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ABSTRACT

This PhD thesis presents a simulation of the dynamic energy recovery w ith an
experimental -based model of the braking process. Accordingly, it describes
the steps taken to develop a small -scale representation of the designed
testing equipment, which was bui It within the laboratory boundaries to
simulate the natural system. Mo reover, it demonstrates the experimental
probing and mathematical modelling of the system from an electronic
perspective as well as in the mechanical perception as ready -made (black box)
models. Meanwhile, the designed system shows an accurate representati on in

simulation, which was verified experimentally.

In this study, energy recovery with two distinct storage units, especially,
ultra -capacitors (UCs) and battery energy storage systems (ESS) was
considered as an alternative energy source with pr opulsion strategies to assess
their effect on storing and gene rating electricity from the braking process. A
simulation was determined to signal the system behaviour for different
operating scenarios. Consequently, the voltage generated by a permanent
magnet brushless direct current (PMBLDC) motor of t he test network , when
used as a generator in the braking operation , was used to study the impact of
the uncontrolled charging loads (batteries and UCs) on the system

performance in the braking p rocess.

Furthermore, this research has proposed a new paradigm and regenerative

braking (RB) algorithm. Taking the necessary information about the system

from the flow rate correlated with two connected reservoirs to represent the

charge flow rate in the RB mechanism. The dual tank's design was developed
andusedtodescri be the UCs0d6 and the generato
variable generated voltage during the landing and braking process determines

an important term, which is the generat or capacity <concerni
capacity. While modelling and analysis were primarily based on experimental

results, many cases were examined to manage the best representation of the

design. The outcomes were identifi ed and discussed for both energy recovery




and downtime, which satisfy the design requirements and provide an accurate

result regarding system performance .
Keywords
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Chapter 1: Introduction

In recent years, there have been growing concerns about issues related to
global warming and limited fuel resources (Ehsani et al. 2009; Erdinc and
Uzunoglu 2012) The environmental imp act of the oil transport infrastructure
combined with the sudden depletion of oil reserves has raised institutional
interest and led to the trend of rising demand and dependence on electricity
and sustainable energy on account of carbon dioxide emissions Also, an
alternative form of sustainable energy has prompted broader interest,
especially in the recovery of energy from wasted energy. This interest has
been reflected in an increased focus on various industrial applications, for
example, utilising electric transport, which uses the electric motor as a
propulsion engine (Nehrir et al. 2011; Tie and Tan 2013) . One of the essential
characteristics of using the motor as a propulsion engine in electric vehicles
(EVs) and hybrid electric vehicles (HEVS) is low maintenance, low noise, and
no carbon emissions (Clarke et al. 2010) . Therefore, the demand for batteries
in EVs and HE\S has widely increased as an alternative energy source
compared to fuel to mitigate the environme ntal pollution problem and fuel
crisis (Muradov and Veziroglu 2012) Subsequently, there has been an
expanding need to supplant the traditional mechanical, hydraulic, and
pneumatic braking with electr onic systems that depend on power electronic

converters and electric motor drives (Chicurel 1999; Bao 2015).

1.1 Background

The concept of using electric motors for driving was created a fter the

invention of the motor itself. Robert Anderson, between 183 2 and 1839,
invented the first electric car model, which work ed with primary non -
rechargeable cells (Guarnieri 2011a). Then, Gaston Plante invented the first

rechargeable lead-acid battery in 1859, and around 1881, Camille Alphonse
Faure made it a marketable product (Guarnieri 2011b). The first commercial

vehicle put on the market, for example, in New York City was an electric taxi

in 1897. After three years, EV s accounted for 28% of road vehicles and were
the preferred type (Yong et al. 2015). However, EVs confronted a significant

challenge after a decade of use. In 1908, fuel -powered vehicles, such as the
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Ford T-Series by Henry Ford emerged onto the market. In 1912, the
development of the electric starter by Charles Kettering prompted the end of
the requirement for an arm to start the fuel -powered vehicles (Denton 2004).
Besides, the accessihlity of cheap petroleum resulted in the lower utilisation
cost of fuel -powered vehicles compared with EVs.

On the other hand, EVs could travel only relatively short distances , and there
were limited charging stations . Because of these aspects, fuel-powered
vehicles were generally accepted. Thus, by around 1935, there were no EVs
on the road (Yong et al. 2015; Un-Noor et al. 2017). However, a few decades
later, the issue of emissions of fuel -powered vehicles and rising oil prices lead
to renewed interest in EVs. Therefore, governments were implemented
regulatory actions to reduce air emissions and promote the development of
EVs and HEVs.

The regenerative braking (RB) process was increasingly being used as an
energy recuperation system for a variety of applications, including elevators
and conveyor belts as well as in the transport and automotive sectors (Zhou
2008). RB was a procedure to restore energy, depending on slowing down the
vehicle or an object by transfer ring the kinetic energy into another form
adequate for storing until needed. In this circu mstance, for instance, vehicles
were driven by electric motors do most of the braking by utilising the  motor
as a generator to produce electricity that was then fed into the onboard
vehicle's energy storage systems (ESS}Bolund et al. 2007; Clarke et al. 2010;
Yoong et al. 2010). This processwas an improvement on conventional braking
systems, where the surplus kinetic energy was turned into heat by friction and
therefore squandered (Tur et al. 2007 ; Midgley and Cebon 2012). ESSwvas one
of the essential innovative fields of work in numerous industries. However,
additional information is required on the behaviour of ESS at different
operation states to broaden the range of applications for RB as a n alternative
energy source, which could then be used to utilise the generated electricity.
Likewise, generator modelling as the primary source of generated power
should be tested in an efficient representation in  the RB application to fulfil
its operation (Gupta et al. 2008). While batteries gave the tremendous

advantage of high energy density (Yuan et al. 2011), their restricted life

-2-
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cycles, charge and discharge cycle, and management constraints reduce their
adequacy in a specific application .

In contrast, ultra -capacitors (UCs), which were devices with much -extended
life cycles where the power density runs through charging and discharging
sequences, were frequently use d with high currents and over a short period
to assist the battery in accomplishing the energy density of the cells . The UCs
offer extended lifespans and no environmental issues (Grbovic 2011). The
feasibility study hasbeen involved in modelling the overall designand building
of a test rig to represent the RB process, which was one of the main
contributions . Also, studying and modelling of the generator and the UCs as
an energy storage unit in the braking analysis. The priority has been given to
charging UCsin ESShrough a variable voltage generated by braking and power

management to enhance efficiency as recommended by this research.

