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energy density, compact size, and reliability. This can
be applied in Hybrid Electric Vehicle (HEVs) with a
battery as an energy storage element to provide
desired management of the power flows. In hybrid
electric vehicle energy storage devices act as
catalysts to provide energy boost. However the high
initial cost of BFEVs as well as its short driving
range has limited its use. Bidirectional dc-dc
converters are the key components of the traction
systems in Hybrid Electric Vehicles. The use of a Bidirectional dc-dc converter fed dc motor drive
devoted to electric vehicles (EVs) application allows
a suitable control of both motoring and regenerative
braking operations, and it can contribute to a
significant increase the drive system overall
efficiency.

ABSTRACT
This paper proposes a modern multi-input dc–dc
converter with fuzzy control based on a hybrid
energy system. We use a fuzzy controller in this
paper because it has certain advantages over other
controllers. The fuzzy controller is best for human
decision-making because it combines the function of
an automated device with expert decisions.The
proposed converter can be used to transfer energy
between various sources of energy. Battery charging
mode and battery discharging mode are the two
modes of operation for the proposed converter.Power
is delivered to the output from all input sources. By
allowing active power sharing, the proposed
converter is used to regulate the power of ESSs. The
used ESSs' voltage levels can be higher or lower than
the output voltage.The use of a fuzzy controller for a
nonlinear system reduces uncertain effects in system
control while also increasing performance. We will
study the novel bidirectional non-isolated multi-input
converter (MIC) topology for hybrid systems to be
used in electric vehicles using the simulation results.

Figure 1 shows a practical diagram for a standard
(FCV/HEV) power system [4, 13]. Furthermore, ES1
is used as the main battery storage system for
supplying peak power, while ES2 is used as an
auxiliary battery storage device to achieve the vehicle
range extender principle [13]. The aim of a
bidirectional dc/dc converter (BDC) is to link dualbattery energy storage to the driving inverter's dcbus.

Index Terms—Bidirectional dc/dc converter
(BDC), dual battery storage, hybrid electric
vehicle.
I.

INTRODUCTION

Bi-directional dc-dc converters have recently been
extensively researched and developed for a wide
range of applications, including battery chargers and
dischargers, electric cars, and UPS systems.In case of
the battery fed electric vehicles (BFEVs), electric
energy flows between motor and battery side. For
achieving zero emission, the vehicle can be powered
only by batteries or other electrical energy sources.
Batteries have widely been adopted in ground
vehicles due to their characteristics in terms of high
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Fig. 1. Typical functional diagram for a FCV/HEV
power system
Several multiport BDCs have been designed to
provide unique voltages for loads while also
controlling power flow between various sources,
lowering overall cost, mass, and power consumption.
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Isolated and non-isolated BDCs are two different
forms of BDCs.
II.

result, to aid comprehension, the four operating
modes are depicted as follows.

Bidirectional power flow topology

In addition, either positive or negative voltage can be
blocked. Two metal-oxide-semiconductor field-effect
transistors

pointing

in

opposite

directions are connected in series to create this

Fig.2.Proposed BDC topology with dual-battery
energy storage

bidirectional power transfer.

In Fig. 2, the proposed BDC topology with dualbattery energy storage is shown, where VH, VES1,
and VES2 reflect the system's high-voltage dc-bus
voltage, main energy storage (ES1), and auxiliary
energy
storage
(ES2)
respectively.
Two
bidirectionalIn the converter structure, power
switches (SES1 and SES2) are used to turn on and off
the current loops of ES1 and ES2, respectively.To
increase the static voltage gain between the two lowvoltage dual sources (VES1, VES2) and the highvoltage dc bus (VH), a charge-pump capacitor (CB)
is integrated as a voltage divider with four active
switches (Q1, Q2, Q3, Q4) and two phase inductors
(L1, L2). Furthermore, the additional CB reduces the
switch voltage stress of active switches and
eliminates the need to operate at an extreme duty
ratio.Furthermore, the three bidirectional power
switches (S, SES1, SES2) shown in Fig. 2 are used to
regulate the power flow between two low-voltage
dual sources (VES1, VES2) and to block either
positive or negative voltage. Two metal-oxidesemiconductor field-effect transistors (MOSFETs)
pointing in opposite directions are connected in series
to create this bidirectional power transferTable I
displays all of the conduction statuses of the power
devices involved in each operation mode to
demonstrate the idea for the proposed converter. As a
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(MOSFETs)

