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ABSTRACT

Three-wheeler hybrid electric vehicles have become a popular due to their improved fuel
efficiency and reduced emissions. However, these three-wheeler hybrid vehicles present a
unique set of technical specifications and requirements, and the process of training the
drivers and mechanics of these vehicles can be both costly and time-consuming. Thus, in this
thesis, three-wheeler hybrid electric vehicle model is developed using MATLAB Simulink
based on the real-world three-wheeler vehicle specification for parallel mode using SimScape
driveline to simulate their dynamics. The model includes battery, DC-DC converter, electric
motor, combustion engine, gearbox, and vehicle body. The model is developed for 3 kW
engine, AC induction motor of 5 kW, and Lithium-ion battery of 48 V. The model is
simulated for accelerate and decelerate condition for 3600 seconds run time. The model has
the ability to simulate the shaft speed of both the combustion engine and electric motor,
power of battery and engine, electrical losses of both battery and electric motor. Therefore, in
parallel mode hybrid electric vehicle model, the vehicle speed and engine power have inverse
relation, and the vehicle speed and battery or motor power have direct relation. Moreover, as
the vehicle speed increases by 4.63%, the battery power increases by 127%. Whereas, as the
vehicle speed increases by 4.63%, the engine power decreases by 25.8%. Furthermore, as the
vehicle speed increases total electrical loss increases. Whereas, as the vehicle speed
decreases total electrical loss decreases. This indicates the electrical power loss of battery and

motor for hybrid electric vehicle is more in acceleration than deceleration.

Keywords: Hybrid electric, SimScape, Simulink, Three-wheeler, Vehicle.
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CHAPTER ONE
1. INTRODUCTION

1.1. Background

Three-wheelers vehicles are a type of vehicle that has three wheels instead of four. They are
often used in developing countries, as they are relatively inexpensive to purchase and
operate. Figure 1.1 shows typical three-wheeler vehicle used in Ethiopia. Three-wheelers can
also be used in urban areas, as they are smaller and more maneuverable than cars (Shaha and
Uddin, 2014). They can be powered by a variety of engines, including gasoline, diesel, and
electric. In addition, nowadays, hybrid electric vehicles are becoming popular for three-
wheelers (Alemayehu and Nallamothu, 2017; Brady, 2022).

Three-wheeler hybrid vehicles have gained significant attention as a potential solution to
address urban transportation challenges (Mulhall et al., 2010). Hybrid electric vehicles
(HEVs) combines an internal combustion engine (ICE) with one or more electric motors.
This combination allows HEVs to achieve better fuel economy and emissions than
conventional gasoline-powered vehicles. HEVs are becoming increasingly popular, as
governments and consumers look for ways to reduce their environmental impact (Alemayehu
and Nallamothu, 2017; Montaleza et al., 2021).

Hybrid powertrains can be classified into three main categories: series, parallel, and power-
split. Each configuration has its own advantages and disadvantages, and the choice of
configuration depends on the specific application and performance requirements (Tansini et
al., 2023). The design of a hybrid powertrain must satisfy various performance criteria,
including vehicle performance metrics and energy consumption. The available options for

powertrain configurations and components must also be considered (Tran et al., 2021).
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Figure 1.1: Three wheeler vehicle (Hambissa et al., 2022)

The combination of a three-wheeler and a hybrid electric powertrain has the potential to
create a very efficient and environmentally friendly vehicle. However, the design and
modeling of such a vehicle is a complex task (Fraikin et al., 2020). It requires a thorough
understanding of various powertrain components and configurations (Tran et al., 2021). As
governments and consumers look for ways to reduce their environmental impact, three-

wheeler hybrid vehicles are likely to become more popular.

Given the unique characteristics of three-wheeler hybrid vehicles, the development of a
specialized model is necessary to accurately model their dynamics and overall performance.
Accurate modeling of the three-wheeler hybrid vehicle's dynamics is essential for a realistic
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simulation. This includes considering factors like suspension, steering, braking systems, and
tire characteristics (Singh et al., 2019).

Powertrain modeling is an important aspect of the design process. MATLAB/Simulink is a
widely used tool for powertrain modeling, and it allows for the modeling of powertrain
components and energy consumption (Tran et al., 2021). Analytical models are commonly
used for energy consumption modeling. These models work based on longitudinal vehicle
dynamics and electric motor losses estimation from available efficiency maps (Miri et al.,
2021). In addition, REVS (Renewable Energy Vehicle simulator) is a simulation and
modeling package developed at the University of Manitoba. It assists in the modeling and
simulation of a series-parallel hybrid electric vehicle (Gao and Emadi, 2016).

Vehicle model simulations play a crucial role in the design and development of new vehicle
prototypes. They allow engineers to conduct virtual testing and experimentation in a
controlled environment, which saves time, cost, and resources compared to traditional
physical testing (Alemayehu and Nallamothu, 2017). Moreover, they help to train operators,
drivers and mechanics to gain enough information and skill about the vehicles. A well-
designed three-wheeler hybrid vehicle model can have diverse applications. It can be utilized
for research and development purposes, evaluating design alternatives, training drivers, and
assessing the impact of different driving and traffic scenarios on vehicle performance and
efficiency (Gao and Emadi, 2016). However, in order to create an accurate vehicle model,
data such as vehicle kinematics, tire characteristics, and powertrain performance are essential

for creating an accurate model (Won, 2021).
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1.2. Statements of the Problem

The demand for energy-efficient and eco-friendly vehicles is rapidly increasing in response
to the challenges of high fuel consumption and environmental pollution. To address this
issue, three-wheeled hybrid vehicles have become a popular alternative due to their improved
fuel efficiency and reduced emissions. However, the lack of an accurate model that
adequately simulates their dynamics and behavior impedes effective real-time testing. Thus,
this study aims to address these limitations by modeling and simulating three-wheeler hybrid

vehicles that can precisely model their dynamics.
1.3. Research Question

This thesis is focused on the following research questions:

= How can a three-wheeler HEV be modeled to accurately model the dynamics of a
three-wheeler hybrid vehicle?

= How can the dynamics of a three-wheeler hybrid electric vehicle be effectively
simulated?

= How to evaluate the effectiveness of the three-wheeler hybrid electric vehicle model?

1.4. Objective
1.4.1. General Objective

The general objective of this thesis is to perform modeling and simulation of three-wheeler

hybrid electric vehicle using MATLAB Simulink SimScape.
1.4.2. Specific Objectives
The specific objectives of this thesis are:

@  To model the dynamics of the three-wheeler hybrid electric vehicle.
= To simulate the dynamics of the three-wheeler hybrid electric vehicle.

= To evaluate the effectiveness of the three-wheeler hybrid electric vehicle model.
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1.5. Scope of the study

The study focuses specifically on the modeling and simulation of three-wheeler hybrid
vehicles. It aims to investigate the technical specifications and requirements of the three-
wheeler hybrid vehicle. The study is limited to the model and software simulation of the
three-wheeler hybrid vehicle. The comprehensive testing and analysis of the model through
software simulation is included, however, manufacturing or fabrication of the physical model

is not included in this thesis.

1.6. Significance of the Study

The significance of this study is that it models and simulate three-wheeler hybrid vehicles
that accurately replicates the behavior and performance of the vehicle under various
conditions. The ultimate goal is to contribute to the development of a safe, functional, and
efficient three-wheeler hybrid vehicle that meets modern transportation needs while
minimizing environmental impact. Moreover, this serves as a valuable tool for researchers
and engineers to optimize the model of three-wheeled hybrid vehicles, reducing the reliance
on physical testing and saving valuable time and resources.

1.7. Limitation of the Study

While the model successfully captures critical aspects such as shaft speed, power dynamics,
and electrical losses, extending the simulation duration could provide a more thorough
understanding of the vehicle's behavior over extended operating periods. Thus, a limitation of
this study lies in the constrained computational resources which restricted the simulation
runtime to 3600 seconds, potentially limiting the comprehensive exploration of long-term
performance and dynamic behaviors of the three-wheeler hybrid electric vehicle model.
Moreover, based on the literatures reviewed, parallel mode driveline is used for the model

development. Hence, the model excludes powertrain driveline comparisons.
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1.8. Organization of the thesis

The thesis is divided into five chapters. Chapter Two is mainly concerned with the reviews
of previous research work, and research gap identified. Chapter Three details research
materials, tools, and methodologies, along with a visual representation of the thesis's flow.
Moreover, it includes the process followed to model and simulate three-wheeler hybrid
electric vehicles. Chapters Four compares and discusses the results from the previous
chapters, in the forms of charts and figures. Finally, Chapter Five offer conclusions and
recommendations based on the results and findings. Furthermore, a list of references and

supplementary appendices are included in the document.
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CHAPTER TWO
2. LITERATURE REVIEW

2.1. Hybrid Vehicle Technology

The power of the internal combustion engine (ICE) is combined with an electric motor and
battery in the hybrid electric vehicles (HEVs). They are becoming popular due to their
reduced emissions and fuel efficiency. Other components of HEVs include regenerative
braking, which captures and stores the energy normally lost during braking and it stores it in
the battery. And power electronics is used to control the flow of energy between the electric
motor, battery, and ICE (Montaleza et al., 2021).

There are three primary types of hybrid vehicle technologies. These are, Series hybrids,
Parallel hybrids, and Series-Parallel hybrids (Montaleza et al., 2021). In parallel hybrid
vehicles, both the electric motor and the internal combustion engine are connected to the
transmission and propel the vehicle. In contrast, series hybrid vehicles use the electric motor
to propel the vehicle, and the internal combustion engine generates electricity to power the
electric motor. Series-Parallel hybrids combine elements from both series and parallel

configurations (Singh et al., 2019).