1.2 Community energy project

As directed by the guidance of community energy (GCE) of the UK
government, who were interested in developing a community energy project,
there were various aspects to tackling challenging the issues around energy,
including the collective effort to reduce, manage, and generate power  (EIA
2017). Therefore, it was used to determine the reason for its evaluation to
add a global perspective to its mission and programs, which can be carried

out as follows:

1.2.1 Fleet management essentials

One key segment of a growing knowledge base was the comprehension of
common issues, which was viewed as vital for sustainable fleet management

and included a range of simple strategies . These strategies have been added
knowledge for different aspect such as managing the fleet sustainably,
encouraging alternatives, and driving cleaner ultra -low emission vehicles
(ULEVs) (Office for Low Emission Vehicles 2013). There were many case
studies of the online self -service tools offered by in -depth consultancy

services in England and Scotland, which has covered the various approaches,

-3-
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such as mileage management, vehicle choice, and managing vans and light

commercial vehicles.

1.2.2 Electric cars and vehicles

There was government support for EVs, in addition to programs to meet
organisational goals, in the form of additional vehicle grants to achieve a
global perspective or global awareness. The office for low emission vehicles
(OLEV) has a list of eligible vehicles based on their carbon dioxide emissions
for proficient driving in electric and low discharge  (Office for Low Emission
Vehicles 2013). On the other hand, the guidance on electr onic braking
performance monitoring systems (EBPMS) can be used toobserve the braking
performance of commercial vehicles and to measure the development of
drivers from a global persp ective (Agency [no date][ a]). Furthermore, the
driver and vehicle standards agency (DVSA) has prepared a general
determination and foundation which traces the best testing administration for
commercial vehicle braking performance. This testing was utilised to
overcome a number of the challenges and constraints of the current service

brake guidance for trailers in the UK that meet the goal (Agency [no date][b]) .

1.3 Motivation

Compared with the 336 TWh electricity produced in the UK in 2016, there
were 324 TWh supplied to the grid. Gross production comprised 21.4 % nuclear,
42.5% gas, 9.2% coal, 0.5% oil, and 24.5% from renewables (11% wind, 3% solar
PV (a technology for converting sunlight into e lectricity) , 2.3% hydro and
pumped storage, and 8.9% biofuels including waste). Increased renewables
generation capacity was depending on less favourable climate conditions for

solar and wind generation (Association 2018).

There was a significant difference between developed and developing
countries. For example, in Iraq, the primary source of energy relies heavily
upon oil reserves, with approximately 94 % of its energy needsto be met by

petroleum, which wasthe pillar of the economy. The total installed electricity
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capacity in 2008 was 7.20 GWe with 51% thermal, 26% gas turbine, 21%
hydroelectric, and 2% diesel plant (Information Portal - reegle 2012).
Meanwhile, in 2009, Iraq produced 46,063 GWh of electricity and consumed
33,223 GWh; in the same year, the renewable share of electricity production
was 0.8%. Furthermore, the total primary energy supply in 2009 was 32,175
ktoe (the internation al energy agency (IEA) defines one tonne of oil equivalent
(1 toe) as 11.63 MWh), with 96% oil, 3.0% gas, 0.9% hydro, and 0.1% biofuels
and waste. With these ratios, alternative energy, and the exploitation of wasted

energy have not been used.

Concerning to the oil and gas Journal (OGJ), Iraqg ranked fifth in proven crude
oil reserves at the end of 2 017. It had approximately 149 billion barrels,
accounting for 18% of proven reserves in the Middle East and about 9% of
global resources (World Oil Review. 2018). Furthermore, the burning of
natural gas due to insufficient pipelines and the other intermediate
infrastructure associated with the extraction process, although needed , was
imported from abroad to address the issue of part of the power plants, which
were the basis of its work. Irag burns crude oil directly at power plants to
compensate for limited raw materials from other types of power generation.
Figure (1.1) shows the electricity generation and distribution losses in Iraqg in
the years 2000-2015 (U.S. Energy Information Administration (EIA) 2019).

Energy (billion kilowatt-hours)

= imports

=== net generaton

&0

70 —— distribution losses

€0
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Distnbution losses averaged 42% of
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Figure 1. 1: The net electricity generation,  imports, an d distribution losses in Iraq
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Therefore, despite all challenges (due to the depletion of the global strategic

oil reserves), there it was still an aggregate reliance on oil as a leading source
of power. Also, studies in this area, despite their im portance, rarely reach
the level of ambition. This research used to delve into the analysis (as in the
developed countries), of variousfields of studies. Also, for investment and for
deriving benefit in particular of one form of energy, which  was represented
as the energy generated by the braking process, used to reduce oil

consumption and mitigate global warming .

The kinetic energy recovery ( KER)system was an automatic system to restore
the kinetic energy of a moving vehicle during braking. The recovered energy
was stored in the storage units (SUs) (e.g., flywheel, UCs, or batteries) f or
later use with acceleration. There was an urgent need to rep resent this
application within the limits of a laboratory that can simulate the natural
system. Thus, the different components have been utilised to implement the

braking system in the designed test rig .

The most economical scheme of recovered energy in the automotive industry
was with the RB system (Chishty and Melis 2012; Long et al. 2014). The
simulation must be va lidated by experimenting with the designed test rig so
that the model can be upgraded to represent the actual behaviour of the
performing system. These componentswere being generally used for different
applications, such as in a sustainable energy infrastructure, which benefits
from specific Sl applications and energy management (EVMS (GonzéalezGil et
al. 2013). The EM5system operation aimsto invert and monitor the movement
of current from and to different SUs (Herrera et al. 2016) . This research has
attempted to highlight the overal | system performance of the complete
building test rig and to verify the designed circuit to ens ure the capability of

using the RBsystem approach efficiently in the subsequent stages.
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1.4 System under analysis

The most widely recognised type of RB hasincluded an electric motor as an
electric generator. The power generated was bolstered once more into the
supply system such as being stored chemically in a battery, electrically in the
UCs, mechanically in a turning flywheel, and in other different  forms. A test
rig was modelled and constructed to be used to satisfy th ese research
purposes. At the first stage, the existing platform suffered from a different
deficiency, which led to it being redesigned following the steps to develop it
starting from the model. This model has contained two types of
electrochemical storage units and a permanent magnet brushless direct
current (PMBLDC) motor connected with the flywheel and other components.

