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Abstract: Electric Vehicles (EVs) are an alternative to internal combustion engine cars to reduce the
environmental impact of transportation. It is common to use several power sources to achieve the
requirements of the electric motor. A proper power converter and an accurate control strategy need to
be utilized to take advantage of the characteristics of every source. In this paper is presented a novel
topology of a multiple-input bidirectional DC-DC power converter to interface two or more sources
of energy with different voltage levels. Furthermore, it can be used as a buck or a boost in any of
the possible conversion of energy. It is also possible to independently control the extracted power in
each source and any combination of the elements of the system can be used as source and destiny for
a transfer. Finally, the interaction with the grid is possible. The operation, analysis and design of the
converter are presented with different modes of power transfer. Simulation results are shown where
the theoretical analysis of the converter is validated.

Keywords: DC-DC/DC-AC power converter; electric vehicle; multi-input converter; sliding mode
control; photovoltaic module; grid; renewable energies

1. Introduction

Global warming is one of the greatest challenges today for humankind. The transportation sector
is one of the largest contributors to the emissions of greenhouse gases. It represents 27% in the European
Union in 2016 and 28% in the United States for the same year which represents the major contribution.
Moreover, it is responsible for the greatest growth in emissions currently due to the growth of tourism,
the globalized economy and the increase in living standards. A viable alternative to reduce emissions
due to transportation is using electric vehicles (EVs), which practically behave like zero-emission
cars [1].

In this type of cars, it is common to use several power sources to achieve the requirements of the
electric motor such as fuel cells, batteries, ultracapacitors (UCs), and so forth. The aim of a hybrid
energy storage system is to make use of the strong features of each source while eliminating their
weaknesses [2]. Researchers have hybridized batteries and UCs in References [3–6] to create an ideal
energy storage unit with high energy/power density, low cost/weight per unit capacity and a long
cycle life. The battery can be used when the vehicle maintains a relatively constant velocity to take
advantage of its high energy density characteristic. Also, the peak power transients during acceleration
and regenerative braking can be avoided by the inclusion of a higher power density element such as
an UC. The ability of the UC to handle higher power for a higher number of charge/discharge cycles
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not only increases the life span of the battery but also improves the overall system efficiency [7–9].
The active hybridization of the aforementioned energy storage system, in which the power/current in
its output can be fully controlled, is only possible by means of utilizing power converters.

These converters can be isolated or non-isolated. In Reference [10] a novel multiport isolated
bidirectional DC-DC converter for hybrid battery and supercapacitor applications is presented,
which can achieve zero voltage switching for all switches in the whole load range. Moreover, the current
ripples are greatly decreased by interleaved control, which is good for battery and supercapacitor.
In Reference [11] it is proposed architecture eliminates two boost switches which are present in
the two-stage counterpart. Moreover, the input inductors are operated in discontinuous conduction
mode; thus, power can be shared between input sources through proper selection of input inductors.
In Reference [12] a new modified LCLC series resonant circuit based dual-input single-output isolated
converter is proposed for hybrid energy systems. With this novel converter topology, two different
voltage sources can be decoupled completely and transfer the power from two separate dc sources
to dc load simultaneously. Moreover, it consists of only two controllable switches for integrating
two separate voltage sources; it can provide good voltage regulation and soft switching over a wide
load range. Nevertheless, these converters use a transformer to achieve galvanic isolation between
sources and output; therefore, are much more complex in terms of designing and control when
compared to the non-isolated ones.

In References [13,14] is presented a simple way to build a non-isolated hybrid energy storage
system, connecting one of the sources directly while linking the other utilizing a DC-DC converter;
yet this method does not permit the adjustment of the DC bus voltage. Another technique is to link each
of the sources with the DC bus with an individual converter as presented in References [15–18]. In this
way, it is possible to manage the DC bus voltage but it is an expensive solution due to the utilization of
multiple converters. In order to decrease the cost, multiple-input converters have been proposed to
achieve the goals of EVs. In Reference [19] is demonstrated that the multiple-input converters are cost
effective, reliable, simple and easy to control. In Reference [20], energy flow between N different sources
and the DC link are discussed. In this topology, it is not possible to transfer energy directly between DC
sources. In Reference [21] a Z-source converter for EV application is presented, although this topology
is suitable for optimal devices and components, the number of voltage sources is limited to two and it
is not possible to extend this topology for multiple-input sources. In Reference [22] a modular multiple-
input converter is presented, whose input ports are connected to the DC bus via half-bridges. However,
with this topology it is not possible to transfer the energy directly between the sources. In Reference [23]
is presented a converter with the same characteristics as that presented in Reference [22] but with a
reduced element count. In Reference [24] a flexible topology is presented that can be used as a boost or
a buck in any transfer of the energy and allows the direct exchange of energy between the sources.
A non-desirable characteristic of this converter is the presence of an inductor per input, due to the
intrinsic weight of these elements. In Reference [25] a topology is introduced that presents a greater
gain compared to other existing ones, for its use on fuel cell-based EVs. In detriment of this converter,
it can be said that it is not bidirectional. In References [26] and [27] are proposed converters with
multiple-input and multiple-output, utilizing only one inductor. These types of converters are very
useful for its use with multilevel inverters. Nevertheless, are not bidirectional converters and that can
be a limitation in this type of application. Moreover, in Reference [28] is presented an inverter for the
injection of energy generated in a panel into the grid. As stated in Reference [29] it is very important to
take advantage of the renewable energies and for that reason in this work the topology presented in
Reference [28] was the base of the DC-DC converter proposed in order to achieve the interaction with
the grid.