HEVs offer several advantages over traditional vehicles, including improved fuel efficiency
and reduced emissions. HEVs achieve better fuel efficiency by using the electric motor to
supplement the ICE, reducing the amount of fuel needed to power the vehicle (Taylor, 2001).
Regenerative braking also helps to improve fuel efficiency by capturing energy that would
normally be lost during braking (Tran et al., 2021). HEVs also produce fewer emissions than
traditional vehicles, as the electric motor produces no emissions and the ICE is used more
efficiently (Veintimilla Porléan, 2016).

However, hybrid vehicles are more expensive to purchase compared to traditional vehicles
due to the complexity of the hybrid system (Northcott, 2007). In addition, the battery pack

may require replacement after a certain period due to wear and tear, adding to the
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maintenance costs of the vehicle (Vasiljevic et al., 2012). Moreover, hybrid vehicles may not
be suitable for long-distance driving due to the limited electric-only range of the battery pack
(Miri et al., 2021).

Drivetrains in HEVs mainly include parallel, series, and power split designs. HEVs can be
classified into six categories. These are parallel, mild/micro parallel, series, combined, power
split, and through-the-road (TTR) hybrids. In series HEVs, the power sources supply
electrical energy to the DC bus, which is then converted to traction power (Singh et al.,
2019).

Fuel tank — IC engine

l

Generator
]

1 | Power converter S
. Electric
Battery H (electric coupler)
motor

Figure 2.1: Architecture of Series hybrid electric vehicle (Singh et al., 2019)

Transmission

Fuel tank | IC engine

Electric
Battery Power
converter motor

Figure 2.2: Architecture of Parallel hybrid electric vehicle (Singh et al., 2019)

Mech. coupler
Transmission

In parallel HEVs, the traction power can be supplied by the engine, electric motor, or both
sources together. The electric motor (EM) is used for regenerative braking to charge the
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hybrid energy storage system (HESS). Parallel mild HEVs offer a good balance between

vehicle cost and performance (Singh et al., 2019).

Fuel tank  IC engine

Mech. coupler

Power
converter

Generator

‘ Battery

Electric motor ‘_

Transmission

Figure 2.3: Architecture of Series — Parallel hybrid electric vehicle (Singh et al., 2019)

Complex hybrids combine features of both parallel and series architectures, with

bidirectional power flow in the motor (Singh et al.

, 2019).

Fuel tank H IC engine H

Mech. coupler |—

Power converter |~ —_—

Generator/
motor

Battery 1| Power

L Electric
| motor |

. (electric coupler) converter motor

Transmission

+

Figure 2.4: Architecture of Complex hybrid electric vehicle (Singh et al., 2019)

Plug-in HEVs (PHEVSs) have a similar architecture to HEVs but with a larger onboard battery

and more complex control strategies for charge sustaining (CS) and charge depletion (CD)

modes. Solar-driven HEVs (PVHEVs) have an additional photovoltaic (PV) panel to charge

the battery during sunny days, with maximum power point tracker (MPPT) algorithms used

to maximize PV power extraction (Singh et al., 2019).
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IC engine +~--—-—-—-—

|

|

|
|

Charge port —— Battery pack - Transmission

PV panel

—— Electrical connection

e e

Sensor connection

- s \{cchanical connection

Figure 2.5: Architecture of Plug-in hybrid electric vehicle (Singh et al., 2019)

An Internal combustion engine (ICE) is defined as the machine that converts the chemical
energy generated through combustion of a certain fuel, into a mechanical energy that is used
to derive a certain vehicle. ICE in the three wheelers can be either two stroke or four stroke
depending on the intended use of the vehicle and the budget of the buyer. Two-stroke engines
are generally less expensive and have a simpler design, but they are also less fuel-efficient
and produce more emissions. Four-stroke engines are more expensive and have a more
complex design, but they are more fuel-efficient and produce lower emissions. Thus, the
four-stroke engines are becoming more popular due to their better fuel efficiency and lower
emissions (George, 2023). On the other hand, three wheelers use the Otto cycle. The Otto

cycle is an ICE thermodynamic cycle that is used in gasoline engines.

Otto cycle is the typical cycle for most of the cars ICEs that work using gasoline as a fuel. It
consists of the same four major steps: Intake, compression, ignition and exhaust. The Otto
cycle is a suitable for three-wheelers due to its efficiency, affordability, and ease of
maintenance (Mulhall et al., 2009).
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Exhaust

V = Volume constant volume process
p = pressure

adiabatic process
Combustion Process -

Power Stroke

Heat Rejection

Compression Stroke — 1

Intake Stroke Exhaust Stroke Exhaust

(d)

Intake Compression
v (a) (b)

Figure 2.6: Working of the Otto cycle (Alemayehu and Nallamothu, 2017; NASA, 2020)

The electric motor is a crucial component in hybrid electric vehicles (HEVS), serving
multiple functions to optimize efficiency. At lower speeds, it powers the HEV and provides
additional assistance to the ICE when more power is required. Moreover, the electric motor
can function as a generator, converting energy from the engine or regenerative braking into
electricity, which is stored in the vehicle's battery (Alemayehu and Nallamothu, 2017). This
unique capability is achieved by applying a resistive force to the drivetrain, causing the
wheels to slow down. As the wheels decelerate, they turn the electric motor, transforming it
into a generator and converting what would normally be wasted energy during coasting and
braking into usable electricity (Singh et al., 2019).

Compared to ICEs, electric motors are simpler and significantly more efficient. HEVs
demand high torque at low speeds for acceleration, followed by decreasing torque as cruising
speed is reached (United States Department of Commerce, 1993). Electric motors deliver
maximum torque at low speeds, with torque diminishing as speed increases. In contrast, ICEs
produce minimal torque at low speeds and must accelerate through a majority of their speed
range to achieve maximum torque (Mulhall and Emadi, 2009).

HEV motors must endure frequent start/stop cycles, high rates of acceleration and
deceleration, high-torque low-speed hill climbing, and a wide speed range of operation
(Veintimilla Porlan, 2016). These motors need to exhibit both high power density and a
favorable efficiency map, ensuring high efficiency across various speed and torque ranges.

Additionally, these motors must withstand harsh operating conditions such as high
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temperatures, adverse weather, and constant vibration, as they are installed in mobile
vehicles (Tran et al., 2021). As such, there are four major types of electric motors that are
suitable for HEV applications. They are DC motors, induction motors, Permanent magnet
synchronous motor (PMSM), and switched reluctance motor (SRM) (Alemayehu and
Nallamothu, 2017).

Induction motors, shown in Figure 2.7, are highly favored for HEV propulsion due to their
ruggedness, exceptional reliability, low maintenance requirements, and high efficiency
(Agrawal and Jain, 2021). These motors offer several safety benefits, including de-excitation
during inverter faults. Compared to DC machines, induction motors provide a higher power
density and improved efficiency. They also offer a wide speed range (Fraikin et al., 2020).
Despite the inherent control complexity, the low cost and ruggedness associated with
induction motor drives make them widely accepted in HEV propulsion systems (Alemayehu
and Nallamothu, 2017).

End Shields
Figure 2.7: Schematics of Induction motor (poly technic hub, 2021)

These days, the SRM, shown in Figure 2.8, is becoming popular in HEV applications. These
motors have various advantages such as rugged construction, easier control, outstanding
torque—speed characteristics, and better fault tolerance capability. An SRM is best suited for

the applications where constant power is demanded over a wide operating region. However,
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SRM has several drawbacks such as torque ripple, electromagnetic interference, requirement

of a special convertor topology, and high noise (Singh et al., 2019).

PMSMs, shown in Figure 2.9, prove to be strong contenders to induction motor in HEV

applications. Its benefits include higher power density, lesser heating, and higher efficiency.

That being said, PMSMs, due to armature reaction, suffer from a major drawback of

demagnetization (Singh et al., 2019).
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Figure 2.9: Schematics of Permanent magnet synchronous motor (NIDEC Corporations,
2020)

DC motors have long been a popular choice for electric propulsion due to their mature
technology and simple control. The introduction of solid-state switches enabled the
development of maintenance-free motors known as brushless DC motors. These motors have
gained popularity in recent years due to their declining costs and increasing functionality.
Unlike AC synchronous motors, brushless DC motors incorporate mechanisms to detect the
rotor position or magnetic poles, allowing for precise control through electronic switches
(Alemayehu and Nallamothu, 2017; Singh et al., 2019). Brushless DC Motor are compact in
size and have powerful output. This motor is, thus, suitable as a source of vehicle power
(Alemayehu and Nallamothu, 2017).
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Figure 2.10: Schematics of Brushless DC Motor (NIDEC Corporations, 2020)

The battery is a crucial component of the electric hybrid system in vehicles. It can act as a
primary power source or work in conjunction with other power sources to regulate the supply
of power to the drive train (Sreejith and Rajagopal, 2017). Consequently, the amount of
battery power in an HEV can vary, ranging from a single battery to a pack of interconnected
batteries. Currently, batteries are considered the primary energy source for HEVs due to their
technological maturity and reasonable cost, and this trend is expected to continue in the
foreseeable future (Alemayehu and Nallamothu, 2017).

The size of the batteries must be carefully determined to ensure they store enough energy and
provide sufficient peak power for the vehicle to achieve the desired acceleration performance
and meet appropriate driving cycles (Montaleza et al., 2021; Sanchez-repila et al., 2006).
Batteries play a vital role in HEVs as electrical energy can be drawn from them to power the
electric motor, and they can also recapture energy through regenerative braking (Shaha and
uUddin, 2014). Given the high cost associated with battery energy storage, it is more cost-
effective to rely on the engine as the primary power source for higher loads rather than

increasing the amount of energy storage. Therefore, efforts should focus on enhancing
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existing battery technologies to improve efficiency rather than simply increasing their size
for greater output (Alemayehu and Nallamothu, 2017; Sanchez-repila et al., 2006).

