors and the leakage
inductance.

In the waveforms of the transformer current, the magne-
tizing current circulates through the high-voltage side in the
buck mode for the forward power flow and the boost mode
for the backward power flow. Therefore, in other modes,
the leakage inductance current circulates through the low-
voltage side. The leakage inductance produces additional power
losses in the convert sides; however, it allows for recharg-
ing output capacitances of transistors and achieving soft
switching.

B. Varification of Soft-Switching Operation

Fig. 14 shows zoomed experimental switching-ON and -OFF

waveforms of the transistor S3 in the buck FBI–FBR mode and
transistors Q1 and Q3 in the boost FBI–FBR mode, all in the
forward mode. These are the most critical switching cases. As
described above, two primary transistors S3 and S4 and two
secondary transistors Q3 and Q4 are turned OFF at high switching
current. The waveforms of the transistors S3 and Q3 show that
the output capacitance of transistors in a leg is recharged by a
high switching current after switching OFF one of the transistors.
After that, a body diode of the next transistor conducts the current

during the dead-time. Thus, the next transistor in the leg is turned
ON at zero voltage.

Rectifier switches [Q1 in Fig. 14(e) and (f)] are turned ON

and OFF at zero current. During the zero-current state, output
capacitances of the rectifier switches are recharged. Under the
same condition, primary switches S1 and S2 are switched under
the buck FBI–FBR and the buck FBI–HBR modes and all
primary switches in the boost modes.

According to Fig. 14, it can be summarized that all transistors
are turned ON at zero voltage or current. Thus, the IHMC operates
without switch-ON losses, and only two transistors are switched
OFF at high current.

C. Comparison of Experimental and Theoretical Control
Variables

Fig. 15 shows the calculation results of the theoretical dc
gain (solid lines) based on (4), (8), (10), (12), (14), and (16)
in comparison with the measured gain values (markers) for all
control methods in both power flow directions, while staying
within the SOA. The figures show good agreement between the
theoretical and experimental results for all the applied methods.
Small differences between theoretical and experimental values
occur outside the target regulation range and are mostly associ-
ated with the assumptions of a lossless system, neglecting the
influence of the magnetizing inductance and power losses during
the analysis.

D. Efficiency Evaluation

The measured efficiency of the IHMC is shown in Fig. 16
for both power flow directions, which was measured at the
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Fig. 15. Experimental and theoretical normalized voltage gain characteristics
for the IHMC in the forward mode (a) and in the backward mode (b).

SOA envelope, i.e., maximum current and maximum power
ranges. The converter operates with a 50% duty cycle (like a
dc transformer) at VLV = 13, 26, and 52 V, where the efficiency
achieves the maximum values. At this point, the transformer
current is virtually sinusoidal, and as a result, all switches
are soft-switched. The maximum efficiency of the IHMC is
98.1% in the forward mode and 97.6% in the backward mode
at VLV = 52 V. This difference in peak efficiency results from
the SOA application regarding the low-voltage side power. It

Fig. 16. Efficiency of the IHBC operating in the forward (a) and the backward
(b) directions at the borders of the SOA from Fig. 12.

means that the input power (on the high-voltage side) in the
backward power flow direction is higher than the power on the
low-voltage side. Another reason for the efficiency difference
between power in the flow directions is the longer dead-times
for the high-voltage transistors. With an increase or decrease in
the input voltage from the DCX points, the converter operates in
buck or boost mode, and the efficiency decreases. This is mainly
associated with the increasing rms and switching currents in
the converter, which results from the shortening of the active
states applied to the isolation transformer. As can be seen from
Fig. 16, the efficiency curves of the boost HBI–FBR and buck
FBI–FBR modes are crossed at VLV = 40 V. The efficiency
curves of the boost FBI–FBR and buck FBI–HBR modes are
crossed at VLV = 17 V. These are the points recommended for
implementing the transition between the HBI–FBR and the FBI–
FBR configurations and between FBR–FBR and FBI–HBR,
respectively, by using the proposed approach of the linear duty
cycle ramp.
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Fig. 17. Experimental waveforms of the soft transition (a) from the boost
HBI–FBR to the buck FBI–FBR at VLV = 40 V and (b) from the boost FBI–FBR
to the buck FBI–HBR at VLV = 20 V.

