International Journal of Engineering and Management Sciences (IJEMS) Vol. 5. (2020). No. 2
DOI: 10.21791/1JEMS.2020.2.29.

Review of Modern Vehicle Powertrains and Their
Modelling and Simulation in MATLAB/Simulink

A. SZANTO!, G. A. SzIK12

1Faculty of Engineering of the University of Debrecen, szanto.attila93@gmail.com
ZFaculty of Engineering of the University of Debrecen, szikig@eng.unideb.hu

Abstract. Thanks to technological advances and environmental standards, as well as changing usage patterns, road
vehicles are constantly developing. Electric and hybrid vehicles are playing an increasingly important role in today’s
road transport. The most significant changes are probably in the powertrain of vehicles. The efficiency of internal
combustion engines increases while their emissions continue to decline. In addition, high performance electric
motors, batteries and even fuel cells play an increasingly important role in hybrid and electric vehicles. In this
publication, we review the drive systems of current modern vehicles and the types and characteristics of their major
components. We also review the available models and computer programs for their simulation, focusing mainly on
MATLAB/Simulink applications. Based on this, we can develop our own models and simulation programs which will
help us to perform different driving dynamics simulations and to compare the performance, dynamic and energetic
characteristics of these powertrains and their components to each other.

Introduction

Road vehicles have been constantly developing over the last decades. This is particularly true of one of
the base parts of the vehicles, namely the powertrain. The reason for this development is the
utilization of the opportunities provided by the developing technology, which can be used to satisfy
the ever changing needs of users. On the other hand, there are various legal/statutory regulations
aimed at improving traffic safety and reducing air pollution. In addition to vehicles powered by a
conventional internal combustion engine, nowadays, different alternative-driven vehicles are playing
an increasingly important role in road transport. Of the various alternative-driven types the most
prominent are electric and hybrid electric drives, owing to the rapid development of modern batteries,
and electrical and hybrid systems. The range of electric vehicles available today or soon to be
developed is more than 500 km in many cases, while charging time can be reduced to 10-15 minutes
by means of a suitable charger. As a result, these vehicles are becoming more usable, which is
constantly increasing sales while reducing production costs.

At the Faculty of Engineering of Debrecen University, we have long been engaged in the development
and production of various alternative-driven (primarily electric and pneumatic) prototype vehicles
and powertrains. For a more efficient racing, we have developed our own vehicle dynamics simulation
program, which enables to perform vehicle dynamic simulations for each race. This allows us to
optimize the technical parameters of the vehicle and powertrain for competition tasks.
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In the frame of the Thematic Excellence Programme of the Ministry for Innovation and Technology in
Hungary (ED_18-1-2019-0028), within the framework of the (Automotive Industry) thematic
programme of the University of Debrecen we would like to extend this program for the simulation of
road vehicles as well as powertrains. To do so, first of all, it is important to review the current state-of-
the-art vehicle drives, their structure, the operation and types of their main components. In addition,
we summarize the literature on modelling and simulation of each component which can be used to
build our own simulation program.

1. Review of electric powertrains

Electric vehicles of high energy efficiency, low maintenance cost and pollution free operation, are
offering a great alternative to popular conventional Internal Combustion (IC) engine vehicles. Also,
with the advancement in technology, electric vehicle manufacturers can overcome the traditional
drawbacks of electric vehicles, making them more and more suitable for modern day transportation
[1]. As a result, nowadays there are several types of electric motors applied in electric or hybrid
vehicles in every day road transport. In the following, we review the scientific literature about the
above motor types, together with their characteristic parameters and graphs, and also the models and
programs applied to simulate them in MATLAB/Simulink. Additionally, we review the different types
of batteries and fuel cells, which are used to power them. Finally, several types of electric motor drives
and their features in applications for electric (EV) and hybrid electric vehicles (HEV) are reviewed.