The design of the battery can be optimized for capacity or power but not both, so the
selection of battery cells must align with the intended application. Specific energy is a crucial
parameter for determining the suitability of a battery for achieving the desired driving range,
while specific power is essential for grade ability and acceleration (Montaleza et al., 2021).
Battery capacity is less critical for HEVs as the range can be extended through engine usage.

Therefore, HEV batteries are typically optimized for power (Sanchez-repila et al., 2006).

In a three-wheeled HEV, the transmission system is in responsible for transmitting power
from the engine and/or electric motor to the wheels (Alemayehu and Nallamothu, 2017). The
vehicle's torque and speed are controlled by the transmission system, enabling effective
operation and top performance. It serves as a conduit between the engine and the wheels,
enabling the car to accelerate, slow down, and maintain various speeds as required (Ghorbani
et al., 2007).

The transmission system in three-wheeler HEVs include the transmission control unit, clutch,
gearbox, and differential. The transmission control unit manages the operation of the
transmission system by monitoring various parameters and adjusting gear shifts accordingly.
The clutch controls the connection between the engine or motor and the transmission,
ensuring smooth engagement and disengagement. The gearbox, which contains multiple
gears, enables the driver to select different gear ratios, adjusting torque and speed. The
differential ensures that power is evenly distributed to the wheels, facilitating smooth
cornering. The transmission system in three-wheeler HEVs utilizes planetary gear
mechanisms, including a sun wheel, planetary gears, and a gear ring, to transmit power from

the engine and electric motor to the wheels (Rajamani, 2006).
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Figure 2.11: Typical transmission system for three-wheeler vehicle (Thorat, 2023)

2.2. Three-Wheeler Vehicles

Three-wheeler vehicles, also known as tricycles or trikes are a unique type of vehicle that has
been used for various purposes, including urban mobility, cargo delivery, and recreational
activities. They are typically smaller and lighter than four-wheeled vehicles, and they can be
powered by a variety of engines, including gasoline, diesel, and electric. They were first
produced in the late 1800s as bicycles with one additional wheel, then evolved into
motorized versions in the early 1900s (Brady, 2022). They were initially designed as a
cheaper alternative to cars and motorcycles, and were used primarily for transportation in
rural areas. They offer several advantages over traditional vehicles, including improved

maneuverability, lower cost, and reduced emissions (Hambissa et al., 2022).

Three-wheeler vehicles have unique design and performance characteristics characterized by
their compact size, light weight, and low power output. They are often designed to operate at
low speeds and in congested areas. Additionally, three-wheelers have a narrow track width,

which makes maneuvering in tight spaces easier (Hambissa et al., 2022).
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Three-wheeler vehicles can be classified into several categories based on their design and
purpose. Some common types of three-wheelers include passenger trikes, cargo trikes, and
recreational trikes. Passenger trikes are designed to carry one or more passengers, while
cargo trikes are designed to carry goods. Recreational trikes are designed for leisure

activities, such as cycling or racing (Bako et al., 2019).

Three-wheeler vehicles present unique design challenges, particularly in terms of stability
and weight distribution. The placement of the third wheel can affect the vehicle's stability,
and designers must carefully consider the weight distribution to ensure that the vehicle
remains balanced. Additionally, three-wheelers must comply with different safety regulations
than traditional vehicles, which can add to the design complexity (George, 2023).

Fuel economy, low emissions, and mobility are prioritized in the design of the three-wheeled
hybrid electric vehicle, which has a compact and streamlined shape. It is more suited for
urban environments because it is lighter and smaller than conventional cars (Shaha and
uUddin, 2014). The vehicle's chassis is designed to provide a comfortable driving experience
while housing the electric motor and battery system. It guarantees stability during turns and
braking because to its single front wheel and two back wheels. In addition to providing

balance, this configuration lightens the vehicle's overall weight (Mulhall et al., 2009).

Three-wheeled hybrid electric vehicles prioritize occupants' comfort and ergonomics, with a
standard seating arrangement providing excellent view and control of the vehicle. The weight
distribution is balanced, and the electric motor and battery system are strategically positioned
at the back to improve stability (Gyllendahl and Tran, 2012). Lightweight materials like
aluminum or composites are used to strike a compromise between strength and weight. The
rear wheels stabilize and support the vehicle, while the front wheels are powered by an
electric motor to increase traction. The suspension system has separate systems for each
wheel, enhancing control, comfort, and handling. The brake system combines hydraulic and
regenerative braking, with advanced driver assistance systems, stability control systems, and
anti-lock brake systems improving occupant safety and vehicle stability (Vasiljevic et al.,
2012).
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Despite challenges related to stability and payload capacity, ongoing developments in design
and technology are continuously improving their overall performance and expanding their

applications (Hambissa et al., 2022).
2.3. Vehicle Dynamics and Control

Vehicle dynamics is the study of the motion of vehicles and the forces that affect their
behavior. It includes the study of handling, stability, and maneuverability, as well as the
effects of different road conditions and driving scenarios. The motion of a vehicle is
generated by the steering action, through which the vehicle is capable of independent motion
(Rajamani, 2006). Vehicle dynamics is the study of how vehicles move and respond to
various inputs while control refers to the methods used to govern or manipulate vehicle
behavior (Yang et al., 2013).

The fundamental concepts of vehicle dynamics and control encompass several key elements.
These include mass, moment of inertia, force, moment, suspension, steering system, and
brake system. Mass refers to a vehicle's inertial property, with larger masses making it more
challenging to alter the vehicle's motion. Moment of inertia measures the resistance of a
rotating body to changes in its angular velocity. A greater moment of inertia makes it harder
to change the vehicle's rotational motion. Forces, which can be pushing or pulling actions on
a body, cause acceleration, deceleration, or changes in direction. Moments, on the other
hand, are turning forces that induce rotation in a body. The suspension system, comprised of
springs and dampers, connects the wheels to the vehicle's body. Its purpose is to absorb road
shocks and maintain the vehicle's body level. The steering system allows for control over the
vehicle's direction, usually consisting of a steering wheel, steering column, and steering gear.
Lastly, the brake system is employed to slow down or bring the vehicle to a halt, typically

comprising brake pads and rotors (Rajamani, 2006; Yang et al., 2013).

Vehicle dynamics encompasses several different aspects, including handling, stability, and
maneuverability. Handling refers to a vehicle's ability to change direction smoothly and

responsively, influenced by driver inputs (Yang et al., 2013). Three-wheeler vehicles pose
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unique challenges in terms of handling due to their unconventional design, which can impact
both stability and maneuverability (Hambissa et al., 2022). Stability, on the other hand, refers
to a vehicle's ability to maintain equilibrium in various conditions and resist tipping over
(Yang et al., 2013). Three-wheeler vehicles, especially in situations like high winds or sharp
turns, may be less stable compared to traditional four-wheeled vehicles (Hambissa et al.,
2022). Design considerations such as center of gravity and weight distribution play a vital
role in maintaining stability across different conditions (Yang et al., 2013). Lastly,
maneuverability refers to a vehicle's capability to move through tight spaces and perform
sharp turns (Rajamani, 2006; Yang et al., 2013). Three-wheeler vehicles generally excel in
maneuverability due to their smaller size and lighter weight, making them well-suited for
urban mobility and cargo delivery purposes, where maneuverability is critical (Hambissa et
al., 2022). Modeling techniques, control algorithms, and optimization methods can be used to

simulate and improve the behavior and performance of vehicles (Xu, 2020).

Control algorithms are implemented to govern the actions of vehicles, particularly in
circumstances where direct driver control may not be possible (Jayasundara and Munasinghe,
2009). Various control algorithms exist to regulate vehicle behavior. One such algorithm is
proportional-integral-derivative (PID) control, which, despite its simplicity, can effectively
manage a range of systems, including vehicles. Adaptive control is another type of algorithm
that automatically adjusts its parameters to adapt to system changes. Robust control, on the
other hand, is designed to remain unaffected by disturbances and uncertainties (Agrawal and
Jain, 2021).

Optimization methods are utilized to enhance vehicle performance by optimizing their design
and control parameters. These methods span from simple trial-and-error approaches to more
sophisticated optimization algorithms. In the realm of vehicle dynamics, several common
optimization methods are employed, including genetic algorithms, particle swarm
optimization, and simulated annealing. Genetic algorithms are optimization algorithms

grounded in the principles of natural selection, while particle swarm optimization takes
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inspiration from flock behavior. Additionally, Bayesian optimization serves as another
optimization algorithm used to identify the most suitable parameters (Xu, 2020).

Modeling techniques are utilized to replicate the performance and behavior of vehicles,
ranging from simple mathematical models to intricate computer simulations (Veintimilla
Porlan, 2016). Vehicle dynamics extensively employ various modeling techniques.
Analytical models, numerical models, and experimental models are among the diverse
techniques utilized for simulating vehicle behavior (Tansini et al., 2023). Analytical models
encompass mathematical models that forecast vehicle behavior under diverse circumstances.
Numerical models refer to computer models that simulate vehicle behavior, usually offering
higher accuracy but requiring more computational resources. Experimental models stand as
physical models used to replicate vehicle behavior and are generally the most accurate, yet
the most costly to construct (Sivtoft, 2002).

2.4. Simulation in Venhicle Design

Simulation has become essential in vehicle design and development, allowing engineers to
simulate various configurations and identify design flaws, as well as optimize performance,
fuel efficiency, safety, and reliability (Yang et al., 2013). Vehicle s are an essential tool in
this process and can train drivers and mechanics safely (Roe, 2017). Different models and
simulation methods, including kinematic, dynamic, multi-body, finite element analysis,
computational fluid dynamics, and optimization algorithms, are used to analyze vehicle
dynamics behavior under various conditions such as different road surfaces and scenarios to

optimize vehicle performance and efficiency (Mcwilliams et al., 2017).