There are several solutions for converters to harvest the energy generated in a Photovoltaic module
(PV) and store it in the battery.Reference [30] presents an isolated multiport bidirectional DC-DC
converter capable of parallel power management of various renewable energy sources. The advantage
of this converter is it utilizes less number of controllable switches and provides soft switching for
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converter primary switch. Reference [31] proposes a battery charger for an EV based on a Zeta
converter. This converter has the advantage of an output current without ripple and it is possible to
buck or boost the input voltage. On the other hand, in Reference [32] it is utilized a cascaded buck-boost
converter for the application. Such converters are typical of PV-battery systems for its simplicity,
its bidirectional capability and the versatility to buck or boost the input voltage. Another solution
is presented in Reference [33]—a non-isolated three-port switching boost converter. By controlling
three degrees of freedom, the ports have boost, buck and buck-boost characteristics. Nevertheless,
as stated in Reference [34], the boost converters provide the lower cost and higher efficiency of the
non-isolated converters for PV systems.

In order to minimize the size, weight and cost of the traditional on-board chargers, integrated
chargers have been proposed, some topologies and techniques are reviewed in Reference [35].
One concept of integration was proposed by Rippel and Cocconi in References [36,37], consisting in the
use of the existent inverter and motor windings for the charging operation. Since the traction operation
and charging the battery are not simultaneous, using the drivetrain components could reduce the size
and cost of the on-board chargers. This modified structure supports the charging/discharging process
of the battery. Some examples based on an induction machine are presented in References [38–40],
based on PMSMs in References [41,42], based on windings rearrangement in Reference [43] and
finally based on multiphase machines in Reference [44]. Another technique consists of combining
a modified DC-DC converter with the AC-DC bidirectional rectifier. In Reference [45] the integrated
converter is able to function as an AC-DC battery charger and to transfer electrical energy between
the battery pack and the high-voltage bus of the electric traction system. The converter has a reduced
number of high-current inductors and current transducers and presents fault-current tolerance in
PHEV conversion. In Reference [46] a single-stage integrated converter is proposed based on direct
AC-DC conversion theory. The proposed converter eliminates the full-bridge rectifier, reduces the
number of semiconductor switches and high current inductors and improves the conversion efficiency.
In Reference [47] is presented a bidirectional converter that not only enables beneficial vehicle-to-grid
(V2G) interactions but also ensures that all power delivered to and from the grid has good power
factor and near zero current harmonics. To accomplish this task, a multi-level bidirectional AC-DC
converter is combined with an integrated bidirectional DC-DC converter. The proposed converter
has four different modes of operation that allows it to supply power to or from the battery to either
the grid or the high voltage bus of the EV. As stated in Reference [48], the increase of the renewable
energies can affect the power system efficacy, the power quality, the security, among other problems;
therefore, these converters need to have the possibility of power factor correction (PFC) when charging
the battery and low total harmonic distortion (THD) when injecting current into the grid to have
an interaction with the grid without disturbing the quality of the energy.

The aim of this work is to propose an integrated topology that combines a multiple-input
DC-DC converter and a bidirectional rectifier for the interaction of the storage devices with the grid.
The proposed converter topology has all the considered advantages from the architectures presented
in the literature, such as allowing the bidirectional power flow, the possibility of directly transferring
the energy between sources, that for every transfer it is possible to boost or buck the input voltage,
that any storage element of the system can be the source or destination for a transfer and has only
one inductor, which means less weight, and finally, that it permits the interaction of the storage devices
with the grid.

For this purpose, in the present investigation three main sources are considered—a PV, an UC and
a battery. Furthermore, a pedal was thought to be mechanically connected to the engine to generate
energy, through the electric machine when the vehicle is parked. In addition, when the automobile is
in motion, it can help the engine with its mechanical load. All these elements can be seen in Figure 1,
which shows a diagram of the considered EV. The focus of this paper is the DC-DC converter.

The operation and steady-state analysis of the proposed converter topology, with all its cases,
is explained in Section 2. The size of the elements of the circuit is presented in Section 3. The control
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strategy used to regulate the converter is shown in Section 4. Finally, the simulation results for all cases
are presented in Section 5.