1.1 Electric motors

In reference [1] different types of electric motors such as DC Brushed motor (BDC), DC Brushless
motor (BLDC), Induction (Asynchronous) motor (IM), Synchronous motor (SM), Switched Reluctance
motor (SRM) are compared on the basis of certain parameters which should be considered for
selecting a particular motor type for electric vehicle application. Comparison is tabulated for some
parameters. Also, characteristic graphs of different motors are included at some points. In reference
[2] a critical review of the drivelines in all-electric vehicles (EVs) is presented. The motor topologies
that are the best candidates to be used in EVs are also presented. The advantages and disadvantages of
each electric motor type are discussed from a system perspective. A survey of the electric motors used
in commercial EVs is presented. Reference [3] reviews several types of electric motor drives and their
features in applications for electric (EV) and hybrid electric vehicles (HEV). Basic configurations for
EVs and HEVs are introduced. Then the discussion of diverse types of electric motors including DC, IM,
PM, SRM, and SynRM machines is presented. In the following, a systematic review about the modelling
and simulation of the different types of electric motors - applied in electric vehicles - are presented.

DC Brushed motor (BDC)

In reference [4] the modelling of an electric utility vehicle powered by a separately wound DC motor is
discussed. The model using bond-graph techniques to develop a causal model of the vehicle and
development of the appropriate feed-forward and feed-back controllers is required for route
following. The causal model performance is compared to a PSAT model of the same electric vehicle,
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which uses a motor torque-speed curve. Reference [5] deals with the mathematical modelling of a
series wound DC motor, where magnetic nonlinearities play a significant role. Three different models
are presented: a magnetically linear dynamic model and two different types of magnetically nonlinear
dynamic models. Each model has been evaluated on the basis of results obtained by simulations and
results of measurements conducted on a tested motor.

The objective of reference [6] is to assess the use of a series DC motor in an electric car with its
rotation speed controller, and to evaluate its performances in different running cases of the electric car
applying different loads. The mathematical equations model of a series DC motor and an electronic
inverter in dynamic state with reference frame d - q were considered. A computer model of these
equations was implemented using MATLAB/SIMPOWER facilities obtaining a complete model for
motor and controller.

DC Brushless motor (BLDC)

In reference [7] a study about the modelling and simulation of a BLDC motor using MATLAB as tool is
presented. The research explores the performance of a three-phase permanent magnet (PM) motor
which is operating as a brushless DC (BLDC) motor. In reference [8] the modelling and simulation of a
three-phase brushless DC motor (BLDCM) with MATLAB/Simulink is presented. In reference [9] a
three-phase brushless DC motor model is designed and tested under trapezoidal back electromotive
force using MATLAB software. On the other hand, parameters such as Back EMF, current, speed and
torque are evaluated for the designed models of the BLDC motor. In reference [10], based on the
mathematical model of the Brushless DC motor (BLDCM), a novel method of modelling and simulation
for the speed control system of BLDCM with Kalman Filter is presented.

Induction (Asynchronous) motor (IM)

In reference [11] all types of AC drives and their control in common use today is discussed. These
include induction-motor drives, permanent magnet AC drives and switched-reluctance drives.
Encoderless operation of induction-motor drives is also discussed. In reference [12] a generalized
model of the three-phase induction motor and its computer simulation using MATLAB/SIMULINK are
presented. Constructional details of various sub-models for the induction motor are given and their
implementation in SIMULINK is outlined. Direct-online starting of a 7.5-kW induction motor is studied
using the simulation model developed. In reference [13] a step by step Simulink implementation of an
induction machine using dq0 axis transformations of the stator and rotor variables in the arbitrary
reference frame are available. For this purpose, the relevant equations are stated at the beginning, and
then a generalized model of a three-phase induction motor is developed and implemented in an easy
to follow way.

Synchronous motor (SM)

