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ABSTRACT The four-switch buck–boost converter is a widely used topology due to its bidirectional capa-
bility and wide operating voltage range in applications such as battery chargers, photovoltaic applications,
or smart grids. This article proposes an improved modulation strategy that reduces the average inductor
current, like other state-of-the-art strategies, while also minimizing the inductor’s current ripple and the
maximum current during the buck–boost operating mode. The objective is to minimize core power losses
and reduce conduction power losses in the transistors, thereby improving overall efficiency. To demonstrate
this, a state-of-the-art reference modulation strategy is first analyzed. Next, modifications are suggested to
obtain the improved strategy, and both are analytically compared. Finally, both modulations are implemented
and experimentally validated.

INDEX TERMS DC–DC, four-switch buck–boost (FSBB), modulator, pulsewidth modulation (PWM).

NOMENCLATURE
d1 Duty cycle switch S1.

d2 Duty cycle switch S2.

IC Improvement coefficient [A].
IL Average inductor current [A].
iL,O Inductor current for the original modulation [A].
iL,P Inductor current for the proposed modulation

[A].
ILBBboost,O

Average inductor current for the original modu-
lation in the buck–boost region in step-up condi-
tions [A].

ILBBboost,P
Average inductor current for the proposed mod-
ulation in the buck–boost region in step-up con-
ditions [A].

ILBBbuck,O
Average inductor current for the original mod-
ulation in the buck–boost region in step-down
conditions [A].

ILBBbuck,P
Average inductor current for the proposed mod-
ulation in the buck–boost region in step-down
conditions [A].

ILmax,O Maximum average current through the inductor
for the original modulation [A].

ILmax,P Maximum average current through the inductor
for the proposed modulation [A].

ILrms,O Rms current through the inductor for the original
modulation [A].

ILrms,P Rms current through the inductor for the pro-
posed modulation [A].

Iout Average output current [A].
M Static gain.
VL Inductor voltage [V].
Vcar1 Carrier signal 1voltage [V].
Vcar2 Carrier signal 2 voltage [V].
Vin Input voltage [V].
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FIGURE 1. Four switch buck–boost converter (FSBB).

Vmod Modulation signal voltage [V].
Vout Output voltage [V].
ZVS Zero Voltage Switching.
�iLBBboost,O

Inductors current ripple for the original modula-
tion in the buck–boost region in step-up condi-
tions [A].

�iLBBboost,P
Inductor’s current ripple for the proposed modu-
lation in the buck–boost region in step-up condi-
tions [A].

�iLBBbuck,O
Inductor’s current ripple for the original mod-
ulation in the buck–boost region in step-down
conditions [A].

�iLBBbuck,P
Inductor’s current ripple for the proposed mod-
ulation in the buck–boost region in step-down
conditions [A].

�iL,max Maximum current ripple through the inductor
[A].

�iL,pu Per unit current ripple through the inductor [A].
φ Phase shift between half bridges.

I. INTRODUCTION
The four-switch buck–boost (FSBB), presented in Fig. 1, is
a widely used converter. Its capability to operate over a wide
range of input and output voltages makes it appropriate for
photovoltaic applications [1], [2], [3], both for achieving bus
stability [4], and for maximum power point tracking [5]. This
feature, combined with the bidirectionality of the converter,
makes it a very suitable option for battery chargers [6], [7],
[8] and smart grid applications [9]. Power factor correctors
can also be implemented using the FSBB converter [10], [11].
Finally, the electric vehicle industry also relies on this con-
verter for energy management, and hybrid fuel cell electric
vehicles [12], [13], [14].

The FSBB works as a synchronous buck converter in series
with a synchronous boost converter [15]. This configuration
enables operation over a wide range of input and output
voltages and bidirectional power transfer. Additionally, this
converter reduces the number of components needed, im-
proves overall performance, and reduces the peak transistor
current compared to similar dc–dc converters, such as the Cuk
converter, the SEPIC, or the nonisolated flyback [5], [11],
[16], [17].

The input bridge of the FSBB converter (S1 and S1N )
provides the converter’s buck gain. The output bridge
(S2 and S2N ) supplies the boost gain. The switch S1 controls
the buck gain that commutates with a duty cycle equal to
d1. S2 controls the boost gain of the converter and switches
with a duty cycle equal to d2. S1N and S2N are driven by
complementary signals to S1 and S2, respectively. Both d1 and
d2 depend on the modulation strategy and are smaller than
one.

Knowing this, (1) and (2) can be deduced, the average in-
ductor voltage can be represented by (3), and since the average
inductor voltage must be equal to zero, the static gain of the
converter is given by (4).

The average current through the inductor can be expressed
as (5). This equation is only valid if the average current
through the inductor during d2 is equal during 1 − d2, which
is the case for modulations presented in this article

VA = Vin d1 (1)

VB = Vout (1 − d2) (2)

VL = VA − VB (3)

M = Vout

Vin
= d1

1 − d2
(4)

IL = Iout

1 − d2
. (5)

However, (5) cannot be applied for some modulation strate-
gies, such as those that achieve ZVS [18], [19], [20], [21].

It is important to notice that the static gain (4) is not affected
by the phase shift φ between the bridges driving signals, as
will be shown in the following sections. This value does not
affect (5), either, meaning the phase shift between bridges can
be altered without altering the average output current.

Since the converter has many control variables (i.e., the
duty cycle of each bridge, frequency, and phase shift between
the bridges), a large number of combinations result in an
extensive possibility of compensation of the parameters to be
controlled, ideal for optimizing converters.

This converter can be optimized following different strate-
gies. One of the strategies consists of reducing the average
current through the inductor (5). In order to minimize (5),
d2 must always be equal to the smallest possible value. To
achieve this, whenever the converter is working in step-down
mode, d2 can be set to zero. This implies that the switch S2N is
always conducting, so the FSBB would work as a buck con-
verter. Additionally, whenever the FSBB works in a step-up
mode, from (4), d1 must be set to one to minimize the value
of d2. In doing so, S1 would always be close; thus, the FSBB
would work as a boost converter. This strategy generates two
modulation modes (2MM), see Fig. 2(a).

This modulation presents some instabilities around M = 1,
since both control variables d1 and d2 are in the boundary
conditions. A hysteresis band can be implemented to address
this issue, though it significantly increases the output voltage
ripple [22].
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FIGURE 2. d1 and d2 in different modulation strategies. (a) 2MM. (b) 3MM. (c) 4MM. (d) ST3MM.

