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Abstract—The Four Switch Buck-Boost converter (FSBB) is
a widely used topology for DC-DC applications in which
isolation is not required. This is mainly due to its
bidirectionality, and the ability to operate under a wide range of
input and output voltages. There are several modulation
strategies for this converter, each one with its strengths and
weaknesses.

In this paper, several modulators from state of the art are
compared, and the losses of the transistors and the inductor are
computed. With this information, it is intended to select the best
modulator depending on the input and output voltages, output
power, and hardware limitations of the designed FSBB.
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L INTRODUCTION

The Four Switch Buck-Boost converter (FSBB) is a
widely used DC-DC converter with a variety of applications.
It is used in PV systems because it works with a wide range of
input and output voltages [1]-[3]. It is also commonly used in
smart grids due to its bidirectionality [4]. In essence, this
converter acts as a buck converter in series with a boost
converter [5]. This guarantees the opportunity to work with a
wide range of input and output voltages. Furthermore, it
reduces the number of components and increases the
performance as compared to similar DC-DC converters [6].

The primary bridge of the FSBB (S; and S;y) can be
considered to control the buck stage of the converter, whereas
the second bridge (S, and S,y) would be the boost stage.
Switch S; would control the buck gain of the converter with a
duty cycle equal to d; , and S;y would function as
complementary. S, would control the boost stage with a duty
cycle d,, with S,y working as its complementary. This
functioning mode would result in the general formula
illustrated in (1). Notice that (1) is not affected by the phase
shift ¢ between the bridges, this provides an additional
control variable in the system.

In this paper, several modulations for the FSBB converter
from state of the art will be studied and compared. In section
II several modulations will be presented. In section III, the
hardware limitations of each modulator are studied. Section
IV will compare the different modulation strategies, and
section V will derive some conclusions from this study.
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Fig. 1. Four Switch Buck-Boost converter (FSBB)
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II.  MODULATION STRATEGIES

A. 1 Mode Modulation (1MM)

The simplest type of modulation can be achieved by
matching d; and d, so that they can be expressed as d; =
d, = D, equation (1) could then be simplified as follows:

G, = @
v 1-D
In this type of modulation S; and S, are turned on and off
simultaneously for a time t; = D - T, where T is the period of
the Pulse Wide Modulation signal (PWM), and S;y and S,y
are activated with the complementary signals. The current
through the inductor can be seen in Fig. 2A, where:
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Fig. 2. IMM waveforms



It can be deduced from (3) that the bigger the D is, the
larger the average current through the inductor (Ir) will be.

To reduce the current in the inductor, a new modulation
was developed in [7], where d; is set to be constant at all
times, and d, controls the converter, Fig. 2B. The constant
value for d; must be one that allows the converter to reduce
the voltage for the worst case, that is:

Vout (M in)

1= m . (1 — dz(Mm)) (5)

According to (5), if d, is allowed to reach zero, then d,
must be equal to G,(Min). This would mean that the transfer
function of the converter would then be as follows:

BEETS ©)

This modulation then makes the system's control as if it
were a boost converter with a certain gain, making the control
easier than other modulators. This approach is intended to
reduce the current through the inductor. Substituting (6) in (3)
(where d, = D) we obtain (7), the new current through the
inductor.
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With (3) and (7) it can be deduced that this new
modulation strategy will only reduce the current through the
inductor whenever equation (8) is met.

G,(Min) > D ®)

IL =IO

Analysing (8), it can be seen that this modulation strategy
improves the original only when G,(Min) is greater than D,
so I, is lower than in the original modulation. It also illustrates
that the lower G, is, the smaller the region where the new
modulation improves the original.

B. Buck-Boost mode

To reduce the average current through the inductor, the
FSBB converter can be operated as a buck or as a boost
converter. If S, is set to be always off and, therefore, S,y is
constantly closed (d, = 0), then the converter would work as
a buck converter where:

G, =d; )
I, = loye (10)

Buck-Boost (2MM)
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If, on the other hand, S; is constantly conducting (d; =

1), then the converter would work as a boost converter where

the second branch commutes with a duty cycle of d,. The
converter then will work as:

4i, = an

1
G, =
V= 1od (12)
Iout
I, =
LS To (13)
Vip - dy - T
Aiy = ——"— (14)

In this case, there are two different modulation strategies
(2MM), as seen in Fig. 3A. Working with this kind of
modulation would present some instabilities in the region
where V;, = V. Since S; (operating as boost converter) and
S,y (operating as buck converter) would always be
conducting in this region, or with a very small duty cycle, the
control ability of the converter is lost. To resolve the
instabilities in this region, several studies have proposed
different solutions. In [8] different digital approximations are
compared to solve the instability of the buck-boost region,
nevertheless, all of them present discontinuities in the transfer
function of the converter and must be corrected by abrupt
changes in the duty cycle, this makes the control stage more
challenging.