In Reference [14] Section 1 deals with the introduction of a Permanent Magnet Synchronous motor
(PMSM) and how it is evolved from other synchronous motors. Section 2 briefly discusses the types of
PMSM. Section 3 investigates the assumptions in PMSM for modelling PMSM and it derives the
equivalent circuit of PMSM. In Section 4, a permanent magnet synchronous motor drive system is
briefly discussed with each block in the systems described. Section 5 reveals the control techniques of
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PMSM like scalar control, vector control and simulation of PMSM driven by field-oriented control using
fuzzy logic control with space vector modulation to minimize torque ripples. PMSM control with and
without rotor position sensors along with different control techniques for controlling various
parameters of PMSM for different applications is presented in Section 6. Reference [15] proposes two
simulation dynamic models for AC Interior Permanent Magnet Synchronous Motor (IPMSM), and AC
Surface Permanent Magnet Synchronous Motor (SPMSM) with the aid of MATLAB - Simulink. The
modelling procedures are described and simulation results are presented. Reference [16] presents an
implementation of a time efficient powertrain model of electric two-wheelers (e-scooters). The model
consists of an electric motor, power electronics and a Li-ion battery with aging prediction. As a motor
model a Permanent Magnet Synchronous Motor design is used. An empirical aging model for a Lithium
Manganese Oxide cell is presented, which is based on aging measurements. Together, the models
provide an opportunity to evaluate the long-term cell aging behaviour under realistic drive cycles
taking motor effects into account.

Switched Reluctance motor (SRM)

In reference [17] Chapter 3 deals with electrical drives of induction machines. After a short
introduction concerning basic construction variants and general problems of modelling induction
motor drives, mathematical models are developed on the basis of the previously introduced
Lagrange’s method. Chapter 4 deals with the properties and control of brushless DC motor drives with
a permanent magnet excitation (BLDC, PMDC). In the first part, characteristics of contemporary
permanent magnets (PM) that are used in electric motors are presented along with the simplified
ways of their modelling. Chapter 5 is devoted to Switched Reluctance Motor (SRM) drives. Firstly,
nonlinear magnetizing curves of SRM are presented and their importance for motor operation is
discussed. The model presented in the chapter takes these nonlinear characteristics into account
depending on phase current and rotor position angle, but ignores mutual magnetization of phases. In
reference [18] the mathematical model of SRM motor and its working principle are considered. In
addition to this, the Simulink model of switched reluctance motor is designed and tested through
MATLAB/Simulink software. The parameters such as current, flux, inductance, speed and torque are
represented graphically. In references [19] a model for switched reluctance motor is performed by
MATLAB/Simulink. The initial data for SRM modelling is the calculation results of magnetic system run
by finite elements method. In reference [20] the simulation of speed control techniques of switched
reluctance motors (SRM) using Matlab Simulink are presented. Three controllers: P, PI, and PID were
used for simulation and after proper tuning using trial and error, the PID controller gave the best
response in terms of reduction in settling time, elimination of steady-state error and minimization of
speed overshoot.

1.2 Batteries

Batteries in today’s society are so prolific and easy to use that it is easy to dismiss the effect they have
on convenience, comfort, and technological advancement. They have contributed to the development
of the cell-phone industry, portable electronics and computing, robotics, and the electric car industry,
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just to name a few. Without the ability to store energy electrochemically in a battery, many of today’s
advancements would not be possible. [21]

We will focus primarily on the three most common types of batteries applied currently in modern
vehicles. The above mentioned batteries are the lead-acid battery (PbAc), the nickel-metal hydride
battery (NiMH), and the lithium-ion battery (Li-ion). [21]

The most common battery in current vehicles is the lead-acid battery. Lead-acid batteries have their
benefits, and as a result, have been widely adopted for today’s internal combustion engine (ICE)
vehicles, for a specific purpose. Lead-acid batteries have a long shelf-life, they are inexpensive, reliable,
easily recyclable, and they are safe when properly handled and maintained. The lead-acid battery
provides the functions of starting, lighting, and igniting the vehicle’s ICE, cabin, and lighting systems.
[21]
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Figure 1. Specific energy and power of the main battery technologies. [22]

As seen in Figure 1, this technology has low specific energy, typically between 20 and 40 Wh/kg. [23]
A range of 200 km would necessitate about 150 kg of Lithium-ion batteries but more than 500 kg of
lead acid cells with battery electric vehicles (BEV). This is why the lead acid battery is not being
considered for use in future BEVs. [22]

