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Abstract—Electric vehicular technology is an encouraging
concept for a viable future transportation system. The progress
of electric vehicles (EVs) is completely dependent on its capability
to make vehicular systems more reliable and effective. For
sustainable development of EVs, hybridization of more than one
energy sources is an interesting and challenging task.
Appropriate integration and better utilization of different energy
sources requires a well-designed and proficient interfacing
circuitry. In this paper, a dual source non-isolated DC-DC
converter acting as an interface between energy storage system
and electric propulsion system is presented. It is capable of
operating in buck, boost as well as buck-boost modes along with
bidirectional power transfer capability. In addition, a power
management controller for the converter have also been depicted.
The presented concept have been investigated through simulation
by using MATLAB/Simulink.
Keywords—Dual source dc-dc converter, Electric vehicles
(EVs), Hybrid energy storage system (HESS), Power management
controller

I. INTRODUCTION
From the last few years, there has been an increasing
concern regarding vehicular emissions that gives rise to
environmental pollution and also induces subsequent climate
changes. Moreover, factors such as energy conservation, ecoconsciousness, and depletionof existing energy resources
influenced automobile industries and researchers to look for
an alternative for conventional internal combustion engine
(ICE) based vehicles. Hencefor a viable future transportation
system, electric vehicular technology is considered to be a
promising one to make vehicular systems more reliable,
effective and affordablewith reduced emissions. Broad
classification of electric vehicles includes battery electric
vehicles(BEVs), hybrid electric vehicles (HEVs), plug-in
HEVs and fuel cell vehicles (FCVs). The progress of electric
vehicles is completely dependent on its ability to provide
improved dynamic performance and higher reliability
compared to conventional ICE based vehicles [1-2].
Hybridization of energy storage devices can be done
conventionally using separate single source dc-dc converters
where the outputs are connected through a common dc link.
[3-6]. However, by utilizing such multiple single source dc-dc
converters makes the system bulky and costly which affects
the overall efficiency of the converter system. Thus, a number
of isolated as well as non-isolated multi-input
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converters(MICs) have been proposed in literature in order to
overcome the above mentioned issues[7-11].
Some of them are unable to deliver power
simultaneously while some have complex control strategies
even though they are capable of delivering power
simultaneously as well as individually.Certain topologies
possess only unidirectional power transfer capability which
makes them unsuitable for use in electric vehicular
applications where bidirectional power flow is a mandatory
requirement. Thus, a proper multi input converter is required
which can have both unidirectional as well as bidirectional
operation along with simple control scheme, reduced
component count and compact design.A systematic approach
for synthesizing and creating multiple input converters and the
concept of pulsating source cell (PSC) have been introduced
in[12, 13].
The aim of this paper is to present a dual source
converter fed by a BLDC motor for low power electric
vehicles.The presented non-isolated dual source dc-dc
converter integrates two different energy sources with a single
stage needed for power conversion and offers flexibility in
source voltage magnitudes(i.e.symmetric or asymmetric). It
can be operated in buck, buck-boost as well as boost modes of
operation along with bidirectional power transfer
capability.Also, the converter is proficient for optimal energy
diversification from differentseries connected storage energy
sources such as battery and ultra-capacitor having distinct
power and energy capabilities.
II.

DUAL SOURCE DC-DC CONVERTER

A. Basic Structure
A schematic diagram representing the electric vehicular
system is shown in Fig.1 which consists of a dual source dc-dc
converter, energy storage system, inverter and a motor. The
series combination of two different energy sources i.e. battery
and ultra-capacitor (UC) is connected to the DC bus via the
converter cell.Individual as well as simultaneous contribution
from both the input sources can be obtained when the energy is
being driven to meet the desired load duty.
Depending on the requirement of energy for the different
driving profiles of vehicle, appropriate choice can be made to
have the better utilization of sources.
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Fig.1.Topological Structure of Dual Source DC-DC Converter for Electric
Vehicle System
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B. Working States
Based on the switching strategy of switches S1 and S2, four
working states are possible which are illustrated in figure.The
brief description of all possible working states are given as
follows:

C

D2

State 1:The circuit configuration of state 1 is as shown in Fig.
3(a). In this state, switching signals are applied such that S1
starts conducting and S2 remains non-conducting. As S1 is ON,
diode D1 gets reverse biased and D2 gets forward biased. The
conduction of diode D2 along with switch S1 forms a network
through which source current of V1 bypass the voltage source
V2. Consequently, V1 charges the storage elements and delivers
power to the load individually.