In [5] and [9] d; is fixed to a constant value D whenever
the converter is working in buck-boost mode, generating a 3
Mode Modulation (3MM), Fig. 3B.

It solves the problem of instabilities whenever Vi, =~ V.,
however, this means that when the converter moves from
Buck-Boost mode to Boost mode d; will abruptly change
from D to 1, to maintain the G, constant d, must then change
in accordance to (1). As in the previous case, this introduces
an oscillation in the system that must be dealt with by the
control system.

Similarly to the previous case in [10] and [11], one of the
control variables is fixed in this solution, but in this case d; is
fixed only when the converter is operating in Buck-Boost
mode in step-up conditions, but in step-down mode d, is fixed
instead, resulting in 4 Mode Modulation (4MM), Fig. 3C.
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Fig. 3. Relation between d, and d, with G,



This is aimed at reducing the inductor current in Buck-
Boost mode. It also avoids working with very small duty
cycles that may be challenging for the driver stage. However,
it presents discontinuities changing from one mode to another.

Working with this 4MM there is an extra control variable,
the phase shift between the two bridges (¢). In [12] a study
on the efficiency of the converter in a 4 Mode modulation
depending on ¢ is presented, where the efficiency of the
converter is best around ¢ = 180°.

Lastly, to resolve the discontinuity problems in [13] and
[14] a modulator with two carrier signals is proposed, Fig. 4.
This allows a smooth transition between the three working
modes by phasing the two transfer functions (Ph3MM). It
avoids any discontinuities and prevents sudden changes in the
duty cycle, Fig. 3D.

C. Reduced switching losses

In the previous section, all modulations were aimed to
reduce the average current through the inductor without
considering the transistors. In these modulations transistors S;
and S, have hard switching, significantly increasing the
power losses and, therefore, temperature. There are two
approaches to reduce power losses in the transistors, Zero
Current Switching (ZCS) modulation and Zero Voltage
Switching (ZVS) modulation.

In [15], two extra transistors and another inductor are
introduced in the converter to achieve ZCS. Although these
extra components withstand less power and are, therefore,
smaller, this topology adds components to the converter and
makes the design more complex and expensive.

Another way of reducing power losses is with ZVS
modulation. To accomplish this in [16] a modulation is
presented where a negative current is induced in ij, to achieve
soft switching in S; and S,. The frequency of the signal in this
converter must vary to allow sufficient time for the current to
reach the necessary negative value, as seen in Fig. 5A and 5B.
The frequency variation would make it necessary to design the
components for the worst-case scenario at the lowest
frequency. It would mean that the inductor losses would get
more significant as the frequency increases.

To resolve the variable frequency issue, in [17] an extra
stage is added to the modulation, where S; and S, are
conducting, so there is a “free-wheeling current” through the
inductor (Fig. 5C and 5D) and maintains this state until the
period T ends.

2
Boost
15¢F
- BB
o
g 1t
>
\Y
0.5F Buck cart| 1
\%
car2
Vmod
0 .
0 2 4 6 8 10
Time (us)

Fig. 4. Modulation strategy for phased 3MM
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Fig. 5. Waveforms of modulations with soft switching

Since the publication of [17] in 2009, several papers have
proposed modifications to this modulation to improve certain
characteristics. In [18]-[21], the overall efficiency of the
converter is studied and the RMS current through the inductor
is minimized using different strategies. Furthermore, in [22]
the freewheeling current through the inductor is reduced in
order to minimize the conduction losses of both transistors and
inductor.

The computation needed to achieve this kind of
modulation is very high, so the general control strategy
implies implementing a Look-Up Table (LUT). This LUT has
three input parameters, Vi,, Vout and I,,¢. The resulting LUT
is huge for a wide range of input and output voltages. In [23]-
[25], some strategies are used either to reduce the size of the
LUT (modifying the 3D LUT to a 2D LUT), or by removing
the LUT and changing it for a complex digital strategy.

Nevertheless, even though the modifications improve the
modulation, they all stay very similar to that originally
proposed in [17].

III. HARDWARE LIMITATIONS

Considering all these types of modulations, up to eight, it
can be difficult to decide which strategy must be used in each
case. Firstly, it is necessary to check each modulation mode's
characteristics to see if it can be implemented in the hardware.