To overcome the limitations of the hysteresis band, the
strategy in [23] proposed fixing the duty cycle d1 to a constant
value. While this successfully enforced a single modulation
strategy, it introduced a significant drawback: a large increase
in the inductor current.

To address this high-current issue, the work in [15] in-
troduced a dedicated buck-boost region, creating a three-
modulation-mode (3MM) scheme that also eliminates the
hysteresis band. As shown in Fig. 2(b), the control within
this new region is achieved by fixing one duty cycle and
controlling the converter with the remaining variable.

This concept was further refined in [17], [24], and [25],
where it was proposed to split the 3MM buck–boost re-
gion into two distinct subregions, thereby creating a four-
modulation-mode (4MM) scheme, see Fig. 2(c). The primary
benefit of this 4MM approach was to achieve a significant
reduction in the average inductor current in the buck–boost
region.

These extra regions can control the output voltage for a
given gain, but introduce discontinuities when changing from
one modulation strategy to another, leading to abrupt changes
in the average inductor current. To address these instabilities
[26] and [27] implement a modulation with a smooth transi-
tion between modes. This smooth transition is achieved by
increasing the boost duty cycle (d2) before the buck duty
cycle (d1) reaches saturation. This creates a smooth transition
three-mode-modulation (ST3MM), as shown in Fig. 2(d).

Another important parameter for the study is the inductor’s
current ripple. This ripple increases power losses and the rms
current; therefore, the current ripple should be as small as
possible to improve overall efficiency. In [22], a two-edge
modulation strategy is presented to reduce the current ripple.
This modulation successfully reduces the current ripple but
fails to minimize the average current in buck–boost mode and
cannot achieve soft transitions between modulation modes.

Finally, in order to improve efficiency, switching losses
in the transistors can be reduced by achieving ZVS [18],
[19], [20], [21]. These modulation strategies reduce switch-
ing losses but increase the rms current through the inductor,
increasing conduction losses.

Selecting the modulation can be complex. In [28], all these
modulations are analyzed and compared. Based on this analy-
sis, the strategy from [27] was selected as the state-of-the-art
reference for this article, primarily because it provides smooth

TABLE 1. Comparison of Existing Literature and Proposed Work

transitions between operating modes without introducing cur-
rent discontinuities.

This article presents a comprehensive optimization of the
FSBB modulation strategy, specifically aimed at reducing
the inductor current ripple and magnetic stress within the
buck–boost region while ensuring soft transitions between
operating modes. Building upon the authors’ initial analysis
in [29], this work uses the phase shift (φ) as a free control
variable to optimize performance without altering the con-
verter’s static gain. Also, it significantly extends the scope
of the preliminary analysis and incorporates a study on the
phase shift effects, a detailed mathematical derivation of the
rms current, and a thorough study of the converter’s efficiency.

Consequently, the proposed strategy offers clear advantages
over other similar relevant solutions. Unlike the reference
soft-transition strategy [27], which ensures mode continuity
but neglects ripple optimization, this method significantly
minimizes �iL and peak currents within the buck–boost
region. Aditionally, in contrast to other ripple-reduction tech-
niques in [22], it maintains strict operational continuity,
avoiding the current discontinuities.

Table 1 compares prior research on the FSBB modulation
strategy with the work proposed in this article.

The rest of this article is organized as follows. Section II
analyzes the current modulation presented in the state-of-the-
art. Section III presents an optimization study on the phase
shift between the bridges. The new modulation strategy is
analytically exposed and compared to the original in Sec-
tion IV. In Section V, the converter’s efficiency under both
modulation strategies is studied. In Section VI, both modula-
tions are implemented and tested in the laboratory, and the
experimental results obtained from the tests are compared.
Finally, Section VII concludes this article.
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FIGURE 3. Modulation strategy proposed in [26].

FIGURE 4. Static gain for the three-mode modulation strategy (ST3MM),
[26].

II. BUCK–BOOST MODULATION STRATEGY
As mentioned in the previous section, the basic buck–boost
modulation strategy with reduced average inductor current
presents some instabilities around M = 1, since both control
variables d1 and d2 are in the boundary conditions.

To solve this issue, one of the approaches consists of in-
creasing d2 before d1 reaches its maximum value, [26] and
[27], creating a third working region.

Two carrier signals are used to implement this modulation,
as shown in Fig. 3. The comparison of Vmod and Vcar1 com-
mutates the input bridge, whereas the comparison of Vmod and
Vcar2 controls the output bridge. When the converter works
in the buck region (Vmod ≤ Vl ), Vmod only intersects Vcar1,
switching the first bridge, and since Vmod does not cross Vcar2

the output bridge remains fixed. In a similar way, when the
converter works in the boost region (Vmod ≥ Vh), the modu-
lator naturally switches the output bridge and maintains the
input one fixed. Only when Vl ≤ Vmod ≤ Vh all switches are
commutating, and the converter works in the third modulating
region.

Adding this extra region modifies the static gain, as shown
in Fig. 4, compared with the basic 2MM strategy shown in

FIGURE 5. Static gain for the buck–boost with 2MM modulation strategy.

FIGURE 6. Current ripple through the inductor and S1 and S2 driver signals
in the BB region. (a) Step-down mode. (b) Step-up mode.

Fig. 5. In this new region, d1 and d2 can then be redefined
and expressed as (6) and (7). Based on this information, and
considering (4), (9), and (10) can be derived, where Vmax

corresponds to (8).
The current waveform through the inductor when the con-

verter is operating in this new buck–boost region (BB region),
along with the driving signals for S1 and S2, are shown in
Fig. 6. Analyzing these waveforms, the total current ripple
through the inductor can be deduced.