The nickel-metal hydride (NiMH) battery was the next rechargeable battery widely produced for
commercial applications in hybrid electric vehicles (HEV). The costs were around USD 700-800/kWh
[22] and, therefore, less expensive than Li-ion batteries. Ni-MH battery technology is considered a
mature technology, however, it has reached its best potential, both in cost-reduction and
characteristics. As seen in Figure 1, its energy density is between 60 and 80 Wh/kg [22] and is
considered insufficient for the needs of BEVs. [22] The NiMH battery is still being deployed today in
HEVs and plug-in hybrid electric vehicles (PHEVs). PHEVs operate in the same manner as HEVs,
however, they have the additional ability to plug into the electric grid to charge the battery. The NiMH
batteries limited specific energy does constrain the electric-only range of HEVs and PHEVs. [21]
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The next step in the progression of battery technology and its implementation with relation to HEVs,
and battery electric vehicles (BEVs or EVs) was the lithium-ion battery. The limiting factor for vehicles
is size and weight, and as a result, the automotive industry constantly seeks a battery that has a
greater specific energy and energy density to increase the range of electric vehicles, one of consumers
biggest concerns regarding EVs. The Li-ion battery is a step in that direction. The Li-ion battery has a
specific energy of over 200 Whkg-1, and an energy density of 250 Whl-1.

However, it is expensive (more than USD 700/kWh), it presents safety issues (overcharging can cause
fires and destruction) and the energy density is still insufficient to satisfy the needs of the market.
There is a large variety of Lithium-ion chemistries, with different characteristics and degrees of
maturity. [21, 22, 23]

Reference [24] presents an improved and easy-to-use battery dynamic model. The charge and the
discharge dynamics of the battery model are validated experimentally with four batteries types.

Reference [25] presents a comprehensive review and evaluation of various types of electric vehicles
and its associated equipment in a particular battery charger and charging station.

Reference [26, 27, 28] represents the evaluation of ageing parameters in lithium iron phosphate based
batteries, through investigating different current rates, working temperatures and depths of discharge.
From these analyses, one can derive the impact of the working temperature on the battery
performances over its lifetime.

An appropriate model of these batteries is fundamental for the simulation of several processes inside
an EV, such as the state of charge (SoC) estimation, capacity and power fade analysis, lifetime calculus,
or for developing control and optimization strategies. Reference [29] compares and contrasts the
different electrical equivalent circuit models, impedance models, and runtime models for battery-
based EV applications, addressing their characteristics, advantages, disadvantages, and usual
applications in the field of electromobility.

1.3 Fuel cells

The basic principle of the fuel cell was discovered in the year 1838 by Swiss scientist Christian
Friedrich Schonbein. In 1839 Sir William Grove developed the first fuel cell based on reversing the
electrolysis of water by accident. A fuel cell is an energy conversion device that converts the chemical
energy of a reaction directly into electricity with by-product of water and heat. The structure of a
simplified fuel cell is shown in Figure 2. [30]
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Figure 2. Fuel cell operation diagram. [30]

The fuel cell consists of an electrolyte layer in contact with two electrodes on either side. The
hydrogen fuel is fed continuously to anode electrode and the oxidant (or) oxygen from air is fed
continuously to the cathode electrode. At the anode terminal the hydrogen fuel is decomposed into
positive ions and negative ions. The intermediate electrolyte membrane permits only the positive ions
to flow from anode to cathode side and acts as an insulator for electrons. These electrons want to
recombine on the other side of the membrane for the system to become stable, for which the free
electrons move to the cathode side through an external electrical circuit. The recombination of the
positive and negative ions with oxidant takes place at the cathode to form depleted oxidant (or) pure
water. [30] The fuel cells are classified according to the choice of electrolyte and fuel. Presently, six
major different types of fuel cells are available: [30, 31, 32]

 Proton exchange membrane fuel cell (PEMFC):
o Direct formic acid fuel cell (DFAFC);
o Direct Ethanol Fuel Cell (DEFC).
« Alkaline fuel cell (AFC):
o Proton ceramic fuel cell (PCFC);
o Direct borohydride fuel cell (DBFC).
 Phosphoric acid fuel cell (PAFC)
e Molten carbonate fuel cell (MCFC)
« Solid oxide fuel cell (SOFC)
* Direct methanol fuel cell (DMFC)

