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Abstract—This work explores the use of dual-carrier switching
modulation schemes for bidirectional buck-boost converters. The
buck-boost scheme is utilized as the power converter topology to
interface a storage system to a DC-link in electrical vehicles (EVs)
and hybrid electric vehicles (HEVs). This topology has the ability
to protect the energy storage devices in case of the short-circuit
fault at the DC-link. The proposed control strategy decreases the
switching losses of the converter under the standard modulation
scheme, and also improves the dynamic response of the system by
adjusting the static characteristics. The target control is validated
through simulations.

Index Terms—bidirectional, buck-boost, energy storage, dual-
carrier

I. INTRODUCTION

Energy storage systems (ESSs) have gained a lot of interest
in the last few years due to the tendency for enhancing the use
of green energy and decreasing emissions. A lot of research
has been done in order to integrate the ESSs in electric vehicles
(EVs) and hybrid electric vehicles (HEVs). Therefore, several
topologies and configurations were introduced in order to
utilize these ESSs in EVs and HEVs [1]–[3]. Also, various
control schemes were implemented in order to charge and
discharge ESSs [4].

One of the basic and common topologies used to connect
ESS to a DC-link is the bidirectional boost converter that
allows the ESSs to be charged or discharged [5]–[7]. The
drawback of this topology is that the ESSs (e.g., battery bank
or supercapacitors modules) can suffer from severe damage
in the case of a short-circuit fault at the DC-link due to the
antiparallel diode of the upper switch [8]. For this reason, a
bidirectional buck-boost topology (Fig. 1) is selected in order
to protect the ESS and the converter in case of DC-link short-
circuit fault [9]. If a short circuit in the DC-link happens,
switches will be opened and there is no current can flow from
ESS to the DC-link. Another reason for choosing the buck-
boost converter is to utilize all the energy of ESSs when their
voltages are higher or lower than the DC-link voltage [10].
This gives a degree of freedom when choosing the used ESSs.

In this work, a control scheme that corrects the generation
of the duty cycle’s values for the boost and buck modes is
proposed. The proposed control scheme improves the dynamic
response when the converter changes from buck mode to boost
mode or vice versa. Also, the proposed control decreases the
losses and increases efficiency.

Fig. 1: Bidirectional buck-boost converter attaches the ESS
with the DC-link.

This work is organized as follows: Section II studies and
analyses the switching schemes in buck and boost modes.
After that, Section III proposes the control scheme in order
to have a continuous duty cycle and improve the dynamic
response of the system. Then, Section IV shows the validation
of the proposed control system through simulations. Finally,
Section V summarizes the work done and discusses possible
future developments.

II. ANALYSIS OF THE BUCK-BOOST SWITCHING SCHEME

By implementing the buck-boost topology, the switching
losses will be doubled, compared to the boost scheme [11].
This is due to the two additional switches in the converter. In
order to decrease the switching losses, a dual-carrier modu-
lation is implemented [12]–[17]. One carrier is for the buck
mode (varies from 0.0 to 0.5) while the other carrier is for
the boost mode (varies from 0.5 to 1.0) [8]. If the converter
is operating in a buck mode (Fig. 2), switch S3 is turned
on continuously, and switch S4 is turned off. Switch S1 will
commutate with the value of the duty cycle while switch S2 is
its compliment. However, in the boost mode (Fig. 3), switch
S4 is switching with the value of duty cycle and switch S3 is its
compliment. In this case, switch S1 is turned on continuously,
and switch S2 is turned off. So the switching losses cut in half
compared to the standard operation of the buck-boost scheme
[18]–[20].

Even though theoretically the switching losses of the re-
sulting scheme decrease significantly by using this approach
of the dual-carrier modulation; however, it has an important
drawback. This disadvantage is derived from the fact that the
duty cycle (d) obtained from the control (1), considering the



Fig. 2: Bidirectional buck-boost converter operates in buck
mode.

Fig. 3: Bidirectional buck-boost converter operates in boost
mode.

buck-boost scheme, does change when applied to the dual-
carrier scheme, for both buck and boost operation modes.

d =
VDC meas + V̂L

VESS meas + VDC meas
(1)

As shown in Fig. 4, if the duty cycle (d) (for S1 and S4)
derived from the buck-boost, single-carrier scheme is applied
directly in the dual-carrier scheme for the buck and boost
modes, the switching pattern diverges sensibly. In fact, this
target duty cycle (d) should be decreased/increased to achieve
the same control action and switching pattern as in the original
single-carrier scheme. Therefore, in order to correct this error,
an additional adaptation is proposed and implemented. This
adaptation modifies the duty cycle to a new value (dm) before
applying to the dual-carrier modulation scheme.