PV

Ultracapacitor

DC-DC
Converter

Inverter
PM
SM

Battery

Pedals

Figure 1. Diagram of the electric vehicle (EV) considered in this investigation.

2. Operation and Analysis of the Converter

The proposed power converter topology is displayed in Figure 2. It can be built by connecting
each bidirectional source/output through two switches to the inductor L2 while the unidirectional
sources/outputs only need one switch. For a better understanding and analysis of the converter, this
is divided into several stages in the present work. This can be done because they work independently.
One of these stages is dedicated to the maximum power point tracking (MPPT) of the PV, shown in
Figure 3. The other stage is the multiple-input converter shown in Figure 4. In case that an interaction
with the grid is required to charge the UC or the battery, the diagram is shown in Figure 5. Furthermore,
the injection of current into the grid was considered starting from the energy generated in the PV.
In this way, when the vehicle is parked in daylight the energy can be harvested. Figure 6 indicates
the circuit for this case. This article presents a detailed analysis of the operation of these converters,
as well as simulation results for each of the possible cases.
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Figure 2. Proposed topology of the power converter.
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Figure 3. Converter associated with the PV.
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Figure 4. Multiple-input converter.

Figure 5. Circuit of the converter when it is needed the charge of the ultracapacitor (UC) or the battery.
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Figure 6. Circuit of the converter when the vehicle is parked in the sunlight.

In Table 1, various topologies are compared, attending several parameters of interest. Compared to
the converters presented in the literature, the proposed topology presents more switches to its operation.
Nevertheless, this is justified because it gathers all the advantages identified in the other converters.

Table 1. Comparison of the proposed converter with the existing ones.

Topology Bidirectional Transfer Directly
between Sources

Extension
to

Multiport

Operation in
Buck/Boost

Mode

Interaction
with the

Grid

Number of Devices
(n is Number

of Inputs)

[22] Yes No Yes No No n inductors
2n switches

[23] Yes No Yes No No n inductors
2+n switches

[24] Yes Yes Yes Yes No n inductors
2n+2 switches

[25] No Yes No No No 2 inductors
4 switches

Proposed
converter Yes Yes Yes Yes Yes 1 inductor

2n+4 switches

Now, the converter associated with the PV will be analyzed. When it is dedicated a converter
to achieve the MPPT it is easiest to control the system. Some modifications were done to the boost
converter such as the addition of the elements Sprot and Dprot for the protection of the system. It allows
to isolate the PV in case no more energy is required without damaging the inductor L1. Finally, the SUC
switch is added to provide greater versatility to the circuit.

In order to make better use of the energy the UC voltage is monitored to define the switch on
which to act. In case that the VUC > V1 the energy of the PV is transferred to the UC and the capacitor
Cpv. Switch S1 is first turned on and the voltage V1 appears across L1, resulting in the increase of the
current in this device with a slope of V1/L1. In the next interval, this switch is turned off and switch
SUC and diode D1 are turned on. In this way, the energy stored in the inductor is transferred to the UC
and the capacitor Cpv. It was decided to not include a switch in the position of the diode D1 because
it is acceptable for the application that the voltage in capacitor Cpv matches the voltage in the UC.
Figure 7 shows the two stages needed to achieve the transfer of the energy.
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Figure 7. Operating modes of the converter associated with the PV when VUC > V1, (a) charge of the
inductor, (b) discharge of the inductor.

In Table 2 are represented the operating modes of the converter associated with the PV. If V1 > VUC,
the inductor is charged through the SUC switch in order to emulate the behavior of the boost converter.
In both cases, the point of operation in steady-state is giving by Equation (1). It is necessary to point
out that in case that VUC is greater than V1, then Vpv = VUC.

Vpv =
1

1− D
V1 (1)

where D is the duty cycle giving by Equation (2).

D =
t1A

t1A + t1B
(2)

where t1A is the length of time of the mode 1A of Table 2 and t1B is the length of time of the mode 1B
of Table 2.

Table 2. Operating modes of the converter associated with the PV.

Transfer VUC > V1 Mode Switches on L1 Cpv UC

1. PV−→ Cpv,UC Yes 1A S1 + a = b =
1B SUC, D1 - c + +

2. PV−→ Cpv,UC No 2A SUC + = +
2B D1 - + =

a Increase the state of charge; b The same state of charge was kept; c Decrease the state of charge.