Polymer Exchange Membrane Fuel Cell: solid polymer membranes are used as the electrolyte in
PEMFCs. The polymer membrane is perfluorosulfonic acid referred to as Nafion. This polymer
membrane is acidic; hence, the ions transported are hydrogen ions or protons. The PEMFC is fuelled
with pure hydrogen, and the oxidant is air or pure oxygen. PEMFCs are low temperature fuel cells that
conduct hydrogen ions (H+), making them non fuel-flexible. These fuel cells are the most widely-used
in the transportation sector because they are low temperature FCs, operating around 80 °C, thus they
have relatively short starting and stopping times. Another advantage to PEMFCs is that they have very
high efficiency and power density in the vehicle engine size class. These features are well-suited to a
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vehicle power source where power density is desired and the dynamic power demands are significant.
Some of the drawbacks to PEMFCs include a higher risk of CO poisoning and that they require cooling.
[30, 31, 32]

The PEMFC in an electric vehicle is taking the role of the internal combustion engine in a HEV, as it is
the driving power source in the FC electric vehicle. Thus far, the PEMFC is the only fuel cell found to be
suitable for automobiles. By pairing PEMFCs with rechargeable batteries, a hybrid vehicle is created
that is competitive with both battery electric and fossil fuel vehicles. The electric motor, the battery,
and the PEMFC are the three interdependent parts of this hybrid vehicle. [32, 33, 34]

There are two primary options for all-electric vehicles: batteries or fuel cells. Reference [35] shows
that for any vehicle range greater than 160 km (100 miles) fuel cells are superior to batteries in terms
of mass, volume, cost, initial greenhouse gas reductions, refuelling time, well-to-wheels energy
efficiency using natural gas or biomass as the source and life cycle costs.

References [36, 37] present a novel approach to fuel cell modelling. The model is developed with the
objective to facilitate the simulation of fuel-cell power systems and requires only few variables from
manufacturer datasheets. These models are generic ones and able to emulate the behaviour of any fuel
cell types fed with hydrogen and air.

Reference [38] investigates the modelling approach based on the Matlab SimPowerSystems Toolbox
(SPS) of a fuel cell electric vehicle (FCEV). The objective of this approach is to increase the accurate
modelling of the power source, the power converter and the load to evaluate the full system
performances since the simulation step.

2. Review of hybrid electric powertrains

Since, HEVs combine the drive powers of an internal combustion engine and an electrical machine,
first we must deal with modern internal combustion engines, and after that the modern hybrid
systems.

2.1 Modern internal combustion engines

The internal combustion engine (ICE) is commonly used on a daily basis. It is of particular interest in
transportation, and hence in the automobile industry. In 1876 the four-stroke cycle, as is known today,
was introduced, in the form of the Otto gas engine. A further configuration should be mentioned in
addition to this first one, specifically the one introduced by Diesel. His patent dates from 1893 and it
was the result of 15 years of work. This engine required a long time to be developed, especially the
injection system. While at present it is well known for its success in the automobile sector, the first
realizations were dedicated to marine transportation, rail transportation, and also to industrial
engines, before it came to conquer the markets of trucks and motor cars. At present, the above-
mentioned two types of engines are very similar. [39]

Piston engines or reciprocating engines (the two terms are often used interchangeably) are by a wide
margin the largest group of thermodynamic heat engines in use around the world. The piston engines
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used for power generation are almost exclusively derived from similar engines designed for motive
applications. Smaller units are normally based on car or truck engines, while larger engines are based
on locomotive or marine engines. The performance of these engines varies. The small engines are
usually cheap because they are mass-produced, but they have relatively low efficiency and short lives.
Larger engines tend to be more expensive, but they will operate for much longer. Large, megawatt-
scale engines are among the most efficient prime movers available, with simple cycle efficiencies
approaching 50%. [40]

Nowadays, major advances have been made, making today’s internal combustion (IC) engine a
technological marvel. However, recently, the reputation of IC engines has been dealt a severe blow by
emission scandals that threaten the ability of this technology to make significant and further
contributions to the reduction of transportation sector emissions. In response, there have been
proposals to replace vehicle IC engines with electric-drives with the intended goals of reducing fuel
consumption and emissions further, and to decrease vehicle greenhouse gas (GHG) emissions.
Certainly, exploring new and competitive engine technologies, as well as new fuels, is important for a
sustainable future for our planet. For the foreseeable future, road and off-road transport will be
characterized by a mix of solutions involving internal combustion engines, battery and hybrid
powertrains, as well as conventional vehicles powered by IC engines. [41]