From the experimental data and calibration equations of all elements, the

construction of an ent i r e simul ati on was done

environment to represent the system .

Furthermore, an energy storage unit must be durable and able to handle high
power efficiently, and any additional energ y transmission or conversion
equipment must be efficient, compact and cost-effective . The proposed
framework should be able to customise and highlight different characteristics
based on the control objective and the nature of the system's behaviour. If
there was enough empirical or operational data, an alternative to  physically-
based modelling wasa data-basedo i dent i f i ¢ athatcambe applisdt
to virtu ally any system. This identification system generally provides
relatively simple models that can describe well system behaviour within a
specific operating condition. These models can be 0 b | a ¢ k, which anty
represents the behaviour of in put and output or other descriptive interior s,
such as state-space equations, which can explain physically meaningful
judgments. The primary objective task of modelling was to obtain a useful
and reliable apparatus that can be used for the requirements of analysis and
control of the RB process. Moreover, the full circuit test  was utilise d to assess
the feasibility and evaluation of the energy recovery process. Therefore,
there was a more significant effort to define further analysis of the power

management scenario to determine the improvement in system efficiency

u

r
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1.5 Significance of the stu dy

Due to the energy crisis and the climatic conditions, many researchers have
dealt with this topic (Ahn et al. 2009; Midgley et al. 2013; Papanikolaou et al.
2013). The feasibility and leverage of the implementation of RB systems and
renewable energies that can reduce fuel consumption and reduce gas
emissions associatedwith urban vehicles had been explored. The study has
taken two axes: firstly, to circuit design, and secondly to realise for + %.2The
research findings had added the knowledge and the understanding of the
subject of the design and control of energy transfer through different SUs
from a recovered energy resource. The RB system should have the necessary
attributes to succeed and should be significant in the sense thatit hasto cover

many aspects, including the following:

1 increased awareness between the integration of the system design
methodology and the hypothetically designed system that represents
the actual behaviour of the system

1 a system identification concept for the framework of the energy
manipulation system

1 support and enrich the theory and model of the controlling objective

=

useful knowledge of the factors that could influence a nd contribute to
the successful adoption of an EMS system design and control strategy
simple control system for connection to transmission bus

energy transformation proficiency

high capacity with energy storage units

high performance: In a short time, large amounts of energy can flow

the smooth flow of electricity from the regenerative equipment, and

=4 =/ 4 A A4

absorbing and storing of braking power that is directly proportional to
the braking with minimal delay and loss over a wide range of road

speeds.
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1.6 Thesis aims and objectives

The energy recovery system was recognised as a useful introduct ion to
problem-solving related to global warming as well as a shortage of energy
resources. Hence, an increased effort in determining the basic structure of

energy harvesting from descending and braking was a crucial determinant of
system power enhancement. An efficient representation was provided for
each circuit component, considering its operation, from the experiment, and

it was implemented in a simulation .

1.6.1 Research questions

1. When designing and building the RB test rig, the following questio ns
were raised:

1 What factors need to be considered to represent an ideal
system?

1 What is the best way to dete rmine the required level of
accuracy for the designed system?

1 How to represent th e variation in the generated voltage in the
braking system?

1 How can KER be represented inthe system?What is the fact or
that affects their behaviour ?

1 What is the impact of the SoCvariation in the storage units due
to driving characteristics (acceleration and speed) on the
energy absorption of the vehicle ?

2. What techniques should be used for ENMS to enhance the recovered
energy, and what is the level of efficiency ?

3. What are the values of the maximum recovered energy and the
minimum stopping time in the design stage ?

4. How can regularly drive cycles (UDDS, UN/ECE, etc.) be represented in
the test rig to emulate the entire system?

To ensure that these questions are answered regarding the required

recovering energy and stop times, this research focuses on the designing an
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efficient system which can handle the energy generated from the braking

resource and stored in different SUSs.

1.6.2 Reseachaims
The fundamental aim s are:

1) To develop a practical test device capable of representing the system
under study, which servesto harvest energy from brake loss and bridge
the gap in the literature .

2) To simulate the system using mathematical equations and to find the
best and more straightforward representation .

3) To exploit system data obtained from the experimental tests, to
represent the behaviour of system components. Also, it is likely to be

of increasing interest and significance in the f uture.

1.6.3 Research objectives

In doing so, t he research objectives can be summarised as follows:

1 The establishment of a test bench for the EM Sand the RB systemused
to meet the requirements of the application for which it was designed

1 Capture the available brake power and store it in the energy storage
units as needed to accelerate the vehicle (motor in the test rig)

1 Create avirtual system within the 0 L a b V IsiBiMafion environment.

1 The development of a comprehensive analysis o recovered energy was
introduced .

1 Ensure that the system was safe, lightweight, cost -effective, easy to
execute and accumulates.

1 Achieving the required level of performance that necessitates new
developments in both the design system and the associated control
electronics, and thus answering the research question (1).

1 Specific factors that contribute to the designed system and see how
these factors can be organised, thus answering research questions (1
and 2).

-10-
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1 Highlighting any other results of interest and contributing to the topic,
and thus answering the research question (3).
1 Applying regular dri ving cycles to the designed test rig, thus answering

the research question (4).

1.6.4 Assumption and Limitations
The research assumption and limitation can be summarised as follows:

A direct model of interaction with the dynamic differential equation o f the
system (represented by the designed flywheel, which acts as a hollow cylinder
directly connected to the shaft of the DC motor) used to service the system
under study. Presumably, the ideal situation was that the linear motion of the
motor has not considered. And it was also accepted that the vehicle has one
motor connected with the gear transmission and that the ratio can be
specified. Additionally, there was no friction brake for the blended braking

strategies, which was recommended for future work.