The current ripple formula can be obtained for step-up and
step-down modes to ease the study. Note that this does not
mean the converter is operating in buck mode (S2 driven signal
must be zero) or boost mode (S1 driven signal must be one
during the entire period); it indicates that it is operating in
the buck–boost region, slightly increasing or decreasing the
voltages. The total current ripple in step-down conditions is
equal to (11) and represents I1’ − I1, Fig. 6

d1 = Vmod

Vh
(6)

d2 = Vmod − Vl

Vh
(7)
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Vmax = Vh + Vl (8)

M = Vout

Vin
= Vmod

Vmax − Vmod
(9)

Vmod = Vmax
M

1 + M
. (10)

Equivalently, the total current ripple in step-up is equal to
(12) and represents I2’ − I2. These expressions correspond to
the original modulation referenced with subindex “O”

�iLBBbuck,O
= Vout (1 − d1) T

L
= Vout (Vh Vin − Vl Vout)

L f Vh (Vin + Vout)
(11)

�iLBBboost,O
= Vin d2 T

L
= Vin (Vh Vout − Vl Vin)

L f Vh (Vin + Vout)
. (12)

In order to analyze the maximum current value, the average
current, IL is computed, (15) and (16), following (13) and
knowing that the current through the inductor iL,O(t ) can be
expressed as (14) according to Fig. 6

IL = 1

T

∫ T

0
iL (t ) dt (13)

iL,O (t ) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

I1 + (Vin−Vout ) t
L , t < t1

I2 + Vin (t−t1)
L , t1 < t < t2

I
′
2 + (Vin−Vout ) (t−t2 )

L , t2 < t < t3
I

′
1 − Vout (t−t3)

L , t3 < t < T

(14)

ILBBbuck,O
= I1 + Vout (VhVin − VlVout)

2L f Vh (Vin + Vout)
(15)

ILBBboost,O
= I2 + Vin (VhVout − VlVin)

2L f Vh (Vin + Vout)
. (16)

Analyzing the average current through the inductor, (15)
and (16), the current ripple for this modulation, (11) and (12),
and Fig. 6, it can be stated that for both scenarios, buck mode
and boost mode in the BB region, the maximum inductor
current is

ILmax,O = IL,O + �iL,O

2
. (17)

III. PHI OPTIMIZATION
As pointed out in the introduction, (4) does not depend on the
phase shift between the bridge’s driving signals, φ. Consider-
ing this, the main aim of this article is to reduce the current
ripple by changing this parameter. A general approach to this
optimization is illustrated in Fig. 7.

The proposed phase-shifted modulation strategy has a rip-
ple characteristic that is highly dependent on the phase angle,
φ. This analysis reveals two distinct regions of operation
based on whether the carrier signals overlap. When the phase
shift φ is below a specific threshold, the two carrier signals
do not intersect. In this nonoverlapping region, our analysis
shows that the current ripple remains constant and identical to
that produced by the original, nonshifted modulation (11) and
(12).

FIGURE 7. Modulation strategy depending on the phase shift with an
overlapping region.

FIGURE 8. Extra regions in the buck–boost operating mode.

However, as φ increases beyond this threshold, the two
carrier signals begin to overlap, see Fig. 7. In this overlapping
region, the analysis shows that the current ripple is no longer
constant; it begins to vary and decrease as the phase shift
increases.

The boundary between these two regions is therefore a
critical parameter. Equation (18) defines this exact boundary
condition: the minimum phase shift required for the carriers
to make initial contact. This equation was derived graphically,
by using the line equations of the carrier waveforms to analyt-
ically solve for the precise angle φ at which they first intersect.
Finally, due to the symmetrical properties of the carriers, the
full spectrum of this behavior can be understood by limiting
the study to the range φ ∈ [0, 180]

φmin = 180
Vl

Vh
. (18)

Once φ exceeds the minimum value, the buck–boost op-
erating mode is itself divided into two new subregions, as
illustrated in Fig. 8. Equation (19) defines the specific thresh-
old for the modulating signal that separates these two new
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FIGURE 9. Current ripple in the BB region with respect to φ.

modes

Vmod = Vmax

2
± Vh

180 − φ

360
. (19)

These two new operating regions exhibit distinct ripple
characteristics. In the first region (A), the current ripple is
independent of φ, as described by (20) and (21). In the second
region (B), however, the ripple becomes directly dependent on
the phase shift between the bridges, as governed by (22) and
(23).

Notice that these equations are only valid when φ ∈
[φmin, 180]. These equations analytically demonstrate that as
the phase shift φ increases, the current ripple decreases. Fig. 9
graphically illustrates the inductor current ripple as a function
of the phase shift

�iLBBbuck,A
= Vout Vmax (Vin − Vout)

L f Vh (Vin + Vout)
(20)

�iLBBboost,A
= Vin Vmax (Vout − Vin)

L f Vh (Vin + Vout)
(21)

�iLBBbuck,B
= Vout

L f

(
Vmax (Vin − Vout)

2 Vh (Vin + Vout)
+ 180 − φ

360

)
(22)

�iLBBboost,B
= Vin

L f

(
Vmax (Vout − Vin)

2 Vh (Vin + Vout)
+ 180 − φ

360

)
. (23)

IV. PROPOSED MODULATION STRATEGY
As studied in the previous section, the phase shift that mini-
mizes the current ripple is 180°. Therefore, the improvement
proposed by the new modulation strategy consists of fixing
φ at 180°, which is equivalent to shifting one of the carrier
signals 180° with respect to the other, as shown in Fig. 10.

This modification does not affect the static gain for this
modulation, see Fig. 4, or the limits between the differ-
ent modulation modes. This change only affects the current
ripple.

The new current waveform through the inductor is shown in
Fig. 11, both in step-up and step-down conditions. Based on
this new waveform, the new ripple current can be expressed as

FIGURE 10. Proposed modulation strategy shifting the carrier signal 180°.

FIGURE 11. Current ripple through the inductor for the proposed
modulation strategy and S1 and S2 driven signals in the BB region.
(a) Step-down mode. (b) Step-up mode.

(24) and (25). These expressions correspond to the proposed
modulation referenced with subindex “P”.

As in the previous case, in order to analyze the maxi-
mum current value, the current’s average value is computed.
Analyzing the waveforms in Fig. 11, (26) and (27) can be
obtained. In this modulation, two equations are needed to
describe the current through the inductor since the edges
of the control signals cross each other and modify the se-
quence of current values (I

′
1, I2, I

′
2, I1 in step-down mode,

and I2, I
′
1, I1, I

′
2 in step-up mode). With these equations and

knowing (13), (28), and (29) can be computed.
As in the previous modulation, knowing the average cur-

rent and the current ripple (28) and (29), and (24) and (25),
respectively, and the current waveform in Fig. 11, it can be
stated that for both scenarios, the maximum inductor current
is equivalent to (30)

�iLBBbuck,P
= Vout (1 − d1 − d2) T

L
= Vout Vmax (Vin − Vout)

L f Vh (Vin + Vout)

(24)
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�iLBBboost,P
= Vin (d2 − 1 + d1) T

L
= Vin Vmax (Vout − Vin)

L f Vh (Vin + Vout)
(25)

iL,P (t ) =

⎧⎪⎪⎨
⎪⎪⎩

I1 + (Vin−Vout ) t
L , t < t1

I ′
1 − Vout (t−t1)

