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Abstract—With the transition of 21st century, usage of 

petroleum products and natural gas is increasing day by day, and 

with these increase in usage creating problems like global 

warming, air pollution, crisis of petroleum products, etc. Because 

of such reasons automobile sector changing their stance towards 

hybrid technology and making research over their 

improvements. Hybrid Electric Vehicles are one of the better 

solution towards above stated problems. Regenerative braking is 

kind of technique which, saves kinetic energy of vehicle and use it 

either directly or store in storage device for later use. This 

strategy is widely adopted in HEVs. However, performance of 

Hybrid vehicles with any adopted technique like start-stop, 

regenerative braking, motor assist, are strongly influenced by 

control strategies developed. Prime objective of this research 

paper is to develop regenerative braking model for parallel 

hybrid electric vehicle. This paper includes the problem 

statement, brief introduction about HEV and regenerative 

braking and simulation results followed by conclusion. This 

regeneration model is developed in GT-Drive environment in 

GT-Suite simulation tool. 

 

Index Terms—Hybrid Electric Vehicle, Regenerative Braking, 

Simulation, GT-Suite. 

 

I. INTRODUCTION 

For more efficient solution towards fuel consumption and 

environmental complications, transportation getting 

highlighted in automobile sector. As the transportation became 

the substantial component of today’s world, various technical 

facilities cum solutions are invented concerning to hybrid 

vehicles which tend to improve vehicle performance of the 

vehicle. Attention seeking thing is HEV is that, it fuse two or 

more power sources which powers to vehicle according to 

requirements but without compromising their efficiency.  

Based on configuration of HEV, fuel economy can be 

achieved to significant value with techniques like regenerative 

braking[1]. With fusing diesel engine with electric power 

source will be a very promising alternative in terms of 

emission and fuel consumption. For light commercial vehicles 

this combination can provide promising solution towards 

above mentioned problems. Technically regenerative braking 

may be solely mechanical, hydro-mechanical, electro-

mechanical or purely electrical. Regenerative is kind of 
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storage and retrieval system which stores kinetic energy and 

retrieve it when necessary.  Each type having their own merits 

and limitation, designers need to pick a suitable regeneration 

technique and choose subsequent parameters for it. 

Many researcher, investigated optimum control strategy for 

regenerative braking with the help software like ADVISOR[2] 

in MATLAB environment, HIL simulation[3]. This paper 

introduces a regenerative braking simulation for diesel hybrid 

electric vehicle. For simulation purpose, GT-software is used 

as a simulation tool and basic strategy for regenerative braking 

is considered. New European Driving Cycle (NEDC) is used 

for simulation and various plots are obtained which states 

improved vehicle performance in many aspects. The baseline 

model for light commercial vehicle is created and further, mild 

HEV model is developed. And both simulation results are 

compared in order to achieve the performance improvement of 

the HEV. Performance of the HEV in measured in terms of 

emission, fuel economy. Subsequently, studies are conducted 

on other control strategies for HEV like Start-stop condition, 

motor assist mode. 

 

II. LITERATURE REVIEW 

Literature review is one of inherent part of any project work. 

Following are some literature which are studied for this 

project work. Paper presented by Triger, L., Paterson, J., 

Drozdz, P[1] includes the basic theory about HEV and 

computer simulation work. Authors did work for reducing 

engine size for series parallel architecture. Michael 

Panagiotidis, George Delagrammatikas and Dennis 

Assanis[2], presented a paper on control strategy development 

parallel HEV. Authors used ADVISOR as a simulation tool 

and concluded their results in favor of regenerative braking. 

Chen Lv, Junzhi Zhang, Yutong Li, and Ye Yuan[3], 

developed a regenerative braking control algorithm by wire 

brake and used HIL as simulation tool to test the model. Amir 

Khajepour, Saber Fallah, Avesta Goodarzi[4] and M. Ehsani, 

Y. Gao and A. Emadi[6], these are two books addressed 

towards electric vehicles and HEVs, includes all basic and 

advanced information about HEV and its powertrain design. 

Z. Rahman, K.L. Butler and M. Ehsani[5],    made their views 

on comparison of two parallel HEV concepts, post-

transmission and pre-transmission and discussed thermostat 

and electric assist the power flow strategies. User manual[7] 

of GT-Suite software which includes the guideline to build the 

model in GT environment.    
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III. HEV AND REGENERATIVE BRAKING 

As stated earlier, HEV is combination of two or more power 

sources providing power according to the driving conditions 

and driver inputs. Mostly only two power sources merged 

because more power sources require more space and their 

controlling will be very complicated task to achieve. 

