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Abstract – This paper presents the design optimization and
experimental results for a 150-kHz, high-power, non-isolated,
bidirectional buck-boost converter operated in continuousconduction mode (CCM) and implemented with SiC MOSFETs.
Although the SiC MOSFETs exhibit a much better reverserecovery characteristic than their Si counterparts, their efficiency
at high-frequencies can be significantly improved by
implementing soft switching, i.e., by turning them on at zero
voltage. In this paper, soft-switching of the bidirectional buckboost converter is implemented by employing an active snubber
that achieves zero-voltage switching (ZVS) of the main switches
and zero-current switching (ZCS) of the snubber switches. The
measured peak efficiency of the experimental 10-kW softswitched prototype designed for 160-250 V input range and 330-V
output is over 98.5% for both boost and buck modes of operation.
I. INTRODUCTION
Generally, hard-switched, high-power, bidirectional buck-boost
converters are implemented with IGBTs because faster and more
efficient Si MOSFETs cannot be employed due to their slow body
diodes [1]-[2]. Typically, the switching frequency of today’s
IGBT implementations is limited to the 10-30-kHz range. To
increase the switching frequency into the 100-kHz range by
enabling the employment of Si MOSFETs, a number of softswitching techniques that virtually eliminate reverse-recoveryrelated losses were developed [1]-[19]. While few of these softswitching techniques are implemented with only passive
components [1]-[4], the majority of them employ active switches
to achieve soft switching of the antiparallel body diodes and zerovoltage switching (ZVS) of buck and boost switches, [5]-[19].
The introduction of wide-bandgap devices such as GaN and SiC
switches that exhibit very much improved reverse-recovery
characteristic of their body diodes has created the opportunity to
implement a high-frequency, hard-switched bidirectional buckboost converter. Although GaN and SiC switches exhibit excellent
switching characteristics due to low terminal capacitances and
reverse-recovery charge, their performance at high-frequency can
be substantially improved by making them operate with ZVS
because of their relatively high turn-on energy loss.
In this paper, the design and performance evaluation of the
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hard- and soft-switched SiC implementations of the 150-kHz, 10kW, non-isolated, bidirectional buck-boost converter operating in
continuous-conduction mode (CCM) are presented. In addition,
the performance of the SiC implementation is compared with the
100-kHz Si-MOSFET implementation. The soft-switching
technique described in this paper is based on the ZVS activesnubber technique originally presented in [20] for the
unidirectional boost converter and modified for the bidirectional
buck-boost converter in [21].
II. PRINCIPLE OF OPERATION OF SOFT-SWITCHING BUCKBOOST CONVERTER
Figure 1 shows the circuit diagram of the soft-switched buckboost converter proposed in [21]. In the boost mode, converter
transfers energy from voltage source V1 to source V2, whereas, in
the buck mode, energy is transferred from source V2 to V1. In
Fig. 1, soft switching is implemented with the active snubber that
contains inductor LS, transformer TR, snubber switches S1A and
S2A, diodes D2-D5, and the transformer reset circuit. The reset
circuit for transformer TR includes switches S3 and S4 with
antiparallel diodes D6 and D7, capacitor CC, and resistor RC. To
provide the proper reset-voltage polarity, switch S3 is permanently
off and S4 is on in the boost mode, whereas in the buck mode S3 is
on and S4 off.
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Fig. 1. Soft-switched bidirectional buck-boost converter with active
snubber.
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During time interval t1 < t < t2 voltage VS2 across switch S2
decays to zero. At t = t2 antiparallel diode of S2 starts conducting
and switch S2 turns on with ZVS. As soon as voltage VS2 becomes
zero, current iLS starts decreasing linearly with –V2·n/LS rate and
reaches zero at t = t3. At t = t4 snubber switch S2A is turned off
with zero current, while switch S2 is turned off at t = t5. After
t = t5, inductor current iLB charges capacitance of switch S2 and
discharges capacitance of switch S1. At t = t6, voltage across
switch S1 drops to zero, antiparallel diode of S1 starts conducting
and switch S1 turns on with ZVS. At t = t7, switch S1 turns off and
switch current iS1 shifts to S1 antiparallel diode. At t = t8, the next
switching cycle begins.
For the buck mode, converter simplified circuit diagram and
waveforms are shown in Figs. 3(a) and 3(b), respectively.
In the buck mode, currents, shown in Figs. 3(a), flow in
directions opposite to those in the boost mode, shown in Fig. 2(a).
Since converter operates in the buck mode the same way as in the
boost mode, the waveforms of the currents and voltages in
Figs. 2(b) and 3(b) are identical.
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Fig. 2. Soft-switched buck-boost converter operation in the boost mode
(a) simplified circuit diagram and (b) key waveforms.