III .A. Low-Voltage Dual-Source-Powering Mode
The circuit schematic and steady-state
waveforms for the converter in low-voltage dualsource-powering mode are shown in Fig. 3(a). The
switch S is switched off, the switches (SES1, SES2)
are turned on, and the two low-voltage dual sources
(VES1, VES2) provide power to the dc-bus and
loads. The low-side switches Q3 and Q4 are actively
switching at a phase-shift modeangle of 180° , and
the high-side switches Q1 and Q2 function as the
synchronous rectifier (SR).

Fig 3(a):Low-voltage dual-source-powering
mode of BDC
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a).State 1 [t0 < t < t1]: The interval time is (1Du)Tsw, switches Q1, Q3 are on, and switches Q2,
Q4 are off in this state. The difference between the
low-side voltage VES1 and the charge-pump voltage
(VCB) is the voltage around L1, and thus iL1
decreases linearly from its initial value. In addition,
the energy source VES2 charges the inductor L2.,

(c)
d) State 4 [t3 < t < t4]: The interval time is (0.5Dd)Tsw in this state, and switches Q3 and Q4 are on,
while switches Q1 and Q2 are off.
(a)

b) State 2 [t1 < t < t2]:The interval time is
(Du-0.5)Tsw in this state, and switches Q3
and Q4 are on while switches Q1 and Q2 are
off. Low-side voltages raise inductor
currents, causing energy to flow into
storage.

(d)
Fig. 3(b). Circuit states of the proposed BDC for the
Low voltage dual Source powering mode. (a) State 1.
(b) State 2. (c) State 3. (d) State 4.

B.
(b)

High-Voltage

DC-Bus

Energy-

Regenerating Mode

c) State 3 [t2 < t < t3]:The interval time is
(1-Du)Tsw in this state, and switches Q1
and Q3 are on, while switches Q2 and Q4
are off.

During regenerative braking, the kinetic energy
stored in the motor drive is fed back to the
source in this mode. The regenerative capacity
can be significantly increased. In this state, the
interval time is (Du-0.5)Tsw, and switches Q3
and Q4 are turned on while switches Q1 and Q2
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are turned off.Low-side voltages cause energy to

comparison to the low-side voltages VES1 and

flow into storage by increasing inductor

VES2, inductor currents iL1 and iL2 increase

currents. greater than the battery's capacity to

linearly. These voltages are denoted by the letters

consume As a result, the extra energy is put to
good use by charging the energy storage unit.
Under

the

high-voltage

dc

bus

energy-

regenerating mode, the circuit schematic and
steady-state waveforms of the BDC are shown.
c) State 3 [t2 < t < t3]: The interval time is Dd Tsw
in this state, and switches Q1 and Q3 are switched
off, while switches Q2 and Q4 are turned on. The
positive low-side voltage VES1 is applied across L1,
so iL1 increases linearly from its initial value. The
voltage through L2 is also negative since it is the

Fig4. Schematic diagram for High-Voltage DC-

difference between the high-side voltage VH, the

Bus Energy-Regenerating Mode

charge-pump voltage VCB, and the low-side voltage
VES2.

a) State 1 [t0 < t < t1]:The interval time is (1Du)Tsw, switches Q1, Q3 are on, and switches Q2,
Q4 are off in this state. The difference between the
low-side voltage VES1 and the charge-pump voltage
(VCB) is the voltage around L1, and thus iL1
decreases linearly from its initial value. In addition,
the energy source VES2 charges the inductor L2.,

d) State 4 [t3 < t < t4]: The interval time is (0.5Dd)Tsw in this state, and switches Q3 and Q4 are on,
while switches Q1 and Q2 are off. The voltages
around the inductors L1 and L2 are written as

b) State 2 [t1 < t < t2]:The interval time is (0.5-Dd)
Tsw in this state, and switches Q3 and Q4 are on,

C. Low-Voltage Dual-Source Buck/Boost Mode

while switches Q1 and Q2 are off. Since the voltages
Figure 5 shows the circuit schematic for this mode,

across inductors L1 and L2 are positive in

which includes transferring energy from the main
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energy storage to the auxiliary energy storage and
vice versa. The topology is then converted to a
single-leg bidirectional buck-boost converter in this
section.