L , t1 < t < t2
I2, t2 < t < t3
I2 − Vout (t−t3)

L , t3 < t < T

(26)

iL,P (t ) =

⎧⎪⎪⎨
⎪⎪⎩

I ′
2 + (Vin−Vout ) t

L , t < t1
I2 + Vin (t−t1)

L , t1 < t < t2
I ′
1, t2 < t < t3

I1 + Vin (t−t3)
L , t3 < t < T

(27)

ILBBbuck,P
= I1 + VoutVmax (Vin − Vout)

2L f Vh (Vin + Vout)
(28)

ILBBboost,P
= I2 + VinVmax (Vout − Vin)

2L f Vh (Vin + Vout)
(29)

ILmax,P = IL,P + �iL,P

2
. (30)

According to (17) and (30), and since (5) is satisfied for
both modulations, it can be deduced that the modulation with
the smallest current ripple will deliver the lowest maximum
current.

Furthermore, it is critical to note that the expressions for the
average inductor current and the duty cycles are not modified
by this optimization. Since these equations remain unchanged,
the averaged models for both the original and the proposed
modulations are equivalent. Consequently, the small-signal
transfer function is also identical, and the system’s dynamic
response remains unaffected by the proposed optimization.

Comparing (11) and (24) related to the current ripple in
buck mode, it can be noticed that the new modulation reduces
the current ripple in step-down conditions whenever (32) is
met, i.e., always

Vout (1 − d1) T

L
≥ Vout (1 − d1 − d2) T

L
(31)

d2 ≥ 0. (32)

Additionally, comparing the ripple in step-up conditions for
both modulations (12) and (25), it can also be checked that the
proposed method reduces the current ripple in all cases (34)

Vin d2 T

L
≥ Vin (d2 − (1 − d1)) T

L
(33)

d1 ≤ 1. (34)

These conclusions can also be verified by graphing the
(11), (12), (24), and (25). These equations depend on the
frequency of the PWM signal ( f = 1/T ) and the inductance
(L). It means that, even though the ripple current is always
smaller under the proposed modulation, depending on these
two parameters, L and T, the absolute value of this reduction
varies. Fig. 12 plots the relationship defined in (41), which
represents the inductor current ripple normalized against its

FIGURE 12. Current ripple value per unit in the BB region (Vl =0.95;
Vh=1.05).

maximum possible value. This maximum ripple, defined in
(40), occurs at the condition Vmod = Vh

�iL,max = Vin (Vh − Vl )

L f Vh
(40)

�iL,pu = �iL
�iL,max

= �iL L f Vh

Vin (Vh − Vl )
. (41)

It can be observed that the relative improvement over the
original is greater the closer to Vin = Vout, i.e., Vmod equal
to one. However, the absolute value of the current ripple is
very dependent on the inductance and frequency. It can also
be appreciated that the new modulation reduces the current
ripple to zero as long as Vmod is equal to one.

Given that the proposed modulation does not affect the
static gain (4) nor the values of d1 or d2, it can be stated that,
according to (5), the average current through the inductor will
remain the same as in the original modulation.

Since the average value is the same in both modulators
and, as shown, the ripple is smaller under the new modulation
strategy, the proposed modulation also reduces the peak value
of the current through the inductor according to (17) and (30).

Finally, the rms value for both modulations is analyzed.
The general formula for rms current is presented in (42).
Computing this formula on (14), (26), and (27), the rms values
for each modulation are obtained (35), (36), and (37) shown
at the bottom of the next page. These equations are further
expanded in the appendix

I2
Lrms

= 1

T

∫ T

0
iL(t )2 dt . (42)

Comparing the rms values, an improvement coefficient
“IC” (43) can be obtained, as shown in (38) and (39) shown
at the bottom of the next page

IC = I2
Lrms,O

− I2
Lrms,P

. (43)

By analyzing (38) and (39), knowing that all ripple values
are positive, that the proposed modulation ripple is always
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FIGURE 13. Normalized rms current improvement with respect to input
and output voltages, 3-D (maximum improvement highlighted in red).

smaller than the original, and that d1 > d2, it can be stated
that the proposed modulation always reduces the rms value of
the current through the inductor.

From (38) and (39), it can be deduced that the maximum
improvement for any given input voltage occurs when the
current ripple difference is maximum, i.e., when M = 1. Ad-
ditionally, knowing (40), it can be stated that the greater Vin
the greater the absolute current ripple difference.

To quantify the improvement, we introduce the normalized
improvement coefficient (ICPU ), which is defined in (46). This
coefficient represents the rms current difference normalized
by the maximum rms difference value, and it is plotted in
Figs. 13 and 14.

The maximum value of this coefficient (ICmax) occurs when
the current ripple difference is at its highest. Based on (40),
this condition is met when the input voltage is at its maximum,
and input and output voltages are equal (M = 1), as observed
in Fig. 12, (44) and (45).

By analyzing the resulting surface, it can be concluded that
the maximum improvements occur when M = 1 (highlighted
in red in both figures). This maximum improvement can be

FIGURE 14. Normalized rms current improvement with respect to input
and output voltages, 2-D (maximum improvement highlighted in red).

computed as (47).

ICmax = IC |M=1,Vin=Vin,max
(44)

ICmax = V 2
in,max

(
V 3

h − 3 V 2
l Vh + 2 V 3

l

)
48 L2 f 2 V 3

h

(45)

ICPU = IC

ICmax
. (46)

This result also allows us to know how this improvement
evolves. For constant output power and gain, the higher the
voltage, the greater the improvement, since ripple increases
with voltage

IC |Vin=Vout = �i2L,O (1 + 2 (Vl/Vh))

12
. (47)

V. EFFICIENCY
In order to study the converter’s efficiency, the power losses
are analyzed. This chapter analyzes whether the converter’s
efficiency improves under the proposed modulation.

I2
Lrms,O

= I2
L +

�i2LBBbuck,O
(1 − d2)

12
+

�i2LBBboost,O
d1

12
+

�iLBBbuck,O
�iLBBboost,O

(d1 − d2)

12
(35)

I2
Lrms,P

= I2
L +

�i2LBBbuck,P
(1 − d2)

12
if V in ≥ V out (36)

I2
L +

�i2LBBboost,P
d1

12
if V in ≤ V out (37)

IC =

(
�i2LBBbuck,O

− �i2LBBbuck,P

)
(1 − d2)

12
+

�i2LBBboost,O
d1

12
+

�iLBBbuck,O
�iLBBboost,O

(d1 − d2)

12
if V in ≥ V out (38)

�i2LBBbuck,O
(1 − d2)

12
+

(
�i2LBBboost,O

− �i2LBBboost,P

)
d1

12
+

�iLBBbuck,O
�iLBBboost,O

(d1 − d2)

12
if V in ≤ Vout (39)
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FIGURE 15. Inductor current harmonic distribution depending on the
modulation strategy.