Snubber inductor LS provides energy for ZVS of main switches
S1 and S2 and also enables soft turn-off of S1 and S2 body diodes
by controlling their current turn-off slew rate. Transformer TR
that works as an inductive voltage divider is used to reset the
snubber inductor current and create conditions for zero-current
turn-off of the snubber switches. In the boost mode, switch S1A is
turned off, whereas, in the buck mode, switch S2A is off.
To facilitate explanation of converter operation in the boost
mode, its simplified circuit diagram and key waveforms are
shown in Figs. 2(a) and 2(b), respectively. The ac ripple of
inductor current iLB and that of voltage VC on capacitor CC are
considered negligible and, therefore, these components are
represented by current and voltage sources, respectively.
As can be seen in Fig. 2(b), at t = t0, snubber switch S2A turns
on. Snubber inductor current iLS flows into the dot of transformer
winding N1 and causes winding N2 current to flow out of the dot
through diode D3. Voltage V2 is applied to winding N2 and
produces voltage n·V2 across winding N1, where n = N1/N2 is the
turns ratio of transformer TR. Therefore, current iLS linearly
increases with V2·(1-n)/LS rate, whereas the current of antiparallel
diode of switch S1 linearly decreases with the same rate. At t = t1,
current iLS exceeds the level of current iLB, and the resonance
between inductor LS and capacitances CS1 and CS2 of switches S1
and S2 begins. Since capacitances CS1 and CS2 are effectively
connected in parallel, the resonant frequency and characteristic
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Fig. 3. Soft-switched buck-boost converter operation in the buck mode
(a) simplified circuit diagram and (b) key waveforms.

By definition, the rms value of the current through LS is

III. DESIGN OF SOFT-SWITCHING BUCK-BOOST CONVERTER
Because the design of the buck-boost converter power stage
follows well-established conventional procedure, it is not
discussed in this paper. Instead, this section focuses on the design
of the active snubber, specifically on the design of its component
values and timing of snubber switches’ driving signals.
A.

Active Snubber Design
In the soft-switching implementations of the bidirectional buckboost converter with Si MOSFETs, the value of snubber
inductance LS is exclusively determined by the desirable turn-off
rate diD/dt of the MOSFET’s body-diode current, whose typical
value is about 100 A/µs [21]. However, for SiC devices, which
virtually do not exhibit reverse-recovery charge, the snubberinductance value is determined by other considerations such as
snubber loss and size, as well as snubber switches timing
requirements.
Generally, optimization of the snubber loss requires
minimization of the rms value of snubber-inductor current iLS. As
it can be seen from expanded iLS current waveform in Fig. 4, the
rms value of current iLS depends on its conduction time TC = t3-t0
and magnitude iLS(PEAK), shown in Fig. 4. Generally, conduction
time TC of current iLS consists of rise time TRISE = t1-t0, duration of
the resonance TR = t2-t1, and fall time TFALL = t3-t2, i. e.,
(3)
TC = TRISE + TR + TFALL ,
TRISE = I LB( V ) ⋅ LS [V2 ⋅ (1 − n)] ,

(4)

TR = π − cos −1 (n (1 − n)) ω RES ,

(5)

where

[

]
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It should be noted that in this section the current ripple of inductor
LB is not neglected. However, it is still assumed that conduction
time TC is short enough to consider current iLB constant and equal
to its valley value ILB(V) during this time.
From (1), (3)-(6), relationship of conduction time TC to snubber
inductance LS and turns ratio n is derived as
TC = I LB( V ) ⋅ LS [V2 ⋅ n ⋅ (1 − n)]
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and based on the iLS waveform in Fig. 4 can be expressed as
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The rms current is plotted versus turns ratio n in Fig. 5 for
several LS values. From the plots in Fig. 5 it can be inferred that
the rms current decreases as inductance LS decreases and turns
ratio n increases. It is obvious that the lower LS value and the
higher n value lead to the lower loss and size of the active
snubber. The upper limit for n is 0.5, since for n > 0.5 active
snubber cannot provide ZVS for the main switch [20].
The lower limit of LS value is obtained by considering the
duration of interval TZVS during which the main switch should be
turned on to achieve ZVS. TZVS interval, shown in Fig. 4, starts
when voltage VS2 on the main switch reaches zero and ends when
decreasing current iLS drops below ILB(V) level. The TZVS duration
can be derived as
TZVS = LS ⋅ (C S 1 + C S 2 ) ⋅ 1 − 2n n .