Fig. 7. Circuit states of the proposed BDC for
the low-voltage dual-source boost mode. (a)
Fig. 5. Low-voltage dual-source buck/boost

State 1. (b) State 2

mode of the proposed BDC
IV.CONVERTER CONTROL
The buck converter channels power from main
energy storage to auxiliary energy storage when the

The converter control structure is depicted in Fig.

duty cycle of the active bidirectional switch S is

8(a),

regulated, as shown in Fig. 6. Power flows from the

management stage and the proposed BDC controller.

auxiliary energy storage to the main energy storage

For comparison, Fig. 8(b) shows the operating modes

when the duty cycle of switch Q3 is operated,

of the proposed BDC.

indicating that the converter is operating in boost

which

includes

a

vehicular

strategic

Electrical power demand estimation is part

mode, as shown in Fig.7.

of the strategic management level, which also
includes a vehicular power and voltage management
unit. The management's overall results must optimise
the use of the source that best fits power demand
while still meeting the needs of the drivers and
routes[21,25-33].The dc-bus voltage of the converter
in FCV/HEV power systems (Fig. 1) is depicted in
Fig. 8(a), which includes a vehicular strategic
management stage and the proposed BDC controller.
operating modes of the proposed BDC is shown in
Fig. 8(b). As a result, rather than regulating the

Fig. 6. Circuit states of the proposed BDC for

converter output voltage in each operation mode, the

the low-voltage dual-source buck mode. (a)

inductor current iL1 or iL2 is detected and compared
to the reference current to regulate the power flow, as

State 1. (b) State 2.

shown in Fig. 8. (a).
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The vehicular energy, power, and voltage
management unit selects the BDC mode in the
converter control structure based on the operating
conditions of the vehicle, such as power demand of
different driving states (Pdem) and dual-source
voltages (VES1, VES2). ). The Fuzzy logic controller
then selects the necessary current references iL1ref or
iL2ref to guide the active switches (S, Q1Q4). The
service cycle dictated by different switch selector
statuses is converted into gate control signals for the
power switches using the pulsed-width-modulation
(b)

(PWM) switching scheme.

8 (b) flowchart for various operating modes of the
proposed BD C.
The mode switching method is shown in
Fig. 8(b) and is depicted above . To begin, when the
vehicle is in the driving mode (Pdem>0), the
controller is in the iL1 control loop (x1=1), and the
vehicle is either accelerating (iL1,ref>0, HV to 2 LV)
or braking (iL1,ref 0, 2 LV to HV). If none of these

Fig. 8. (a) Block diagram of the closed-loop

conditions exists, it will execute reselect mode to

control scheme

process the next mode switching decision..In
The current reference iL1,ref is used to

addition, when the vehicle is in the parking state

monitor bidirectional power flow between the low-

(Pdem0), the controller is in the iL2 control loop

voltage dual-source and the high-voltage dc-bus, as

(x1=0). In this state, mode switching decision is

shown in Fig. 8(a) (i.e., 2 LV to HV or HV to 2 LV).

based on the voltages of VES1 (96 V) and VES2 (96

Because of the proposed BDC topology's inherent

V) (48 V). The mode is low-voltage dual-source

uniform average current sharing, the average inductor

boost mode (iL2,ref>0, VES2 to VES1) . the mode is

current iL2 is equal to the regulated average inductor

low-voltage dual-source buck mode (iL2,ref<0,

current iL1.The current reference iL2,ref, on the other

VES1 to VES2). If both situations do not be satisfied,

hand, is used to monitor the power flow between the

it executes reselect mode to process the next.

main and auxiliary energy storage (i.e., ES1 to ES2
V. FUZZY LOGIC CONTROLLER

or ES2 to ES1).