1.6.5 Delimitations

The energy recovery system works only when the vehicle (motor) is in motion.
Also, RB is of great benefit only during frequent braking, and the same

electronic control unit must control the recovery system.

1.7 Thesis contributions

The motivation behind the examination displayed in this thesis was to
contribute towards the better understanding and prediction of electricity
generated based on the RB process and energy recovery enhancement by
considering the system operation as a black -box model. It was necessary to
predict and to monitor the stora ge units during the braking process to achieve
this objective. Also, this thesis has been provided knowledge of the way the
generated electricity , which affects the stored energy. Modification of a
system should be considered to simulate and to enhance the process.

Following the better understanding of the mechanical (such as the flywheel

-11-
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stored energy) and electrical perspective of the designed test rig, a newly

proposed technique was used. This technique relies upon to measure the
generator capacity during the process, as current approaches show
compatibility with  system behaviour as has been presented in the following
chapter. Lastly, it was also necessary to investigate the influence of the

battery 3 | ¢n the electricity generated by the system

The following research tasks have been identified to achiev e the overall

objectives,
Task 1: Designing and building test apparatus.

Task 2: Development of a mathematical model of energy storage sy stems (i.e. ,
the UCs and the batteries).

Task 3:3 | monitoring.
Task 4: Measurement of + % Zrom the mechanical storage unit.

Task 5: Investigation of the enhancement of the recovered energy.

1.8 Thesis structure

The organisation of the dissertation can be presented as follows:

Chapter (2) begins with a review of the literature, which provides a basic
understanding of energy harvesting from braking and prose in modern
transportation. Besides the evolutionary history of EVs and HEVs was briefly
reviewed, including primarily a review of the current trends and research in
energy recovery associated with the development of the RB process. In this
chapter, the current knowledge gaps that affect the representation of the
process being analysed. Finally, the results were informative for the future
development strategy of existing methods allowing the determination of
recovered energy, and their limitations were described in the context of the

designed test bench.

Chapter (3) presents the driving train used in the drive system with an
analytical analysis of electric propulsion systems and the theory identified

with the test apparatus used to meet and validate the designed circuit.
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Furthermore, regular dr ive cycles were addressed to emulate real system

behaviours. Besides, an introduction to various drive cycles was processed
with the kinematic measurement developed to measure the RB process. The

utilisation of monitoring signals was analysed which can be used to study the
mechanical behaviour of the machinery during the regenerative process . A
complete understanding of the power system hardware, including an
explanation of various power electronic converters, was required to design
the test bench with a summary of the component configuration described in

the next chapter.

Chapter (4) explains the core information for the experimental setup; in

particular, the electric propulsion sy stem, PMBLDC motor drives, which were
provided with a case of RB application case were studied. The basic
construction, operating principles, control and handling characteristics were
described from an application that a nalyses the operating principle of the
flywheel energy storage systems (FESS)as a mechanical Su. The principal
purpose of this chapter was to provide the basic knowledge of the circuit

components of the designed test rig that were essential for understanding the
vehicular drive train design and RB analysis. Also, it involves power and an
energy analysisstudy to estimate and manipulate the energy saved during the

braking process. The different case was used to describe the actual value of

the reasonable stopping time and the recovered energy.

Chapter (5) focuses on identifying and modelling various energy storage
technologies, including batteri es and UCs, which extend the conventional
approach in the literature, to assess the use of this data extracted from
experiments. Subsequently, experimental work was reported to discuss the
implication s of the proposed formula for determining the generator capacity
in terms of SWs capacity. Next, theoretical, and empirical studies were
conducted which illustrate the conventional method of determining th e

energy recovered during RB.

Chapter (6) provides a summary of the research work completed in this thesis.
The main findings and the original scientific contributions of this thesis  were

also highlighted, and the recommended areas for futur e work were outlined .
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The purpose of the vehicle's brake system, as an example, was to slow down
and stop the moving vehicle and keep it plugging hard. The designed brake
system must meet the standards, expectations, and the regulations to provide
maximum confidence that it was safe in any situation with minimal
environmental impact. The literature re view was intended to identify
information on the design and operation of regenerative braking (RB) systems,
to obtai n the benefits of the kinetic energy stored in the rotating object
during stop rather than wasted as heat. The RB was aimed at recovering pa rt
of the ki netic energy and converting it into electrical energy which can be
reused and stored for later acceleration purposes. This chapter covered the
revision of the literature to manage the gap in energy harvesting and held
from the braking ac tivity. The main parts of this chapter aim and objectives
focused on reviewing the various meth ods of energy resources used for
electricity generation including braking and gave the advantage and
disadvantages of each approach to determine the best econom ic procedure.
Also, it was implemented to represent and to study the storage units used to
store the energy generated by different strategies, including the brake system

in terms of circuit modelling and analysis. Furthermore, by the laboratory
design test rig, inform ation was used to achieve the desired research

objective s for the RB and energy savng.

2.1 Background

As claimed by the U.S. energy information administration (EIA), the
international energy outlook (IEO) 2017 energy consumption, divided the
world regions according to the organisation for economic cooperation and
development (OECD) members, and (nonOECD) nommembers. The world
energy utilisation has increased by 28% between 2015 and 2040 with more
than a half attributed to  Asia nonrOECD (including China and India) due to
economic growth, as shown in Figure (2.1) (EIA 2017)
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Figure 2. 1: Word e nergy consumption

The world energy consumption raised from 575 quadrillion British thermal
units (Btu) in 2015 to 663 quadrillion Btu by 2030 and after that to 736
quadrillions Btu by 2040, as shown in Figure (2.2) (EIA 2017) In non-OECD
regions, Asia leads the most world energy consumption for fifty y ears time

duration.
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Figure 2. 2: Energy consumption by sector

The automotive industry has been distinguished as having the speediest
development among ventures in th e current industrial applications . However,
different technical regulation concerning vehicle emissions and environmental
measureshave been introduced to improve vehicle fuel efficiency, promoting
low exhaust emission, and reinforcement to the development of next-
generation environmentally -friendly vehicles (next -generation EFVs) (UNECE
2012). Different approaches achieved this constraint that has been proposed

to accomplish this goal.
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Furthermore, the United Nations economic commission for Europe (UNECE)
concerned with economics, statistics, transport, trade, environment, habitat,

and sustainable energy which offered a regional framework for the
preparation and coincidence of conventions, norms, and standards. The
UNECE inland transport committee (ITC), supports the international
movement, aims to improve safety, energy efficiency and security in the
transport sector which provides rigorous information on the world forum for
harmonisation of vehicle regulations (WP.29) (UNECE 2012)