Combining conventional IC engine with electric power source 

give certain advantages. These two power sources can be 

integrate with different powertrain composition which gave 

rise to term ‘architecture’. In HEV, four architectures are 

generally considered: Series, Parallel, Series-parallel and 

Complex. As its name says, complex architecture is complex 

in nature in every aspect, so mostly first three architectures are 

taken into consideration. 

Series architecture as shown in Fig. 1 is that in which both 

power sources are arranged in series connection. In series 

architecture, electric motor powers the wheels while IC engine 

is used to powers the motor. IC engine drives the generator 

and generator drives electric motor. When power demand is 

low excess power is use to charge battery. Since there is no 

direct power transfer to wheels from engine, engine can be 

operated in its most efficient range, regardless on vehicle load 

and speed[4]. Since, electric motor is operated in wide speed 

range, series architecture can run without transmission system.  

 
Fig. 1. Series Architecture 

Next is parallel architecture as shown in Fig. 2 which is most 

popular among all architectures, in which both power sources 

can transmit power to the wheels either one or both at a time. 

In parallel architecture there are two power trains one is 

electrical and other is mechanical and for combine the power 

from these two power trains speed-coupler or torque-coupler 

is used. Here, transmission system is required and according 

its position there are two pre-transmission and post-

transmission parallel hybrid[5]. In pre-transmission, both 

power sources coupled before transmission system which 

tends to increase the size of transmission system while in post-

transmission power sources coupled after transmission which 

means transmission system having only input from IC engine, 

hence its size gets reduced. 

 
Fig. 2. Parallel architecture 

 

Degree of hybridization is term expressed as the ratio of 

electric motor power to the total electric power, this basis 

there three types of HEVs: Micro, Mild and full hybrid. As 

degree of hybridization increases number of technical energy 

saving solution is get added to the vehicle. TABLE I describes 

the degree of hybridization. 
TABLE I 

Functionalities according to Degree of Hybridization[4] 

 Engine 
Start/Stop 

Regenerative 
Braking 

Motor 
Assist 

Electric 
Drive 

Micro-

Hybrid 

Yes Slight Slight No 

Mild-

Hybrid 

Yes Yes Yes No 

Full-
Hybrid 

Yes Yes Yes Yes 

 

Regenerative braking is inherent part of EV as well as HEV, 

as TABLE I shows, almost in all HEV regenerative braking is 

adopted. Regenerative braking a kind of a technical solution to 

regain the kinetic energy of the vehicle which is either way 

going to waste while braking in the form of heat. Regeneration 

can be achieved in various ways like while braking, while 

slowing down and while coasting. There two types of 

regeneration technique which are generally preferred: electric 

and hydraulic regeneration. Hydraulic regeneration is very 

effective technique but not as developed as electric. Whereas, 

hydraulic regeneration is suitable for frequent start-stop 

condition and for heavy duty vehicles. Electric regeneration is 

widely adopted in passenger cars, light commercial vehicles. 

Basic principle behind the working of regenerative braking is 

when vehicle is not supplying any kind of energy to the 

wheels motor acts as a generator and generates the reverse 

current using kinetic energy of the vehicle. There are some 

other factors which are need to consider while designing 

regenerative braking like weight transfer. There are two modes 

in electric regeneration one is acceleration and other is 

braking. While acceleration battery supplies power and gets 

discharged and while braking with vehicle kinetic energy 

battery gats charged. Fig. 3 indicates the two modes of electric 

regeneration.  

 
Fig. 3. Modes in electric regeneration 

IV. OPERATING MODES IN HEV 

Since, two power sources get integrated in HEV, and power 

source operated in its comfort zone which tend set up certain 

operating modes in HEV. Generally, in an HEV there are six 

operating modes[6] as mentioned: Electric-motor alone mode, 

Engine-alone mode, Hybrid mode, Low power and battery 

charging mode, Regenerative mode and Hybrid braking mode. 

Every mode is bounded with certain boundaries according the 

control logic developed. Since, IC engine having poor 

performance on lower speed, so in this region electric motor is 

operated which tend to consume less fuel and almost no 

emission. This mode is termed as electric-motor alone mode. 
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When with medium vehicle speed, demanded tractive effort is 

below the maximum tractive effort provided by engine then 

only IC engine is able to drive the vehicle, called as engine-

alone mode. But, when tractive demand is more than 

maximum engine tractive effort, electric motor should assist 

engine to cope up with extra effort demanded by the vehicle 

such mode is hybrid traction mode where both power sources 

coupled to meet the power demand. 