A. Bootstrap

It is quite common to power the upper driver of a half-
bridge branch using a bootstrap configuration. Thus, the
power is provided by a capacitor that is charged whenever the



upper transistor is open and then supplies the power when the
transistor is in conduction mode.

Since the power consumption of the MOSFET gate can be
neglected after the switching transient, the bootstrap capacitor
only needs to store enough energy to charge the parasitic
capacitor of the gate (Ciss) up to the threshold voltage. This
statement is true whenever the half-bridge branch is switching,
but if the upper transistor is set to be constantly conducting (to
operate as a boost converter, for instance), then the assumption
that the consumption is neglectable is no longer true. It means
that the capacitor will eventually discharge, opening the
transistor and causing the system to malfunction.

To solve this problem, the upper part of the branch must
be powered by an isolated power source that provides power
at a constant rate. Although this power supply does not pose
any technical challenge, it requires some extra components,
including a transformer, that will increase both the volume and
the price of the final product. Therefore, in applications where
a bootstrap is implemented, either for budget reasons or to
improve the converter's power density, no modulation that
requires one of the transistors to be driving at all times can be
selected (2MM, 3MM, 4MM, 3MM in phase).

B. Duty cycle

There is another limitation when using a driver with a
bootstrap or with an auxiliary power supply. Whenever the
duty cycle is near zero, the driver cannot properly switch the
transistors. If D is close to 0, and if the driver is not well
designed, it may not have enough time to charge the gate
capacitor, so the transistor will not conduct.

This means that in some modulations (2MM, 3MM, and
Ph 3MM) there are instability areas whenever d; or d, are
close to zero, for instance in 3MM, this limitation would be in
d, when changing from buck to buck-boost mode.

To solve this issue, there are two possible solutions. A
faster driver can be implemented, reducing the gate resistance,
or changing the driver. In this case, some antiparallel diodes
can be included in the circuit, with adequate characteristics, so
they conduct whenever the duty cycle is very small.

C. Inductor Current

Sensing the input and output currents and voltages is
needed to control and protect the converter. These sensors can
have a low cut-off frequency in a DC-DC converter,

necessary to detect when the inductor current is equal to —Izyg
for switching the second bridge. To achieve this, an extra
current sensor is needed in series with the inductor. This
sensor needs to have a higher cut-off frequency to detect the
actual value of the current. It can be achieved in different
ways, usually connecting a sensor in series with S,y like in
[18] to avoid the necessity of an insulated sensor.

As in the previous case, although this modification is quite
easy to implement, it increases the price of the converter and
its volume.

D. Selection

Considering only the system's hardware limitations, a
number of modulators can be eliminated.

e Bootstrap: If the driver is implemented with a
bootstrap configuration 2MM, 3MM, 4MM, and
phased 3MM cannot be implemented.

e Inductor current sensor: If no sensor is added to
measure the current through the inductor both
modulators that achieve ZVS cannot be implemented.

e Minimum duty cycle: If the duty cycle has a
limitation as to the smallest value it can achieve
(different from 0), then the 2MM, 3MM, and phased
3MM cannot be achieved.

A summary of this comparison can be seen in Table I.

IV. EFFICIENCY COMPARISON

Considering there are no hardware limitations, an analysis
of the efficiency of each modulation has been carried out. To
do so firstly an inductor is selected for each modulation. Later,
the average current through the inductor is compared to end
with an efficiency comparison.

A. Inductor selection

Depending on the modulation strategy, the inductor is
selected differently. For all modulations that do not achieve
soft switching (IMM, MIMM, 2MM, 3MM, 4MM, and
Ph3MM), the inductor is selected so that the current ripple is
small but still optimizing the inductor size.

On the other hand, for the modulations that allow
achieving soft switching (Vf ZVS and ZVS), the inductor
current must reach —I,5 in all cycles. L must be computed as
shown in equation (15) to fulfil this requirement.

depending on the application. V2 - V(Z)u ¢ T
Nevertheless, when working with modulations that L= 2Py (Vizn +Vour - Vin + V%u 0 (15)
achieve ZVS (both constant and variable frequency), it is
TABLE I. MODULATIONS COMPARISON
wé]flgi\;eti)tl;p I\slzsgolrL g Czl((:)rscj3 ° Swistc;f]ting Average [, Ripple [, RMS f?e(;?lsgizty
IMM Yes No No No High Low ~ I, (Avg) Yes
MIMM Yes No No No High Low =~ I, (Avg) Yes
2MM No No Yes No Low Low =~ I, (Avg) Yes
3MM No No Yes No Low Low ~ I, (Avg) Yes
4MM No No No No Low Low =~ I, (Avg) Yes
Ph 3MM No No Yes No Low Low ~ I, (Avg) Yes
VfZVS Yes Yes No Yes High High > I, (Avg) No
ZVS Yes Yes No Yes High High > [ (Avg) Yes




Also, to ensure that soft switching can be achieved in all TABLE II. CONVERTER RATINGS

ranges of power and voltages, L must be computed using the

. .« . Vout Vin(Min) Pout(Max) T
maximum output power and the minimum voltages. When

working with variable frequency, the parameter T must be 45V — 60V 30V — 60V oW — 2.8kw 5us
selected as the smallest one allowed.