Vehicle s can be classified into different types, namely hardware-in-the-loop or software-
based s. Hardware-in-the-loop s employ physical components like engines or transmissions
to replicate the vehicle's behavior, while software-based s use computer models for the same
purpose. Both types have their own set of advantages and disadvantages, and the choice of
depends on specific design and development requirements (Roe, 2017). These s serve various

purposes including research, training, and entertainment, ranging from simple desktop
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simulations to sophisticated full-motion s. They commonly offer features such as realistic
graphics, vehicle dynamics, and the ability to simulate different driving scenarios. However,
it's important to note that these s also have limitations like limited accuracy and availability
(Mcwilliams et al., 2017).

In vehicle design and development, simulation is challenging because it requires accurate
modeling of the vehicle's behavior, but it can be computationally intensive and time-
consuming. Furthermore, simulation results may not always match real-world behavior,

which requires validation and verification (Roe, 2017).

Hybrid vehicle simulation uses different approaches and modeling techniques, ranging from
simple mathematical models to complex computer simulations, to study the behavior and
performance of hybrid vehicles under different conditions (Tansini et al., 2023). Common
models include powertrain, energy management, and regenerative braking modeling.
Validating and verifying the model's accuracy is important, accomplished through
experimental testing, data analysis, and statistical analysis to ensure it accurately represents

the real-world behavior and performance of hybrid vehicles (Tran et al., 2021).

Three-wheeler hybrid vehicle s, ranging from simple desktop to complex full-motion s, have
been developed for research, training, and entertainment purposes. While offering realistic
graphics, dynamics, and different driving scenarios, limitations include limited accuracy and
availability (Mcwilliams et al., 2017). Design considerations include simulation software,
modeling vehicle components, and validation of the model. Validating technigues include
experimental and statistical analysis (Tran et al., 2021). The powertrain, suspension, and tire
models are important aspects of three-wheeler hybrid vehicle design. Model can have various
applications such as vehicle design, performance optimization, and driver training (Roe,
2017).

There are different approaches in hybrid vehicle simulation including system-level,
component-level, and multi-body simulation. The choice of modeling technique depends on

the application of the model and can be used to study the overall performance, individual
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component performance, or dynamic behavior of the vehicle. System-level simulation
considers the entire hybrid vehicle as a single system, providing a simplified understanding
of the overall performance. Component-level simulation models individual components,
allowing for a detailed analysis of each component's impact on the overall performance.
Multi-body simulation represents the vehicle as interacting rigid bodies, and is particularly
useful for studying the vehicle's dynamic behavior (Jayasundara and Munasinghe, 2009).

The design of a three-wheeler hybrid vehicle model depends on the specific application,
including the choice of simulation software, modeling components, and validation methods.
In addition, there are several existing three-wheeler hybrid vehicle s, including the Three-
Wheeler Hybrid Vehicle simulator (THVS), a system-level developed by the University of
Michigan; the Three-Wheeler Hybrid Vehicle Dynamics simulator (THVDS), a component-
level developed by the University of Twente; and the Three-Wheeler Hybrid Vehicle Multi-
Body simulator (THMBMS), a multi-body developed by the Indian Institute of Technology,
Delhi. These s can be used to study the overall performance, individual component
performance, and dynamic behavior of three-wheeler hybrid vehicles, respectively (Sreejith
and Rajagopal, 2017).

The human-machine interface (HMI) is an essential component of vehicle s, as it plays a
crucial role in providing a realistic driving experience and facilitating effective hybrid
vehicle control and experimentation. User-friendly HMIs are essential in vehicle s, as they
allow drivers to interact with the model in a natural and intuitive way. A well-designed HMI
can provide a realistic driving experience, allowing drivers to feel as though they are actually
driving a vehicle (Mcwilliams et al., 2019).

A well-designed HMI can provide drivers with realistic feedback, such as the feel of the
steering wheel and the sound of the engine. Additionally, the HMI can provide drivers with
information about the vehicle's speed, direction, and other important parameters, allowing
them to make informed decisions while driving (Xing et al., 2021).
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2.5. Research gap

The development of HEVs has gained significant momentum due to their potential for
improved fuel efficiency and reduced emissions, particularly in urban environments. Prior
studies have explored various aspects of HEVs and their dynamics, emphasizing the
importance of accurate modeling for performance evaluation and optimization. Simulation
techniques have been widely employed to predict the behavior of HEVs under different
operating conditions, aiding in the design and development process. While extensive research
exists on conventional four-wheeled HEVs, the specific nuances of three-wheeler HEVs
warrant dedicated investigation. However, the specific focus on three-wheeler HEVs
introduces a unique dimension to this research, as it targets a niche segment with distinct

design considerations and operational characteristics.

Despite the growing demand for three-wheeled hybrid vehicles as an energy-efficient and
eco-friendly alternative, there is a lack of an accurate and comprehensive model that
adequately simulates their dynamics and behavior. This knowledge gap hinders effective
real-time testing and training of drivers and mechanics, leading to costly and time-consuming
processes. Therefore, further research is needed to address this limitation by modeling and

simulating three-wheeler hybrid vehicles that can precisely model their dynamics.
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CHAPTER THREE
3. METHODOLOGY

Due to the lack of an accurate model that adequately simulates the dynamics and behavior of
three-wheeler hybrid electric vehicle (HEV), modeling and simulation of three-wheeler
hybrid electric vehicle was performed. The methodology for the modeling and simulation

consists of several steps. Figure 3.1 represents the key procedures followed in this study.
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Figure 3.1: A methodology flowchart
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3.1. Research Design

The sole focus of this thesis is to model and simulate a three-wheeler hybrid electric vehicle
model. The study uses a mixed-methods approach, combining both qualitative and
quantitative methods to study a research problem. In this case, the quantitative methods were
used to collect data on the performance of the three-wheeler HEV using the simulation. The
qualitative methods were used to understand the factors that affect the performance of the
vehicle. Moreover, a simulation-based research design is appropriate. The research design
involves developing a mathematical model of the three-wheeler hybrid electric vehicle,
including its powertrain, energy storage system, and control algorithms. The designed model
was implemented in a simulation software. The model allows for the virtual testing and
evaluation of different control strategies, energy management algorithms, and driving

scenarios.

3.2. Data Collection

Here, in this thesis, relevant data are collected using a mixed-method approach. The approach
consists of document review, and the data collection of vehicle specification.

3.2.1. Document review

Relevant literatures and documents related to three-wheeler vehicles, hybrid electric vehicles
and simulations are comprehensively reviewed. This consists of studying literature on three-
wheeler vehicle components, processes and procedures to model and simulate vehicles. In
addition, various hybrid electric vehicle manufacturers official website and flyers are
consulted. Moreover, MATLAB (Miller, 2023), CarSim (CarSim, 2023) and ADVISOR
(Sahoo, 2021) software official websites are investigated on the processes of modeling
hybrid electric vehicles. The objective is to gather insights from existing data to inform the

research.
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3.2.2. Vehicle Specification

In order to simulate the performance of three-wheeler hybrid vehicle, the specifications of
this vehicle are necessary. Thus, the specifications of the three-wheeler hybrid electric
vehicle like that of geometry of the vehicle, the engine and battery characteristics of the
vehicle is collected from the website of the manufacturer (Vidhya and Mahadevan, 2019).
Hence, the specification shown in Table 3.1 are collected accordingly.

Table 3.1: Specification of the three-wheeler hybrid electric vehicle (Vidhya and Mahadevan,

2019)
S.No. | Parameter Specification
1 Dimensions (LXWxH) 2635mm x 1300mm x 1700
2 Wheelbase 2000mm
3 Ground Clearance 170 mm
4 Vehicle kerb Weight 390 Kg
5 Payload 559 Kg
6 Gross Weight 1085 Kg
7 Engine 3 kW
8 Displacement 470.5 cc
9 Fuel tank capacity 8L
10 Electric Motor 5 kw
11 Motor Type AC Induction Motor
12 Battery Type Lithium-ion
13 Battery Capacity 48 V, 168 — 224 Ah
14 Transmission Direct
15 Seating Capacity 4 persons (with Driver)
16 Max power 6.24 KW @ 3000 rpm
17 Max Torque 24 Nm @ 1800 rpm
18 Gradeability 18%
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19 Clutch Dry, Single plate
20 Max speed (Km/hr) 40
21 Fuel type Hybrid

3.3. Data Analysis

There are two results that can be obtained from the data collection. These are, the
specification of the three-wheeler hybrid electric vehicle, and the performance characteristics

of this vehicle. Hence, these two results are recorded and analyzed accordingly.

3.4. Theoretical Framework of Three-Wheeler Hybrid Vehicles

After determining the technical specification of the three-wheeler hybrid electric vehicle, and
their performance characteristics, the theoretical frameworks of the three-wheeler hybrid
vehicle are generated. This was done by considering various driving conditions so that the

simulation accurately models the vehicle's behavior and dynamics.

A three-wheeled hybrid electric vehicle's powertrain is crucial for achieving the desired
acceleration, top speed, and fuel efficiency. The powertrain is designed for minimal
emissions and high fuel efficiency, and it consists of numerous components, including the

engine, motor, battery, and gearbox (Shaha and Uddin, 2014).

The decision of the size of each component is the initial stage in the design of a HEV.
Internal Combustion Engine (ICE), electric motor (EM), convertor, fuel tank, control board,
and energy storage system are regarded as the most important components of HEV. Proper
component selection would primarily impact the characteristics and performance of the

vehicle. These components can be categorized into three groups (Singh et al., 2019):

= Drivetrains — it physically integrates the engine power source and electric drive.
= Battery or energy storage system (ESS) — it emphasizes the large or modest energy
storage and power capabilities.
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= Control system — is used to instruct electric systems or engine and manages the
Hybrid energy storage system (HESS).