E. Verification of the Soft Mode Transitions

For verification of the described algorithm of soft transition,
experimental waveforms of transitions from the boost HBI–FBR
mode to the buck FBI–FBR mode and the boost FBI–FBR
mode to the buck FBI–HBR mode are shown in Fig. 17. These
two cases of transition between modes are the most critical
due to the need of recharging capacitances in series with the
transformer windings. Therefore, these cases have been selected
for experimental verification. As described in Section III, other
cases of transitions are automatic and smooth since the converter
operates with a duty cycle of 0.5 at the boundary operation points
between the buck and the boost modes, as shown in Figs. 5
and 15.

F. Thermal Analysis of the Prototype

Temperature distributions in the IHMC prototype for the
forward and the backward power flow directions under the
buck FBI–HBR and the boost FBI–FBR modes are shown in
Fig. 18. The highest thermal stress is achieved in the forward
and backward power flow directions at VLV =17 V, PLV =
205 W and VLV = 38 V, PLV = 350 W, respectively. These
modes were selected for thermal analysis as the highest stressed

Fig. 18. Temperature distribution in the IHMC in the forward mode under the
buck FBI–HBR (a) and the boost FBI–FBI (b) modes at VLV = 17 V and PLV

= 205 W and in the backward mode under the buck FBI–HBR (c) and the boost
FBI–FBI (d) modes at VLV = 38 V and PLV = 350 W.

modes based on theoretical analysis, which was described in the
previous section. Other operating points feature lower thermal
stress. The two-times higher secondary-side resonant current
and the maximum power in the backward buck FBI–HBR mode
are the reasons for the high temperature of the transistors and the
transformer, as can be observed from the figures. In the forward
buck FBI–HBR mode, the low-voltage switches also have a high
temperature, but thermal stress is distributed evenly. However,
the core temperature of the transformer in all modes is small
because the transformer has been designed for the nominal input
voltage VLV = 27 V and the maximum flux density of roughly
90 mT.
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Fig. 19. Power losses in the IHMC under the forward buck FBI–HBR and
boost FBI–FBR modes at VLV=17 V and PLV=205 W and under the backward
buck FBI–HBR and boost FBI–FBR modes at VLV = 38 V and PLV = 350 W.

It follows from the analysis of thermal modes that the pro-
posed IHMC could experience insignificant thermal cycling
during the transition between topology configurations. However,
these transitions are relatively infrequent (easily ensured by
control) as they happen mostly during scanning a source, e.g.,
during global maximum power point tracking of a PV module.
Thus, it could be concluded that they will not threaten the
converter’s lifetime; passive cooling via printed circuit board
surface could be used in the proposed IHMC.

G. Distribution of Power Losses

In order to fully understand the distribution of power losses in
the converter in high-stressed operating points, the methodology
described in detail in [9] was applied to calculate the conduction
losses of primary and secondary transistors (blue and brown),
switching losses of primary and secondary transistors (light blue
and orange), conduction losses of the transformer windings
(yellow), and combined losses of the input- and output-side
components (green) in the buck FBI–HBR and boost FBI–HBR
control modes at VLV = 17 V and PLV = 208 W in the forward
direction and at VLV = 38 V and PLV = 350 W in the backward
direction (see Fig. 19). The calculated power loss breakdowns
correlate with the experimental results and the temperature of
the components in both converters. The conduction losses of the
low-voltage side switches and conduction and switching losses
of the high-voltage side switches are the highest in the backward
buck FBI–HBR mode. The switching losses of the low-voltage
side switches are the highest in the backward boost FBI–FBR
mode. These observations prompt the conclusion that total losses
of the converter are higher in the backward direction. Therefore,
this aspect should be taken into account in the thermal design of
the IHMC.

V. CONCLUSION

In this article, the bidirectional isolated hexamode dc–dc
converter is proposed for wide gain range applications in dc

microgrids. Thanks to the TMC based on the hybrid switching
cells, the converter operates under six control modes in both
directions. The operating principles and theoretical equations
for the calculation of the dc voltage gains and the duty cycle of
each mode are described. Compared to conventional two-mode
buck–boost converters, the proposed converter avoids any ab-
normal operation by keeping the converter buck or boost factor
below twofold.

