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This study develops a newly designed, patented, bidirectional dc/dc converter (BDC) that interfaces a main energy storage (ES1), 

an auxiliary energy storage (ES2), and dc-bus of different voltage levels, for application in hybrid electric vehicle systems. The 

proposed converter can operate in a step-up mode (i.e., low-voltage dual-source-powering mode) and a step-down (i.e., 

high-voltage dc-link energy-regenerating mode), both with bidirectional power flow control. In addition, the model can 

independently control power flow between any two low-voltage sources (i.e., low-voltage dual-source buck/boost mode). Herein, 

the circuit configuration, operation, steady-state analysis, and closed-loop control of the proposed BDC are discussed according to 

its three modes of power transfer. Moreover, the simulation are provided to validate the proposed converter. 

 

KEYWORDS— Autonomous energy management system, pluginelectric vehicle, energy storage, bidirectional charger, 

grid-to-vehicle and vehicle-to-grid. 

 
 

INTRODUCTION 

The continuous rise in gasoline prices along with the 

increased concerns about the pollutions produced by 

fossil fuel engines are forcing the current vehicle market 

to find new alternatives to reduce the fossil fuel usage. 

Along with the research on bio-fuel driven engines; 

different electric vehicles and hybrid electric vehicles 

are evolving as viable alternatives to replace, or at least 

reduce, the current fleet of fossil fuel driven vehicles. 

Although current manufactured electric/hybrid vehicles 

are being marketed as a way to reduce fossil fuel usage, 

several promising technologies are being demonstrated 

that can utilize power electronics to charge the battery 

from the utility using plug-in vehicles or act as a 

distributed resource to send power back to the utility 

with vehicle-to-grid capabilities.   In this paper, 

different plug-in vehicle topologies are described to 

review the power electronics required for them. The 

newly evolving V2G technology is also discussed along 

with economics and compliance requirements to allow 

the vehicle to be connected to the grid. Before going into 

the details of power electronics required for the 

electric/hybrid vehicles, the common forms of these 

vehicles are described next to get accustomed with the 

terminologies. 

 

Electric Vehicles  

A typical electric vehicle (EV) has a battery pack 

connected to an electric motor and provides traction 

power through the use of a transmission.  The batteries 

are charged primarily by a battery charger that receives 

its power from an external source such as the electrical 
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utility. Also during regenerative braking, the motor acts 

as a generator which provides power back to the 

batteries and in the process slows down the vehicle. The 

primary advantage of an EV is that the design is simple 

and has a low part count.  The primary disadvantage is 

that the driving range of the vehicle is limited to the size 

of the battery and the time to re-charge the battery can 

be from 15 minutes to 8 hours depending on how far the 

vehicle was last driven, the battery type and battery 

charging method.  

 

Hybrid Electric Vehicles  

The components that make up a typical hybrid 

electric vehicle (HEV) include a battery pack, motor 

controller, motor/generator, internal combustion 

engine, transmission and driveline components. The 

batteries are charged through the use of the on-board 

internal combustion engine and generator. In a plug-in 

hybrid electric vehicle (PHEV), the batteries can also be 

charged through the use of a battery charger that 

receives its power from the utility. The best PHEV 

design will allow the vehicle to operate on electric 

power only reducing the amount of time that the engine 

runs. When the vehicle is not operating, the battery can 

be charged through the use of a battery charger that is 

“plugged in” to the electrical utility or other energy 

sources.  A PHEV normally has a larger battery pack 

than a HEV.  The advantage of a PHEV over an HEV is 

that due to external battery charging, the vehicle can 

run longer on electric power which in-turn reduces 

engine fuel consumption.    

 

Fuel Cell Vehicles  

The prototype fuel cell vehicles (FCV) that are 

currently under development mostly utilize an 

on-board tank to store pressurized hydrogen.  

Hydrogen and conditioned air are fed to a proton 

exchange membrane (PEM) stack to develop DC power.  

The configuration is very similar to the electric vehicle 

configuration in which a electric motor/generator 

provides the mechanical power for traction.  The 

on-board batteries allow the energy to be stored during 

regenerative braking and provide peak power to the 

motor controller during vehicle acceleration. A plug-in 

fuel cell vehicle (PFCV) has a battery pack and a fuel cell 

that is connected to an electric motor that provides 

traction power to the wheels through a transmission. 

The batteries can be charged by the use of a battery 

charger that receives its power from the utility but can 

also be charged by using the fuel cell. 