3.4.1. Drivetrains

For this particular model parallel HEV architecture is used. In parallel HEVs, as shown in
Figure 3.2, the traction power can be supplied by the engine, electric motor, or both sources
together. The electric motor (EM) is used for regenerative braking to charge the hybrid
energy storage system (HESS). Parallel mild HEVs offer a good balance between vehicle

cost and performance (Singh et al., 2019).

Fuel tank — IC engine

- Electric
Battery Power .
converter motor

Figure 3.2: Architecture of Parallel hybrid electric vehicle (Singh et al., 2019)
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3.4.2. Internal Combustion Engine

When designing ICE, there are several general considerations to take into account. First and
foremost, engine performance, including power and torque output, must be optimized across
the operating range. Fuel consumption and cost are important factors to consider, aiming for
efficiency and affordability. Engine emission and noise levels should be minimized to meet
environmental regulations and provide a quieter experience. Engine cost and ease of
installation are also important aspects, ensuring that the engine is cost-effective and can be
easily integrated into different applications. Lastly, factors such as maintenance
requirements, durability, and safety should be considered to ensure a reliable and long-lasting
engine (Alemayehu and Nallamothu, 2017; Mulhall et al., 2010).
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In order to determine the internal combustion engine performance, it is necessary to measure
various results and express them in standard engineering terms and parameters, which can be

used as an indicator of performance (Alemayehu and Nallamothu, 2017).

Thus, compression ratio of the Otto cycle engine can be determined from:

r = & Equation 3.1
Ve
. Vs + V. Equation 3.2
7
Where
w1 is the compression ratio,
w I is the engine cylinder total volume,
= I/ is the clearance volume, and
=V is the swept volume.
Then, the thermal efficiency of this cycle can be determined as:
n= w Equation 3.3
Q
Qr—Qo Equation 3.4
T'] =
Q
Equation 3.5
n=1- o |
Q

Where:

w1 is the cycle thermal efficiency,
= W is the work done of the cycle,
= Qq is the heat supplied during the cycle, and

= Q, is the heat rejected from the cycle.
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In the Otto cycle, during the compression and expansion process, there is no heat transfer as
they are estimated to be reversible adiabatic processes. Thus, heat is supplied only during the
combustion assumed to be constant volume process and, heat is rejected only during the

exhaust. It is assumed to be constant volume process.

The mean effective pressure is another parameter used to measure the performance of the
engine, and it is the average pressure acting on the piston during the power stroke. It can be

determined from:

MEP = Equation 3.6

~| =

Where:

= MEP is the mean effective pressure,
= W is the work done of the cycle, and

=V is the swept volume.

Indicated power of the engine is the net power developed actually at the piston face during

the events of mechanical cycle.

p — nNV;(MEP) Equation 3.7
™ 60
p — nNLA(MEP) Equation 3.8
= 7
60

Where:

P, is the indicated power,

N is the speed of the engine in revolutions per minute (rpm),

MEP is the mean effective pressure,

=
=
w I is the swept volume,
=
= L is the stroke length, and
=

A is the area of the piston.
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The actual power output of the engine is less than the indicated power due to the losses due
to friction and heat. The frictional force is the force that opposes the motion of the piston and
crankshaft. It is caused by the friction between the moving parts of the engine. The frictional

power can be then determined from:
P =FN Equation 3.9

Where:

= Py is the frictional power,
w  F is the frictional force, and

@ N is the speed of the engine in revolutions per minute (rpm).

Thus, the mechanical power of the engine can be obtained from:

Ph=P—F Equation 3.10
Where:

= P, isthe mechanical power,
w  P;is the indicated power, and

= Pr is the frictional power.

Brake power is the actual work output of an engine or, the actual available work at the

crankshaft. And, it can be determined from

_ 2nNTg Equation 3.11
FT60

Where:

= Py is the brake power in watts,
= N is the speed of the engine in revolutions per minute (rpm), and
= T is the brake torque in newton-meters (Nm).
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Brake torque is one of an engine performance parameter which determine how hard the

engine can work across the engine speed range.

. 60Pg Equation 3.12
57 2nN

Where:

= T is the brake torque in newton-meters (Nm),
w  Pg is the brake power in watts, and

= N is the speed of the engine in revolutions per minute (rpm).

Engines used in an hybrid electric vehicles (HEV) are typically smaller than that of a
conventional vehicle of the same size, and the size selected depends on the total power needs
of the vehicle (Alemayehu and Nallamothu, 2017). The engine in a three-wheeler hybrid
electric vehicle works in tandem with an electric motor. The ICE is the primary source of
power for the vehicle, and the electric motor is the secondary source of power (Shaha and
Uddin, 2014).

3.4.3. Electric Motor

For electric motor, the torque can be determined from:

T = Kiln Equation 3.13
dw Equation 3.14
fm = m g

T, is the output torque of the motor,

K; is the constant value of the torque,

=
=
= ‘;—‘: is the angular acceleration of the motor,
w i, isthe input current, and

=

I, 1s the motor inertia.
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3.4.4. Battery

Given the diverse range of HEV configurations and performance requirements, a wide
variety of batteries is needed. For the Parallel Hybrid configuration, the load of the electric
motor load can range from zero to 100% based on design goals and operating conditions. The
capacity of the battery for HEVs can be as low as 2 kWh, but it must be capable of delivering
short-duration boost power, demanding high currents of up to 40A for acceleration, cruising
and hill climbing. Key considerations in battery design include capacity, discharge
characteristics, and safety (Alemayehu and Nallamothu, 2017). Traditionally, higher power
and capacity is associated with increased size and weight, while the dynamic response of
electrical components in extracting or supplying energy to the battery is determined by
discharge characteristics. Various types of batteries are currently being utilized or developed
for use in HEVsS, reflecting the ongoing advancements in battery technology (Montaleza et
al., 2021; Sanchez-repila et al., 2006). The most common use batteries in HEV are given in
Table 3.2.

Table 3.2: HEV Battery types along with their common characteristics (Alemayehu and
Nallamothu, 2017; Sanchez-repila et al., 2006)

S.No. | Battery type Max. energy | Max. power density | Cycle life
density (Wh/kg) (W/kg)

1 Lead-Acid 35 150 200 - 400

2 Advanced Lead-Acid 45 250 500 — 800

3 Nickel-Cadmium 50 200 | 1000 — 2000

4 Nickel-metal Hydride 70 200 600 — 1500

5 Lithium-ion 120 - 150 120 -150 | 400 - 1200

There are two factors that determine size of the battery pack in a HEV. First, motor peak
power should be delivered by the battery pack. Then, the battery energy should meet the
requirement of keeping battery state of charge within a specified limit in case of charge

sustainable HEVs. Whereas, the size of the battery pack depends on the vehicle range
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specification for charge depleting HEVs. HEV batteries operate momentarily and share
similarity with a starter battery by applying short power bursts for acceleration rather than
long, continuous discharges as with the EV. Under normal condition and use, a parallel HEV
consumes less than 2% of the available battery capacity per kilometer. HEV battery still
works well with less than half the original capacity, capacity fade goes unnoticed, and an
(Alemayehu and Nallamothu, 2017).

The motor power is only delivered by the battery during the positive motor power demand,

such as cruising and acceleration. The power out of the battery is given by:

Protor Equation 3.15

P Battery —
r]Batterynmotor

Where:

Pgattery 1S the battery power,

=

= Pooror 1S the power of electric motor,

= Tpareery IS the discharging efficiency of the battery, and
=

Nmotor 1S the efficiency of electric motor.
3.4.5. Transmission

The most common type of transmission in the three-wheeler HEVs is the manual
transmission, where the driver manually operates the clutch and shifts gears (Wagner, 2018).
This type provides a high level of control but requires the driver's intervention. Another
option is the automatic transmission, which eliminates the need for manual gear shifting by
employing a torque converter or a dual-clutch mechanism. Automatic transmissions offer
convenience and smooth gear changes, making them suitable for urban driving conditions
(Roe, 2017). In terms of transmission level, three-wheeler HEVs can have either single-speed
or multi-speed transmissions (Mulhall et al., 2010). Single-speed transmissions, also known
as direct-drive transmissions, have a fixed gear ratio, allowing the vehicle to operate
efficiently within a specific speed range. On the other hand, multi-speed transmissions offer

multiple gear ratios, enabling the vehicle to operate optimally across a wider range of speeds.
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Multi-speed transmissions provide better acceleration and fuel efficiency, particularly in
situations that require frequent speed changes, such as uphill climbs or overtaking maneuvers
(Xu, 2020).

3.4.6. Energy management

A three-wheeled hybrid electric vehicles (HEVS) energy management system (EMS) is
crucial to maximize fuel efficiency and reduce pollutants. The EMS controls the flow of
energy between the engine, electric motor, and battery pack to optimize energy distribution
based on driving conditions, power demands, and storage requirements (Miri et al., 2021).
The EMS can optimize power generation by using the engine when it is most efficient and
maximize power regeneration by using the electric motor during braking (Jayasundara and
Munasinghe, 2009).

Regenerative braking is a key feature in three-wheeler HEVs that significantly improves
energy efficiency, especially in urban driving conditions with frequent braking. By
converting the Kkinetic energy into electrical energy that is stored in the battery pack for future
use, the electric motor acts as a generator (Sanchez-repila et al., 2006). The challenges of
managing energy in a three-wheeler HEV include the cost of battery packs, limited driving
range of electric vehicles, and the complexity of control algorithms. However, advancements
in battery management systems, precise control over the electric motor, optimal energy
recovery during regenerative braking, and predictive energy management algorithms are
helping to address these challenges and improve overall energy efficiency and vehicle

performance (Montaleza et al., 2021).
3.5. Modeling of the Three-Wheeler Hybrid Vehicle

After the size, shape and performance characteristics of the model are obtained through data
collection, the software modeling was performed. There are various software that can
perform the intended simulation on the three-wheeler hybrid electric vehicle, as discussed in
(Alemayehu and Nallamothu, 2017). Among these, MATLAB (Miller, 2023), CarSim
(CarSim, 2023) and ADVISOR (Sahoo, 2021) software are usually considered for modeling
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and simulation of the vehicle. And for this thesis, MATLAB Simulink SimScape drive line is
selected for modeling and simulation of the three-wheeler hybrid electric vehicle.