The current science described in reference [42] suggests that there could be 6-15% improvements in
internal combustion fuel efficiency in the coming decade, although filters to meet emission legislation
reduce these gains. Using these engines as hybrids with electric motors produces a reduction in energy
requirements in a range of 21-28%. [43, 44] Developments beyond the next decade are likely to be
dominated by four topics: emission legislation and emission control, new fuels, improved combustion
and a range of advanced concepts for energy saving. Of the new fuels, non-conventional fossil-derived
fuels are associated with larger greenhouse gas emissions than conventional petroleum-based fuels,
while a vehicle propelled by fuel cells consuming non-renewable hydrogen does not necessarily offer
an improvement in emissions over the best hybrid internal combustion engines. Improved combustion
may be developed for both gasoline and diesel fuels and promises better efficiency as well as lower
noxious emissions without the need for filtering. Finally, four advanced concepts are considered: new
thermodynamic cycles, a Rankine bottoming cycle, electric turbo-compounding and the use of
thermoelectric devices. The latter three all have the common theme of trying to extract energy from
waste heat, which represents about 30% of the energy input to an internal combustion engine.

In reference [45], a comprehensive review of the most common and compromising methods and
technologies (turbocharged and supercharged, direct fuel injection, variable valve timing [46, 47],
variable compression ratio, cooled exhaust gas recirculation, water injection [48], low temperature
combustion, homogeneous charge compression ignition) that can be used to optimize the IC engines
efficiency is represented.

References [49, 50] review various types of fuels including fossil fuels such as gasoline and diesel and
also alternative fuels such as LPG, CNG, Hydrogen, Alcohol, Bio-diesel and P-series fuels. Advantages
and disadvantages of each type of fuels in terms of economics, performances, and environments were
discussed.
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The two major fuels that had been developed and widely used along with the development of the ICEs
and the automotive industries over the past century are gasoline and diesel. The combustion of
gasoline fuel undergoes flame propagation after an initial spark event igniting the homogeneous air-
fuel mixture in SI engines, while the combustion of diesel fuel is driven by the auto-ignition of the fuel
exposed to high temperature gas, heated by compression in CI engines. Despite the long history of a
steady supply chain and the determined position of gasoline and diesel as conventional automotive
fuels in the market, the search for alternative fuels gradually started to emerge back in the 1980s. The
definition of alternative fuels may vary depending on the context. Alternative fuels as those other than
conventional gasoline and diesel fuels cover a wide variety in terms of final forms and manufacturing
sources. For example, ethanol fuel is considered an alternative for SI engines, regardless of its original
source from either conventional crude oil or any renewable biomass. Alternative fuels defined by the
Energy Policy Act (EPAct) also cover a vast amount of non-conventional fuels, including alcohols, such
as ethanol (including blends with gasoline over 85%); natural gas and liquefied fuels domestically
derived from natural gas; liquefied petroleum gas (LPG); coal-derived liquid fuels (CTL); hydrogen
(H2) [51, 52, 53]; biodiesel (B100); fuels, other than alcohol, derived from biological materials; and
fuel that is substantially non-petroleum that yields substantial energy security and environmental
benefits.

Reference [54] analyses and compares two optimized solutions for a HEVs: a spark ignition Internal
Combustion Engine (ICE) based one and Fuel Cell (FC) based one. A mathematical model to simulate
the performance and the energy consumption of the two proposed solutions has been developed using
the WLTP, US06, Highway and Urban driving cycles for the comparison.

References [55, 56, 57, 58] deal with thermodynamic modelling and simulation of internal combustion
engines.