Fig.2. Basic Circuit Diagram of Dual Source Converter

The basic circuit diagram of the dual source dc-dc converter is
as depicted in Fig.2 where a module having an input energy
source associated with a complimentary switch is labeled as
pulsating voltage source cell (PVSC). The two PVSCs shown
in Fig.2 are characterized by their corresponding input voltage
sources V1and V2, switches S1 and S2, diodes D1 and D2
respectively.
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State 2: The operation in this state is similar to that of state 1
as depicted in Fig.3(b). Here switching signals are given such
that S2 conducts and S1 remains non-conducting. Hence, V2
charges the storage elements and delivers power to the load
individually. The conduction of S2 makes diode D2 reverse
biased and D1 becomes forward biased. The conduction of
diode D1 with switch S2 forms a network from which source
current
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Fig. 3 Working States of Dual Source Converter
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C. Operating modes
In EVs, a boost converter is an essential requirement to
achieve the desired regulated voltage levels to feed power
from input energy sources to EPS. Similarly, a buck converter
is required for better utilization of regenerated energy and
charging of energy sources.

State 3: An equivalent circuit of state 3 is shown in Fig. 3(c).
In this state, gating signals are planned such that switches S1
and S2 conduct simultaneously. Thus, V1 and V2 comes in
series. Diodes D1 and D2 gets reverse biased due to the
conduction of both the switches S1 and S2 respectively. In this
state, both the sources V1 and V2 simultaneously charge the
storage elements
(Inductor and capacitor) while providing power to the
load.When these sources are supplyingtogether, the inductor
current is limited by the source having lower current rating.

To ensure a controlled bidirectional power flow and efficient
consumption of accessible energy, the proposed converter
must operate in buck as well as boost modes.
The two-input dc-dc converter is able to operate in buck, boost
and buck-boost modes of operation. All the three modes of the
proposed converter for voltage source V1 or state-1 are
described below. Operating modes for the rest of the states
shown in Fig. 3 can also be obtained in a similar manner.

State 4: In this state, both S1 and S2 remain in OFF state. Thus,
input voltage sources V1 and V2 gets disconnected from the
converter cell making diodes D1 and D2 forward biased as
shown in Fig. 3(d). The energy stored in inductor and/or
capacitor freewheels through the load and diodes D1 and D2.

Buck Mode:
With individual contribution of V1, the buck mode is
illustrated in Fig. 4(a). In general, S1 and S2 are controlled in
order to get regulated output voltage. Diodes D1 and D2
conducts in a complimentary manner against S1 and S2. Switch
S3 always remains off in this mode whereas diode D4 always
conducts. In buck mode with asymmetrical input source
voltage magnitudes, output voltage may or may not be less
than the lower voltage source but is always less than the
higher one.