On the other hand, from the electronic perspecti ve; studying the designing
of the electronic circuit hasbecome an essential part of electronic subsystem
dominated automotive improvement and contribution in this field (Chong
2010). Electronic engineering pr oceeds at a quick rate where researchers have
been anticipated to preserve their know ledge and practical experience to
incorporate with the new subject areas such as in industrial transport
application (Delsing et al. 2016; Enterprise and Munich 2016). So, there have
been many papers about this topic showed that the internal cir cuitry has an
essential functional parameter in the system performance, and significantly
affected by the influence of the circuit operations  (Hanselman 2006; Ehsani
et al. 2010; Roscher and Sauer 2011; Un-Noor et al. 2017). Though, some of
them investigated the general idea without dealing with its paramount in the
overall system design tool. The use of appropriate analysis strategies and
connected research has depicted as a need. Review all useful data available
in braking configurations, power sources, electri cal machines and charging
techniques, provides an overview of existing technology and future

development forms to assist future research.

2.2 Types of energy resources

The law of energy conservation expresses that the total energy of an isolated
system cannot be changed; it was said to be maintained over time. Energy
cannot be created nor destroyed but can be changed from one form to another
(Moran et al. 2018). Therefore, the braking was a complete loss; when
generating heat, it becomes difficult to reuse . The energy recovery

mechanism slows vehicles or objects down by converting its kinetic energy

-16-



Chapter 2: Literature Review

(% ) into another energy form, which can be reused or stored until needs
(Clarke et al. 2010) . Also, the efficiency in the RB process can be enhanced if
it was possible to restore maximum energy from vehicle brakes to the energy
storage units (ESUs), which has improved vehicle efficiency and also tackle
gas emissions(Chiara and Canova 2013; Li et al. 2016). While the recharge able
energy storage system (ESShas been taken as a problem-solving for the lost
energy, has a wide variety of uses in propelled the EVs and HEVs (Sakka et al.
2012; Fleurbaey et al. 2014).

Most of the literature focused on restored energy and controlled topology. RB
can be considered a set of different subsystems. The essential parts of these
subsystems interact with each other, and their contribution to the total
system was clarified (Emadi and Ehsani 2001; Chiara and Canova 2013)So,
there was a gap in the circuit performance of the designed circuit in the
operating conditions. Therefore, to verify its activity and to meet the required
accuracy, a new procedure (dealing with the system as a black box) was

proposed to model different components in this research.

In the next section, an introduction to a different type of energy resources
used for electricity generation and the critical issue related to conservative

energy from braking energy strategy was discussed.

2.2.1 Sustainable energy (SE)

Environmental impact and climate change through the use of traditional fossil
fuel-based energy technologies have had a significant effect on the local and
regional environment (Basha et al. 2009; Joerissen and Frey 2009) It has
mainly explained by the considerable growth of carbon dioxide in the
atmosphere (Midgley and Cebon 2012) Instead, alternative energy -efficient
technologies from natu ral flows such as solar radiation and the wind have
been considered environmentally neutr al and may provide clean energy for an
indefinite period (Ekren and Ekren 2010; Singh 2013) Also, so far, we do not
have technology without harmful effects on the environment; some of them
have much fewer undesirable results and more control. By moving from the
use of firewood as a source of cooking and the provision of heat to the use of

wind energy in transport, and later, as a source of mechanical energy in the
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first machines, renewable energy (RE), pla yed a vital role in the development

of the pre -industrial era (Turkenburg 2010).

Several studies have tended to the analysis of various regions related to the
RE.Each source of RE system (solar, hydroelectric, biomass, wind, ocean and
geothermal) has the characteristics that make it especially appropriate for
some load types in different applications. Also, several topics have always
been put together to find t he variance between RE being dispatchable (with
a high conveyance capacity if necessary) and being variable (low conveyance
capability) . From these studies, several types were covered by the SE
resource, which was energy productio n that can continue for the prospective

future .

2.2.1.1 Solar and wind energy

An assortment of solar energy, such as solar heat, solar photovoltaic (PV),
solar thermal energy and solar fuel, provide s a clean, highly abundant and
comprehensive resource for humanity (Dufo-Lopez and BernalAgustin 2005
Singh 2013) Solar energy was the transformation of sunlight into electricity,
either directly using PV power or using indirect concentrated solar power
(CSP). The control programming method was used to control the solar tracking
system. Singh (2013) in his study, suggested that the two -axis tracking
program, for an instant, produces an increase in the daily collection of 41.34%

compared to 32° fixed surfaces (Singh 2013)

Further, wind turbines were captured the kinetic energy of the wind and

convert it into a usable form of energy. Wind power systems can be
categorised as follows; independent (stand -alone), mixed (hybrid), grid -
connected (Rashid 2018) Small-scale combination, as an example, including
small wind turbines, and PV solar panels with a rechargeable battery can

supply a reliable source of electricity to a commercial bui Iding or home
(Fernando et al. 2019) . Different factors affect power generation ( ), suchas
an increase in wind speed (O, which can be calculated as B ™M O
(Masters 2004; Zhou 2009) According to Diaz-Gonzélez et al. (2012), which

pointed out several benefits for the operation of the power system,
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considering wind power plants that can be achieved (Diaz-Gonzalez et al.
2012).

2.2.1.2 Ocean waves energy

Ocean power (hydropower) was another form of SEthat uses large amounts of
energy within the ocean'stides to generate electricity. It can be classified
into three main ways : ocean wave, tidal and ocean thermal energy. Al | three

methods can be installed as land or marine applications (Rashid 2018).