2.2 Hybrid electric systems

The rapid consumption of fossil fuel and increased environmental damage caused by it have given a
strong impetus to the growth and development of fuel-efficient vehicles. Hybrid electric vehicles
(HEVs) have evolved from their inchoate state and are proving to be a promising solution to the
serious existential problem posed to the planet earth. Not only do HEVs provide better fuel economy
and lower emissions satisfying environmental legislations, but also they dampen the effect of rising
fuel prices on consumers. HEVs combine the drive powers of an internal combustion engine and an
electrical machine. The main components of HEVs are energy storage system, motor, bidirectional
converter and maximum power point trackers (MPPT, in case of solar-powered HEVs). The
performance of HEVs greatly depends on these components and its architecture. In references [59, 60,
61, 62, 63, 64] a general review of HEV technology is presented while references [65, 66, 67, 68, 69, 70,
71, 72, 73] deals with the simulation and analysis of HEVs and their components in MATLAB/Simulink

environment.

In reference [59] an extensive review is presented on the essential components used in HEVs such as

their architectures with advantages and disadvantages, choice of bidirectional converter to obtain high

efficiency, combining ultracapacitor with battery to extend the battery life, traction motors’ role and
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their suitability for a particular application. Inclusion of photovoltaic cell in HEVs is a fairly new
concept and has been discussed in detail. Various MPPT techniques used for solar-driven HEVs are
also discussed together with their suitability. In reference [60] the various drives used for the EVs &
HEVs are discussed. The main two types of drive, based on the used supply, DC or AC drive. The AC
drives consisting of three phase permanent magnet synchronous motor (PMSM) is most popular
amongst them. The other widely used drives are three phase Induction motor (IM), Switched
reluctance motor (SRM) and Brushless DC motor (BLDC). These motors are fed by different power
electronic converters such as DC-DC converter, DC- AC converters per the supply requirements.
Reference [61] revises and reviews EMSs that are proposed and developed in the recent years.
Additionally, the Plug-in HEV is discussed in a new perspective from the EMS point of view. The
through-the-road (TtR) HEV within-wheel motors (IWM) is a fairly new concept in the HEV design that
features less complicated configuration with reduced hardware requirements and lower cost. Recent
research findings are evaluated throughout this reference leading to a hypothetical TtR HEV
materialization. A thorough discussion is made encompassing the advantages and disadvantages of the
concept, its performance compared to conventional HEVs and the way forward. In reference [62]
various aspects and techniques of HEV from energy management system (EMS), power conditioning
and propulsion system are explored. Other related fields of HEV such as DC machine and vehicle
system are also included. Various type models and algorithms derived from simulation and
experiment are explained in detail. The performances of the various combination of HEV system are
summarized in table form along with relevant references. The paper provides comprehensive survey
of hybrid electric vehicle on their source combination, models, energy management system (EMS) etc.
developed by various researchers. From the rigorous review, it is observed that the existing
technologies more or less can capable to perform HEV well; however, there liability and the intelligent
systems are still not up to the mark. Accordingly, this review have been lighted many factors,
challenges and problems sustainable next generation hybrid vehicle. In reference [63] the various
architectures of HEV, different methodologies of hybrid vehicle, are focused. The design criteria and
optimization techniques with reference to the driving cycle is also elucidated. The various electric
drives used for HEV are also discussed. Additionally, the different electric propulsion systems are
explained. Reference [64] aims at reviewing the history, the development, and the current scenario of
hybrid electric vehicle (HEV). The paper goes in detail analyzing the origin of HEVs, their growth and
debacle, the current stage of HEVs, and the social and economic impact it can have on the modern
world. The paper also draws light on the future technologies that can be implemented in HEVs which
can hence make Earth greener.

