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ABSTRACT 

 

 In the recent years there has been observed an increasing concern about global 

warming and greenhouse gas emissions. In addition to the environmental issues the predicted 

scarcity of oil supplies and the dramatic increase in oil price puts new demands on vehicle 

design. As a result energy efficiency and reduced emission have become one of the main 

selling point for automobiles. Hybrid electric vehicles (HEV) have therefore become an 

interesting technology for the governments and automotive industries. 

 HEV are more complicated compared to conventional vehicles due to the fact that 

these vehicles contain more electrical components such as electric machines, power 

electronics, electronic continuously variable transmissions (CVT), and embedded powertrain 

controllers. Advanced energy storage devices and energy converters, such as Li-ion batteries, 

ultracapacitors, and fuel cells are also considered. A detailed vehicle model used for an 

energy flow analysis and vehicle performance simulation is necessary. Computer simulation 

is indispensible to facilitate the examination of the vast hybrid electric vehicle design space.  

 There are various types of mathematical models and simulators available to perform 

system simulation of vehicle propulsion. One of the standard methods to model the complete 

vehicle powertrain is "Backward Quasistatic modeling" which is acquired in the present work 

. In this method vehicle subsystems are defined based on empirical models in the form of 

look-up tables and efficiency maps. The interaction between adjacent subsystems of the 

vehicle is defined through the amount of power flow. This method is acquired in the present 

work for a Series Hybrid Electric Vehicle with the aim to predict the vehicle performance 

over driving profiles, estimate fuel consumption and pollution emissions. 
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 Battery is a very important component in Hybrid Electric Vehicles. Usual approach to 

model the battery at this level is based on equivalent circuit which needs empirical data. In 

the present work a semi-physical battery model is introduced which on one side can be 

simulated fast and on the other side include all important physical phenomena in the battery. 

IEEE standard hardware description language VHDL-AMS is used to model this advanced 

battery model. This detailed model of the battery is then coupled with the rest of the vehicle 

which is modeled with empirical data. Finally a series hybrid electric vehicle with this 

advanced battery model is simulated. A comparison of the simplified battery model with this 

advanced battery model is done. Important phenomenon like "rate capacity effect" and "idle 

period recovery" during charge and discharge cycles of the battery are shown to be accurately 

simulated in the advanced battery model which are otherwise not modeled in the simplified 

circuit based model. The physical explanation for these effects is also given. The work 

depicts an in-depth modeling methodology for battery with physical reasoning and its 

integration into hybrid electric vehicle design. 

 Two case studies are performed to evaluate the vehicle performance. In the first case 

study the affect of the increase in the battery weight and capacity on vehicle performance is 

evaluated. An optimum number of modules in the battery are determined for minimum fuel 

consumption and maximum power. In the second case study a comparative study of the fuel 

consumption and fuel economy of the vehicle for various drive cycles (Ex: City and Highway 

etc) is performed. The energy losses in each subsystem in the vehicle are also determined and 

the results are discussed qualitatively. 
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1  
Introduction 

1.1. Motivation 

 The increasing concerns about environmental issues, such as global warming and 

greenhouse gas emission, as well as the predicted scarcity of oil supplies and the dramatic 

increase in oil price have made energy efficiency and reduced emissions a primary selling 

point for automobiles, and a concern for many governments. As a consequence of this, 

Hybrid Electric Vehicles (HEV) have become extremely popular technology of interest for 

the authorities and industries. In fact, hybrid electric vehicles offer some important 

advantages compared to conventional (engine-only) vehicles, despite additional components, 

greater complexity and increased cost. Hybridization can reduce fuel consumption and 

pollution emissions significantly. Even a small improvement in fuel economy of the road 

vehicle implies reduction of world's oil demand by substantial amount of barrels each day. 

Hybrid vehicles derive part of their advantages from the fact that the total power request is 

split among the fuel and the electric energy buffer. This fact poses some interesting 

challenges from the control stand point, which this thesis attempts to formalize and describe 

thoroughly[1,2].  

 In a traditional vehicle, the Internal Combustion Engine (ICE) provides propulsion 

power to the transmission. Since the speed and torque characteristics of the ICE do not match 

with the requirements at the wheel, a gearbox is used. Over the years, this has become an 

approved method, although the ICE is frequently operated in less preferred operating points. 

To overcome this problem, one could install an alternative power source (an electric motor) 

that better fits with the power requirement from the transmission. In such a case it is called 

pure electric vehicle. It is also possible to keep the traditional ICE installed and add a 
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secondary power source to cover the total power demand. In this case it is a hybrid electric 

vehicle[2].  

 In 2009 CADFEM GmbH has developed a detailed semi-physical Lithium Ion battery 

model for automotive applications. To demonstrate the usability and integrity of this battery 

model into the entire Hybrid vehicle environment needs a simplified model for Hybrid 

vehicle. This thesis is the initiative to work on these lines with the primary objective of 

developing a system level model for Series Hybrid Electric vehicle. It focuses mainly on 

modeling and simulation of Hybrid Electric Vehicles with an advanced battery model.  

1.2. The energy conversion process 

  The entire process starting from the production of fuel to actually driving the vehicle 

is complex. At intermediate steps, there are many opportunities to improve the energy 

efficiency. But it is important to keep the scope of the research focused. This section provides 

an overview of possible directions to improve the vehicle's fuel efficiency embedded in a 

broader setting. First the various energy conversion stages are mentioned. This description 

shows the significance of the upstream process. The importance of the selected on-board 

energy carrier (i.e. fuel) is emphasized as well. Especially the energy density is highlighted. 

This is followed by the list of main options available for reducing the energy consumption of 

passenger vehicles. 

 The key source of energy in the vehicle is the on-board energy carrier system. This 

element must provide the highest possible energy density and be safe and cause no 

environmental hazards in production, operation and recycling. The number of components 

that are necessary to realize modern and in particular future propulsion systems is inevitably 

increasing. Improved performance and fuel economy can only be obtained with complex 

devices. Of course, these subsystems influence each other. The best possible results are thus 

obtained by an isolated optimization of each single component. Optimizing the entire system, 

however, is not possible with heuristic methods due to the inherent complexity. The only 

achievable approach to face this problem is to develop mathematical models of the 

components and to use model-based numerical methods to optimize the system structure and 

required control algorithms. These models must be able to extrapolate the system behavior 

and such an optimization usually takes place before the actual components are available or 
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requires the devices to operate in unexpected conditions. Due to these reasons its will be a 

good idea to model the subsystems of the vehicle using first principles.  