Zuo and Tang (2013) covered the imp ortance of capturing energy from the
ocean waves with an extension of kinetic energy from surface waves and
potential energy in the natural oscillations of ocean waves which have been
converted into electri cal energy (Zuo and Tang 2013) The mechanical kineti ¢
energy absorbed by the waves was moved to the turbine to push the shaft of
an electric generator (rotary generators) in different ways. The linear motion
generator, which can be driven directly by energy absor ption or by device
movement, and rotary generators produce variable frequency and alternating
voltage with varying capacity (Khaligh and Onar 2010). Besides, ocean wave
energy (thermal gradient) technology have been examined in terms of energy
converter by Od8 Sul | i( Wdrsuét i ahn. Wth thetheoreticald 1 1)
and experimental studies indicate that up to 9 0% of wave strength can be
extracted under certain conditions (Khaligh and Onar 2010). Therefore, the

energy of ocean waves can be converted efficiently into electric al energy.

Although energy production has been intermittent, the tidal power scheme
produced by the surge of ocean waters will slightly re duce the need for a
thermal station (A.Laughton 2003). Furthermore, the tidal current was not
influenced by the variation of climate, lack of rainfall or melting. Therefore,
harvesting energy from the tides was practical due to the predict able and
uniform flow (Roberts et al. 2016). Also, the environmental and physical
effe cts and pollution problems were negligible. Tidal energy, in combination
with the electrolysis of water , can be used for hydrogen production and
desalination applications. However, tida | power generation was an immature

technique that needs further research and development (Rashid 2018)
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2.2.1.3 A mixed combination of power generation

One form of energy enhancement was by considering the combination of
different energy topology. Nehrir et al. (2011) , employed a blend of two or
more related power generation technologies in the design and power
management with storage units . Due to the intermittent nature of many RE

resources such as wind, solar, and ocean wave have been used to enhance
system performance, and reduce system cost (Nehrir et al. 2011) . Hybrid PV
panels and wind were the most profitable solution to consolidate traditional
energy sources. The attributes of these sources of being productive and stable

are possible because of their complementary nature compared to independent

energy systems(Sawle et al. 2017).

Protogeropoulos et al. (1997) provided a general methodology for the siz e and
improvement of RE supply systems, including hybrids such as those containing
PV and wind power components (Protogeropoulos et al. 1997). Later that
studies on the simulated annealing algorithm (SA) is implemented to optimise
the size of the hybrid PV and wind power system with battery energy storage
(Ekren and Ekren 2010. Moreover, according to Erdinc and Uzunoglu (2012),
the optimal size of these hybrid systems based on RE has significantly
improved the economic and the technical performance of energy supply, as
well as promoted the widespread use of these environmenta lly friendly
sources (Erdinc and Uzunoglu 2012) In (2014), Kusakana, in his study,
analysed a detailed analysis of the optimal sizi ng approaches for enhancing
system econony (Kusakana 2014) Consequently, an optimal mixed
configuration of the colony of ants was presented with an artificial bee colony
an algorithm called the ACO -ABChybrid algorithm to determine the optimal
location and size of distributed energy resources in the distribution systems
(Kefayat et al. 2015). In contrast, Maleki et al. (2015) described the
performance of various particle swarming algorithms to determine the
optimal size of the hybrid system (PV, wind, and battery), based on the
repulsions factor with th e constriction factor, and the inertial inertia we  ight
(Maleki et al. 2015) .

Intelligent control s ystems, backed by adequate energy storage systems and

energy transmission infrastructure, help the RE to meet energy requirements
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in different sectors (Passino 2001) However, asymmetry in wind, sun, and
clean energy resources can create technical barriers or costs to integrate wit h
the grid at high penetration levels (20% or more)(Turkenburg 2010). To reduce
or overcome these barriers, critical approaches in the electricity sector

include improveme nt of network infrastructure, increase d transport capacity,
use of demand measures to move loads, and the development and implement

of energy storage technologies (Turkenburg 2010).

Furthermore, design of hybrid systems used to solve complexity due to the
uncertainty of the RE supplies; the load requirements and the nonlinear
properties of several components were provided using optimisation methods
that use the genetic algorithms (Dufo-Lopez and BernalAgustin 2005). Gupta
et al. (2011) analysed an integrated economic, technical analysis of the model
hybrid of the energy system to supply the load of remote rural areas (Gupta
et al. 2011). Meanwhile, Sangpanich (2013) addressed the potential
opti misation of wind -solar energy systems by using low-speed wind turbines
to improve rural electrification optimisation of weak wind speed turbines
Solar system technique has also been used to enhance rural electrification
(Sangpanich 2013) System integration studies have not revealed a baseline
for the share of renewables in local , regional or global energy supplies (Sen
et al. 2017).

2.2.1.4 Geothermal energy

The use of geothermal energy at high temperatures to produce electric power
began experimentally in Larderello, Italy, in 1904; the first commercial
station (250 kW e) was available in 1913 and connected to the grid
(Turkenburg 2010). Thermal energy was renewed from the deepest layers of
the earth; therefore, it was not depleted (Rashid 2018) Some geothermal
power plants have utlised the steam from a tank to power a
turbine/generator . At the same t ime, different stations have used high temp
water to boil fluid that evaporates and afterwards runs the turbine. High temp
water can be used near the ground surface directly to warm the buildings, the
plantation in greenhouses, drying crops and various industrial processes
(Geothermal. 2013).
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2.2.1.5 Biomass energy

Another type of SE isbiomass. Wright et al. (2010) examined biomass based
on hydrogen fuel production, which affords various categories and measures
of cooling and heating services (Wright et al. 2010) . However, there were
some significant problems in adding biomass to the hybrid system as an energy
source. The first obstacle was defined as providing fuel and a continuous
supply of this system. The second most important was pollution and emissions
from burning biomass fuels. The biodiesel produces, for the most part, carbon

monoxide, carbon dioxide, nitrogen oxides, sulphur oxides and fume. It was
concluded that the tests with oil -bearing crops; th e emission of non-burning
hydrocarbons and the emission of nitrogen oxides from the engine were more

significant in all fuel mixture than diesel (Basha etal. 2009).

2.2.1.6 Hydroelect ric energy

Hydroelectric power has great potential to provide energy management to the

world (Khaligh and Onar 2010; Upadhyay and Sharma 2014) Hydropower
generators can be utilised as motor pumps to force water from the tail tank

to the head tank and store it at a high level using the off -peak power grid.
During peak demand, headwater has run generators to meet demand. The
typical cycle of energy efficiency can be 75%. There are more than 90 GW of

storage facilities that are supplied all over the world  (Abu-Rub et al. 2014).