The initial buck-boost scheme presents the original carrier
changing from 0.0 to 1.0. Looking at Fig. 4a, the instant at
which the control waveform, G, toggles from turn-on state to
turn-off state, t1, can be calculated as a function of the duty
cycle (d) as follows in (2). In the dual-carrier buck mode,
a similar calculation would yield to a different instant t2.
In order to maintain t1 as the instant at which the control
waveform, G, toggles from the turn-on state to the turn-off
state, a new value of the duty cycle, dm, will be established
as in (3).

t1 =
d · Ts

2
(2)

t1 = dm · Ts (3)

where dm is the modified duty cycle for a given switch.
From (2) and (3), then the modified duty cycle (dm) can be

(a) Buck mode

(b) Boost mode

Fig. 4: Switching scheme for the single carrier and the dual-
carrier modulations.

obtained as follows in (4).

dm = 0.5d (4)

This last equation shows the conversion required to directly
apply the buck-boost duty cycle in the dual-carrier scheme, for
the buck operation mode. Analogously, Fig. 4b shows a similar
error obtained when considering the dual-carrier boost mode.
In this case, the duty cycle (d) needs to be increased, in order
to provide the same control action applied to the converter.

The new modified duty cycle (dm) for the boost mode can
be calculated by using the same technique as in the previous
case. But now, the target instant is t4 in Fig. 4b as follows
in (5). Thus, t4 can be obtained for this boost mode (6),
considering the carrier waveform is taking values from 0.5
to 1.0.

t4 =
dTs

2
(5)

t4 = (dm − 0.5)Ts (6)

And, from Equations (5) and (6), the following relationship
is found in (7).

dm = 0.5 + 0.5d (7)



Finally, considering (4) and (7), a final expression for the
modified duty cycle can be expressed as in (8). One drawback
of this approach is that the operating range of the modified
duty is not continuously defined when the converter changes
from buck mode to boost mode as can be noticed in (9).

dm =

{
0.5d 0 ≤ d ≤ 0.5 (buck mode)
0.5 + 0.5d 0.5 < d ≤ 1 (boost mode)

(8)

{
0 ≤ dm ≤ 0.25 (buck mode)
0.75 < dm ≤ 1 (boost mode)

(9)

This means that the range of values from 0.25 to 0.75 is
not used. These margins are marked in Figs. 4a and 4b as
grey areas. Therefore the resolution of the duty cycle value is
smaller than in the previous case as the final available range
is half of the original.

Fig. 5 shows the static voltage gain (
VESS

VDC
) as a function of

the duty cycle, in the buck-boost converter, for every operation
scheme. It is noticed from Fig. 5 that the gain for the buck
operation (magenta line) reaches 1.0 at a duty ratio of 0.25;
however, the gain for the boost scheme (green line) reaches
1.0 at a duty ratio of 0.75. This yields to a discontinuity in
the duty cycle if using the two-carrier scheme, compared to
the original modulation scheme with one carrier only (black
line).
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Fig. 5: Static voltage gain of the ESS converter as a function
of the duty, for all the control strategies evaluated.

In order to keep the original Pulse Width Modulation
(PWM) resolution and increase the resulting operating range
(decreasing the grey areas in Fig. 4), and avoid this discon-
tinuity, another approach is followed, that consists of using a
different duty cycle calculation for either the buck or the boost
modes.

III. PROPOSED CONTROL BY CHANGING DUTY CYCLE
CALCULATION

In this strategy, the control action is going to be tailored for
the operation case, and therefore no additional adjustment on
the duty cycle needs to be undertaken. The duty cycle, d, is
going to be applied for the buck mode and the boost mode,
the following relationships can be found in (10) and (11).

d1 =
VDC meas + V̂L

VESS meas
(10)

d2 =
VDC meas − VESS meas + V̂L1

VDC meas
(11)

And from these expressions, the value that is actually going
to be compared to the dual-carrier scheme, defined in (8),
needs to be calculated as in (12). It is worthy to notice that
in this case, the transformation does not imply a loss in the
resolution as the available duty ratio margin is again the full
region (from 0.0 to 1.0).

dm =


d1 0 ≤ VDC meas

VESS meas + VDC meas
≤ 0.5

d2 0.5 <
VDC meas

VESS meas + VDC meas
≤ 1

(12)

Figure 5 shows the continuity of the duty cycle by using
this proposed approach. The gain in buck mode (blue line)
reaches unity at 0.5, and the gain in boost mode (red line)
reaches unity exactly at 0.5. This yields a final modification
in the Duty Cycle Calculation Block, as it is depicted in Fig. 6.
As it can be noticed from Fig. 6, the duty cycle modification
depends on the buck-boost duty cycle in steady-state (13).

dESS ss =
VDC meas

VESS meas + VDC meas
(13)
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Fig. 6: Proposed control scheme for the bidirectional buck-
boost converter in order to maintain the DC-link voltage
constant.