 A comprehensive analysis of the energy conversion can be subdivided into three main 

"energy conversion steps". Fig. 1.1 illustrates the same. The actual energy source is one of 

the available primary energy carriers like fossil fuels, solar radiation etc. In the first stage this 

energy is converted to an energy carrier that is suitable for on-board storage (i.e. fuel). This 

fuel is then converted by the propulsion to mechanical energy which may be stored as kinetic 

or potential energy in the vehicle. The third energy conversion is determined by the vehicle 

parameters and the driving profile, where the mechanical energy produced in the second 

conversion step is finally dissipated to thermal energy that is deposited to the ambient. The 

terms "well-to-tank", "tank-to-wheel" and "wheel-to-miles" are often used to refer to these 

three conversion processes[3]. It should be noted that all these three conversion processes 

cause significant energy losses. 

 

Fig. 1.1. The three stages of energy conversion 

 So there are basically three stages where one can reduce the total energy consumption 

of passenger cars.  

1. Improve the "well-to-tank" efficiency by optimizing the upstream processes. 

2. Improve the "tank-to-wheel" efficiency. 

3. Improve the "wheel-to-miles" efficiency by reducing the vehicle mass and its aerodynamic 

and rolling resistance losses. 

primary energy sources on-board energy storage 
vehicle kinetic          

and                    
potential energy 

drive profile 

upstream 
energy 

conversion 
"well-to-tank" 

on-board     
energy 

conversion 
"tank-to-vehicle" 

vehicle              
energy     

consumption 
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The overall efficiency is equal to the product of the three above mentioned efficiencies. It is 

observed that there is a significant difference of tank-to-wheel efficiencies between 

conventional vehicles and hybrid electric vehicles. 

 This thesis doesn't deal with controlling the "well-to-tank" energy conversion. The 

problems occurring in this area and the methods required to solve these problems fall under 

different category. The systems used for this conversion are large power plants, refineries and 

other process engineering systems. Also this thesis doesn't deal with "wheel-to-miles" energy 

conversion, as I assume that size of vehicle components is preset. The main emphasis of this 

thesis is modeling and simulation of "tank-to-wheel" energy conversion systems. The price of 

primary and secondary energy carriers which is also one of the most important aspects is 

beyond the scope of this thesis. From the system level perspective there are several important 

aspects like optimizing system parameters, energy recuperation and realizing control 

algorithms to improve "tank-to-wheel" efficiency[3]. 

 The "energy density" of on-board energy carrier is one of the most important factor 

that influence all choices of propulsion systems. Energy density is the net mechanical 

propulsion energy that is delivered per unit mass of the energy carrier. The approximate 

values of the energy densities [3] of the most frequently used on-board energy carriers is 

given in Table 1.1 .  

On-board energy carrier 
Energy density 

[kWh/kg] 

Diesel   2.7 

Gasoline 2.1 

Hydrogen (H2 ) 1.2 

Compressed natural gas (CNG) 0.5 

Li-Ion, Ni/MH, Pb Batteries 0.2 

Table 1.1. Energy density of various on-board energy carriers 
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 The electrochemical on-board energy carriers (batteries) have the lowest energy 

density of all. It is no surprise that none of the several battery-electric vehicles developed so 

far could replace the existing fuel based solutions. Nevertheless, the batteries can be used for 

improving the overall efficiency of the propulsion system when used in an intelligent way. 

Though gaseous fuels ( H2 and CNG ) have lesser energy density than liquid fuels (Diesel and 

gasoline), these are compatible with the requirements of passenger cars. There are also many 

other energy storage devices like ultracapacitor (electrostatic energy) and flywheel (kinetic 

energy). The special feature of these devices is that they have high power density. They can 

be charged and discharged with high power, which makes them suitable for short-term energy 

storage. Such devices are more advantageous in case of recuperation of kinetic energy from 

the vehicle during braking, which otherwise would be wasted as heat.  

1.3. Hybrid electric vehicle technology 

1.3.1. Introduction to hybrid electric vehicles 

 Here is an introduction to various aspects of Hybridization, topology of hybrid 

vehicles and general ideas for saving the fuel. This is also discussed in detail in several other 

works[1,2]. Fig. 1.2 shows the few important components of Hybrid electric vehicle [4]. 

 

Fig. 1.2. Hybrid Electric Vehicle 

 The basic reason why a hybrid electric vehicle is more advantageous than a 

conventional vehicle from the perspective of efficiency can be understood as follows. The 

key aspect one should understand is the way in which the fuel is utilized in the vehicle. In a 

Power Split 
Device 

Electric Motor 

Fuel tank Engine Battery 
Wheels 

Axle 
Vehicle 
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conventional vehicle the combustion engine generates all the power needed for the propulsion 

by converting the chemical energy in the form of fuel to mechanical energy. This mechanical 

energy generated by the engine is used for moving all powertrain components and also 

moving the vehicle. Since the speed and torque characteristics of an ICE do not match with 

the requirements at the wheel, a gearbox is used. Given the driver's input (acceleration and 

brake pedal) and the driving conditions (speed, road surface, etc.), the mechanical power that 

the engine must deliver is determined. In the case of hybrid electric vehicle in addition to the 

internal combustion engine an electric motor provides the power to the transmission. The 

motor in turn gets the required energy from the battery. So the power requirement is now 

accomplished through two paths (fuel path from engine and electric path from motor). The 

ratio of the power flows generated by each path can be chosen intelligently and constitute a 

degree of freedom that allows to change the operating conditions of the engine with respect to 

the conventional vehicle. This gives us a chance to increase the overall efficiency of the 

vehicle in case of hybrid electric vehicle. 

  The tractive force {|}~�  needed to propel a vehicle along a given path is the 

summation of rolling resistance  !"#$ , aerodynamic resistance %&'()  , grade (road slope) 

*+,-. and inertia /0123 (linear acceleration). 

 45678(9) = :;<=>(?)  +  @ABCD(E)  +  FGHIJ(K)  +  LMNOP(Q) (1.1) 

   
RSTUV and WXYZ[ are dissipative and always tend to slow down the vehicle. \]^_` and 

abcde  represent conservative forces, whose effect is to modify respectively the potential and 

kinetic energy of the vehicle. So one can understand that, some energy is stored in the vehicle 

when its speed or altitude are increased using energy derived from the engine. On the other 

hand, when the vehicle is decelerating to stop, or is being driven downhill, its energy content 

is decreasing, and some kinetic or potential energy must be dissipated. This is generally done 

using mechanical brakes. So one can understand that, during the vehicle motion the energy is 

dissipated only through the rolling resistance, aerodynamic resistance and the brakes. 