Modeling of the three-wheeler hybrid vehicle is performed using MATLAB Simulink based
on SimScape Driveline. The modeling is performed considering parallel mode. The model
includes seven basic subsystem modeling, as shown in Figure 3.3. These are: Battery
modeling, DC-DC Converter modeling, Electric Motor Modeling, Engine Modeling, gearbox
modeling, Vehicle body modeling, and simulating the model. The detail procedures followed

in each modeling steps are discussed below.

Front Wheel

Vehicle Body

Left Rear Right Rear
‘Wheel Wheel

Batter DC-DC = Electric
| '.V|-$ Converter ¢ g Motor
M@— Gear Box Combustion

<= Engine

Figure 3.3: The general layout of hybrid electric three-wheeler vehicle
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3.5.1.Vehicle Body Modeling

Vehicle body generally consists of a body mass, axles, hub and wheels and tires. Vehicle
body modeling in SimScape represents a vehicle body in longitudinal motion. The model
consists of four basic components such as vehicle body mass, front tire, and two rear tires, as

shown in Figure 3.4.
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Figure 3.4: Three-wheeler vehicle body modeling in SimScape

The block of vehicle body mass accounts for aerodynamic drag, the body mass, inclination of
the road, and distribution of the weight between axles due to acceleration and road profile the

vehicle, as shown in Figure 3.5.
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Figure 3.5: Vehicle body mass block modeling in SimScape
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It generally consists of six connection ports. These are:

= Connection H is the conserving port of the mechanical translational associated with
the horizontal motion of the vehicle body. The resulting traction motion tires
developed should be connected to this port.

Connection V is vehicle velocity physical signal output port.

Connection NF is front normal wheel force physical signal output port.

Connection NR is rear normal wheel force physical signal output port.

Connection W corresponding to headwind speed physical signal input port.

oy W ¥

Connection beta corresponding to road inclination angle physical signal input port.

Hence, accordingly, vehicle body mass is modeled based on the vehicle specification given

in Table 3.1, as shown in Figure 3.6.

Vehide Body B auto Apply @
Settings Description
* Main
» Mass 1085 kg w
» Mumber of wheels per axle 2
» Herizontal distance from CG to front axle 1635 m -
# Horizontal distance from CG torear axle 1 m W
# CG height above ground 05 m e
Externally-defined additional mass Off e
» Gravitational acceleration 9.81 mys 2 -
Megative normal force warning Off o
* Drag
» Frontal area 2.21 mh 2 e
» Drag coefficient 015
> Air density 1.18 kg/m™ 3 -

Figure 3.6: Vehicle body block parameters
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The tires are modeled in SimScape based on the magic formula. It represents the longitudinal
behavior of a highway tire characterized by the tire magic formula. It generally consists of

four connection ports, as shown Figure 3.7. These are:

= Connection A is the conserving port of mechanical rotational for the wheel axle.

@  Connection H is the conserving port of mechanical translational for the wheel hub
through which the developed trust by the tire is applied to the vehicle.

= Connection N is a physical signal input port that applies the normal force acting on
the tire. If the force acts downwards, it is considered positive.

w  Connection S indicates a physical output port of the tire slip.

Figure 3.7: Tire block modeling in SimScape

Hence, accordingly, tires are modeled as shown in Figure 3.8 and Figure 3.9, based on the

vehicle specification given in Table 3.1.

Tire (Magic Formula) @ sutobpply @

Settings Description

~ Main
Tire Front Parameterize by Peak longitudinal force and corresponding slip e
> Rated vertical load 3000 M ~
> Peak longitudinal force at rated load 3500 N e

» Slip at peak force at rated load (percent) 10
v Geometry

» Rolling radius 0.2 m e

~ Dynamics
Compliance Mo compliance - Suitable for HIL simulation ~
Inertia Mo inertia ~

* Rolling Resistance

Rolling resistance Off e
~ Advanced
> Velocity threshold 0.1 mys bl

Figure 3.8: Front Tire modeling in SimScape
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Block Parameters: Tire Right

Tire Left Block Parameters: Tire Left Tire (Magic Formula) @ AuvtoApply @
—{N N S Tire (Magic Formula) B Auto Apply @ Settings  Description
Settings Description
VRN 7/ H |~ Main
* ~ Main Parameterize by Peak longitudinal force and corresponding slip
A A ~ H Parameterize by Peak longitudinal force and correspondi | 5 Rated vertical load 3000 M v
> Ratedvertical load 3000 N
atedvertical loa - » Peak longitudinal force at rat... 3500 N -
—> \ ’ > Peak longitudinal force at rat.. 3500 N el
N sp » Slip at peak force at rated lo... 10

> Slip at peak force at rated lo.. 10

Tire Right v Geometry
v Geometry

> Eez 02 " . » Rolling radius 0.2 m v

~ Dynamics " Dynamics
Compliance Mo compliance - Suitable for HIL simula Compliance Mo compliance - Suitable for HIL simulation
Inertia Specify inertia and initial velocity v Inertia Specify inertia and initial velocity =
> Tire inertia le-2 kg*m*2 o » Tire inertia le-2 kg*rm*2 2
2 Initial velocity o1 radfs bl > Initial velocity 0.1 rad/s ~

Figure 3.9: Rear Tire modeling in SimScape

Moreover, the vehicle body mass also considers wind velocity and road inclination. As such,
as shown in Figure 3.10 and Figure 3.11, 3 m/s wind velocity and 5-degree road inclination

are considered for this particular model.

Block Parameters: Wind Velocity
C PS Constant @ ruto Apply @

Settings Description

Wind Velocity

“ Parameters

» Constant 3 my's ~

Figure 3.10: Wind velocity consideration for vehicle modeling

[4y]
-
i a
Block Parameters Road Incline
| C PS Constant @ auvtoApply @
Settings Description

Road Incline

* Parameters

» Constant 0.08726 rad e

Figure 3.11: Road inclination consideration for vehicle modeling
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3.5.2. Engine Modeling

Engine modeling in SimScape consists of three basic components such as internal

combustion engine, engine management system, and RPM sensor, as shown in Figure 3.12.

rom_dem [« ref_engine_speed
T

rpm 4——

Engine Management

P
b Thr ) L rem
FC Sensor
B
a D
Engine F

Figure 3.12: Engine modeling blocks in SimScape

Among these components, internal combustion engine block represents the performance

parameters of the combustion engine. It has five connection ports. These are:

w  The connection Thr is the input signal of the throttle which is between 0 and 1. In
addition, it specifies the demanded torque from the engine as a fraction of the
maximum possible torque. It can take throttle or torque command as input.

= Connection F is the conserving port of mechanical rotational associated with the
engine crankshaft.

= Connection B is the conserving port of mechanical rotational of the engine block.

= Connection P is the engine power rate physical signal output port.

w  Connection FC is the engine fuel consumption rate physical signal output port.

Hence, accordingly, engine is modeled as shown in Figure 3.13, based on the vehicle

specification given in Table 3.1.

42|Page



Generic Engine B auto Apply @

Settings Description

* Engine 5pecifications

1 Input type MNormalized throttle w~
y "_"I I'-,\_ Model parameterization MNormalized 3rd-order polynomial e
£ a1
- I‘~\_+':EQ.} B Engine type Spark-ignition ~
o _D 2 Maximum power 3 KW w
» Speed at maximum power 3000 rpm e
Engine » Maximum speed 4000 rpm A
» Stall speed 500 rpm ~
» Stall speed threshold 20 rpm ~
» Dynamics
* Fuel Consumption
Fuel consumption model Brake specific fuel consumption by spee¢ ~
2 Speed vector [ 1000 2e+3 3e+3 4. rpm ~
» Brake mean effective pressure vector [0250 500625 750.. kPa e
» Brake specific fuel consumption table [410 380 300 280 2... g/hr/kW w
Interpolation method Linear W
» Displaced volume 4705 cmh3 e
2 Revolutions per cycle 2

Figure 3.13: Engine block model parameters

The torque command input signal T takes torque reference value between zero and the
maximum torque. If the engine speed fails below the speed determined by the sum of stall
speed threshold and stall speed or the first element of speed vector, the engine torque is
becoming zero. The simulation reports the error message and stops, if the engine speed is

greater than the maximum speed.

Moreover, the engine management takes RPM signal and delivers the output signal as

Torque, as shown in Figure 3.14.
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|Pa|Engine Management

D

Kp [0,1]

Figure 3.14: Engine management block in SimScape

Furthermore, the engine modeling consists of RPM sensor, as shown in Figure 3.15. It
consists of rotational motion sensor measures angular velocity. The physical signal ports o,
W, and A report the angular acceleration, velocity and position, respectively, of port R
relative to port C. the measured angular velocity is positive when the angular velocity at port
R is greater than the angular velocity at port C. optionally disable port C and measure with

respect to ground.

|P=|RPM Sensor

C
numis)
@ R W Dp—————P den(s)
F AD rpm

Sensor dynamics

Figure 3.15: RPM Sensor block in SimScape

3.5.3. Battery modeling

Battery modeling in SimScape consists of six basic components such as DC Voltage source,
voltage sensor, current sensor, electrical reference, internal resistance block, and

computational block called calculation, as shown in Figure 3.16.
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Figure 3.16: Battery Modeling in SimScape

DC Voltage source is modeled based on the vehicle specification given in Table 3.1, as
shown in Figure 3.17. Similarly, internal resistance block is modeled, as shown in Figure
3.18.