(14)

As it can be seen from the plot in Fig. 6 that shows relationship
between TZVS and turns ratio n for several LS values, higher n and
lower LS values result in a shorter TZVS and, therefore, more
stringent timing requirements. When TZVS is below 50-100 ns,
achieving a complete ZVS in the entire converter operating range
becomes practically not feasible due to tolerances of active
snubber magnetic components, switch capacitances, and gatedriving circuits. As a result, timing implementation sets the upper
limit on n value and the lower limit on LS value.
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where ILS(RES) is the peak resonant current, shown in Fig. 4, and
calculated as
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where terms Int1, Int2, and Int3 are the integral values that
correspond to the integration intervals [t0, t1], [t1, t2], and[t2, t3],
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Fig. 4. Expanded waveforms of snubber inductor current iLS and switch
voltage VS2 in the boost mode.

Fig. 5. Snubber inductance rms current versus transformer turns ratio.
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where product AC·AW is expressed in mm4, ΔBPP is a peak-to-peak
flux density magnitude with a typical value of 0.2-0.25 T for
ferrites, KW is a window utilization factor with 0.3-0.35 typical
value, and j is a winding current density with 6-8 A/mm2 typical
value.
It is also assumed that the snubber inductor size is determined
by its peak stored magnetic energy EPEAK [23] as
2
(16)
EPEAK = LS ⋅ iLS
( PEAK ) 2 ,
(17)

Transformer product AC·AW and inductor stored energy EPEAK are
plotted versus turns ratio n in Fig. 7. As it can be seen from Fig. 7,
as the turns ratio increases, the peak snubber inductor energy and,
thus, the inductor size slowly decreases, whereas product AC·AW
has the minimum value in n = 0.15-0.3 range.
Because magnetizing energy EM of transformer TR is dissipated
in resistor RC, the energy value should be minimized. The
magnetizing energy is calculated as
2
(18)
EM = LM ⋅ iM
( PEAK ) 2
The peak value of magnetizing current iM is
i M ( PEAK ) = V2 ⋅ TC LM

EM = (V2 ⋅ TC )

(19)

(20)
(2LM )
Equation (20) implies that higher transformer magnetizing
inductance results in lower resistor RC loss. The higher
magnetizing inductance can be achieved by increasing the core
size or by increasing the number of turns. Therefore, there is a
minor trade-off between transformer size and resistor RC loss.
Design considerations presented in this section are summarized
as follows. Selection of low inductance LS and high turns ratio n
results in the minimum loss of snubber magnetic and
semiconductor components. This choice also minimizes the size
2
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Conduction time TC and iLS current magnitude have profound
effect on the size and loss of active snubber magnetic
components. Since during time TC voltage V2 is applied to
transformer TR winding N2, increase of TC proportionally
increases volt-seconds on winding N2 and, therefore, negatively
affects transformer size. To draw quantitative relationship
between turns ratio n and size of magnetic components, it is
assumed that transformer size is determined by the product of
transformer core cross-sectional area AC and window area AW
[22], which is calculated as
(15)
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Fig. 7. AC·AW transformer product (red solid lines) and inductor LS peak
stored energy (blue dashed lines) versus transformer turns ratio.

Fig. 6. ZVS time interval duration versus transformer turns ratio.

From (18) and (19),

1.5

0.6 µH

TR Turns Ratio n

where

2

0.4

0.6 µH
0
0.1

2.5

Peak Inductor Energy EPEAK [µJ]

1.6

400

of inductor LS but does not correspond to the minimum size of the
transformer, which occurs at n = 0.15-0.3. Nevertheless, the
selection of turns ratio n above the optimal range is quite
acceptable since it does not penalize the transformer size
significantly. Therefore, selection of low inductance LS and turns
ratio in 0.4-0.45 range is a good design choice for optimizing the
loss and size of the snubber components. However, the selection
of low inductance LS and high turns ratio n shortens ZVS interval
TZVS, which makes meeting the gate-drive timing requirements
that are necessary to achieve a complete ZVS very challenging
and, eventually, limiting the minimum value of LS and the
maximum value of turns ratio n.
B.