 The fact that the electric motors which are used to drive the wheels can also produce 

negative power when they are operated in reverse direction is of great importance in hybrid 

electric vehicles. This means when the vehicle is decelerating during braking the motor 

(electric machine) can act as a generator producing electric energy derived from the lost 

kinetic energy of the vehicle and store it in the battery. This operation is known as 
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regenerative braking, during which the energy that is dissipated during braking in 

conventional vehicles can be saved and stored in the battery in a HEV. In reality, only a part 

of this energy can be regenerated due to limitation of peak operating power of the electric 

machine and its efficiency. The devices needed for implementing regenerative braking are 

reversible electric motor and reversible energy storage systems, which can store and deliver 

energy on command.  

 The name hybrid comes from the fact that these vehicles have two energy sources, 

assisting each other. In hybrid electric the two sources are fuel tank and an electric energy 

storage system (battery or ultracapacitor). The idea is to have a high energy density (high 

capacity) source coupled with a reversible one, for storing energy coming from the 

regenerative braking. Few other hybrid vehicles are also possible, where the engine is 

coupled with hydraulic accumulator (hydraulic energy storage) or to a flywheel (mechanical 

energy storage). But hybrid electric vehicles are so far very popular.  

 The rechargeable energy source added to the engine can also be used for other 

purposes apart from regenerative braking. It can be used as a energy buffer enabling the 

engine to deliver different power than the one required at the transmission. This flexibility in 

managing the engine operating condition results in the ability to operate the engine more 

often in conditions where it is more efficient. 

 In addition to these we have some other benefits of hybridization. We have a 

possibility to shut down the engine at very low speed or at stop, and operate the energy buffer 

(battery). Yet another benefit is the downsizing of the engine. Since the peak power can be 

reached by summing the output from the engine and from the electric storage, the former can 

be downsized. This allows the engine to operate in a better efficiency during part loads. 

1.3.2. Topology of hybrid electric vehicle 

 After getting an understanding into the basic concept of hybridization, the next step is 

to understand the various vehicle configurations that are very frequently used. The most 

important varieties of vehicle configurations are electric vehicle, fuel cell hybrid vehicle and 

hybrid electric vehicles. A brief introduction of electric vehicle and fuel cell hybrid vehicle is 

given here though the concentration of the present work is hybrid electric vehicles. 

Electric vehicles (EV): Here the primary source of energy is the battery and the electric motor 

is used to convert electrical energy to mechanical energy and transmit the power required for 
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transmission and wheels. An EV is not charge sustaining. Here the battery needs to be 

charged from an external device. The battery charging takes place from the grid. So the 

electric vehicle is often called "plug-in" car. 

Fuel cell hybrid vehicle (FCHV): The electric energy supply system of the EV and FCHV is 

different though both behave the same way from the mechanical point of view (the electric 

motor provides the power to the wheels in both vehicles). Beside the battery a fuel cell is 

present to supply electric power. The fuel cell generates electric power from hydrogen stored 

in the fuel tank. The vehicle is now charge sustaining by charging the battery with energy 

from the fuel cell. 

Hybrid electric vehicle (HEV): The basic idea behind the HEV is already discussed. The 

terminology HEV does not refer to a single vehicle topology, but covers a wide range of 

configurations. Three main varieties of HEVs can be highlighted. Series, Parallel and 

Series/Parallel HEVs (power split HEVs). These three HEV configurations are illustrated in 

Fig. 1.3. 

 In a Series HEV, there is mechanical connection between the engine(E) and the 

transmission(D). So the engine can operate continuously in its highest possible efficiency, 

where as the transmission is driven by the motor(M/G). The electric power required to run the 

motor is derived from battery(B) and/or generator(G). The generator is driven by engine and 

maintains a suitable energy level in the battery. A drawback of this configuration is that part 

of the energy is first converted from mechanical power to electric power with the generator, 

and then back to mechanical power by the electric machine, both introducing losses. Series 

HEV requires two electric machines (generator is usually smaller than Traction motor) 

adding extra weight. 

 A Parallel HEV establishes a parallel connection between the ICE and the electric 

machine, and both systems can provide power to the transmission. Here a generator is not 

required making parallel configuration advantageous than series configuration. The power 

through the electric machine can be positive as well as negative. This allows the electric 

machine(M/G) to operate in motor mode and generator mode. The Parallel HEV 

configuration looks similar to conventional vehicle due to the direct mechanical connection 

of the engine to the transmission. In addition a parallel HEV requires a torque splitter to 

derive the power for electric path and fuel path to the transmission. 
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Fig. 1.3. Topology of different Hybrid Electric Vehicles 

 The Series/Parallel HEV as the name indicates combines the topology of both series 

and parallel HEVs. This configuration is highly complex since the power to the powertrain 

can follow different paths. 

1.3.3. Energy management in HEVs 

 As already mentioned, in Hybrid Electric Vehicle we have a primary energy source 

(fuel) and a secondary energy source (battery). This means that at any time point during 

driving the power required by the transmission can be fed either through the primary energy 

source or through secondary energy source, or through a combination of both. Making a 

correct choice among the two or the combination of the two is not an easy task. At some 

instant if the vehicle is decelerating, it is obvious that the electric accumulator should receive 

as much of the braking energy as possible. In case if the vehicle is accelerating, is it a good 

idea to use some of the energy stored in the battery instead of running the engine, or is it a 

good idea to use the engine and leave the battery charged for later use, or is it good to use 

Series hybrid electric vehicle topology 

Parallel hybrid electric vehicle topology 

Power split hybrid electric vehicle topology 
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both? This question doesn't have a simple answer. The decision depends on several 

parameters. 

 Looking back into the basic objective of hybridization, we see that hybrid vehicles are 

predominantly being developed to reduce fuel consumption. In addition they provide 

advantages like reduction of pollution emissions due to the flexibility in operating the engine 

at the desired operating point. So one can define the objective of hybridization as 

minimization of the fuel consumption and emissions over the entire life cycle of the vehicle, 

subject to several operating constrains like the power and energy limits of the components. 

But in general one would only take the optimization horizon as finite. 

 One more important aspect to be considered is the typology of hybrid. Especially , in 

a charge-sustaining vehicle the state of charge of the battery at the end of the optimization 

horizon should be the same as it was at the beginning. Here, the entire energy needed for 

completing the trip is extracted from the fuel. A charge-depleting, or plug-in, hybrid vehicle 

instead uses its batteries much more, and the state of charge can decrease at the end of a trip, 

because the vehicle can be plugged in the electrical grid to be recharged. In this case, a 

substantial amount of the total energy needed for a trip is deriving from the battery (and 

ultimately from the electric grid), but not the fuel. The differences between the two cases, in 

terms of the control problem, can be seen as different boundary conditions and different 

optimization objectives. Boundary conditions are different because the state of charge 

variation is zero for charge-sustaining hybrids, but can be arbitrary or pre-determined for 

plug-in hybrids. So fuel consumption is usually the minimization objective in a charge-

sustaining hybrid, the total energy consumption, or the total expense, is a more important cost 

function for a plug-in vehicle. These can be managed by developing a intelligent control 

strategy to operate the vehicle. 