Fuzzy logic control mostly consists of three stages:
a)Fuzzification b) Rule base c) Defuzzification
During fuzzification, numerical input variables are
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converted into linguistic variable based on a

of the fuzzy rules defined in the application specific

membership functions. For these MPP techniques the

rule base.

inputs to fuzzy logic controller are taken as a change
in power w.r.t change in current E and change in
voltage error C. Once E and Care calculated and
converted to the linguistic variables, the fuzzy
controller output, which is the duty cycle ratio D of
the power converter, can be search for rule base table.
The variables assigned to D for the different
combinations of E and C is based on the intelligence
of the user.
Fig. 9 Architecture of Fuzzy Logic Controller

Why Should We Use Fuzzy Controllers?
•

It is very robust

•

It can be easily modified

•

It can use multiple inputs and outputs

Rule Base:

sources
•

Much simpler than its predecessors (linear
algebraic equations)

Architecture of Fuzzy Logic Controller :
The architecture of the fuzzy logic controller shown

The rule base includes a set of fuzzy if-then rules that

in Fig. 9 includes four components: Fuzzifier, Rule

describe the controller's behaviour in terms of

Base, Fuzzy Inference Engine (decision making unit),

linguistic variables and linguistic term membership

and Defuzzifier.

functions. The linguistic control rules required by the

Fuzzifier: Fuzzy logic uses linguistic variables

rule evaluator are stored in the Rule base (decision

instead of numerical variables. In a control system,

making logic). The fuzzy controller's output is an

error between reference signal and output signal can

estimate of the magnitude of peak reference

be assigned as Negative Big (NB), Negative Medium

current.This peak comparison current includes the

(NM), Negative Small (NS), Zero (ZE), Positive

non-linear load's active power demand as well as

small (PS), Positive Medium (PM), Positive Big

distribution system losses. The desired reference

(PB). The triangular membership function is used for

current is calculated by multiplying the peak

fuzzifications.

reference current by the PLL output. Catalogue: The
specification of the triangular membership feature

The process of fuzzification convert numerical

required by fuzzifier and defuzzifier is stored in the

variable (real number) to a linguistic variable (fuzzy

Database.

number) so that it can be matched with the premises
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Fuzzy Inference Engine:The fuzzy inference engine
generates a fuzzy output set by applying the inference
function to the set of rules in the fuzzy rule base. This
entails matching the input fuzzy set with the rules'
premises, activating the rules to deduce each rule's
conclusion, and combining all enabled conclusions
using fuzzy set union to produce fuzzy set
production.
Defuzzifier: The rules of fuzzy logic controller
Fig11 Simulink model of proposed system

generate required output in a linguistic variable
(Fuzzy

Number),

requirements;

according

linguistic

to

real

variables

have

world
to

be

transformed to crisp output (Real number). This
selection of strategy is a compromise between
accuracy and computational intensity.
Fig10. Simulink model of fuzzy system:

12(a)

Table. 2 The Membership Functions For FLC
The three stages of fuzzy logic are (a) fuzzification,
(b) inference, and (c) defuzzification. A membership
is used to transform data into fuzzified inputs based
on the input. In addition, to arrive at conclusions, a
rule-based inference process is framed. To produce
control feedback to the method, these conclusions
must go through a defuzzification phase. The system
of fuzzy logic approach has the drawback that the
defuzzification process takes significant time and
memory.

Fig. 12 waveforms for low-voltage dual-sourcepowering mode: (a) gate signals; (b) outputvoltage

and inductor currents.

VI. SIMULATION RESULTS
The results of simulations were used to
confirm the proposed model's accuracy.
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13(a)

15(a)
Fig. 13.waveforms for high -voltage dual-sourcepowering mode: (a) gate signals; (b) output voltage
and inductor currents.

Fig.15. waveforms of gate signals, output voltage and
inductor currents for the low-voltage dual-source
buck/boost mode: (a) buck mode; (b) boost mode.
14(a)

Fig16(a)

fig 14 . Waveforms of controlled current step change
in the low-voltage dual-source-powering mode: (a)
by simulation; and (b)iHis changed from 0 to 0.85 A;
iL1 is changed from 0 tox 2.5 A; Time/Div=20
ms/Div)
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Fig.16(b). Waveforms of controlled current step
change in the high-voltage dc-bus energyregenerating mode: (a) by simulation of voltage
(b)current

bidirectional buck-boost converter is used by the
fuzzy logic controller to regulate the battery's
power flow. In MATLAB/SIMUINK, the entire
energy management system has been tested with
various modes of operation such as low voltage
dualsource

powering

mode,

high

voltage

regenerating mode, boost/buck modes.
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