Reference [65] mainly focuses on modeling, simulation, and analysis of a parallel HEV to improve the
fuel economy and reduce the overall emission, as well as enhancing the performance of the HEV by
optimizing the efficiency of the battery pack. Moreover, technical considerations to minimize the
mechanical and electrical power losses, as well as maximizing the energy absorption from the braking
system, are investigated. ADVISOR, which is a MATLAB/Simulink-based software, is used for the
simulation and analysis of the HEV. In reference [66] the series-parallel drivetrain architecture
present in Hybrid Electric Vehicles is studied and modeled in detail using Matlab/Simulink. The
system is composed of two permanent magnet synchronous machines in addition to the internal
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combustion engine all mechanically combined using a power split device. The novelty of this model is
to use exclusively basic Simulink blocks resulting in a less execution time especially advantageous
during implementation. Furthermore, the new modeling approach is focused on optimal control of
both engine and electric machines in wide speed region. The obtained simulation results are proving
the accuracy of the simpler dynamic model and the efficiency of its control. Reference [67] deals with
parallel-hybrid electric vehicles and shows a modelling of electric and parallel-hybrid electric vehicle
using Matlab/Simulink environment which allows us to access different aspects of the vehicle such as
engine power, type and size of the battery or weight and to observe how changes can affect the
performance and the distance travelled. The model was simulated in order to obtain the electric
vehicle's autonomy. Through the use of a Geographic Information System together with a mathematic
algorithm based on genetic algorithms the planning of charging stations was obtained, where the
installation investment cost was minimized and the geographic distribution was improved in order to
increase the quality of the service by improving reliability. In reference [68] a parallel HEV hybrid
controller is developed in the MATLAB/Simulink environment. Using the driver commands, the
battery state of charge and the engine map, a set of efficient rules has been developed to efficiently
split the power between the engine and the motor. In thesis [69] a hybrid vehicle model is created in
MATLAB and ADAMS to demonstrate its fuel economy improvement over a conventional vehicle
system. The hybrid vehicle model utilizes the Honda IMA (Integrated Motor Assist) architecture,
where the electric motor acts as a supplement to the engine torque. The motor unit also acts as a
generator during regenerative braking to recover the otherwise lost kinetic energy. The powertrain
components power output calculation and the control logic were modeled in MATLAB/Simulink, while
the mechanical inertial components were modeled in ADAMS. Communication between MATLAB and
ADAMS was established by ADAMS/Controls. In reference [70] a model for Hybrid electric vehicle
power train has been constructed. The HEV model developed is based on the Honda Integrated Motor
Assist power-train which is utilized by Honda in its all the HEVs. In order to check the accuracy of the
developed MATLAB-SIMULINK HEV model, the simulation is carried out on two different standard
international drive cycles (NYCC,WVU5), and the data is compared with the published data. Three
major performance parameters are compared to validate the developed model: fuel consumed, energy
regenerated and energy consumed. Reference [71] examines the various energy conservation tools
and examines their strengths and weaknesses. Some energy storage systems are designed and
modeled in MATLAB/Simulink. The necessary electrical circuits are included in the hybrid storage
system. Lastly, it presents, model of the hybrid power system (such as the Battery-Superpacator).
Reference [72] presents a research on the energy management system for a specific PHEV. The system
configuration, analysis, model, control strategy, and simulation results are presented in detail.
Recommendations on the directions and areas in which the further research in hybrid vehicle should
be aligned are also be included. Reference [73] presents the modelling, design and power management
of a hybrid energy storage system for a three wheeled light electric vehicle under Indian driving
conditions. The hybrid energy storage system described in this paper is characterized by effective
coupling of Li-ion battery (primary energy source) and ultracapacitor (auxiliary source) interfaced
with an efficient bi-directional converter. A design methodology related to vehicle modelling, choice of
motor rating, converter design, sizing of Li-ion battery and ultracapacitor pack for the Indian driving

cycle are presented. An improved real-time power-split management control strategy is proposed for
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proper power flow control of the hybrid energy storage system under various operating modes.
Simulations are carried out in MATLAB/Simulink environment to verify the effectiveness of the
proposed control strategy with modelled system components of three-wheeled light electric vehicle. A
downscaled experimental prototype is built to validate the power-split between hybrid energy storage
systems.

Summary

In this publication, we have reviewed the drive systems of current modern vehicles and the types and
characteristics of their major components. In the case of electric vehicles, we have reviewed in detail
the types of electric motors used in modern drive systems, as well as the batteries providing the power
source for these motors. In addition, we have summarized information on fuel cells, which can also
provide power for electric motors, with particular reference to the types used in the automotive
industry. Hybrid drive systems, which are becoming more common today, have also been reviewed
and information on modern internal combustion engines has also been summarized. Based on this, we
intend to develop models and simulations of the above-mentioned powertrains, which will help us to
perform different driving dynamics simulations and to compare the performance and characteristics
of these powertrains to each other.
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