A. INDUCTOR
The inductor losses can be separated into copper losses and
core losses. Copper losses correspond to the dissipated power
in the inductor conductor. An approximation to these losses is
given in

PCU = I2
Lrms

rL (48)

where rL corresponds to the inductor’s wire resistance in
dc. This approximation indicates that the lower the ILrms the
lower the losses will be. As seen in the previous section, the
proposed modulation always reduces the rms current through
the inductor, thus, the copper losses will always be reduced.
However, (48) is an approximation. In [30] and [31], a more
precise computation of these losses is presented.

In these papers, the inductor resistance is computed for each
harmonic of the inductor current

PCU =
∞∑

n=0

I2
L,nrms

rac,n (49)

where IL,nrms corresponds to the rms value of the nth harmonic
of the current through the inductor and rac,n to the correspond-
ing resistance for those harmonics.

Computing the fast Fourier transform of the inductor cur-
rent, Fig. 15, it can be observed that the proposed modulation
reduces odd harmonics, thereby reducing power losses.

The core losses must also be considered in the induc-
tor. These losses correspond to the power dissipated in the
inductor core. These losses can be approximated using the
Steinmetz (50). This equation already indicates the relation-
ship between the different parameters and the losses

Pcore = K B̂β Ac lm (50)

where K and β are parameters that depend on the core mate-
rial, and Ac and lm to the core geometry. The only parameter
that varies depending on the modulation is B̂, according to the

following formula:

B̂ = �B

2
= L �i

2 n Ae
. (51)

Since, n, L, and Ae are also dependent on the inductor
design, the modulation strategy can only vary �i. As seen
in the previous section, �i under the proposed modulation
is always smaller; therefore, the core losses will always be
smaller.

B. TRANSISTORS
As in the inductor case, the transistor losses can be divided
into switching and conduction losses. The conduction losses
can be expressed as follows:

Pcond = I2
Srms

RDS,on (52)

where RDS,on corresponds to the parasitic resistor of the tran-
sistor when it is in conduction. Therefore, the conduction
losses in the converter, assuming all transistors are equal, can
be expressed as

Pcond = RDS
(
I2
S1rms

+ I2
S1Nrms

+ I2
S2rms

+ I2
S2Nrms

)
. (53)

If the converter is analyzed from Fig. 1

I2
Lrms

= I2
S1rms

+ I2
S1Nrms

= I2
S2rms

+ I2
S2Nrms

. (54)

Therefore, the converter’s conduction losses, according to
(53) and (54), can be expressed as

Pcond = 2 I2
Lrms

RDS,on. (55)

As shown in the previous section, the proposed modulation
always reduces the rms current through the inductor; thus,
the transistors’ conduction losses in the converter are always
smaller.

For the transistors’ switching losses, the following formula
applies:

PSW = 1

2
f VDS (tturnon Ion + tturnoff Ioff) . (56)

Being f the switching frequency of the converter, VDS the
blocking voltage the transistor withstands, Ion and Ioff the cur-
rent when the transistors turn ON and OFF, and finally, tturnon

and tturnoff the time required to fully change states. Since both
transistors in a branch switch simultaneously, the currents
can be considered equal. Knowing this information for this
specific converter and the specific currents shown in Figs. 6
and 11, it can be stated that

PS1sw + PS1Nsw = f

2
Vin

(
tturnon + tturnoff) (I1 + I

′
1

)
(57)

PS2sw + PS2Nsw = f

2
Vout

(
tturnon + tturnoff ) (I2 + I

′
2

)
. (58)

Nevertheless, if the deadtime is big enough, switches S1N

and S2N can have soft switching at both turn-ON and turn-OFF,
meaning (57) and (58) do not apply to this specific case,
and that switching losses in these transistors are negligible.
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Consequently, the total switching losses can be expressed as
the sum of the switching losses on transistors S1 and S2

PS1sw = 1

2
f Vin

(
tturnon I1 + tturnoff I

′
1

)
(59)

PS2sw = 1

2
f Vout

(
tturnon I2 + tturnoff I

′
2

)
. (60)

The proposed modulation reduces the current ripple while
simultaneously maintaining the average current value. Con-
sequently, it can be deduced that the current peak value will
be reduced, thereby improving switching losses. However, as
seen in Figs. 6 and 11, the minimum value will increase by the
same amount, thereby increasing power losses.

The peak current improvement with the proposed modu-
lation (I1,O − I1,P = �I1 in step-down conditions or I2,O −
I2,P = �I2 in step-up) will be equal to the increase in the min-
imum current (I

′
1,O − I

′
1,P = −�I1 in step-down conditions

or I
′
2,O − I

′
2,P = −�I2 in step-up). Therefore, the difference

between modulations can be expressed as

�PS1sw,O − �PS1sw,P = 1

2
f Vin �I1 (tturnon − tturnoff) (61)

�PS2sw,O − �PS2sw,P = 1

2
f Vout �I2 (tturnon − tturnoff) .

(62)

In this case, the total switching losses depend on the times
tturnon and tturnoff. If tturnon = tturnoff the switching losses will
then remain constant. If tturnon < tturnoff the switching losses
will be smaller under the new modulation strategy. Finally,
if tturnon > tturnoff for the proposed modulation, the switching
losses will increase.

Finally, the energy stored in the MOSFET’s parasitic capac-
itors (COSS ) can also be considered in the switching losses.
Since the proposed modulation does not affect the converter’s
operating region, the losses will remain constant.

After studying the converter’s efficiency, it has been proven
that the inductor losses and the transistor conduction losses
diminish in all cases under the proposed modulation strategy,
as a direct result of the reduced inductor rms current. The
transistors’ switching losses, however, depend heavily on the
specific component selection.

For this reason, the final loss distribution is highly tied
to the specific transistor selection and inductor design. The
overall efficiency improvement should therefore be studied
for each unique scenario, although the guaranteed reduction
of both inductors and conduction losses will initially favor the
new modulation.