1.4. Introduction to modeling HEV propulsion 

1.4.1. Need for HEV simulation 

 Hybrid Electric Vehicles are more complicated compared to conventional vehicles 

due to the fact that, these vehicles contain more electrical components such as electric 

machines, power electronics, electronic Continuously Variable Transmissions (CVT), and 

embedded powertrain controllers. Advanced energy storage devices and energy converters, 

such as Li-ion batteries, ultracapacitors, and fuel cells, are introduced in the next generation 
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powertrains. In addition to these electrification components or subsystems, conventional 

internal combustion engines (ICE) and mechanical and hydraulic systems may still be 

present. It is difficult to analyze a newly designed HEV due to the dynamic interactions 

among various components and the multidisciplinary nature. Careful choice of each design 

parameter is important for better fuel economy, enhanced safety, exceptional drivability, and 

a competitive dynamic performance (all at a price acceptable to the consumer market). Due to 

the inherent complexity prototyping and testing each design combination is cumbersome, 

expensive, and time consuming. For concept evaluation, prototyping, and analysis of HEVs 

modeling and simulation are very crucial. This is particularly true when novel hybrid 

powertrain configurations and controllers are developed. 

 

Fig. 1.4. Complex interdependency of HEV components 

 The complexity Fig. 1.4 of new powertrain designs and dependence on embedded 

software is also a cause of concern to automotive research and development efforts. This adds 

to the difficulty in predicting interactions among various vehicle subsystems. A modeling 

environment that can model not only components but also embedded software, such as the 
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Electronic Throttle Controller (ETC) software, is needed. Effective diagnosis also presents a 

challenge. In the automotive domain similar tools still lack the power, sophistication, and 

automation required by the electronics designers. For designers of automotive systems to 

duplicate and manage similar levels of complexity, design tools that automate the design 

process need to be developed. 

 Reducing fuel consumption and maintaining proper energy level in the energy storage 

system (battery) is one of the critical tasks for a successful HEV. To estimate the fuel 

consumption and energy level in the battery one would have to rely on numerical techniques 

as usage of analytical techniques would be nearly impossible. For an accurate estimate of the 

fuel consumption, it is not necessary to capture all the details in the dynamic behavior of the 

powertrain, but it is important to take into account all losses and all the interactions between 

components. A simplified system level simulation model of the powertrain, accounting for 

losses in all the major powertrain components is sufficient to capture almost all the power 

flow details in the vehicle. The modeling methods and modeling capabilities of existing 

commercial tools are discussed in the following sections. 

1.4.2. Modeling methods 

 Based on the level of details of how each component is modeled, the vehicle model 

may be steady-state, quasi-steady, or dynamic. For example, the model used in the simulator 

ADVISOR (ADvanced VehIcle SimulatOR), can be categorized as a steady-state model, the 

PSAT (Powertrain System Analysis Toolkit) model as quasi-steady one, and PSIM and VTB 

(Virtual Test Bed) models as dynamic. The main advantage of employing a steady-state 

model or quasi-steady model is fast computation, while the disadvantage is inaccuracy for 

dynamic simulation. On the contrary, physics-based models can facilitate high fidelity 

dynamic simulations for the vehicle system at different time scales. This kind of dynamic 

model should be useful for developing an effective powertrain control strategy [5].  

 There are various types of mathematical models and simulators available to perform 

vehicle system simulations. For example, some simulators can be used to construct models 

that use macro statistics from duty cycles and cycle-averaged efficiencies (Average operating 

point approach) of components for near instantaneous prediction of fuel consumption and 

performance, whereas other simulators perform detailed sub-second transient simulations for 

more detailed experiments. There is also typically a tradeoff in the vehicle modeling between 

the amount of engineering assumptions the modeler has to make and the amount of time 
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required to set up and construct a model. A simple high-level model can estimate fuel 

consumption using the engineer’s knowledge of typical cycle-averaged component 

efficiencies. A more detailed model would actually simulate each of the components over 

time and mathematically determine cycle-averaged efficiencies. Added to the 

assumption/specificity tradeoff, there is also a tradeoff between model detail and run time. In 

general, the more detailed results one needs, the longer the total time for model setup, 

simulation, and interpretation of results. 

 Detailed vehicle system models typically contain a mix of empirical data, engineering 

assumptions, and physics based algorithms. Good simulators provide a large variety of 

vehicle components along with data sets to populate those components. Connections between 

components mathematically transmit effort and flow (e.g., torque and speed or voltage and 

current) during a simulation. Depending upon the degree of details desired, there are various 

models available such as steady-state spreadsheet models, transient power-flow models, and 

transient effort-flow models (effort/flow refers to the combinations of torque/angular speed, 

voltage/current, force/linear speed, etc.). 

 The transient vehicle system models can be divided into two categories based on the 

direction of calculation. Models that start with the tractive effort required at the wheels and 

work backward towards the engine are called "backward facing models". Models that start 

from the engine and work in transmitted and reflected torque are called "forward facing 

models". So called non-causal models allow for forward or backward operation depending on 

the experiment being performed. Backward facing models are typically much faster than 

forward-facing models in terms of simulation time. Forward-facing models better represent 

real system setup and are preferred where controls development and hardware-in-the-loop 

will be employed. Forward models must typically use some kind of "driver model" such as a 

PID controller to match a target duty cycle. Some "hybrid" models include both concepts. In 

addition, vehicle systems models may interact with any number of more detailed models such 

as structural analysis models, vibration models, thermal models, etc. 

 Driven by the need for fast simulation times, complex components such as engines 

and motors are typically simulated using "lookup maps" of energy consumption versus shaft 

torque and angular speed. Once the average torque and angular shaft speed for a given time-

step are determined, an interpolation on empirical data is performed to determine the 

component’s energy consumption rate. 
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 Physics based modeling is the more detailed modeling method of all. In this category 

Resistive Companion Form (RCF) [6] modeling is used successfully in a number of industry-

standard electronic design tools such as SPICE [7] and Saber.  