Now, the multiple-input converter will be analyzed. The operating modes used in the
multiple-input converter emulates the behavior of a buck converter or a boost one. Figure 8 shows
the operating modes for a transfer from the battery to the capacitor Cbus. Switches S4 and S8 are first
turned on and the voltage Vbat appear across inductor L2, resulting in the increase of the current in this
device with a slope of Vbat/L2. In the next interval, switch S8 is turned off and switch S7 is turned on to
complete the transfer of energy to the bus. Therefore, S4 stay on throughout the transfer and switches
S7 and S8 work in a complementary manner. As mentioned before, the proposed converter is very
flexible, allowing that any element of the system can be source or destiny for a transfer and any transfer
can be performed by boosting or reducing the input voltage. Hence, the aforementioned transfer can
be realized reducing the input voltage with the correct combination of switches. Nevertheless, for this
application, only the transfers present in Table 3 were considered.

One of the main concerns when using the number of switches utilized is the efficiency of the
system. However, this is not a serious problem since only three switches are used to perform a transfer
of energy; one that stays on and two that work in a complementary way, as can be appreciated in
Table 3.
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Figure 8. Operating modes of the multiple-input converter, (a) charge of the inductor, (b) discharge of
the inductor.

Table 3. Operating modes of the multiple-input converter.

Transfer Behavior Mode Switches on L2 Cpv UC Bat Bus Steady-State

3. Bat−→Bus Boost 3A S4, S8 + = = - =
Vbus =

1
1− D

Vbat3B S4, S7 - = = - +

4. UC−→Bus Boost 4A S3, S8 + = - = =
Vbus =

1
1− D

VUC4B S3, S7 - = - = +

5. PV−→Bus Boost 5A S2, S8 + - = = =
Vbus =

1
1− D

Vpv5B S2, S7 - - = = +

6. PV−→UC Boost 6A S2, S8 + - = = =
VUC =

1
1− D

Vpv6B S2, S9 - - + = =

7. PV−→Bat Boost 7A S2, S8 + - = = =
Vbat =

1
1− D

Vpv7B S2, S10 - - = + =

8. Bat−→UC Buck 8A S4, S9 + = + - = VUC = DVbat8B S5, S9 - = + = =

9. Bus−→Bat Buck 9A S6, S10 + = = = - Vbat = DVbus9B S5, S10 - = = + =

10. Bus−→UC Buck 10A S6, S9 + = + = - VUC = DVbus10B S5, S9 - = + = =

The losses analysis of the proposed topology can be done with the circuit presented in Figure 9.
The power dissipated by the devices S4, D4 and L2 is mainly by means of conduction due to the current
is flowing in these devices at all time and is given by the Equation (3). The conduction power loss
of the switches S7 and S8 are given by the Equation (4), while the switching power loss is given by
Equation (5). Finally, total power dissipation due to all the elements is given by the Equation (6).
Where I2 is the current through the inductor L2, D is the duty cycle, fsw is the switching frequency,
tr is the rise time of the Metal-Oxide-Semiconductor Field-effect Transistors (MOSFETs), t f is the fall
time of the MOSFETs and RSL, RDS(on)S4, RDS(on)D4, RDS(on)S8, RDS(on)D8, RDS(on)S7, RDS(on)D7 are the
series resistance of the inductor L2, switch S4, diode D4, switch S8, diode D8, switch S7 and diode
D7 respectively. From this analysis, it can be appreciated that it is not a major issue the power loss
compared to topologies that exist in the literature and the use of all the switches can be justified by the
advantages gathered in the proposed topology.

PL1 = I2
2 (RSL + RDS(on)S4 + RDS(on)D4) (3)
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PL2 = I2
2 D(RDS(on)S8 + RDS(on)D8) + I2

2 (1− D)(RDS(on)S7 + RDS(on)D7) (4)

PL3 = Vin I2 fsw(tr + t f ) (5)

PL_Total = PL1 + PL2 + PL3 (6)

Figure 9. Circuit considered for the analysis of the losses.

For the efficiency calculation it can be assumed that the on-resistance of the MOSFETs and diodes
is of 0.5 Ω, a rise time (tr) of 28 ns and a decrease time (t f ) of 44 ns. Finally, the series resistance of
the inductor is estimated to 1 Ω. The transfer that causes a greater loss is from UC to the bus and
for that reason this conversion was considered for the power loss calculation. In this conversion the
current through I2 is of 10 A and the voltage in the UC is of 125 V. Substituting the corresponding
values in Equations (3)–(6) it is obtained that the total power loss is of 309 V. The efficiency is given by
Equation (7), which for an output power of 1.8 kW the efficiency is of 85.35%.

η =
PO

PO + PL_Total
100 (7)

3. Design of the Converter

In this section, the analysis for the sizing of the inductors L1 and L2 will be explained, as well as
the capacitors Cpv and Cbus. First, the calculation of the components associated with the PV converter
were performed. For the calculation of these elements, the methodology described in Reference [49]
was followed. In this way, the capacitor was calculated as described in Equation (8), while the inductor
was obtained as set out in Equation (9).

Cpv =
DPO

VO∆VO f
(8)

L1 =
D(1− D)2V2

O
2 f PO

(9)

where D is the duty cycle, PO is the output power, VO is the output voltage and f is the switching
frequency.