A 350-W rated prototype with a low-voltage range from
10 up to 60 V and a 350 V output voltage was built to be
compatible with typical residential PV modules and batteries.
It was demonstrated that the converter can keep the efficiency
above 94% in the forward direction by harnessing the high
efficiencies of three DCX operating points. This remarkable
result was achieved despite converter operation at the SOA
envelope, i.e., maximum power/current. The peak efficiency of
the built prototype achieved is 98.1% in the forward direction
and 97.6% in the backward direction. The proposed converter
achieves the high-efficiency zero-voltage switching and/or zero-
current switching of the input and output side switches. It should
be noted that the converter operates under a fixed switching
frequency, and only one or two switches are turned OFF with
high current in each of the six operating modes.

APPENDIX

Expressions for the calculation of switching and rms current
in the converter under the buck FBI–HBR mode in any direction
are derived below.

The amplitude of the resonant current during the active state
can be defined as follows:

Ilk1 =
Vin · n+ Vout

2 − ΔVCr

2

Zr
(33)

where Zr is the impedance of the resonant tank and ΔVCr

is the peak-to-peak voltage ripple of the equivalent resonant
capacitor Cr, which are given as follows:

Zr =

√
Llk

Cr
(34)

ΔVCr =
Iout

Cr · fS (35)

Cr =
C2 · C3

C2 + C3 · n2
. (36)

The peak of the magnetizing current equals

ILm(max) =
Vin · n ·Dbk

2 · Lm · fSW
. (37)

Therefore, the switching current of primary-side lagging-leg
transistors can be calculated as follows:

Iin,tr(SW) = n · (Ilk1 · sin (Dbk · TSW · ωr) + ILm(max)

)
.
(38)

The voltage of the equivalent resonant capacitor Cr at the end
of the active state equals

VCr(D) = Ilk1 · Zr · cos(Dbk · TSW · ωr)− Vin · n. (39)
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The amplitude of the resonant current during the falling state
can be calculated as follows:

Ilk2 =

√
(Ilk1 · sin (Dbk · TSW · ωr))

2 +

(
VCr(D)

Zr

)2

. (40)

Period of falling the resonant current equals

Δtf =
1

ωr
arcsin

(
Ilk1 · sin (ωr ·Dbk · TSW)

Ilk2

)
. (41)

For simplifying the following description, three equation are
taken

O1 = Ilk1
2 (Dbk · TSW · ωr − cos (Dbk · TSW · ωr)

× sin (Dbk · TSW · ωr)) (42)

O2 = Ilk2
2 (cos (Δtf · ωr) · sin (Δtf · ωr) + Δtf · ωr) (43)

O3 =
fSW

2 · ωr
(O1 +O2) . (44)

The rms currents of the transformer primary and secondary
windings equal

ITX,pr(RMS)

= n ·
√
2 ·O3 + 2 · ILm(max)

2 ·
(
Δtf · fSW+

Dbk

3

)
(45)

ITX,sec(RMS) =

√
2 ·O3 + 2 · ILm(max)

2 · Δt2 · fSW

3
(46)

where Δt2 = 1−Δtf −Dbk · TSW.
The rms current of primary-side switches equals

Iin,tr(RMS) = n ·
√

O3 + ILm(max)
2 ·
(
Δtf · fSW +

Dbk

3

)
.

(47)
The rms current of output-side switches (Q1 and Q2) equals

Iout,tr1,2(RMS) =

√
O3 + ILm(max)

2 · Δt2 · fSW

3
. (48)

The rms current of the output-side switch (Q4) equals

Iout,tr4(RMS) = ITX,sec(RMS). (49)

The rms current of the output-side filter capacitor (C4) also
equals to the rms current of transformer secondary windings

Iout,C4(RMS) = ITX,sec(RMS). (50)

The rms current of the input filter capacitor (C1) equals

Iin,C1(RMS) = n ·
√

fSW

ωr
O1. (51)
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