 

Figure 1: Typical EV configuration 

 

Plug-In Vehicles: 

 According to the Electric Power Research 

Institute (EPRI), more than 40% of U.S. generating 

capacity operates overnightat a reduced load overnight, 

and it is during these off-peakhours that most PHEVs 

could be recharged. Recent studiesshow that if PHEVs 

replace one-half of all vehicles on the roadby 2050, only 

an 8% increase in electricity generation (4%increase in 

capacity) will be required [2].Most of the electric 

vehicles that are of plug-in type, utilizeon-board battery 

chargers to recharge the batteries using utilitypower. 

The simplest form of a plug-in electric vehicle is 

shownin Fig. 1. This configuration consists of a battery 

system and amotor controller that provides power to 

the motor, which in-turnsupplies power to the wheels 

for traction. Many of today’sEVs use a permanent 

magnet electric motor that can also act asa generator to 

recharge the batteries when the brakes areapplied. 

During regenerative braking, the motor acts as 

agenerator that provides power back to the batteries 

and in theprocess slows down the vehicle. Friction 

brakes are used whenthe vehicle must be stopped 

quickly or if the batteries are atfull charge. 

The components that make up a typical HEV include 

abattery pack, motor controller, motor/generator, 

internalcombustion engine, transmission and driveline 

components.The primary power electronics include a 

DC-AC motorcontroller which provides three-phase 

power to a permanentmagnet motor. The Toyota Prius 

HEV configuration is givenin Fig. 2. The Prius design 

uses two permanent magnetmotors/generator, one of 

10kW and the other of 50kW. Thebattery is connected to 

a booster and inverter before feeding tothe 

motor/generators. The power electronics are 
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bidirectionaland used for both charging the battery and 

powering themotors. The motor/generators and 

gasoline engine feed into aplanetary gear set. The 

system operates in a continuouslyvariable transmission 

(CVT) mode where the gear ratio isdetermined by the 

power transfer between the battery,motor/generators 

and gasoline engine [3], [4]. The batteries canalso be 

charged using regenerative braking of the 

largemotor/generators. There is no provision to charge 

the batteriesexternally.For plug-in hybrid electric 

vehicles, batteries are chargedwhen they are not being 

driven. This is normally accomplishedthrough a utility 

connected AC-DC converter to obtain DCpower from 

the grid. The batteries can also be charged directlyfrom 

a solar resource using a DC-DC converter or from a 

windsource using an AC-DC converter. Energy flow 

isunidirectional as power is taken from the utility to 

charge thebattery pack. A Toyota Prius configuration 

with PHEVconversion is shown in Fig. 2.The battery 

voltage for most converted PHEVs aremaintained at the 

same level as the original design (typically200-500 VDC) 

and battery modules are added in parallel toincrease the 

energy capacity of the battery pack, thus allowingthe 

electric motor to run more often than the original 

HEVdesign. Some of the PHEV conversion companies 

include:CalCars, Energy CS, Hymotion, Electrovaya, 

and HybridsPlus, and most of them use lithium 

batteries. 

 

Figure 2: Configurations converted PHEV 

 

Plug-in Electric Vehicle Charger Topology 

The desirable characteristics for the charger are 

power bi-directionality(V2G and G2V), power factor 

equal to one, capabilityof performing power control, 

low PQ impact, constructionand topology simplicity, 

and regular 16 A single-phase plugcompatibility [6]. 

This charger does not allow performing fastcharge, 

being 2.3 kW (10 A, 230 V) the advisable 

maximumpower for a single-phase household-type 

plug. Thispower range is defined based on EU 

standards and power gridrestrictions, since higher 

power ranges could represent a negative impact on the 

low voltage (LV) grid in terms of PQ andEMS 

requirements [22]–[24]. Regarding the voltage level 

ofthe battery pack, the proposed design is focused on 

L-categoryvehicles (two-, three- and four-wheel 

vehicles such as motorcycles,mopeds, quads, and 

minicars), as the one studied in [25],but could be 

extended to other voltage levels. 

 
Figure 3: PEV charger topology. 

  

The topology presented in Figure 3 is formed by 

three legsof two Insulated Gate Bipolar Transistors 

(IGBT), denoted bySj∈ {1, . . . , 6}. The IGBTs are used 

due to their good compromisecharacteristics associated 

with voltage, switching frequencyand current limits. 

These power switches are used for anAC/DC converter 

that operates as a controlled rectifier or as aninverter for 

G2V or V2G operation modes, respectively, and fora 

DC/DC converter (C class chopper) in which the power 

usedfor both modes is restricted, as discussed below. 