E:: Parameters: DC Voltage Source
D C DC Voltage Source B Auto Apply @
V'Dltage Settings  Description

Source

“ Parameters

+ Constant voltage 48 W s

Figure 3.17: Parameter for DC Voltage source block in SimScape

E:: Parameters: Internal Resistance
+,.. A A A T Resistor B Autc apply @

Settings Description

Internal Resistance |~ rarameters

» Resistance 0.05 Ohm Ed

Figure 3.18: Parameter for Internal resistance block in SimScape

45|Page



A device that converts the current measured in any electrical branch into a physical signal
which is proportional to the current is known as current sensor. In SimScape, current sensor,

as shown in Figure 3.19, consists of two connection ports. These are:
@ The sensor is inserted into the circuit through a conserving electrical port of

connections + and —.
= Output current value is displayed through a physical signal port that connection I.

Figure 3.19: Current Sensor block in SimScape

Moreover, since the battery must contain at least one electrical reference port also can be

called as electrical ground, electrical reference port, shown in Figure 3.20, is added to the

1

Figure 3.20: Electrical Ground block in SimScape

battery modeling.

In addition, battery modeling consists of voltage sensor. Voltage measured between any
electrical connections is converted into a physical proportional to the voltage by the voltage

sensor. Voltage sensor, as shown Figure 3.21, in SimScape consists of two connection ports.

These are:
= The voltage sensor is connected to the circuit conserving electrical ports of

connections + and —.
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w  Outputs voltage value is displayed through a physical signal port connection V.

<+

=

! T

Figure 3.21: Voltage Sensor block in SimScape

Furthermore, the modeling consists of the block used for calculating battery performances
and characteristics, as shown in Figure 3.22. The block take voltage and current as input, and

perform calculations for battery power, charge, battery losses.

Pe_battery < X Y

« L <as |

~
Charge -1
1 .<]—||
Ploss_battery < < X y
~ -
R 12

Figure 3.22: Block for calculation of battery performance

3.5.4. DC-DC Converter Modeling

DC-DC Converter modeling in SimScape consists of transformer, and two electrical grounds,
as shown in Figure 3.23. And the parameter of the transformer is shown in Figure 3.24. The

transformer is modeled based on Equation 3.16 and Equation 3.17.

V, = NV, Equation 3.16

I, = NI, Equation 3.17
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Where:

w= N is the winding ratio,
= V; and V, are the primary and secondary voltages, and

= [; and I, are the current flowing into the primary and secondary terminal.

{1 (R {25
L H
1- 2-

i ldeal DC-DC i

Voltage Converter

Figure 3.23: DC-DC Voltage converter Modeling in SimScape

Hence, accordingly, transformer is modeled as shown in Figure 3.24, based on the vehicle
specification given in Table 3.1.

Ideal Transformer B Aute Apply @
1 + 2 + Settings Description

v Parameters
> Winding ratic 100/48
> Initial Targets

» Nominal Values

1- 2-

Figure 3.24: Parameter of transformer modeling in SimScape
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3.5.5. Motor Modeling

Motor modeling in SimScape consists of four basic components such as motor and drive,

RPM sensor, Speed controller, and Mechanical reference, as shown in Figure 3.25.

rpm_ref 1—< ref_motor_rpm
t T _ref
é rpm [d—

Speed ->< motor_rpm
Controller
3 RPM
Sensor
o | &
\ o — o R
RS-
ﬁ"J O
v

Figure 3.25: Motor Modeling in SimScape

Motor and drive block in the sim-scape operate either in torque-control mode, or equivalently
current-control mode. The block supports both motor applications and generator regimes
applications, and it can be used to represent traction applications and servomotor at a system
level. The torque-speed envelope defines motor’s permissible range of torques and speeds,
and the output torque tracks the torque reference demand Tr with time constant Tc. The DC
supply network must be connected to a block. The electrical losses are proportional to the
square of the torque. The block produces a positive torque acting from the mechanical C to R

ports.

Hence, accordingly, engine is modeled as shown in Figure 3.26, based on the vehicle

specification given in Table 3.1.
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;.': :_= ameters
Motor & Drive @ auto Apply @

Settings Description

* Parameters

2 Maximum torgue 24 MN*m e
2 Maximum power 5 KW e
2 Torque control time constant, Tc 0.2 5 e

# Metor and driver overall efficiency (perc.. |97

2 Speed at which efficiency is measured 600 rpm e
2 Torque at which efficiency is measured 300 MN*m e
Thermal port Omit e

Figure 3.26: Parameter of the Motor and Drive modeling in SimScape

Moreover, the motor modeling consists of RPM sensor, as shown in Figure 3.27.

num(s) 1
= o>

pm Limits [-40,40]

20Hz Lowpass Filter Ki

b,

rpm_ref

/D

Kp [-40,40]

Figure 3.27: RPM sensor modeling for motor in SimScape

Furthermore, the motor modeling consists of speed controller, as shown in Figure 3.28.

rpm_ref [—

T _ref
rem (4—

Speed
Controller

Figure 3.28: Speed controller for motor in SimScape
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3.5.6. Gearbox Modeling

Gearbox consists of fixed ratio gear having of gear, and follower. It consists of three

connection ports. These are:

= Connections B or Base is the mechanical rotational conserving port associated with
the base, and
w  Connections F or Follower is the mechanical rotational conserving port associated

with the follower.

Hence, accordingly, gear box is modeled as shown in Figure 3.29.

Simple Gear Auto Apply @

Settings Descripticn

* Main
» Follower (F) to base (B) teeth ratio (MF/... gear_ratio
Qutput shaft rotates In same direction as input shaft e
» Meshing Losses
» Backlash
» Viscous Losses

» Faults

Figure 3.29: Parameter of the Gearbox modeling in SimScape

3.5.7. Model Simulation

The developed model for thee-wheeler hybrid electric vehicle using SimScape driveline
based on parallel mode is simulated for accelerate and decelerate condition, as shown in
Figure 3.30. And the model is programmed to simulate battery power, motor power, engine
power, battery loss, motor loss and engine loss over acceleration and deceleration of the
vehicle for 3600 seconds. In addition, the simulating includes the shaft speeds of both

combustion engine and electric motor, as shown in Figure 3.31.
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\_‘
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Accelerate at

’_I

Stop acceleration at t=2500s

’_I

Decelerate at t=3000s

|

Stop decelerationat t=3200s

Figure 3.30: Engine command of accelerate and decelerate for model simulation

5 : (kW) Engine
m_engine > (kW)
kW) Battery )
Pe_battery =
(rpm) Motor Power (kW)
(rpm) Engine D

engine_rpm =

Shaft speeds (RPM)

(kW)
Ploss_battery = pLJ

Battery Electrical Losses (kW)

Figure 3.31: Simulation input parameters
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CHAPTER FOUR
4. RESULTS AND DISCUSSION

Three-wheeler hybrid electric vehicle model is developed using MATLAB Simulink. The
model is developed based on the vehicle specification given in Table 3.1. The model is
developed and simulated on the MATLAB Simulink for parallel mode using SimScape
driveline. It includes Battery modeling, DC-DC Converter modeling, Electric Motor
Modeling, Engine Modeling, gearbox modeling, and Vehicle body modeling, as shown in
Figure 4.1. The model is simulated for accelerate and decelerate condition for 3600 seconds

run time. From the model various results are obtained.

Ew 'B:'F

Engine Gearbox
s \/ v @ R
B DC-DC Motor
attery Converter
f(x) =0¢p
Motor M
Spd |—» Spd (1)
Speed Engine —® E
Command

Strategy Routing

Figure 4.1: The complete vehicle architecture model in SimScape

As shown in Figure 4.1, in addition to the basic components of parallel mode hybrid electric
vehicles, the model includes the scopes for displaying various simulating parameters.
Moreover, the speed command, the power strategy and vehicle routing are included in the
model to make more real-world scenario. Accordingly, the simulate results obtained are

discussed below.
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4.1. Shaft Speeds

Since both the electric motor and combustion engine have their own shaft, the shaft speeds
for both of these components are simulated over the accelerate and decelerate simulating
scenario of the model. Accordingly, as shown in Figure 4.2, when the vehicle accelerates
both the engine shaft and motor shaft speeds increase at about 100s and 2200s from the
graph. In addition, when the vehicle decelerates both the engine shaft and motor shaft speeds
decrease at about 1800s from the graph. Moreover, when the vehicle travels at constant
speed, both the engine shaft and motor shaft speeds remain constant.

4

File Tools View Simulation Help k

CRAENON =R IR UR L [ R P

Ready Sample based |T=3500.000
Figure 4.2: Shaft Speeds of Electric Motor and Combustion Engine for 3600s run time
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4.2. Power

In parallel mode hybrid electric vehicle, both the battery and combustion engine generate
power to run the vehicle. However, the power battery is usually needed when the vehicle
accelerates. Since both the electric motor and combustion engine have their own shaft, the
power generation for both of these components is simulated over the accelerate and
decelerate simulating scenario of the model. Accordingly, as shown in Figure 4.3 and Figure
4.4, when the vehicle accelerates the engine power decreases and motor power increase at
about 100s and 2200s from the graph. Whereas, when the vehicle decelerates both the engine
power increase and motor power decrease at about 1800s from the graph. Moreover, when
the vehicle travels at constant speed, both the engine power and motor power remain
constant.
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Figure 4.3: Power of Electric Motor and Combustion Engine for 3600s run time
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Figure 4.4: Power and vehicle speed for 3600s run time

Thus, in parallel mode hybrid electric vehicle model, the vehicle speed and engine power
have inverse relation, and the vehicle speed and battery or motor power have direct relation.
Moreover, as shown in Figure 4.4, electric motor power and battery power overlap. This
indicates that the power delivered from the battery to electric motor without a significant
loss. As discussed earlier, when the vehicle speed increases, there was a sharp increase in the
power of battery and motor. As the vehicle speed increases from 54 km/hr to 56.5 km/hr, the
battery power increases from 0.55 kW to 1.25 kW. That is, as the vehicle speed increases by
4.63%, the battery power increases by 127%. Whereas, as the vehicle speed decreases from
56.5 km/hr to 54 km/hr, the engine power increases from 1.55 kW to 1.95 kW. That is, as the

vehicle speed decreases by 4.63%, the engine power increases by 25.8%.
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4.3. Electrical Losses

In parallel mode hybrid electric vehicle, the power battery or motor is usually needed when
the vehicle accelerates. That is, when the vehicle speed increases, there was a sharp increase
in the power of battery and motor, and when the vehicle speed decreases, there was a sharp
decrease in the power of battery and motor. This leads to the increase in the electrical losses
of these components. Accordingly, as shown in Figure 4.5, when the vehicle accelerates the
battery electrical loss and motor electrical loss increases. Whereas, when the vehicle
decelerates battery electrical loss and motor electrical loss decreases.