VI. IMPLEMENTATION AND EXPERIMENTAL RESULTS
Several tests are carried out in the laboratory to compare
efficiency and the converter’s inductor current ripple under
different modulation strategies.

The first step in implementing the new modulation is to gen-
erate the phase shift between the two carrier signals. For the

FIGURE 16. FSBB converter implemented in the laboratory.

traditional modulation strategy, the generation of the second
carrier signal is simple; the value of Vl must be added to the
generated triangular signal (63).

For the new modulation, this equation must be modified,
where the new carrier signal is now computed as Vmax minus
the original triangular signal (64). It introduces a 180° phase
shift between the two bridges with a very simple modification
to the original

Vcar2 = Vcar1 + Vl (63)

Vcar2 = Vmax − Vcar1. (64)

The smaller the buck–boost region, the higher the con-
verter’s efficiency, since there are fewer operating conditions
in which all transistors are switching. This region must also
be big enough to avoid instabilities around M = 1.

Since (4) does not depend on φ, and the gain of the pro-
posed modulation is equivalent to the original, this is the
only modification needed to implement the new modulation
strategy. The control stage, feedforward (if implemented), and
other control elements in the previous modulator remain un-
changed.

The modulator and the corresponding protections have been
digitally implemented in a SoC (ZedBoard) to perform the
tests. All system parameters are acquired using a PmodAD1,
a 12-bit analog-to-digital converter.

A general-purpose test platform designed by the company
Power Smart Control S.L. (SmartRPP by PSC) has been used
for the power converter. For the converter’s switches, three
SCT3022AL MOSFETS are implemented in parallel, with an
FFSH5065A-F155 Schottky diode in antiparallel, Fig. 16. The
maximum converters voltage is 600 V, with a maximum fre-
quency of 500 kHz and a maximum power of 20 kW.
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TABLE 2. Test Main Specifications

A small inductance of 3.7 μH (implemented with two par-
allel 7.4 μH inductors) has been selected to ease the current
ripple study.

To perform the experiments, both modulations have been
tested under various conditions: step-up mode, step-down
mode, equal input and output voltages, and a wide power
range, as indicated in Table 2.

The switching frequency was set to 100 kHz. This value
was selected for the original modulation to achieve low cur-
rent ripple with reasonably sized passive components. This
frequency was kept constant for both the original and the pro-
posed strategies to ensure a fair and direct comparison. This
allows the performance improvements shown in the results to
be attributed directly to the modulation strategy itself, rather
than to a change in frequency.

The specific power range was selected as it corresponds
to the nominal design specifications of the experimental pro-
totype and the capabilities of the available load bank. It is
important to clarify that this range reflects the tested nominal
boundaries of the hardware, not a fundamental limitation of
the proposed modulation strategy, which remains fully func-
tional and stable down to zero power conditions due to its
inherent bidirectional nature.

Finally, the comparative analysis is intentionally focused
on the buck–boost operating region. This is because the core
contribution of this work, related to the optimized phase-shift,
only affects the buck–boost region. In the pure buck or pure
boost regions, both the original and the proposed modula-
tion strategies converge and operate identically. Therefore,
focusing the analysis on the buck–boost region is essential
to properly isolate and validate the benefits of our proposed
method. The test conditions for the experimental results are
listed in Table 2.

Under these conditions, the ripple was studied and com-
pared with theoretical computations. Fig. 17 shows the results
of the experiments. This figure plots the inductor current rip-
ple, where the solid lines represent the theoretically predicted
values from the analytical model, and the discrete markers
(“∗” and “o”) represent the actual ripple values measured from
the experimental prototype.

As shown, the measured experimental ripple values closely
track the predicted analytical curves for both the original (O)
and proposed (P) methods. This demonstrates an excellent
agreement, with a maximum observed deviation of less than
7%. This minor and expected deviation is primarily due to
parasitic elements (such as parasitic resistances and switch
nonidealities) that were not included in the simplified analyti-
cal model.

FIGURE 17. Inductor’s current ripple experimental results.

The resulting waveforms from the experiments are shown
in Fig. 18. The voltage across the inductor can be observed
(VAB) in green, and the current across the inductor (iL) is also
represented in light blue.

It can be observed that for figures A, B, and C, the maxi-
mum voltage is Vin and the minimum −Vout, and for the rest of
the period, the voltage is equal to Vin − Vout. Since the analysis
is performed in the buck–boost region, these two values are
very close to each other, and the difference is very small.

For the other images D, E, F, the voltage across the inductor
has a smaller span, in D the minimum value is still −Vout but
the positive Vin peak has been erased. Again, for the rest of
the period the voltage is Vin − Vout leaving a very small value.
This means that the voltage withstanded by the inductor with
the proposed strategy is much smaller, and thus, the current
ripple diminishes.

This is the same scenario for figure F, where the negative
part has been cancelled, and only the Vin peak remains. No-
tice that in this case Vin − Vout is negative, ensuring that the
average voltage across the inductor is equal to 0.

Finally, in E, both positive and negative peaks have been
canceled, and since Vin = Vout the voltage across the inductor
is constant and equal to 0; as expected, the current ripple in
this case is negligible.

Analyzing the current, the proposed modulation reduces the
current ripple in all cases, since the voltage span supported by
the inductor is smaller under the proposed modulation. The
closer Vout is to Vin the greater the reduction is, around 14 A
for this case, when Vin = Vout.

Therefore, when the input voltage is equal to the output
voltage (Vmod = 1), the ripple is reduced to almost zero, as
expected, thus improving the losses in the inductor. The cur-
rent ripple is not exactly zero due to the small dead time in
the switching signals needed for the practical implementation.
Then, it can be seen that the ripple effect has been significantly
reduced.

When analyzing the maximum current, the proposed mod-
ulation delivers a lower peak value. It can be observed that the
current reduces from 27 A to 24 A in step-down mode, from
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FIGURE 18. Experimental results waveforms (Vin = 200 V; Pout = 4 kW). Green = Inductor voltage, vAB; light blue = Inductor current, il . (a) Original
modulation (Vout = 195 V). (b) Original modulation (Vout = 200 V). (c) Original modulation (Vout = 205 V). (d) Proposed modulation (Vout = 195 V).
(e) Proposed modulation (Vout = 200 V). (f) Proposed modulation (Vout = 205 V).

FIGURE 19. Efficiency comparison between the original modulation in red and the proposed modulation in blue for Vin = 200 V.