 Bond Graph Modeling [8,9,10,11,12,13,14,15,16] for HEV is yet another popular 

method. Bond graphs are a graphical tool used to describe and model subsystem interactions 

involving power exchange. A bond graph can be generated from the physical structure of the 

system. This formulation can be used in hydraulics, mechatronics, and thermodynamic and 

electrical systems. The bond graph is proven effective for the modeling and simulation of 

multidomain systems including automotive systems. In a Bond Graph model, a physical 

system is represented by basic passive elements that are able to interchange power: 

resistances (R), capacitances (C), and inertias (I). Although these names suggest a direct 

application in electrical systems, they are used in any other domains as well, e.g., friction as a 

mechanical resistance, a compressible fluid as a capacitance, and a flywheel as an inertial 

element. [17] 

1.4.3. Capabilities of existing commercial tools 

 ADvanced VehIcle SimulatOR (ADVISOR) is a modeling and simulation tool 

developed by U.S. National Renewable Energy Laboratory (NREL). ADVISOR models fit 

empirical data obtained from the component testing to simulate a particular subsystem and it 

is a backward looking model. In general, the efficiency and limiting performances define the 

operation of each component. For example, the ICE is modeled using an efficiency map that 

is obtained via experiments.  

 The Powertrain System Analysis Toolkit (PSAT) is a state-of-the-art flexible 

simulation software developed by Argonne National Laboratory and sponsored by the U.S. 

Department of Energy (DOE). Being a forward-looking model, PSAT allows users to 

simulate more than 200 predefined configurations, including conventional, pure electric, fuel 

cell, and hybrids (parallel, series, power split, series-parallel). The level of details in 

component models can be flexible, e.g., a lookup table model or high-fidelity dynamic model 

can be used for a component, depending on the user’s simulation requirements. The use of 

quasi-steady models and control strategies including the propelling, braking, and shifting 

strategies in PSAT sets it apart from other steady-state simulation tools like ADVISOR. 
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 PSAT and ADVISOR are based on experiential models in the form of look-up tables 

and efficiency maps. The accuracy of these tools may not be good enough for vehicles 

operating under extreme conditions. For detailed dynamic modeling and simulation of HEV 

system, physics-based modeling is needed. VTB, PSIM, Simplorer, V-Elph are good 

examples of physics-based modeling tools, where the state variables of a component or 

subsystem are modeled according to the physical laws representing the underlying principles. 

The resulting model is a function of device parameters, physical constants, and variables. 

Such physics-based models can facilitate high fidelity simulations for dynamics at different 

time scales and also controller development. 

 Simplorer is a multidomain simulation package that can be used for system level HEV 

modeling. It has a comprehensive automotive component library, including batteries, fuel 

cells, wires, fuses, lamps, electrical motors, alternators, engine models, relays, in addition to 

the electronics, power electronics, and controller models. Further, Simplorer can be linked for 

co-simulation with a finite element based simulation packages like ANSYS Mechanical and 

Ansoft Maxwell. This capability provides even greater modeling and simulation accuracy for 

automotive electronics and machine design. 

 Software packages such as Modelica and Saber are yet other commercially available 

tools that can be used for physics-based modeling of HEVs [17]. 

1.5. Contribution and organization of thesis 

 Due to the large number of available configurations of hybrid vehicle, the number of 

possible ways to combine the components, the multiple energy storage systems, and the 

multiple power flow paths, the hybrid vehicle design space is nearly impossible to explore 

without the use of simulations. 

 The model developed in this thesis is a system level Series Hybrid Electric Vehicle 

programmed in Simplorer which allows to study vehicle performance in terms of fuel 

economy and energy efficiency. The components are developed in a modular fashion so that 

one can easily interchange the connections between the components to get a new 

configuration of the vehicle. This type of modeling greatly increases the usability and 

flexibility to model new configurations with existing components. An advanced battery 

model (semi-physical battery model) is introduced here and is integrated into the vehicle. 

This battery model is compared with equivalent circuit based battery modeling. The physical 
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reasoning of certain phenomenon like "Rate capacity effect" and "idle period recovery" 

during charge and discharge cycles of the battery are shown to be accurately simulated in this 

advanced battery model. 

 The present chapter gives an overview of a general introduction to different levels of 

energy conversion, Hybrid Electric Vehicle technology, different vehicle configurations and 

energy management problem. A general overview of different methods for HEV modeling 

and available commercial tools is discussed. This is followed by a brief overview of the scope 

of the thesis. 

 In the second chapter the mathematical models which are developed in the present 

work for the subsystems of the vehicle like internal combustion engine, electric machine, and 

the transmission are described. This chapter gives a schematic model for each of these 

individual components along with the description of the level of detail they are modeled. The 

behavior of each subsystem are shown with the operating variable like torque, angular speed 

and power. 

 In the third chapter the two different mathematical models which are developed in the 

present work for energy storage system (Battery) are described. These two models are 

compared and discussed in detail. Various aspects of battery modeling like cell modeling , 

thermal modeling and State of Charge (SOC) determination are discussed. The impact of the 

performance limits of other electrical subsystems on the battery are also discussed. 

 In chapter four two case studies are considered for a complete Series Hybrid Electric 

Vehicle model. The first case study shows the effect of component (Battery) sizing on vehicle 

performance. The second case study shows the comparative study of fuel economy and 

energy losses in various vehicle subsystems in various drive cycles.  
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2  
Modeling Subsystems of Powertrain  

 This chapter describes the energy flow and powertrain losses, the assumptions made 

in the modeling, the component realization for several powertrain components and simulation 

environment that is developed. A Series Hybrid Electric Vehicle is modeled in the present 

work. In order to generate efficient models, it is essential to recognize what level of 

approximation is adequate (i.e. what physical phenomena must be taken into consideration) 

followed by identifying suitable mathematical models for these phenomena which are 

capable of delivering the right compromise between accuracy and computational time. 

Working on these lines the simulation environment incorporates appropriate models for all 

essential vehicle elements. In addition control strategies are modeled for the series and 

parallel HEVs, which are described in next chapter. A quasi-static modeling methodology is 

implemented.  

2.1. Vehicle energy flow 

 To evaluate fuel consumption, it is necessary to correctly understand the energy flows 

in the powertrain and identify the areas in which savings can be introduced. In this and the 

following section, I first describe the energy flows in a vehicle powertrain, identifying the 

sources of losses, operating limits of vehicle subsystems and describe the relevance of driving 

cycles in the energy balance, and finally describe the models used in this work and their 

implementation. 