To make the calculation was necessary to take into account some design considerations with
respect to the PV and the desired operation for the converter. In this application was considered a PV
that has an open circuit voltage of 50 V, short circuit current of 10 A and with a maximum power
point of energy transfer around 25 V and 4–5 A (100–125 W). As proposed in [31], a D = 0.5 is used,
the switching frequency was set in 50 kHz, while the typical output power was fixed in 150 W. Finally,
the variation in the output voltage was defined as 10 V. For this data, the capacitor value needs to be
greater than 3 µF. Finally, the inductor value was calculated and determined as 21 µH.
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Next, the values of the inductor and the capacitor of the multiple-input converter were calculated.
As explained in the previous section, this converter always behaves as a buck or as a boost. For this
reason, the strategy followed to obtain these parameters was to calculate the necessary values for
each case and take the critical values. The equations used to dimension the power elements in a buck
converter are described in Reference [50] and are presented in (10) and (11). While the equations
used for the sizing of the power elements in a boost converter are described in Reference [51] and are
presented in (12) and (13).

C =
∆IL

8 f ∆VO
(10)

L =
VO(Vin −VO)

∆IL f Vin
(11)

C =
IOD

f ∆VO
(12)

L =
Vin(VO −Vin)

∆IL f VO
(13)

where IL is the current through the inductor, f is the switching frequency, VO is the output voltage, Vin
is the input voltage, IO is the output current and D is the duty cycle.

Taking into account these equations, and the behavior that was highlighted in the previous section
for each state, Table 4 was constructed. In this table are presented the nominal values of the parameters
needed for the sizing of the power elements. In this way, was possible to calculate the minimum
inductance and capacitance allowable for the proper operation of the converter. It is important to
highlight that the transfers concerning the PV were not included because this source of energy is
considered as auxiliary. It can be concluded after analyzing this table that the value needed for the
inductor L2 must be higher than 3.86 mH and for the capacitor Cbus it must be greater than 144 µF.

Table 4. Sizing of the power elements of the multiple-input converter.

Transfer Behavior VO [V] Vin [V] ∆IL [A] ∆VO [V] IO [A] D f [kHz] L2 [mH] Cbus [µF]

3. Bat−→Bus Boost 450 140 0.5 1 10 0.69 50 3.86 138
4. UC−→Bus Boost 450 125 0.5 1 10 0.72 50 3.61 144
8. Bat−→UC Buck 125 140 1 - - - 50 0.27 -
9. Bus−→Bat Buck 140 450 1 - - - 50 1.93 -

10. Bus−→UC Buck 125 450 1 - - - 50 1.81 -

4. Control Strategy

The control diagram of the system is shown in Figure 10.
It can be appreciated that there are several levels of hierarchy. The purpose of the lower level is to

achieve the regulation of the state variables of the converter. Moreover, are present the blocks of MPPT,
which are responsible for the extraction of the maximum power. Finally, there is an energy management
system (EMS) that dictates the proper transfer at every moment. There are several strategies to control
the state variables in a switching power converter as the ones presented in Reference [52]. Nevertheless,
in this work, the current through L2 was regulated utilizing a sliding mode control (SMC) because
this technique is naturally suited for the regulation of switched controlled systems such as DC-DC
power converters [53] and for its robustness, as stated in References [54–56]. Moreover, the control
parameter can be the same to regulate the current in a boost and a buck converter as demonstrated in
Table 5. In this table, Vin, vC and iL are the variables of the respective converter, while u is the input
signal (for this case is the state of the switch), σ is the sliding surface and S is the control parameter of
the SMC.
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Figure 10. Block diagram of the controller of the system.

Table 5. Demonstration of the homogeneity of the control parameter for the regulation of the current
with SMC in a buck and a boost converter.

Action Buck Converter Boost Converter

Model Obtention
[ ˙iL

v̇C

]
=

[
0 − 1

L
1
C − 1

RC

] [
iL
vC

]
+

[ u
L
0

]
Vin

[ ˙iL
v̇C

]
=

[
0 u−1

L
1−u

C − 1
RC

] [
iL
vC

]
+

[ 1
L
0

]
Vin

Proposing the sliding
surface

σ = S(iL-iREF)

u =

(
1 si σ < 0
0 si σ > 0

) σ = S(iL-iREF)

u =

(
1 si σ < 0
0 si σ > 0

)
Obtaining the

derivative of the
sliding surface

σ̇ = S(− vC
L + uVin

L ) σ̇ = S( (u−1)vC
L + Vin

L )

Verify the existence
condition (σ > 0) σ̇ = S(− vC

L ) = S ∗ Negative number σ̇ = S(Vin−vC
L ) = S ∗ Negative number

Verify the existence
condition (σ < 0) σ̇ = S(Vin−vC

L ) = S ∗ Positive number σ̇ = S(Vin
L ) = S ∗ Positive number

Define the sign of the
parameter S(σ σ̇<0) S must be positive S must be positive

The other state variable is the bus voltage (Vbus). This voltage was regulated with an on-off
controller, because it is not necessarily an exact value in the input of the inverter and because of its
simplicity. The range of the voltage was defined from 400 V to 500 V. This controller enable/disable
the input current to the capacitor Cbus.