33 A to 28 A in step-up conditions, and from 30 A to 20 A
when Vin = Vout.

This implies that, for the same application, under the pro-
posed modulation, the inductance will withstand a lower
maximum current, up to 33% lower in this case.

Finally, a comparative efficiency analysis was performed
to validate the impact of the proposed modulation on the
converter’s overall losses. These efficiency measurements
were acquired using a high-precision YOKOGAWA WT300
wattmeter. Fig. 19 presents the measured efficiency curves for
both the original and proposed strategies, plotted across all
tested operating points.

The results show an improvement, with the proposed
method achieving a peak efficiency gain of 0.16% at Vout =
205 and Pout = 2 kW. More importantly, this data provides a
crucial validation: it confirms that the significant advantages
of the proposed strategy are achieved without any negative
tradeoffs or penalties to the converter’s overall efficiency.

The proposed modulation is presented as an enhanced strat-
egy over the baseline method, offering significant advantages

with minimal implementation complexity. The modification is
very simple (requiring only a change from (63) to (64)), yet it
yields benefits for the final implementation, design, and over-
all system efficiency. Furthermore, it reduces the maximum
inductor current in the buck–boost region. Crucially, these
gains are achieved without introducing negative side-effects
or performance tradeoffs, with the minor exception (as previ-
ously discussed) related to specific ton, toff.

VII. CONCLUSION
The main focus of this work has been to analyze and improve
the performance of the FSBB converter. The central contribu-
tion of this article is the proposal of a modified modulation
strategy that sets a fixed 180° phase shift between the two
bridges in the buck–boost operating region. This approach
relies on the fact that the phase angle is an independent
variable that does not affect the static voltage gain or the
system’s dynamics. Consequently, the proposed method ex-
ploits this additional degree of freedom to optimize the current
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waveforms without altering the system’s fundamental input–
output relationship.

The results demonstrate that this strategy is highly effec-
tive in improving the converter’s behavior. Both theoretical
analysis and laboratory tests confirm that the new modulation
consistently minimizes the inductor current ripple across the
buck–boost region when compared to standard methods. In
addition, it successfully reduces the peak inductor current,
helping keep the magnetic components farther from satura-
tion. Crucially, this improvement in current quality does not
negatively impact the converter’s efficiency. In fact, the ex-
perimental data show that the efficiency remains stable and
even improves slightly, ensuring that the stress reduction is
achieved without a power penalty.

From a practical point of view, the most significant benefit
of this proposal is its simplicity. The superior performance
is achieved through a minor adjustment to the modulator im-
plementation, which can be easily implemented in standard
digital control platforms without increasing the computational
cost. Unlike other optimization techniques, which often re-
quire complex adaptive algorithms or additional hardware
components, this method relies solely on a single opera-
tion change: replacing an addition with a subtraction. This
makes the proposed modulation an attractive, robust, and cost-
effective solution that can be applied directly to existing FSBB
designs, providing an immediate performance upgrade with
minimal engineering effort.

APPENDIX
The rms currents (35), (36), and (37) are further expanded

for a better comprehension

I2
Lrms,O

= I2
L + V 2

inV 2
outVh

(
V 2

h − 3V 2
l

) + V 3
l VoutVin

(
V 2

in + V 2
out

)
12 V 3

h L2 f 2 (Vin + Vout)2

(65)

I2
Lrms,P

=

⎧⎪⎨
⎪⎩

I2
L + V 2

out Vin (Vin−Vout )2 V 3
max

12 V 3
h L2 f 2 (Vin+Vout )3 , Vin > Vout

I2
L + Vout V 2

in(Vin−Vout )2 V 3
max

12 V 3
h L2 f 2 (Vin+Vout )3 , Vin ≤ Vout.

(66)
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“An energy-based model of four-switch buck–boost converters,” IEEE
Trans. Power Electron., vol. 39, no. 4, pp. 4139–4148, Apr. 2024, doi:
10.1109/TPEL.2023.3349327.

[22] X. Ren, X. Ruan, H. Qian, M. Li, and Q. Chen, “Three-mode dual-
frequency two-edge modulation scheme for four-switch buck–boost
converter,” IEEE Trans. Power Electron., vol. 24, no. 2, pp. 499–509,
Feb. 2009, doi: 10.1109/TPEL.2008.2005578.

196 VOLUME 7, 2026

https://dx.doi.org/10.1109/APEC.2015.7104791
https://dx.doi.org/10.1109/EPEPEMC.2012.6397403
https://dx.doi.org/10.1109/IECON.2010.5674983
https://dx.doi.org/10.1109/TIA.2019.2911566
https://dx.doi.org/10.1109/TIA.2019.2911566
https://dx.doi.org/10.1109/URUCON.2017.8171863
https://dx.doi.org/10.1109/IRSEC.2018.8703034
https://dx.doi.org/10.1109/IRSEC.2018.8703034
https://dx.doi.org/10.1109/ICPES.2016.7584111
https://dx.doi.org/10.1109/TPEL.2018.2860059
https://dx.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215754
https://dx.doi.org/10.3390/electronics10192375
https://dx.doi.org/10.3390/inventions7030074
https://dx.doi.org/10.1109/TPEL.2023.3282203
https://dx.doi.org/10.1109/PESC.2008.4592520
https://dx.doi.org/10.1109/ICECube53880.2021.9628275
https://dx.doi.org/10.1109/ICECube53880.2021.9628275
https://dx.doi.org/10.1109/IECON.2017.8216151
https://dx.doi.org/10.1109/TPEL.2009.2015881
https://dx.doi.org/10.1109/APEC39645.2020.9124107
https://dx.doi.org/10.1109/APEC43580.2023.10131331
https://dx.doi.org/10.1109/TPEL.2023.3349327
https://dx.doi.org/10.1109/TPEL.2008.2005578


[23] Y. Wang, J. Lan, X. Huang, T. Fang, X. Ruan, and M. Dong, “An
improved single-mode control strategy based on four-switch buck-
boost converter,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
Mar. 2020, pp. 320–325, doi: 10.1109/APEC39645.2020.9124612.

[24] L. Callegaro, M. Ciobotaru, D. J. Pagano, E. Turano, and J. E. Fletcher,
“A simple smooth transition technique for the noninverting buck–boost
converter,” IEEE Trans. Power Electron., vol. 33, no. 6, pp. 4906–4915,
Jun. 2018, doi: 10.1109/TPEL.2017.2731974.