2.1.1. Vehicle longitudinal dynamics 

 The energy in the vehicle is stored in the form of kinetic energy when the vehicle is 

accelerated and in the form of potential energy when the vehicle reaches higher altitudes. The 
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amount of mechanical energy consumed by a vehicle when driving a predefined driving 

pattern depends on three effects 

· the aerodynamic friction losses 

· the rolling friction losses 

· the energy dissipated in the brakes 

The fundamental equation that describes the longitudinal dynamics of a vehicle is as follows 

 fghij(k) =  lmnop(q)  r (stuvw(x)  +  yz{|}(~)  +  � !"#($)) (2.1) 
   

where 

%&'() is the inertial force *+,-.(/) = 01
2
34
5(6) 

78 is the vehicle mass and 9 is the vehicle speed 

:;<=> is the aerodynamic resistance 

?@ABC the rolling resistance 

DEFGH the force caused by road slope 

Fig. 2.1 shows all the forces mentioned above. The details of these forces are explained 

below. 

Aerodynamic resistance (IJKLM): The aerodynamic resistance acting on a vehicle is caused 

by viscous friction of the surrounding air on the vehicle surface. Also the losses are caused by 

the pressure difference between the front and rear of the vehicle, caused by the separation of 

the air flow. The aerodynamic resistance can be approximated by assuming the vehicle to be 

a prismatic body with a frontal area NO. The force caused by the stagnation pressure is 

multiplied by an aerodynamic drag coefficient PQ 

 
RSTUV(W) =  

1
2

· XY · Z[ · \] · ^_ 
(2.2) 

   
where `a is the density of air. bc can be obtained using experiments in wind tunnel. 
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Fig. 2.1. Schematic representation of the forces acting on a vehicle 

Rolling resistance (defgh): The rolling resistance is usually calculated as follows 

 ijklm(n) = op q r q (stu + vwx q yz) q cos ({) (2.3) 
   

where |}~ and � ! are the rolling friction coefficients. These rolling friction coefficients 

mainly tire pressure and external temperature. The order of magnitude of "#$ is 0.01-0.02, 

indicating that the rolling resistance is nearly 1-2% of vehicle weight. Usually %&' is very 

small compared to ()* and can be neglected. 

Grade force (+,-./): The grade force is the component of vehicle weight in the vehicle 

longitudinal direction as shown in Fig. 2.1 

 01234 =  56 · 7 · sin(8)  (2.4) 
   

Inertial force (9:;<=): The inertial forces are the consequence of vehicle inertia and the 

inertia of rotating parts inside the vehicle. 

 One should note that (1.1) and (2.1) are the same equations but rearranged. These two 

different forms represent two different modeling techniques. In (2.1), the vehicle acceleration 
>?
@A

 is calculated as a consequence of the tractive force generated by the powertrain and other 

external resistances, and the speed is then obtained by integration of the acceleration; this is 

the “forward” approach (speed follows force), which reproduces the physical causality of the 

system. On the other hand, in (1.1), the tractive force is calculated starting from the inertia 

v 

Ftrac 
Faero 

Fgrad 

mv·g 
Froll   

Finer 
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force: in this case, it is assumed that the vehicle is following a prescribed speed, and BCDEF 

represents the corresponding force that the powertrain must supply; this is called “backward” 

approach (force follows speed). The "backward" approach is discussed in Section 2.2. 

 The inertial force FGHIJ is positive when the vehicle is accelerating, and negative 

during deceleration. The grade force FKLMN is positive when the vehicle is driven uphill and 

negative when it is going downhill; the rolling and aerodynamic resistances are always 

positive. Depending on the net value of FOPQR , three operating modes can be identified: 

1. traction, if FSTUV > 0  

2. braking, if FWXYZ< 0 

3. coasting, if F[\]^= 0 

Even in traction mode (_`abc > 0), the vehicle can decelerate if the traction force is smaller 

than sum of rolling and aerodynamic resistance and grade force. Whereas, in coasting or 

braking modes, the vehicle decelerates unless the road slope is positive (downhill) enough to 

exceed the resistances and the braking forces. 

 Since the forces defgh and ijklm  always oppose the motion of the vehicle, they are 

dissipative, while the forces nopqr and stuvw are conservative, being only dependent on the 

vehicle state (respectively speed and altitude). Therefore, part of the tractive force generated 

by the powertrain increases the kinetic and potential energy of the vehicle (by accelerating it 

and moving it uphill), and part is dissipated in rolling and aerodynamic resistances. When the 

vehicle decelerates or drives downhill, its potential and kinetic energy must be dissipated: 

again, rolling and aerodynamic resistances contribute to dissipating part of the vehicle 

energy, but for faster deceleration the mechanical brakes must be used. Thus, ultimately, all 

the energy that the powertrain produces is dissipated in these three forms: rolling resistance, 

aerodynamic resistance, and mechanical brakes. The kinetic and potential energy, on the 

other hand, are never dissipated: the net variation of kinetic energy is always zero between 

two stops (since initial speed and final speed are both zero), and the variation of potential 

energy only depends on the difference of altitude between the initial and ending point of the 

trip considered.  

Multiplying all terms of (1.1) by the instantaneous vehicle speed one can obtain the equation 

for power balance: 
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 xyz{|(}) = ~�!"#($)  +  %&'()(*)  +  +,-./(0)  +  12345(6) (2.5) 

   
 The term 789:; represents the tractive power at the wheels, both positive and negative. 

The powertrain provides all the positive values of <=>?@, while the negative values are 

generated partially by the brakes and partially by the powertrain. In Hybrid Electric Vehicles, 

one can absorb this negative power, since the electric traction machines are reversible. The 

remaining terms in the equation ABCDE(F) represents the amount of power required to 

accelerate the vehicle and GHIJK(L),MNOPQ(R),STUVW(X) represents the power required to 

overcome rolling resistance, slope and aerodynamic resistance respectively.  

 The vehicle energy balance is obtained by integration of (2.5) over the entire duration 

of journey (integration over time):  

 YZ[\] = ^_`ab  +  cdefg  +  hijk  +  lmno  (2.6) 

   
where each term represents the variation of each form of energy from beginning till end of 

journey. The energy pqrst  should be provided by the primary and secondary energy sources 

in the vehicle. 

 Rearranging (2.6) I get the following equation. Since the potential and kinetic energy 

are conservative as discussed so earlier, this is the only energy that can think of regenerating.  

 uvwx  +  yz{| =  }~�!" r #$%&' r  ()*+,   (2.7) 

   
The terms -./01 ,23456 on the right hand side of the equation at dependent on the velocity 

profile. Thus a drive cycle with frequent acceleration and deceleration at low speeds shows a 

greater possibility for energy recovery [18,3,1]. A detailed discussion on importance of 

standard drive cycles is given in Section 2.1.2. 