In order to achieve the MPPT of the PMSG there are several techniques like that presented in
Reference [57] and is used in this work due to its simplicity. This algorithm is based on the principle
that if the voltage in the capacitor Cbus is kept constant, then the maximum possible energy is being
extracted. On the other hand, the MPPT applied for the PV was based on a Perturb and Observe (P&O)
algorithm. This algorithm was implemented with the PV as the active input in the multiple-input
converter and manipulating the current through the inductor L2. Nevertheless, this is not always
possible as the multiple-input converter can be needed for other functions. If this were the case, then
the algorithm manipulates the state of the switches SUC and S1.

Finally, the EMS is the element that establishes the proper transfer in every moment. It is based
on if-else rules to achieve its purpose. Figure 11 shows the main cases treated in this controller. If the
vehicle is parked, then the source generating energy transfer is the same as the storage device that
needs it. In this case, the UC is prioritized because it is desirable that the demanded energy at the
start of the motion was supplied by this device. If the vehicle is in motion with positive acceleration
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and there is energy in both power sources, the flowchart depicted in Figure 12 is followed. If, on the
contrary, there is only one power source with energy, then this device supplies the power during the
driving cycle. Lastly, when the vehicle is in regenerative braking the energy generated is stored in the
capacitor Cbus. For each case, the EMS establishes a code and the output decoder with this information
and the control signal from the SMC sends the correct signal for each switch.

EMS

Parked Vehicle

Vehicle in motion

• There is no energy in the PV neither in the PMSG

• There is only energy in the PV

• There is only energy in the PMSG

• There is energy in the PV and PMSG

• Vehicle with positive acceleration

• Regenerative braking

Figure 11. Cases taking into account for the implementation of the EMS.

Vbat<80

Bat Bus

VUC<100

dW = W[n]-W[n-1]

Yes No

YesNo
VUC<100

Yes

Nothing UC     Bus

No

dW < Cte. 

Bat BusUC     Bus

No Yes

Figure 12. Flowchart followed by the EMS when the vehicle is in motion and there is energy in both
power sources.

The control strategy previously presented requires a complement when it is required to interact
with the grid. For this purpose, there are two well differentiated cases; charging the battery or the
UC from the grid or injecting the energy generated in the PV into the grid. Figure 13 shows the block
diagram for the charge of the storage elements. The objective is to regulate the current in the inductor
L2 and send it to the device that requires it. In Reference [58], it was proved that the SMC technique
is adequate for achieving the control of an inverter interacting with the grid. For that reason this
strategy was used and, in addition, it was necessary to know if the voltage grid is in the positive or
negative half cycle to act on the necessary switch. Table 6 shows the behavior of the charge decoder.
The switches that are not considered in Table 6 are kept off all the time.
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IRef

Vgrid

Charge 
Decod. [S2 … S10]

Sx_Ctrl

SMC
I2

Comp.

“0”

Bat./UC

Comp

Figure 13. Block diagram of the control strategy of the charge from the grid.

Table 6. Behavior of the charge decoder.

Bat./UC Comp Sx_Ctrl S5 Sx Sy S8 S9 S10

0 0 0 0 1 0 0 1 1
0 0 1 1 0 0 0 1 1
0 1 0 0 0 1 0 1 0
0 1 1 0 0 1 0 1 0
1 0 0 0 0 1 1 0 1
1 0 1 1 0 0 0 1 1
1 1 0 0 1 0 1 0 0
1 1 1 0 1 0 1 0 0

On the other hand, Figure 14 shows the block diagram for the injection of current into the grid.
One of the objectives is to create a hysteresis behavior in the voltage Vpv acting on the current I2

reference. If the voltage increases above a set value, the reference is augmented in order to decrease
the voltage below a permissible value where is increased the current reference again. It is necessary
to maintain the voltage Vpv above 170 V to guaranteed a satisfactory injection of the current into the
grid. Moreover, in order to achieve an interaction with low THD at the beginning and at the end
of the injection are executed in the zero-crossing. Finally, two separated SMC are implemented for
each inductor (I2 and Ig). With this information and the half-cycle in which the grid is operating, the
injection decoder establishes the corresponding signal in each inductor. Table 7 shows the behavior of
the injection decoder. The switches that are not considered in Table 7 are kept off all the time.