Next mode is low power demand and battery charging mode, 

in which power demand from vehicle side is low and at same 

time battery state of charge (SOC) is at lower limit, in such 

case engine powers to electric motor and motor acts as a 

generator which charge battery to its highest preset value. 

Another mode is regenerative braking mode, in which also 

electric motor acts as a generator. 

When vehicle having zero acceleration and braking is taking 

place, wasting kinetic energy of the vehicle is converted into 

electric energy and saved for later use. But, in panic braking 

this mode fails. When braking demand is more than electric 

motor braking, mechanical brakes come into action. This 

mode is hybrid braking mode. Regenerative braking mode is 

assistant to mechanical braking system. 

V. MODELLING 

Modelling work done in this paper is carried with a reference 

of a Light Commercial Vehicle (LCV), with Manual 

Transmission (MT) system. TABLE II below, shows the test 

vehicle specification. With reference to the all engine testing 

results, a baseline model is created which represents the actual 

vehicle in simulation tool environment.  

TABLE II  

Test vehicle specification 

Vehicle Type RWD Light 

Commercial Vehicle 

 Gross Vehicle Weight 
(GVW) 

2500 kg 

IC engine Type Common rail turbo 

charged diesel engine 
 Cylinder 3 cylinder, 4 stroke 

 Displacement 1478 cc 

 Rated power 42.51 KW @ 3300 rpm 
 Rated torque 157.5 N-m @ 1600-

2400 rpm 

Gearbox Type MT- 6 gears (5+1) 

First of all baseline model[7] is created in GT- Drive 

environment in which IC engine testing results were put in 

terms of performance maps. So, baseline model represents 

actual vehicle. Engine testing results were measured up to 

3600 rpm and analytically were calculated up to 3300 rpm. 

After baseline model validation standard HEV model[7] was 

taken and mold it into only regeneration model. Vehicle is run 

by the driver element created in model and driver is following 

NEDC which is defined in the model. HEVs simulations were 

carried out with a vehicle model developed in the GT-Drive, 

with baseline model represents vehicle, along with ICE 

performance and efficiency maps, electric motor performance 

maps also were mentioned in model and simulation results 

were obtained. In this model, different logic for regenerative 

braking is developed in GT-software tool. 

Analytically, power and brake specific fuel consumption 

(BSFC) are calculated and plotted against engine speed. With 

this testing data analytical calculations gets validate. Since, 

parallel HEV is better option for LCV, baseline model is 

converted into parallel hybrid vehicle with only regeneration 

technique. And results for both the models are compared in 

later part. 

 
Fig. 4: Flow Chart for Regenerative Braking 

Fig. 4 shows the control logic implemented for regenerative 

braking in hybrid vehicle model. This control logic is mainly 

based on four basic conditions braking pedal position, 

accelerator pedal position, starter state and engine speed. This 

control logic can be smarter if parameters like battery state of 

charge, panic braking mode are considered.  

VI. SIMULATION RESULTS AND DISCUSSION 

Fig. 5 and 6 are the graphs showing validation of engine 

testing results and analytically power as well as BSFC 

respectively. As two curves in each graph are almost 

overlapping each other states that analytical and engine testing 

results are matching with each other. In each graph, engine 

testing results are up to 3600 rpm so the testing curve is 

extended. TABLE III includes the results comparison of three 

models on the basis of mileage, NOx emission and HC 

emission, which clearly shows that HEV model in performing 

better than conventional IC engine vehicle with adapting only 

regeneration technique. Mileage of the HEV is increased by 

6% and emission percentage of NOx and HC are improved by 

almost 10%.  

 
 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

4 

 
Fig. 5. Comparative results of Power characteristic of test vehicle 

 

 
Fig. 6. Comparative results of BSFC characteristic of test vehicle 

 

TABLE III 

Results comparison 

 Mileage 

 

(km/lit) 

NOx 

emission 

(g/km) 

HC emission 

 

(g/km) 

Actual 

Vehicle 

(Engine Test) 

15.96 0.24 0.048 

Baseline 

model 

15.98 0.9816 0.01751 

HEV model 16.89 0.9030 0.01610 

 

VII. CONCLUSION 

In this paper, simulation work on light commercial diesel 

vehicle is presented along with the theoretical background of 

HEV, its architecture and operating modes as well as 

regenerative braking. After comparing results on the basis of 

fuel consumption and emission, Hybrid vehicle is surely stand 

out from conventional IC engine vehicle. And with addition of 

other power management strategies and smarter logic these 

results can be further improved.  
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