2.2.2 Energy recovery from vibration and ver tical movement

Waste energy Recovery and use (conservation) was a significant opportunity
to reduce primary energy, improve energy efficiency, and to reduce emissions
for the global industry. Zhu (2011) presented that the harvesting of machine
vibration  energy, which includes electromagnetic, piezoelectric,
electrostatic, and tuneable vibration energy harvesters , was based on spring
mass damping, and was linear e nergy collectors (Zhu 2011). On the other
hand, the different technology consists of collecting energy from the vertical
movement of the vehicle which can be achieved from the throw during

acceleration and deceleration, the movement of the wheels when crossing
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the pits, and the unevenness of the road. H owever, it was not as large as the
horizontal kinetic energy . Research has devisedthe automotive suspension
system to capture the ve rtical motions (Hoo 2013). Zhang et al. (2016)
developed a simulation model and applied energy analysis to capture kinetic

energy for vehicle suspension vibration (shock absorber) (Zhang et al. 2016b).

2.3 Braking methods in the drive system

Braking was the process of controlling the speed of an object by preventing
itsmovement ( Li udvi navi ni us .AmaVvinglobjettdhasikihetics
energy (% ), which must be eliminated by dissipating it into the outside
through friction or by transferring it into another form of ~ energy at stopping,
followed energy conservation principle. There were several solutions to
integrate brake control into the application (Han et al. 2011). Sangtarash et
al. (2008) discused three main brake control strategies, which includ ing
sequential braking with a better sense of brake, subsequent braking with
optimal power and brake recovery, and parallel braking. Next, brake
performance and fuel economy were studied for each method and compared
to the other products in the driving cycle. In contrast , in a drive cycle such as
Nuremberg, the use of these strategies can restore 30%, 36% and 15% of the

total electric power produced (Sangtarash et al. 2008).

The braking of machines driven by electric motors, such as in EVs and HEVs,
was necessary to reduce or cease the speed of engines for system correction
and safe operation (Murthy et al. 2015) . Most functional braking was achieved
by using electrical braking to ensure smooth operation by following the speed
time prof ile and allowing restoration of the % . However, for safety and
emergency brakes, mechanical brake systems remain essential brakes to
ensure system stability when notin use (Gao etal. 2007; Liu etal. 2011; Mutoh
and Akashi 2011; Murthy et al. 2015).

Depending on a different type of engines , and regarding their properties,
there are various methods of braking. The structural classification of braking
systems of electric motors has been mainly completed through two strategies
according to different researches (Davis et al. 1990; REN 2010; Mutoh and
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Akashi 2011; Chishty and Melis 2012; Xie et al. 2012; KELJIK 2013; Alamili et

al. 2019). The methods of braking can be categorised as:

1 non-regenerative, where the source supplies electric energy to give
braking, or,
1 regenerative, where the % of the rotor was transformed into

electricity and get back to the power source.

In the following section, differenta pproaches have been studied and analysed

to get an exceptional understanding of the study involved in this r esearch.

2.3.1 Mechanical (friction) braking systems

Most EVs and HEVs braking systems depend on hydraulic braking technology in
which the % was converted into heat during braking, resulting in an energy
waste (Kapoor and Parveen 2013) The essential operation of the conventional
braking system was depended on friction to counteract the forward
momentum of a moving motor . The % dissipated as thermal energy (% )
into the air by applying resistance to the moving parts of the system u sing the
usual brake disc with shoes that were employed by weights, springs, and
electromagnetic or pneumatic power as shown in Figure (2.3), squandering

motor's produced energy (Tushnet 2000).

prings ydr ulic slave cylinder
Brake lining S H; aulic siave cylin
Brake drum material

Figure 2. 3: Drum brake system (adapte d from (Engineering Insider. 2017) )
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Furthermore, the energy obtained from the system was consummated through
the following formula :
% &A (2.2)

Where; &, is the friction force in (N), A is the stopping distance in (m),
and % , is the thermal energy in joules (J). Also, the % found in an object
in motion is implemented as,

% i Ojc¢ (2.2)

Where; | is the mass of the rotational object in  (kg), Ois the velocity of the

item in (m/s), and % , is the kinetic energy in (J).

By the application of energy conservation of the two previous equations, the
thermal energy produced must be equal to t he kinetic energy wasted %
% , so that, the friction force will be

& 1| OjcA (2.3)

From equation (2.3), when speed or mass increased, the applied friction force

must be increased to make the body stop at the same distance.

2.3.2 Review of electric (dynamic) braking

The evaluation of braking need starts from the electric motor, which  was
connected to the supply voltage out of an inverter that converts the DC
voltage to the AC voltage feeding motor at the desired frequency. The basic s
condition of electric braking in an industrial ap plication was to shut down the
mechanical system within a specified period. Dynamic braking method of the
motor was achieved by controlling the engine current during deceleration.
During the brake s, the brake motor turned to be as a generator through the
short process, driven by the kinetic energy of the load. The output was
dissipated as heat in brake resistor or back in the supply line or dissipated as
heat in the same engine (Tushnet 2000; Mutoh and Akash 2011). The benefits
of dynamic braking were to reduce corro sion of braking components based on
friction, while the replenishment reduces net energy consumption. Typical
examples of brake applications are cranes, lifts, vehicles, conveyors and test
benches (KELJIK 2013)
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Electric brakes, according to the lite rature, can be classified as follows:

2.3.2.1 D.C. injection braking

For most applications, quick stopping of high inertia motor loads can be
achieved with DC injection braking, which has not added to system cost or
complexity. The DC Injection braking was a strategy for slowing down AC
motors without the applying of a frictional brake or an additional braking
source such as a dynamic braking resistor (Senty 2013). The unit used was an
electronic device that provides frictionless braking for the three-phase
induction AC motors (Guideline 2011). In this process, there was no
component in contact during braking . If a DC braking was required, a separate
source of DC excitation has been inserted into two of the windings of the
motor, creating a fixed magnetic field that applies a steady torque to the
rotor, (switch K1 was closed). After the supply voltage has been switched off
(K2 wass opened), meanwhile, the two switches (K2 and K1) cannot be closed
at the same time . A DC voltagewas obtained in a thyristor -controlled injection
brake unit which was then fed into the stat or of the motor by rectifying the
supply voltage, as shown in Fgure (2.4) (Rajashekara, Ashoka K. S. Bhat
2000).
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R2 2:5 K] : |
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— |l }I
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— 1r-:'...'
| M| |IL|‘|I