2.1.2. Significance of standard drive cycles 

 The advantages due to hybridization consist basically in recovering potential and 

kinetic energy that would otherwise be dissipated in the brakes, and in operating the engine in 

its highest-efficiency region. If the vehicle drives at constant speed on a flat road and the 

engine has a constant efficiency, there will be no advantage in designing a Hybrid Electric 

Vehicle. In reality the vehicle is driven at different velocities and various slopes of the road. 

The importance of the standard driving cycles will be mentioned in this section. 
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 "Driving cycle" represents the way the vehicle is driven during a journey, and the 

details of the road. For simplicity, it can be defined as a series of vehicle speeds (and 

therefore acceleration) and road grades. Together with the vehicle parameters, this 

completely defines the road load (the force that the vehicle needs to exchange with the road 

during the driving cycle) as explained earlier in equations (2.1)-(2.4). The forces in these 

equations are function of both the driving cycle (speed, acceleration, grade) and the vehicle 

(mass, frontal area, coefficients of aerodynamic and rolling resistance). For this reason, the 

fuel consumption of a vehicle must always be specified in reference to a specific driving 

cycle. On the other hand, given a driving cycle, the absolute value of the road load and also 

the relative magnitude of its components depend on the vehicle characteristics. 

 The need for a standard method to estimate fuel consumption of all vehicles on the 

market, led to the introduction of some regulatory driving cycles. Any vehicle sold in a 

country has to be tested, according to detailed procedures, using one or more of these 

standard cycles. These driving cycles also provide a reliable basis for comparison of 

performance of different vehicles.  In the USA, the EPA (Environmental Protection 

Agency) is responsible for defining the regulatory driving cycles and the rules according to 

which the vehicles should be tested [19]. Several regulatory cycles are defined by EPA[20]. 

Some of these standard drive cycles are shown in Fig. 2.2 . 

· UDDS - Urban Dynamometer Driving Schedule (represents city driving conditions, 

and is used for light duty vehicle testing) 

· FTP (or EPA75) - Federal Test Procedure EPA75 (composed of the UDDS followed 

by the first 505 seconds of the UDDS) 

· HFET - Highway Fuel Economy Driving Schedule ( represents highway driving 

conditions under 60 mph) 

· NYCC - New York City Cycle ( features low speed stop-and-go traffic conditions) 

· US06 - ( high acceleration aggressive driving schedule) 

· H-UDDS - Heavy Duty Urban Dynamometer Driving Schedule (used for heavy duty 

vehicle testing) 
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Fig. 2.2. Velocity profiles of the U.S. regulatory cycles 
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suitable with some modern vehicles. In fact, it is not possible to predict how a vehicle will be 

driven, since each vehicle has a different usage pattern and each driver his or her own driving 

style. In the case of hybrid vehicles, estimating the actual driving cycles becomes an even 

more important task, because the actual fuel consumption is affected by the supervisory 

control strategy implemented, which is tuned using simulations based on the estimated 

driving cycles [1,21]. 

2.1.3. Powertrain losses and performance limits 

 Since there are always unavoidable losses in the powertrain the useful energy is in fact 

less than the energy provided by the energy sources (fuel and battery).There is always some 

conversion loss when one form of energy is converted to another form (mechanical to 

electrical and chemical to mechanical). Also power flow through the connection devices, 

friction losses reduce the amount of power flow. Every subsystem of the powertrain 

contributes to the losses in the energy. To name all the major losses in the vehicle subsystems 

we have the following 

· torque losses in axle bearings 

· torque losses in gearbox due to  

- acceleration and rotational inertia 

- friction of turning gears 

· torque loss in torque coupler 

· power losses in motor and generator 

· losses due to internal resistance of energy storage system (battery) 

· inertial losses, accessory loads and heat dissipation in fuel converter (engine)  

· losses in power electronics 

The list of important performance limits for the vehicle subsystem are as follows. 

· Limiting value for tire slip 

· Speed limit, torque limit and current limit in the motor  

· Limiting Discharge power in the battery 

· Torque limit and current limit in the generator  

· Engine performance limits 
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While modeling the Hybrid Electric Vehicle that can estimate fuel consumption, one has to 

consider all of these losses and performance limits. 

2.2. Modeling tools and methods used 

2.2.1. Implemented modeling methodology 

A Quasi-static Backward looking approach is implemented in the present work. This 

approach require a test cycle to be prescribed in advance.  

Average operating point approach 

 This method is used for a first preliminary estimation of the fuel consumption of a 

road vehicle. In this method the idea is to lump the entire envelope of all engine operating 

points into a single representative average operating point and to compute the fuel 

consumption of the propulsion system. Once the velocity profile is prescribed, the mean 

tractive force 789:;<is calculated as follows. 

 =>?@AB =  
1
CDEF

qG H(I) q J(K)LM
NOPQRS

  (2.8) 

   
where TUVW =  X Y(Z)[\]^_`

a  is the total distance of cycle and bcde is the set of all time 

intervals where fg(h) > 0,i.e., those parts of the cycle in which the vehicle drives in traction 

mode. Once I have the force I follow the method discussed in section 2.1.1 to determine the 

power and energy requirements and hence the fuel consumption.[3] 

Quasi-static approach 

 The Quasi-static Backward looking approach Fig. 2.3 retains the sequential nature of 

the driving cycle and does not lump all the cycle into a single operating point, but it is based 

on the assumption that the prescribed driving cycle is followed exactly or nearly the same by 

the vehicle. The driving cycle is subdivided in small time intervals (typically of 1 s), during 

which the average operating point approach is applied, assuming that speed, torque, and 

acceleration remain constant. Most of the powertrain components are modeled using an 

efficiency map, a power loss map, or a fuel consumption map: these give a relation between 

the losses in the component and the present operating conditions, averaged during the desired 

time interval.[3] 
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Let us consider the following 

 ijk(l) = speed request from the drive cycle at time m.  

 nopqr(s r tu) = speed available from the vehicle at time v r tw 

During the time interval tx = (y) r (z r t{) I consider the average operating point to 

calculate the speed and acceleration requested from the vehicle. Therefore I request an 

average speed |,}~�( )and acceleration !"#$%(&) as follows 

 ',()*(+) =
,-.(/) + 012(3 r t4)

2
 (2.9) 

   
 

 56789(:) =
;<=(>)r ?@A(B r tC)

2
 (2.10) 

   
 

The vehicle can then move forward at an average speed D,EFGH(I). The value of this speed 

available from the vehicle might be equal to what has been requested J,KLM(N) or less based on 

the vehicle performance capabilities.  

To calculate the speed available at the beginning of next time step tP = (Q + tS) r (T), I 

proceed as follows. 