[25] H. Qin, Y. Yang, S. Xie, W. Chen, J. Peng, and D. Fu, “Mechanisim
of duty cycle mutation and a new mode smooth switching control
method in high efficiency four-mode four-switch buck-boost converter,”
in Proc. Int. Conf. Power Energy Syst. Appl., Feb. 2022, pp. 304–311,
doi: 10.1109/ICoPESA54515.2022.9754390.

[26] I. Aharon, A. Kuperman, and D. Shmilovitz, “Analysis of dual-carrier
modulator for bidirectional noninverting buck–boost converter,” IEEE
Trans. Power Electron., vol. 30, no. 2, pp. 840–848, Feb. 2015, doi:
10.1109/TPEL.2014.2315993.

[27] Y.-J. Lee, A. Khaligh, and A. Emadi, “A compensation technique
for smooth transitions in a noninverting buck–boost converter,” IEEE
Trans. Power Electron., vol. 24, no. 4, pp. 1002–1015, Apr. 2009, doi:
10.1109/TPEL.2008.2010044.

[28] V. Díaz, A. Barrado, A. Lázaro, and P. Zumel, “Comparison of sev-
eral modulation strategies for the four Switch buck-boost converter,”
in Proc. IEEE 17th Int. Conf. Compat., Power Electron. Power Eng.,
Tallinn, Estonia: IEEE, Jun. 2023, pp. 1–6, doi: 10.1109/CPE-POW-
ERENG58103.2023.10227467.

[29] V. Díaz, A. Barrado, A. Lázaro, and P. Zumel, “An improved mod-
ulation strategy for a four-switch buck-boost converter with reduced
current ripple,” in Proc. Int. Conf. Clean Elect. Power, Jun. 2023,
pp. 154–160, doi: 10.1109/ICCEP57914.2023.10247450.

[30] X. Nan and C. R. Sullivan, “An improved calculation of proximity-
effect loss in high-frequency windings of round conductors,” in Proc.
IEEE 34th Annu. Conf. Power Electron. Specialist, Jun. 2003, vol. 2,
pp. 853–860, doi: 10.1109/PESC.2003.1218168.

[31] A. Reatti and M. K. Kazimierczuk, “Comparison of various methods for
calculating the AC resistance of inductors,” IEEE Trans. Magn., vol. 38,
no. 3, pp. 1512–1518, May 2002, doi: 10.1109/20.999124.

VICTOR DIAZ received the B.S. degree in indus-
trial electronics and automation engineering and
the M.S. degree in electronic systems engineering
in 2020 and 2021, respectively, from the Univer-
sity Carlos III of Madrid, Getafe, Spain, where he
is currently working toward the Ph.D. degree in
electronic engineering with the Power Electronics
Systems Group.

His research interests include dc–dc switching
power converters design, modeling and optimiza-
tion of modulation strategies, and power distribu-

tion systems optimization for hydrogen-powered vehicles and drones.

ANDRES BARRADO (Senior Member, IEEE) re-
ceived the M.Sc. degree in electrical engineering
from Polytechnic University of Madrid, Madrid,
Spain, in 1994, and the Ph.D. degree in electrical
engineering from Carlos III University of Madrid,
Getafe, Spain, in 2000.

He is a Full Professor with the Carlos III Uni-
versity of Madrid since 2012, and the Head of the
Power Electronics Systems Group since 2004. He
has authored and coauhtored more than 230 scien-
tific papers in international journals and conference

proceedings and holds 12 patents. He has been actively involved in over 100
R&D projects for companies in Europe and the U.S, and more than 33 projects
with public funding, in the field of power electronics. He is a co-founder of
the spin-off company “Power Smart Control S.L.”, focused on applications in
power electronics. His research interests include bidirectional dc–dc convert-
ers, solar, and fuel cell conditioning, behavioral modeling of converters and
systems, hydrogen-powered electric vehicles and drones, power distribution
systems for aircraft, and electromagnetic compatibility.

PABLO ZUMEL (Member, IEEE) received the
B.S. degree in electrical engineering from the Uni-
versity of Burgos, Burgos, Spain, in 1995, the first
M.S. degree in electrical engineering from the Uni-
versidad Politécnica de Madrid (UPM), Madrid,
Spain, in 1999, the second M.S. degree in electrical
engineering from the Ecole Centrale Paris, Paris,
France, in 2000, and the Ph.D. degree in electrical
engineering from UPM in 2005.

From 1999 to 2003, he was a Researcher with
the UPM. Since 2003, he has been with the De-

partment of Electronic Technology, Carlos III University of Madrid, Leganés,
Spain, where he is currently a Full Professor. He has authored/coauthored
more than 100 scientific papers in main international conferences and jour-
nals, has filed four patents, and is the co-founder of a spin-off company
targeting CAD for power electronics. He has participated in more than 50
research projects in the field of power electronics. His research interests
include digital control in power electronics, modeling and control techniques,
modular power converters, design optimization, and educational topics in
power electronics.

ANTONIO LAZARO (Member, IEEE) was born in
Madrid, Spain, in 1968. He received the M.Sc. de-
gree in electrical engineering from the Universidad
Politécnica de Madrid, Madrid, Spain, in 1995 and
the Ph.D. degree in electrical engineering from the
Universidad Carlos III de Madrid, Getafe, Spain, in
2003.

He has been a Full Professor with the Universi-
dad Carlos III de Madrid since 1995. He has been
involved in power electronics since 1994, partici-
pating in more than 80 research and development

projects for industry. He holds 11 patents and software registrations, and he
has published nearly 150 papers in IEEE journals and conferences. He is
co-founder of Power Smart Control S.L. His research interests include design
and optimization of medium and high-power dc–dc converters, power factor
correction rectifiers, inverters (railway and grid-tied applications), advanced
modulation techniques, modeling, and digital control of switching converters.

VOLUME 7, 2026 197

https://dx.doi.org/10.1109/APEC39645.2020.9124612
https://dx.doi.org/10.1109/TPEL.2017.2731974
https://dx.doi.org/10.1109/ICoPESA54515.2022.9754390
https://dx.doi.org/10.1109/TPEL.2014.2315993
https://dx.doi.org/10.1109/TPEL.2008.2010044
https://dx.doi.org/10.1109/CPE-POWERENG58103.2023.10227467
https://dx.doi.org/10.1109/CPE-POWERENG58103.2023.10227467
https://dx.doi.org/10.1109/ICCEP57914.2023.10247450
https://dx.doi.org/10.1109/PESC.2003.1218168
https://dx.doi.org/10.1109/20.999124


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