Iref_2

Vgrid

Injection 
Decod. [S2 … S10]

Sx_2

SMC
I2

Comp.
“0”

Hyst.
Vpv

SMC

Iref_g

Ig

Sx_g

Comp

Figure 14. Block diagram of the control strategy of the injection of current into grid.
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Table 7. Behavior of the injection decoder.

Comp Sx_g Sx_2 S4 S5 Sx Sy S8 Sg

0 0 0 0 1 0 0 1 1
0 0 1 1 0 0 0 1 1
0 1 0 0 0 1 0 1 0
0 1 1 0 0 1 0 1 0
1 0 0 0 0 1 1 0 1
1 0 1 1 0 0 0 1 1
1 1 0 0 1 0 1 0 0
1 1 1 0 1 0 1 0 0

5. Simulation Results

The validation of the proposed converter and the control strategy was realized by the simulation
of the system in the PSIM software (version 9.0.3). The main considerations for the simulation are
presented in Table 8.

Table 8. Considerations for the simulation of the multiple-input converter.

Power Source Sizing

Battery 100–144 V, 15 Ah
UC 125 V, 5 F
PV 100–125 W

PMSM 2.5 kW
Power converter 3.5 kW

The validation of the blocks of MPPT was possible in a separate way. Figure 15a shows the MPPT
achieved for the PV utilizing the multiple-input converter for this purpose. It can be appreciated that
the system has a good response with this method. The settling time is less than 0.1 s for a power
variation of 100 W. Moreover, in steady-state, the ripple current is less than 0.25 A and the ripple power
is less than 1 W. Otherwise, the second method is manipulating the switches SUC and S1, obtaining
the response shown in Figure 15b. It is realized that this is a response of lesser quality. The settling
time is of 0.02 s and in steady-state, there is a current ripple of 15 A and a power ripple of 8 W. Despite
the lesser quality response obtained with this method, it has the advantage that the multiple-input
converter can be dedicated to other tasks.

0 0.1 0.2 0.3 0.4 0.5

0 0.1 0.3 0.50.40.2
Time [s]

VUC [V]

Pout_PV [W]

I2 [A]

100.00

150

0

50

100

6

4

2

0

100.10

100.05

Increase in the
irradiance

(a)

0 0.1 0.3 0.50.40.2
Time [s]

VUC [V]

I1 [A]

Pout_PV [W]

100.0

5
0

50

10

15

100.4

100.2

100 Increase in 
the irradiance

150

0

(b)

Figure 15. Methods implemented to achieve the MPPT of the PV, (a) utilizing the multiple-input
converter and manipulating the reference of the current I2, (b) manipulating the switches SUC and S1.
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The PMSG also needs an MPPT algorithm for the harvesting of the energy. Figure 16 shows
the simulation results for the implemented algorithm. It can be appreciated that by maintaining the
voltage Vbus constant the MPPT is achieved. With a previous characterization of the electric machine it
can be concluded that 92% and 97% of the possible total were extracted, respectively, for the conditions
of the test.

 

0 0.1 0.3 0.50.40.2
Time [s]

Vbus [V]

I2 [A]

Pout_PMSG [W]

400
300
200
100

10

0

8

2
4
6

60

40

20

Increase in the
velocity In the shaft

Figure 16. MPPT achieved in the PMSG by keeping the voltage in the capacitor Cbus constant.

For the validation of the EMS and the performance of the converter, the driving cycle ECE-15,
which was legislated in the European Union in 1970, was utilized. Figure 17 shows the behavior of
the state variables of the converter during the cycle. It can be concluded that the regulation of these
variables was successful, with a ripple current of 0.8 A in steady-state and the desired hysteresis of
100 V for the voltage Vbus. Figure 18 shows the performance of the power sources. It is important to
point out that the UC supplies the energy during the velocity transitions and when the velocity remains
relatively constant the demanded energy is supplied by the battery as desired. Finally, the behavior of
the PV and the PMSG is shown in Figure 19. The PV is generating energy during the entire duration of
the cycle and verifies the proper switch between the two methods implemented. The generation of
energy from the pedals was simulated in the beginning of the cycle, obtaining the desired behavior of
the system.

ω [rpm] ω_ref [rpm]

I2 [A]

Vbus [V]

0

Time [s]
5 10 15 20

0
100
200
300
400
500

0

3.5

7.0

10.5

0
200
400

600
800

Figure 17. Behavior of the state variables through the ECE-15 cycle. The speed of the motor following
the ECE-15 cycle; the current through inductor L2, I2 and the voltage in the capacitor Cbus, Vbus.
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ω [rpm] ω_ref [rpm]

0

Time [s]
5 10 15 20

138.618
138.620

138.622

138.624

98
99

100

101

0
200
400

600
800

VUC [V]

Vbat [V]

Figure 18. Behavior of the energy storage devices through the ECE-15 cycle. The speed of the motor
following the ECE-15 cycle; the voltage in the ultracapacitor VUC and the voltage in the battery Vbat.