 UVWXY(Z) = 2 q [,\]^_(`) r abcde(f r tg) (2.11) 

   
 

 h,ijk(l + tm) =
nop(q + tr) + stuvw(x)

2
 (2.12) 

   
 

 yz{|}(~ + t�) =
 !"(# + t$)r %&'()(*)

2
 (2.13) 
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Therefore +,,-.(/ + t1) is the average speed 23456(7 + t9) is the acceleration required from 

the vehicle at time t; = (< + t>)r (?). In this way I always operate at an average speed 

request from the vehicle at any time interval tA. This method also allows us to smoothen 

sudden peaks in the speed request due to averaging.  

2.2.2. Modeling assumptions 

 Vehicles and their environment are complex systems and apparently, no model can 

describe accurately the entire vehicle behavior, including its surrounding environment, in any 

situation. Nevertheless, models are of great help when developing control strategy. Following 

assumptions and approximations are made in this thesis. 

· Quasi-static maps can be used to describe the process of energy conversion in the ICE 

and the electric machine. It is expected that on a time-scale of seconds and minutes, as 

used by the models in this thesis, their dynamical behavior can be represented 

accurately with a quasi-static map. 

· Thermal effects of the ICE are excluded from the engine model. All driving cycles 

start with a pre-heated ICE, and engine stop/start has a negligible effect on engine 

temperature, because of its short duration. 

· The ICE requires no extra fuel during the cranking phase. 

· Gear shift time is not considered. 

· The power required from accessories is considered to be constant. 

· The thermal effects in motor are not considered. 

2.3. Component realization 

 The most important components of a specific HEV that make it different from other 

HEVs are the engine, motor, generator, battery and the vehicle configuration itself. As 

discussed earlier there are several possible HEV configurations. The most frequent among 

them are Series HEV, Parallel HEV and Combined HEV. The models that already have 

entered mass production or that are considered reasonably ready for the market are of the 

series-parallel type, preferably with a planetary gear set as a torque coupler, and some parallel 

hybrids. 

 The combined hybrids (Nissan Tino, Toyota Prius, Fiat Multipla Ibrida, Ford Escape) 

and parallel hybrids (Audi Duo, Citroen Xsara Dynactive, Honda Insight, Honda Civic 
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Hybrid) are characterized by very different degree of hybridization (the ratio between the 

electric motor power and the engine power) ranging from 15% to 55% or more. Those 

concepts showing a lower degree of hybridization are often regarded as mild hybrids, even 

though their architecture is the same as that of full parallel hybrids. True mild hybrids are 

also demonstrated (GM precept, Dodge Intrepid, Toyota Crown, Saturn Vue, Honda Accord 

Hybrid). These vehicles have a low degree of hybridization (2-15%), with an electric system 

that is mainly aimed at implementing a stop-and-go concept. 

 Usually gasoline engines, permanent-magnet synchronous AC (brushless DC) 

motor/generator, and nickel-metal hybrid batteries are used, though there are a few models 

equipped with a Diesel engine or an asynchronous AC motor or a lithium-ion battery. Also 

often used are continuously variable transmission (CVT). In combined hybrids, the power 

flow is regulated by a planetary gear set or by some clutching mechanism. Parallel hybrids 

realize the mechanical coupling with separate axles or directly on the same transmission 

shaft. 

 Only few examples of series hybrids are demonstrated by major car manufacturers, 

usually as an improvement (range extender) of some older purely electric vehicles.[3] 
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2.4. Modeling Powertrain components 

 Fig. 2.4 shows the schematic view of the power flow between various subsystems of 

Series Hybrid Electric Vehicle. Modeling of the subsystems of HEV is done in a modular 

fashion and connected through the leads representing the power flow between the adjacent 

components.  

 The power flow starts with the leftmost subsystem Drive Cycle which provides the 

speed that is expected from the vehicle and is sent backwards to the upstream components. 

This is where the required linear speed versus time data is input to the simulation.  

 The subsystem vehicle includes no drivetrain performance limits, and 

straightforwardly uses the required linear speed to compute the average tractive force 

required to move the vehicle forward and average speed required over the time step.  

 The subsystem Wheel and Axle then transforms this force and linear speed into torque 

and rotational speed required from the upstream components. Also it includes the effect of 

tire slip. The subsystem Final Drive then converts the required torque and rotational speed 

using gear ratio, torque losses and effect of inertia. The Gearbox then converts the required 

torque and rotational speed using gear reduction, loss data and rotational inertia in the 

gearbox. The afore mentioned components are common to both Series and Parallel HEVs.  

 The torque and rotational speed requirement from the gearbox is then converted to 

required electric power from the upstream components by the subsystem Motor using loss 

data, rotational inertia and also limits these values using performance limits. The subsystem 

Electric Accessories augments the power to account for electrically driven accessories in the 

vehicle. A powerbus is needed to power the electric accessories. Powerbus requires power 

from (or distribute power to) the generator and takes the balance from the battery. So this 

component takes the power requested from the downstream subsystems and sends it as it is to 

the control strategy and requests the power from battery.  

 The Control Strategy provides the logic to control the power distribution between 

energy sources and send the torque and speed requirements from the Engine. The Engine then 

calculates the torque and speed at which it can operate and also calculates fuel consumption 

and emissions. This available power from the Engine and Battery is sent back to the 

subsystem of the vehicle in exactly the opposite direction (Forward direction). At each 

subsystem the losses are now subtracted from the subsystems which are added while moving
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Fig. 2.4. Schematic view of power flow in series Hybrid Electric Vehicle 
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in the backward direction. Finally the component Vehicle calculates the available linear speed 

from the vehicle. The following sections describe the background and modeling approach of 

each subsystem of the vehicle.    

2.4.1. Fuel converter 

 The fuel converter is power source for the vehicle. In the case of an Internal 

Combustion Engine (ICE), it is the device that converts the fuel into useable energy 

(mechanical shaft work) for the drivetrain. It can be incorporated into various vehicle 

configurations including, series, parallel, and conventional vehicles. 

Purpose of ICE 

 The internal combustion engine is a vehicle subsystem in which the combustion of a 

fossil fuel occurs with an oxidizer (usually air) in a combustion chamber. In an internal 

combustion engine the expansion of the high temperature and pressure gases, which are 

produced by the combustion, directly applies force to component of the engine, such as the 

pistons or turbine blades or a nozzle, and by moving it over a distance, generates useful 

mechanical energy. 

Working principle 

 The working principle of a 4-stroke gasoline engine is shown in Fig. 2.5. As the name 

implies, operation of four stroke internal combustion engines have four basic steps that repeat 

with every two revolutions of the engine.[22,23,21] 

 

Fig. 2.5. Working principle of a 4-stroke gasoline engine 
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