The features ofconverters meet the desired 

bi-directionality, where the chopperoperates as buck 

and boost for G2V and V2G operation 

modes,respectively. Some passive elements for filtering 

and energystorage purposes are also designed and 

implemented, which arerelevant for achieving proper 

system dynamics, stability andpower quality. 

 

CONTROLLERS DESIGN: 

 The controllers are PI-based and they aim at 

properly controllingthe IGBT switching following 
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voltage and current references. 

 For the chopper controller design, some 

assumptions weremade to facilitate circuit analysis: 

capacities in both sides of thechopper are high enough 

for considering constant voltage, low Lcapacity (when 

compared to the Cbus capacity), and 

negligibleswitching losses.For establishing the control 

laws, it was necessary to determinethe differential 

equations describing the energy demandof the 

converter (see (21)–(24)), according to Kirchhoff 

laws.Typically, the state variables in the converters are 

associatedwith the energy stored in capacitors and 

inductors, leading toVCbus in the DC bus, VBAT in the 

batteries, and IL in the chopper inductor as displayed in 

Figure 4. 

 
Figure 4: DC/DC converter controller architecture for 

V2G and G2V operation modes 

 

 

Figure 5: AC/DC converter controller architecture for 

V2G and G2V operation modes. 

 

The controller for the rectifier is also PI based. A 

daisy chainof two PI controllers for DCbus voltage and 

AC current regulationis used. For AC current 

regulation, a phase-locked loop(PLL) is also used 

providing AC current control reference asstated in [30]. 

This controller was firstly tuned using a poleplacement 

approach and then refined through experimental 

tests,being the final IGBT PWM signal provided by the 

unipolarPWM generator.The controller used for the 

AC/DC converter when this worksas inverter is based 

only on the unipolar switching method. Aunit sinusoid 

reference provided by a PLL is used, which 

issynchronized with the voltage grid. In this operation 

mode, theDCbus available power was already 

restricted by the chopper,being at this point only 

mandatory inverting the DCbus voltagein a properway. 

BothAC/DC converter controllers are presented in 

Figure 5. 

 

EXPERIMENTAL RESULTS: 

The experimental results have been obtained using a 

reducedscale setup (with power levels 5 times lower 

than the full scale).It is important to note that in this 

reduced scale setup the DCBUSvoltage was stabilized 

around 108 V and PMax was ±460W, beingthe 

“Advisable Energy Levels” used forsizing, simulation 

and further full-scale implementation. Thissetup uses 

the LEM HY25-P and LV 25-P transducers for 

currentand voltage acquisition, respectively, as 

presented in Figs. 3and 4. A DSP from NI for control 

and data logging purpose isalso used, jointly with other 

laboratory equipment and severalelectronic 

components, as presented in Figure 6. 

 
Figure 6:Simulation Diagram for PV based V2G System 



  

 

 
139     International Journal for Modern Trends in Science and Technology 

 

 

 
Figure 7:Waveforms of controlled current step change in the 

high-voltage dc-bus energy-regenerating mode: by simulation 

 
Figure 8:Gate Triggering Pulses 

 
Figure 9:Waveforms of controlled current step change in the 

low-voltage dual-source-powering mode: by simulation 

 
Figure 10: Waveforms of controlled current step change in the 

low-voltage dual-source boost mode: by simulation 

 

CONCLUSION 

A new BDC topology was presented to interface 

dual battery energy sources and high-voltagedc bus of 

different voltage levels. The circuit configuration, 

operation principles, analyses, and staticvoltage gains 

of the proposed BDC were discussed on the basis of 

different modes of power transfer.Simulation and 

experimental waveforms for a 1kW prototype system 

highlighted the performanceand feasibility of this 

proposed BDC topology. The highest conversion 

efficiencies were 97.25%,95.32%, 95.76%, and 92.67% for 

the high-voltage dc-bus energy-regenerative buck 

mode, lowvoltagedual-source-powering mode, 

low-voltage dual-source boost mode (ES2 to ES1), and 

lowvoltagedual-source buck mode (ES1 to ES2), 

respectively. The results demonstrate that the proposed 

BDC can be successfully applied in FC/HEV systems 

to produce hybrid power architecture.The comparison 

of fuzzy controller significantly smoothens the battery 

current that improvesthe battery life span and also 

reduces settling time and peak over shoot of the DC link 

voltage. Fuzzylogic controller regulates the power flow 

of the battery by means of a bidirectional 

buck-boostconverter. The complete energy 

management system has been validated in 

MATLAB/SIMUINK withvariable solar irradiation 

profile. 
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