As can be seen, the inductor current reference of the
converter (ILref

) changes depending on the mode of operation
(buck or boost). In buck mode, the inductor current reference
is equal to the output current of the converter at the DC



side. However, for boost operation mode, this inductor current
reference equals the ESS device’s current reference. This can
be summarized as in (14).

IL ref =


PESS ref

VDC meas
dESS ss ≤ 0.5(Buck mode)

PESS ref

VESS meas
dESS ss > 0.5(Boost mode)

(14)

IV. SIMULATION RESULTS

The aim of the control scheme in Fig. 6 is to regulate the
DC bus voltage to a constant value. In order to demonstrate the
transition from buck mode to boost mode, the DC bus voltage
reference (VDC ref ) will change from buck mode (50V) to
boost mode (200V) at 0.5s and then back to buck mode
(50V) at 0.7s, considering ESS (i.e. supercapacitor) which
has 96V nominal voltage. Table I shows the parameters of the
bidirectional buck-boost converter used in the simulations. The
control parameters are presented in Table II. The PI controller
of the voltage and current control loops is in the ideal form.

TABLE I: Parameters of the bidirectional buck-boost con-
verter.

Parameter Symbol Value

Nominal ESS voltage VESS 96 V
ESS energy EESS 106 Wh
ESS rated capacitance CESS 82.5 F
Capacitance of the DC bus CDC 470 µF
Inductance of the inductor L 3.6 mH
Series Resistance of the inductor RL 0.08 Ω

TABLE II: Parameters of the proposed control scheme.

Parameter Symbol Value

DC Bus Voltage Control Loop

Bandwidth Bwv 30 Hz
Proportional gain Kpv 0.0886
Integral time Tiv 0.0188 s

Current Control Loop

Bandwidth Bwi 300 Hz
Proportional gain Kpi 6.7670
Integral time Tii 0.0422 s

PWM Signals

Switching frequency fs 20 kHz
Dead time td 1 µs

The simulation results are obtained from three different
control schemes: 1) Original control with a single carrier, 2)
Modified control with dual-carrier, 3) Proposed control with
dual-carrier, in order to compare between them. The proposed
control provides a faster response of the DC bus voltage (green
line) compared to the other two controls as depicted in Fig.
7. This is due to the continuity of the duty cycle during the
transition from the buck mode to the boost mode and vice
versa as can be noticed in the zoom of the duty cycle.

Figure 8 shows the switching schemes of the dual-carrier
modulation of the proposed control during both buck and
boost modes. As can be seen from Fig. 8 that switch S3 is
turned on continuously and switch S4 is turned off in the
Buck mode; however, in the boost mode switch S1 is turned
on continuously and switch S2 is turned off. This results in a
decrease in the switching losses and an increase in converter
efficiency.

The calculation of the losses is done for a given set of
operating conditions. The converter is working in the steady-
state case and the DC is controlled to a reference voltage of
200 V and the load power is 1 kW. The total switching and
conduction losses using the original method were computed to
be 21.44W, which is higher compared to the proposed control
scheme with dual-carrier which resulted in 9.75W losses.
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Fig. 7: DC bus voltage reference is changed at 0.5s from 50V
(buck mode) to 200V (boost mode) and then back to 50V
(buck mode) at 0.7s.

V. CONCLUSIONS

An analysis of a dual-carrier switching pattern control
scheme for a bidirectional buck-boost converter has been car-
ried out, showing that the proposed control has better dynamics
and a faster response solving the problem of discontinuity of
the duty cycle in dual-carrier modulation. In addition to that,
the proposed control has fewer losses compared to the original
control with a single carrier. Simulation demonstrations, in
MATLAB/Simulink, of the control schemes are presented to
validate the behavior of the control.

Future developments include the implementation of the
proposed control scheme with different ESSs. Also, different
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Fig. 8: Switching schemes of the proposed control during the
transition from buck mode to boost mode and back to buck
mode again.

switches (e.g. wide band-gap devices) will be taken into
account in the bidirectional buck-boost converter.
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