Timing of Active Snubber Switches
In this subsection selection of the time delay between the turnon of the snubber switch and the active switch, as well as
selection of the snubber switch on-time are discussed.
Observation of the waveforms in Fig. 4 indicates that time
delay TD which allows ZVS of the main switch has the range of
(21)
TRISE + TR < T D < TRISE + TR + T ZVS .
A good design practice is to select TD in the middle of its range as
(22)
T D = TRISE + TR + T ZVS 2 .
On-time TA(ON) of the snubber switch should be within the range
TC < TA(ON ) < TD + TON ,
(23)
of
where TON is the on-time of the main switch. A good choice for
the snubber switch on-time is in the middle of the range, namely
TA( ON ) = (TC + TD + TON ) 2 .
(24)
Whereas resonance duration TR and ZVS time TZVS do not
depend on converter operating conditions, i.e., load and
input/output voltages, rise time TRISE, conduction time TC, and ontime TON do depend on operating conditions. To assure proper
active snubber operation, delay TD and on-time TA(ON) are changed
adaptively, depending on the operating conditions.
To implement adaptive delay TD, the valley value of the
inductor current ILB and voltage VDC are sensed and sampled.
Obtained samples are used to compute rise time TRISE from (4) and
then delay time TD from (22). For implementation of adaptive ontime TA(ON), the samples of the valley value of the inductor current
ILB and voltage VDC are used to compute time TC from (7) and
then on-time TA(ON) from (24).
It should be noted that since switch current was sensed in order
to also provide shoot-through current protection, direct sensing of
valley current ILB(V) is impractical since for chosen
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implementation it requires current sampling at the beginning of
the switch on-time when the noise generated by the switching
transition is high. Instead, the average inductor current is sensed
and the valley value is computed by the controller by using
relationship
I LB(V ) ≅ I LB( AVE) − (V1 ⋅ TON ) (2 ⋅ LB ) .
(25)
Implementation of this approach requires multiplication of the
sensed voltage V1 and the main switch on-time value, determined
by the PWM input signal.
III. DESIGN CONSIDERATIONS FOR CONVERTER WITH SIC
DEVICES
Generally, SiC devices exhibit much higher body-diode
forward-voltage drops then their Si counterparts. As a result,
when SiC MOSFETs operate with negative drain currents, i. e., in
the third quadrant of their I-V characteristics, it is beneficial to
operate them as synchronous rectifiers (SRs) in order to minimize
their conduction loss. When the MOSFET operates as SR, its gate
signal is kept high during the conduction time of the body diode.
This way the negative drain current flows through the channel of
the MOSFET. In the bidirectional buck-boost converter, shown in
Fig. 1, the SR driving is implemented by providing
complimentary gate-driving signals for switches S1 and S2.
With the SR driving of switches S1 and S2, inductor current iLB
is not prevented from flowing in the negative direction. At lighter
loads, when the valley value of the buck-boost inductor current ILB
becomes negative, the converter naturally operates with ZVS, i.e.,
it does not need the active snubber. Hence, to reduce light-load
converter losses, the active snubber switches should be disabled.
For sensing the light-load boundary, i.e., when the inductor
current becomes negative, current transformers CT1 and CT2 are
employed, as shown in Fig. 1. However, due the negative inductor
current at light loads, current transformers CT1 and CT2 are prone
to saturation if conventional implementation of the current sensing
circuit is used.
To explain transformer saturation issue, light-load converter
waveforms in the boost mode are shown in Fig. 8, whereas
Fig. 9(a) shows a conventional current-sensing circuit with the
current transformer. The current-sensing circuit includes sensing
resistor RS, reset resistor RR, and diode DS. The current
transformers have a single primary turn and NCT secondary turns.
Their respective magnetizing inductances LM1 and LM2 are shown
on the secondary side. When switch S2 current iS2 is positive,
transformer CT2 secondary current iS2/NCT flows through diode DS
and low-value sensing resistor RS. When current iS2 is zero,
magnetizing current iM2 is blocked by diode DS from flowing into
resistor RS so it flows through resistor RR which provides its reset.
For proper transformer reset within wide range of switch S2 duty
cycle, value of resistance RR is selected typically 50-200 times
higher than that of resistor RS. When current iS2 has a negative
portion due to CCM operation at light loads, the negative
secondary current is also blocked by diode DS from flowing into
sensing resistor RS and flows instead through resistor RR. Due to
high RR value, the voltage across the reset resistor and, therefore,
the volt-seconds applied to transformer secondary become very
high. As a result, transformer magnetizing current also becomes
very high and may cause CT2 core saturation.
To prevent transformer CT2 saturation, a current-sensing circuit,
shown in Fig. 9(b), was proposed, where CT2 secondary winding
is terminated by low-value sensing resistor RS. Since there is no
high-value reset resistor in the magnetizing current path, this