 

ω [rpm] ω_ref [rpm]

0

Time [s]
5 10 15 20

0

200

400

600

0
35

75

105

0
200
400

600
800

Pout_PV [W]

Pout_PMSG [W]

Figure 19. Behavior of the energy sources through the ECE-15 cycle. The speed of the motor following
the ECE-15 cycle; the power harvested from the solar panel Pout_PV and the power harvested from the
PMSG Pout_PMSG.

Finally, the interaction with the grid was validated. Figure 20 shows the charge of the battery.
It can be appreciated that the battery has been charged and the current I2 is regulated in 10 A with
a ripple of 1 A. Despite the main objective being achieved, the system presents a deficient power
quality. In order to achieve a better response, a PFC strategy need to be implemented.

I2 [A]

10

0

8

2
4
6

12

Vbat [V]

99.98
100.00

100.02

100.04

100.06

0
Time [s]

0.2 10.4 0.6 0.8

Vgrid [V]

Igrid [A]

100

-100

0

0
10
20

-10
-20

0
Time [s]

0.2 10.4 0.6 0.8

Figure 20. Charge of the battery from the grid: Current through the inductor L2, I2; voltage in the
battery Vbat; current in the grid Igrid and the voltage in the grid Vgrid.

Figure 21 demonstrates the injection of current into the grid. It can be appreciated that the MPPT
is working properly as is the hysteresis of the voltage Vpv. This behavior of the voltage is permissible
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because the only restriction is that needs to be greater than 170 V and it is achieved by modifying the
current amplitude injected into the grid. Figure 22 shows a zoom of the injected current where it can
be appreciated that it is in phase with the normalized voltage grid and it is also notable that the start
of the injection coincides with the zero-crossing.

Pout_PV [W]
130
120

90
100
110

Vpv [V]

0
100
200
300
400

0
Time [s]

0.5 2.51 1.5 2

500

3

I2 [A]

0

1

2

3

4

Vg_norm [V] Ig [A]

0

2

4

-2

-4
0

Time [s]
0.5 2.51 1.5 2 3

Figure 21. Injection of current into the grid—the power harvested from the solar panel Pout_PV ; the
voltage in the capacitor Cpv, Vpv; the current in the inductor L2, I2 and the voltage and current of the
grid Vgrid and Igrid respectively.

I2 [A]

Time [s]
0.5 0.90.6 0.7 0.8 1

0

1

2

3

4

Vg_norm [V] Ig [A]

0

2

4

-2

-4

Figure 22. Zoom of the currents in the interval 0.5 s to 1 s—the current in the inductor L2, I2 and the
voltage and current of the grid Vgrid and Igrid respectively.

6. Conclusions

In this work, a bidirectional multiple-input DC-DC converter topology is proposed for electric
vehicles. A very flexible topology has been achieved, which gathers all the advantages identified in
the converters presented in the literature. This converter allows the interaction of two or more energy
sources with a wide range of voltage in its inputs with a direct current bus. It can be operated in buck
or boost mode for each possible transfer. In addition, each element of the system can be a source or
destination in a transfer. Moreover, it permits the direct transfer of energy between sources and it only
presents a single inductor which will impact the weight of the vehicle. Finally, due to the arrangement
of the switches, it can be said that it allows the interaction with the grid to charge the battery and UC
and to deliver energy from these devices.

Likewise, a detailed analysis of the operation of the converter was presented in the operating
modes of interest for the application. A control strategy based on different levels of hierarchy was
implemented to achieve the proper performance of the system. The regulation of the current of
the converter was achieved by an SMC, while the voltage was regulated with an on-off controller.
The MPPT was realized in the PV using two different converters, based on the P&O algorithm. By using
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two converters it simplifies the control system. Meanwhile, the MPPT in the PMSG was accomplished
by controlling the voltage on the capacitor of the direct current bus. In addition, an EMS was developed
to decide the corresponding transfer at each time.

Because of its versatility, this converter is not only limited to its application in electric or hybrid
vehicles. It can also be used in smart grids, microgrids, as a resource in distributed energy systems,
battery charging management systems and so forth, in any application where the interaction of two or
more sources is needed with the possibility of bidirectional power flow.

For future works the overall control system will be redesigned; an EMS based on fuzzy logic,
which will increase the efficiency of the system and it will be more robust in situations that were
not considered and a stability analysis will be developed. Moreover, a PFC strategy needs to be
implemented for the charging of the power sources, and a control strategy that permit the boosting of
the input voltage needs to be designed for the injection of current into the grid in order to be able to
use the battery. Finally, experimental results that validate the system need to be performed, where it
is assumed that the main constraints will be associated with the switching frequency in the current
control loop of the L2 inductor and in the transitions between the EMS states.
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