The sequence of these working states can be chosen in any
manner according to the load profile and control scheme. In
this topology, two input sources either with symmetric or
asymmetric voltage magnitudes offer power to the load
individually as well as simultaneously causing noteworthy
variation in output voltage.
Hence, a large capacitor isconnected across the load in order
to stabilize the output voltage. In addition, if any fault occurs
and one of the source gets disconnected, another source can
supply power to the load normally and thereby enhancing the
reliability of the system.
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Buck-boost Mode:
The buck-boost mode of operation with contribution of V1
alone is shown inFig. 4(b). Switch S3 is controlled such that it
conducts concurrently with S1, S2 or both.In other words,
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Fig. 4. Buck, Buck-boost and
Boost Modes of Operation
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Switching function of S1 and S2 determines the power
drawnfrom the source, duty ratio of switch S3 decides buck or
boost operation and diode D4 conducts all the time over a
complete period of cycle.
Boost Mode:
In this mode, either individual or combination of both the
sources can be boosted as shown in Fig. 4(c).The boosting
level is decided by the charging of the inductor L by switch
S3.Inductor can be charged by voltages V1, V2 or V1+V2 over a
predefined conduction time of switch S3.The switching scheme
ensures that switches S1 and/or S2 always conducts to achieve
the desired voltage boost.
D. Bidirectional operation
Bidirectional operation of the converter is very important for
application like electric vehicular system. In bidirectional
operation, regenerative energy is recovered to recharge the
sources (battery &ultra-capacitor). Here, switch S4 conducts as
shown in fig. 5. (a)- (d).Voltage level for the input side can
also be regulated in all of the three modes i.e. buck boost and
buck-boost to achieve the desired voltage level with the
purpose of charging the storage units appropriately. In this
mode, this presented converter can be treated as single input
dual output (SIDO) converter.
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In a dual input converter, energy sources with different V-I
characteristics are interfaced in order to meet the varying load
demand.
Hence, the converter should be able to draw different amount
of power from individual sources while fulfillingpower
demand of the load at regulated output voltage.Average
current mode (ACM) control technique has beenadopted to
control the power flow of both the sources [14-15].
In ACM type control, the inductor current is dynamically
averaged over each switching cycle which results in better
dynamic response of the system. In this control strategy, outer
voltage and inner current loop areimportant to
accomplishbetter regulation of output power as shown in Fig.
6.
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Fig. 5. All Possible Configurations in Bidirectional Operation
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In bidirectional mode of operation, diodes D1 and D2 can be
replaced with switches S1’ and S2’ to achieve controlled and
independent charging of each input source. The suitable
control of switches S1’ and S2’ provide a bypass path for
corresponding source during bidirectional operation and offers
individual
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Fig. 6. Power Management Controller

Then the generated voltage error is processed by the voltage
controller (GVC). The current reference that will be generated
by the voltage controller is compared with the averaged

Fig. 7. Simulink Model of Dual Source Converter Fed by BLDC Motor
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inductor current and then it will be processed through the
current controller (GIL).

controlling the charging of inductor and load current in order
to achieve thedesired regulated output.

Therefore, a reference signal is generated. The created
reference signal is controlled and managed through a power
management controller (PMC). The role of PMC is to create
different switching reference for different switches of
corresponding sources which will decide the amount of power
drawn from each source. The current and voltage controller
are realized by a simple PI controller.

The duty cycle of switches S1 and S2are kept similar for buck
and buck-boost modes of operation in order to have a better
realization of theoretical analysis.
Results for buck-boost and boost modes have been obtained as
shown in Fig. 9 and 10 respectively.It is seen that in boost
mode of operation, the output voltage comes out to be 55.19V,

IV. SIMULATION RESULTS
Open loop simulation of the dual source converter fed by a
BLDC motor has been carried out in MATLAB/Simulink
asshown in Fig. 7.
Table 1 Simulation Parameters

V1(V)
V2(V)
L(mH)
C(μF)
Switching frequency (kHz)
BLDC Motor
Motor Power(W)

24V
12V
15 mH
220 μF
10kHz
DPM 57BLS94
400W

The performance of the converter is verified in all the three
modes (buck, boost and buck-boost) for unidirectional power
flow. All the results have been analyzed for continuous
conduction mode (CCM).Various simulation parameters
considered for the performance evaluation of the converter are
given in Table. Simulation results of switching signals S1 and
S2, inductor voltage, inductor current and output voltage for
buck mode of operation are shown in Fig. 8.

Fig. 9. Switching Signals, Inductor Voltage, Inductor current and Output

Voltage Waveforms for Buck-boost Mode
Fig. 10. Switching Signals, Inductor Voltage, Inductor current and Output
Voltage Waveforms for Boost Mode
Fig. 8. Switching Signals, Inductor Voltage, Inductor current and Output
Voltage Waveforms for buck Mode

In fig.8, Inductor voltage waveform shows that for time t1, the
inductor is charged by 10V,for time t2, it is charged by 22V;
for time t3, it is discharged by -2.5V and for time t4, inductor
current is further discharged andreaches its initial position.
It could be observed that inductor voltage varies with
appropriate modifications in duty cycles d1 and d2thereby

& in buck-boost mode, output voltage is 33.9V which shows
ability of converter to operate in either of the modes by
appropriate adjustments in duty cycles d1 and d2.
In order to explore bidirectional power transfer capability, the
presented converter is operated as SIDO converter. Fig. 11-13
shows the simulation results of switching inductor voltage,
inductor current and voltages across sources 1 and 2 for buckboost/buck/boost
modes
respectively.
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system. The converter is operated as single input dual output
(SIDO) converter
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