circuit makes transformer core much less susceptible to saturation
due to negative switch current iS2. The drawback of the proposed
circuit is that output voltage VCS does not have a dc component.
However, the dc component is recovered by sampling voltage VCS
twice during the switching cycle, as shown in Fig. 8. As Fig. 8
implies, during off-time TOFF of switch S2, voltage VCS has
negative offset –iM2(DC)·RS, where iM2(DC) is the magnetizing
current dc value. The first and second samples are taken at the
middle of switch S2 on-time TON and off-time TOFF, respectively.
The offset voltage is then subtracted from sensed voltage VCS
inside digital controller to obtain the correct value of switch
current iS2 at the first sampling instant. This corrected value of the
switch current iS2 is approximately equal to the average value of
inductor current iLB.
To determine the light/ high load boundary, it is necessary to
compute valley value ILB(V) of inductor LB current from (25).
When computed current ILB(V) drops below zero, the active
snubber switches are disabled. In practice, switching between
light-load and high-load modes of operation is designed with
hysteresis to prevent noise-induced bouncing.
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Fig. 9. Current-sensing circuit for sensing switch current in the boost
mode (a) conventional implementation; (b) proposed implementation.

The presented current-sensing approach profoundly affects the
design of the current transformer. The majority of current
transformers available on the market have ungapped highpermeability ferrite cores in order to reduce the sensing error
caused by non-zero ac magnetizing current. However, these cores
are prone to saturation even at moderate magnetizing currents.
Since dc magnetizing current of the proposed current transformer
is relatively high at full-load switch currents, it is necessary to use
the cores with lower effective permeability for the current
transformers. These cores with typical relative permeability
µr = 50-300, made of gapped ferrite or Kool Mµ magnetic
material, can tolerate much higher dc magnetizing current and
have practically negligible sensing error due to the non-zero ac
magnetizing current.
To illustrate the difference between the standard and custommade current transformer, Table I shows the data of CST-206-3A
transformer from Triad Magnetics and custom transformer which
has 77310-A7 Kool Mµ core with permeability µr = 125. The data
demonstrates that calculated maximum dc magnetizing current,
which transformer can handle without saturation, is 553 mA for
the custom transformer whereas it is only 23 mA for the standard
transformer. Impedance of the custom transformer magnetizing
inductance at 150-kHz frequency is 3.39 kΩ, which is at least two
orders higher than the value of the sensing resistor. Therefore, the
sensing error due to the magnetizing current is practically
negligible.
IV. EXPERIMENTAL RESULTS
The experimental prototype was designed to meet specifications
of the 10-kW bidirectional converter which has 160-250V input
voltage and 330-V output voltage. The prototype was
implemented with components shown in Table II.
Measured waveforms of the designed buck-boost converter
with SiC devices in boost and buck modes at 160-V input are
shown in Fig. 10(a) and 10(b), respectively. Active snubber
switches are operating since waveforms were captured at high
load. The dead time between the main switches S1 and S2 is 260300 ns, whereas the delay between turn-on of the snubber switch
and turn-on of the main switch is 150-220 ns. Therefore, the
active snubber switch turns on while main switch body diode is
conducting. To reduce the size of inductor LB, its peak-to-peak
current ripple was chosen to be approximately 70 % of the fullload inductor average current. The high inductor current ripple
corresponds to higher turn-off current and lower turn-on current
of the main switches. Since SiC MOSFETs have substantially
lower turn-off loss compared with their turn-on loss, the high
current ripple is expected to impose significantly lower switching
loss penalty on the main SiC switches with respect to the Si
switches.
Measured efficiency in the boost mode with and without active
snubber is plotted versus load in Figs. 11(a) and 11(b) for input
voltages of 160 V and 250 V, respectively. It should be noted that
during soft-switched converter efficiency measurements, the
active snubber operated down to zero load to observe its effect on
efficiency at light loads. The efficiency measurement without the
active snubber was stopped at 5.7-kW load, since the case
temperature of boost switch S2 exceeded 80ºC. Observation of the
plots in Fig. 11 shows at 160-V input voltage, efficiency
improvement at high load due to the active snubber is 1.0 %,
which means 37-% power loss reduction. However, at 250-V