103 Electrical Losses and Vehicle Speed
E I T T T T s T T T EE E
'“ll r|| Total Losses
7 b | | — — —Motor Losses
Baltery Losses | | 55
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g _____________________ RE R
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2 | 3
:| 4 55 E
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o ar w
E B4 E
0 5
2 H ’
N 5
E 1 i 1 1 1 1 1 .\_""__,:_;: 5
0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)
Figure 4.5: Losses and vehicle speed for 3600s run time

As the vehicle speed increases from 54 km/hr to 56.5 km/hr, the battery lost about 0.0021
kW of electric power, and the motor lost about 0.0057 kW of electrical power. That is, as the

vehicle speed increases total electrical loss is 0.0078 of electrical power. Whereas, as the
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vehicle speed decreases from 56.5 km/hr to 54 km/hr, the battery lost about 0.0005 kW of
electric power, and the motor lost about 0.0012 kW of electrical power. That is, as the
vehicle speed decreases total electrical loss is 0.0017 kW of electrical power. This indicates,
the electrical power loss of battery and motor for hybrid electric vehicle is more in

acceleration than deceleration.
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CHAPTER FIVE
5. CONCLUSION AND RECOMMENDATION

5.1. Conclusion

The demand for energy-efficient and eco-friendly vehicles is rapidly increasing in response
to the challenges of high fuel consumption and environmental pollution. As such, three-
wheeler hybrid electric vehicles have become a popular due to their improved fuel efficiency
and reduced emissions. However, the lack of an accurate model that adequately simulates
their dynamics and behavior impedes effective real-time testing. Thus, in this thesis, three-
wheeler hybrid electric vehicle model is developed using MATLAB Simulink. The model is
developed based on the real-world three-wheeler vehicle specification, shown in Table 3.1.
The model is developed and simulated on the MATLAB Simulink for parallel mode using
SimScape driveline, including battery, DC-DC converter, electric motor, combustion engine,
gearbox, and vehicle body. The model is simulated for accelerate and decelerate condition
for 3600 seconds run time.

The model is able to simulate the shaft speed of both the combustion engine and electric
motor at different driving condition including acceleration, deceleration and constant speed.
In addition, the model estimates the power of battery and engine at all driving scenario.
Moreover, the model was able to calculate the electrical losses of both battery and electric

motor.

Therefore, in parallel mode hybrid electric vehicle model, the vehicle speed and engine
power have inverse relation, and the vehicle speed and battery or motor power have direct
relation. As the vehicle speed increases by 4.63%, the battery power increases by 127%.
Whereas, as the vehicle speed increases by 4.63%, the engine power decreases by 25.8%.
Furthermore, as the vehicle speed increase total electrical loss increase. Whereas, as the
vehicle speed decrease total electrical loss decreases. This indicates the electrical power loss

of battery and motor for hybrid electric vehicle is more in acceleration than deceleration.
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Since the model is developed by considering wind effect and elevation effect. It is close to
the real-world scenario where the drag effect is produced due to the wind effect, and power
consumption is increased due to elevation of the road effect. As such, the dynamics and the

result of this model can be used to train the drivers of the three-wheeler HEV.

5.2. Recommendation

Three-wheeler hybrid electric vehicle model is developed using MATLAB Simulink for
parallel mode using SimScape driveline. The model is able to simulate the shaft speed and
power of engine, motor, and electrical losses of both battery and electric motor. However,
due to limited computation power the model is simulated for 3600s runtime. Thus, it is

recommended that:

=  if the high computational power is available, the simulate should be run for longer run
time,

w=  driveline such as powertrain driveline should be considered for result comparison,
and

= drive mode such as split power mode may be considered for result comparison.

5.3. Future Works

While this study successfully developed a three-wheeler hybrid electric vehicle model in
MATLAB Simulink for parallel mode, future work can further enhance its capabilities and
explore additional aspects. Given the current model's capabilities in simulating shaft speed,
power distribution between the engine and motor, and electrical losses, extending the
simulation runtime beyond the 3600-second mark would provide a more comprehensive
understanding of the vehicle's performance under varied conditions. Additionally,
incorporating drivelines such as powertrain drivelines for comparative analysis could offer

valuable insights into the effectiveness of different drivetrain configurations.
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APPENDIX

Appendix I: Current Sensor

LT

current.ssc =

+ |

|
1 component current
2 % Current Sensor
3 X The block represents an ideal current sensor, that is, a device that
4 % converts current measured in any electrical branch inte a physical signal
5 % proportional to the current.
] X
7 % Connections 4+ and - are conserving electrical ports through which
8 ¥ the sensor is inserted into the circuit.
| % Connection I is a physical signal port that outputs current value.
1a
11 % Copyright 2885-2812 The MathWorks, Inc.
1z
13 cutputs
14 I={®8.8, "A" }; % I:right
15 end
16
17 nodes
18 p = foundation.electrical.electrical; ¥ +:1eft
19 n = foundation.electrical.electrical; ¥ -:right
pel ] end
21
22 variables (Access=private)
23 i1 ={ @, A" }; ¥ Current
24 end
25
26 branches
27 i1 : p.i -> n.i;
28 end
29
38 equations
31 n.v == p.v;
32 I == 1i1;
33 end
34
35 end

Appendix 1: Current Sensor block modeling MATLAB code
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Appendix Il: Voltage Sensor

|
1
2
3
4
5
B
7
8
9

18
11
12
13
14
15
16
17
18
19
28
21
22
23
24
25
26
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voltagessc

component voltage

Voltage Sensor

The block represents an ideal woltage sensor, that is, a device that
converts voltage measured betwsen any electrical connections into a
physical signal proporticnal te the wvoltage.

Connections + and - are conserving electrical ports through which
the sensor is connected to the circuit.

5% 3% 3% 4% af 3% s af

Connection V is a physical signal port that outputs woltage value.

% Copyright 2e@5-2819 The MathWorks, Inc.
cutputs
V= { 8.8, 'V' }; ¥ V:bottom
end
nodes
p = foundation.electrical.electrical; ¥ +:top
n = foundation.electrical.electrical; ¥ -:bottom
end
equations
Vo o== p.v - n.v;
end
end

Appendix 2: Voltage Sensor block modeling MATLAB code



Appendix I11: Electrical Reference Block

|. referencessc | + |
_1 component reference
2 % Electrical Reference :8.5
3 % Electrical reference port. A model must contain at least one
4 % electrical reference port (electrical ground).
5
6 % Copyright 2885-2816 The MathWorks, Inc.
Fi
8 nodes
9 V = foundation.electrical.electrical; % :top
18 end
11
12 connections
1z connect(V, *};
14 end
15
16 end

Appendix 3: Electrical Reference block modeling MATLAB code
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Appendix IV: Mechanical Reference Block

referencessc | + |

|
1 component reference
2 % Mechanical Rotational Reference :8.5
3 % This block represents a mechanical rotational reference point, that
4 % is, a frame or & ground. Use it to connect mechanical rotational ports
] % that are rigidly affixed to the frame (ground).
B
7 % Copyright 2085-2016 The MathWorks, Inc.
a8
8 nodes
1@ W = foundation.mechanical.rotational.rotational; ¥ :top
11 end
1z
13 connections
14 connect(W, *);
15 end
16
17 end

Appendix 4: Mechanical Reference block modeling MATLAB code

69|Page



Appendix V: Transformer Modeling

| ideal_transformer.ssc 0

1
2
3
a
5
B
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
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+ |

component ideal transformer

B8 R B8 R 38 B€ 38 3R 3R ER 3R R 3R

i

Ideal Transformer :2.8

Models an ideal power-conserving transformer satisfying V_1 = N®V_2

and I_2 = N*I_1 where N is the Winding ratiec, V_1 and V_2 are the
primary and secondary voltages, I_1 is the current flowing into the
primary + terminal, and I_2 is the current flowing out of the secondary
+ terminal.

This block can be used to represent either an AC transformer or a
solid-state DC to DC converter. To model a transformer with

inductance and mutual inductance terms, use the Mutuwal Inductor block.

Mote that the two electrical networks connected to the primary and
secondary windings must each have their own Electrical Reference block.

Copyright 28@5-2816 The MathWorks, Inc.

nodes

foundation.electrical.electrical; % 1+:1eft
foundation.electrical.electrical; % 1-:1eft

pl
nl
p2
n2

foundation.electrical.electrical; % 2+:right
foundation.electrical.electrical; % 2-:right

end

parameters

n=1; % Winding ratio

end

variables

i1 = {
vl = {
iz = {

1

@, 'A" }; % Primary current
@, 'V' }; % Primary voltage
@, 'A" }; X Secondary current
@, 'V' }; % Secondary voltage

w2 =

end

branches

i1 : p1l.i -» nl.i;
i2 @ p2.i -» n2.i;

end

equations

assert(n:a)

vl == pl.v - nl.v;
w2 == p2.v - n2.v;
vl == n%v2;

i2 == -n*il;

end

end

Appendix 5: Transformer block Modeling MATLAB code