For the parameters shown in Table I, an inductor of 5.1uH

110 —_—1MM

was selected for non-soft switching modulations to ensure a MMM

current ripple lower than 20%. For all modulations that 100 MM

achieve soft switching L must be equal to 0.481uH according ——3uM

to the data in Table II and (15), adding a 10% safety margin. 2R ——aMMm

B. Inductor Current 3:’_‘ or —;CEMM ]
As seen in previous sections, the main goal of most or

modulations is to reduce the average current through the
inductor, to reduce the losses in both the inductor transistors.
This reduction can be seen in Fig. 6, where the IMM and the 50
Modified IMM have higher currents than ZVS and 2MM. ‘ ‘ i

40 3 :

The difference between the 2MM, 3MM, 4MM, and the * * 0 © % % *
phased 3MM is located only in the region where Vi, =~ V¢,
since in the buck and boost modes all strategies work in the Fig. 6. Average current through the inductor for different modulations.
same matter. In Fig. 7 a detail of the buck-boost region can be Vour=45V; Poye=2000W
seen, where the 2MM is the one that results in the smallest
current. Since the 2MM cannot be achieved due to
instabilities, the phased 3MM is the one that results in the
lower average current. 56

60 [

in

2MM
C. Efficiency Comparision sl —3MM
A comparison of all the different modulations is carried —4MM
out to study the operation points in which each strategy is 521 P3MM
more efficient. The number of modulations has been reduced
to ease the comparison. Firstly, between the modulations < st
IMM and MIMM the latter is studied since the inductor -
current is significantly lower. Then, of all the modulations 48t
with various working modes, the one achievable with the
lowest inductor current is the P\3MM. Lastly, a modulation 461
with ZVS is also compared.

. M ‘ ‘ ‘ ‘ ‘ ‘ |
The efficiency of the converter has been computed % 40 42 44 46 48 50 52

analytically, using the MATLAB tool. The power losses of the Vin V)

transistors are computed following [26]. On the other hand,

inductor losses are computed following [27] and [28]. This Fig. 7. Average current through the inductor for different modulations,
comparison has been studied for nominal input voltage, and Buck-Boost detail. Vot =45V; Poy=2000W

all possible combinations of output power and voltages.

This comparison is illustrated in Fig. 8, where, as
expected, M1MM is the modulation with the lowest efficiency

since it has the highest current through the inductor. Eficiency
Ly (H)=5.1 Ly (uH)=0.48084 iy )

mmPh 3MM (L)
mzvs (L,)

It can be seen that in the buck-boost area (Vi, = V,,.) the
efficiency of the Ph3MM drops. This is because for this 100
modulation, this is the only area where all transistors are
switching, therefore, the switching losses increase. On the
other hand, the ZVS modulation has lower switching losses,
but since the current ripple is much higher, the power losses
through the inductor increase significantly.

Eficiency (%)

Since for the ZVS modulation the current ripple minimizes 5 - o aw
in the buck-boost region, this modulation has a higher wo ™
efficiency whenever the power, and therefore the current, is Vou ) 00 Pou W)
low. This means that if no hardware limitation is considered,
the best modulation for the FSBB would be the Ph3MM. Fig. 8. Efficiency comparison with V;,=45
Although, if the converter is working exclusively on buck-
boost mode and with low currents, the ZVS modulation is

best.



V. CONCLUSION

In this paper, several modulations have been studied and

compared. Starting from the simplest modulation (1IMM),
several papers have been presented illustrating different
modifications to improve the system's efficiency. Some of
these modulations aimed to reduce the inductor current
(M1IMM, 2MM, 3MM, 4MM and Ph3MM), while others
aimed to reduce the losses in the transistors (Vf ZVS, ZVS).

Later, some hardware limitations were presented for each

of the modulations. Finally, all modulations were compared.
Firstly, a study of the current through the inductor was
presented, to end with an efficiency examination of the most
relevant ones. It was concluded that the best modulations are

the

Ph3MM and the ZVS, depending on the working

conditions of the converter.
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