Fig. 10. Measured waveforms of soft-switched converter at V1=160 V (a)
in boost mode at 5.4-kW load and (b) in buck mode at 8-kW load.

input for loads above 2.5 kW the active snubber operation
increases efficiency by less than 0.25%. With the active snubber,
the boost-mode peak efficiency is 98.5 % at low input voltage and
99.1 % at high input voltage.
Measured efficiency in the buck mode with and without active
snubber is plotted versus load in Figs. 12(a) and 12(b) for low and
high input voltages. Observation of the plots in Fig. 12 indicates
at the low input voltage, the active snubber improves efficiency at
high load by 0.75 %, which means 34-% power loss reduction.
However, at high input voltage and the load above 2.5 kW, the
efficiency gain due to the active snubber operation does not
exceed 0.3 %. With the active snubber, the buck-mode peak
efficiency is 98.6 % at low input voltage and 99.2 % at high input
voltage.
The plots in Figs. 11 and 12 also show the boundary, where the
valley value of inductor current iLB becomes zero. As can be seen
in Figs. 11 and 12, at light loads converter with the active snubber
is less efficient than the one without snubber since converter runs
naturally with ZVS and the snubber only contributes its own loss
to the overall power stage losses. However, as the load approaches
the boundary shown in Figs. 11 and 12, the hard-switched
prototype loses ZVS and becomes less efficient than its softswitched counterpart.
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Fig. 12. Measured buck-mode efficiency of soft-switched and hardswitched 150-kHz converter with SiC devices at (a) V1=160 V and (b)
V1=250 V.

Fig. 11. Measured boost-mode efficiency of soft-switched and hardswitched 150-kHz converter with SiC devices at (a) V1 = 160 V and
(b) V1=250 V.

Finally, the efficiency of the soft-switched buck-boost converter
prototype with SiC devices was compared with the efficiency of
the corresponding prototype implemented with Si MOSFET
devices operating at 100 kHz and both efficiencies are plotted in
in Fig. 13 for 200-V input voltage. The key components of the SiMOSFET-based soft-switched buck-boost converter prototype are
shown in Table II. The values of LB inductors for converters with
Si and SiC MOSFETS were selected for both converters to have
approximately the same inductor LB current ripple.
As can be seen from Fig. 13, efficiencies of the soft-switched
150-kHz converter with SiC devices and the soft-switched 100kHz converter with Si devices converter in the boost and buck
modes are practically the same. However, the volume of magnetic
components of the 150-kHz converter with SiC devices is 37 %
smaller than that of the 100-kHz converter with Si devices.
Fig. 13. Measured efficiency of soft-switched 150-kHz converter with
SiC devices and 100-kHz converter with Si devices in boost mode
(solid lines) and buck mode (dashed lines) at V1=200 V.

V. SUMMARY
Design procedure, implementation, and evaluation results of a
buck-boost converter with SiC MOSFETs are presented.
Implementation and experimental results are shown for both softswitched and hard-switched high-power converter prototypes.
Despite low reverse-recovery charge of SiC cascode devices, softswitched converter still has considerable efficiency advantage
with respect to its hard-switching counterpart due to elimination
of the relatively high turn-on losses of SiC devices. The boostmode efficiency of the soft-switched 150-kHz converter prototype
was 98.5-99.1 % for the 160-250 V input range and 330-V output,
whereas the buck-mode efficiency at the same operating
conditions was in the 98.6-99.2 % range.
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