Figure 2. 4: DC supplied by a half -wave rec tification
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The braking torque has depended on the current magnitude, which can be
changed by controlling the phase (G1, and G2) of the thyristor. The engine
will stop for a while since there was no induced field to keep it rotating.
However, the coasting time after the voltage removal may be unacceptable,
especially in an emergency, with a controlled DC voltage providing the motor
winding. According to the guidel ine and the technical guide No.8 - electrical
braking, the current injection must be 3~4 times the engine rated current
when passed through the stator windings to provide more immediate stops
(Guideline 2011; Technical guide No. 8 - Electrical Braking 2018).

Moreover, the current injection can also be maintained after th e motor stops
to keep it in place. For the rapid and repetitive brake of the generator, the
power electronics adapter must deal with the power generated either by the
controlled dynamic brake switch (with brake resistor) or by bidirectional
energy flow. Th e loss of power in the converter can also be helped with
dynamic braking (Rashid 2018) This type of brake was usually used with light

loads, and this prolonged use can cause engine damage.

2.3.2.2 Plugging braking

In plugging (reversing current flow) braking, mainly used in controlling
elevators and rolling mills, the changing of armature terminal or supply
polarity of a separately excited or shunt wound DC motor, and hence the back
electromoti ve force (% ) starts acting in the same direction with the supply
voltage (Serteller and Ustundag 2017). The adequate techniques across the
armature will be the supply voltage plus the % , which was almost twice
the supply voltage. Thus, the armature current was changed, and the motor
has developed a counter torque and exerting a hindering (retarding) braking
torque. The plugging process reverses energy temporarily and thus turns off
the engine quickly (KELJIK 2013) Tushnet (2000), stated that the main
downside of this scheme was that the supply must be detached at the precise
moment; otherwise, the braking force may stop before the motor has ceased,
or the engine may start to run in the reverse direction (Tushnet 2000). The

current limit resistor was connected in series with the armature to re duce the
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armature current to a safe value . The DC separately excited motor connection
diagram and its characteristics are as shown in Figure (2.5).

wm
A

plugging| motoring

Figure 2. 5: Separately excited DC motor

In rheostat braking, the overturning of the direction of the torque was
controlled by detaching the motor from running from the supply and then
connected to a variable braking resistance. Rheostat braking of motors was
possible for both high and low armature speed ( Li udvi navi Ani us an:
2007). In this situati on, the field winding remains connected across the
source. At the same time, the armature was driven by the inertia so that the
engine was being made to operate incide ntally, as a generator driven by the
kinetic energy of rotating parts and the load to produce the braking torque
(Serteller and Ustundag 2017). The generate d voltage from this generator was
then supplied to a braking resistance (2 A which dissipated it as heat and
scattered throughout the motor armature resistance ( 2 Aas shown in Figure
(2.6), as an example of two types of motors. The braking was inefficient
because it cannot recover the generated electricity, and it might be used just

in a specific case (Guideline 2011).
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Figure 2. 6: Braking with (a) self -excitation, and (b) separate excitation
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2.3.2.3 Motor fl ux braking

Flux braking was a strategy, mainly useful in low -power motors, dependent
on motor losses that can be actualised in the system drive with field -oriented
control uni ts, or flux vector control units. While braking  was required, the
frequency was decreased, which significantly increases the flux generating
and the current magnetising component of the motor increasing motor losses.
Likewise, with many past techniqu es, flux braking was turning systems energy
into heat atthe motor and shoud be used sporadically to prevent motor harm.
The control of flux carried out through the direct torque control (DTC)
principle . The flux braking method based on DTC enables the motor to shift
quickly from braking to motoring power when requested (Technical guide No.
8 - Electrical Braking 2018). Figure (2.7) displays full diagram for DTC contains
two main parts; the torque control loop and the speed control loop  (Erno
Pentzin 2013).
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Figure 2. 7: DTC block diagram (adapted from (Erno Pentzin 2013) )
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2.3.2.4 Magnetic and Eddy current braking

Kitanovand Po d o | @008 stated &nother viable strategy for braking. The
braking scheme was by using two types of brake suitable for high -speed trains,
including a magnetic brake and an eddy -current brake. The braking activity
of a magnetic rail brake, for instance, was expected to adhesion force
between the curb and the track . Furthermore , the magnetostatic relies upon
the magnetic field strength and the contact region of the brake and the rail.
Besides the braking action of an eddy -current brake originates from the w ay
that a conducting body slows down when crossing an area of changing the

magnetic field ( Ki t anov and Podol dski i 2008)

Moreover, a separate device coupled t o the shaft of the motor comes about
when electromagnets were actuated, and th ey induce eddy currents in the
rotating metallic disk. However, the eddy currents produce magnetic fluxes
contradict the flux generated by the electromag nets and in this manner r esult
in a braking torque on the motor. The energy was dispersed as heat in the
turning hard disk (Ma and Shiau 2011; Atsharif 2016). Figure (2.8) illustrate s
an example of the integrated brakes combine the friction brakes and eddy -

current brake on the same calliper (GAY 2005)

Magnetic
Brake
Servo

Caliper Caliper

Diac (Friction brake side) (Magnetic brake side)

Figure 2. 8: Eddy-current and friction brake integration
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2.3.2.5 Capacitor excitation braking

Braking systems for three -phase induction motors, which use the self -
excitat ion of the capacitor after supply shutdown, were used for dynamic
braking (Murthy et al. 1984) . The principles of capacitor excitation braking ,
as shown inFigure (2.9), can be applied when connected in a delta connection

to a so-called capacitor bank used to achieve instant braking. In the regular

operation of the motor, the capacitor bank remains massively open (K2
switches were opened), and switches Ki were connected. The three-phase
star-connected stators coils were connected directly to the three -phase
terminals. While when the braking was required, the supply of the engine was
turned off (K1 switches were opened), and concurrently the capacitor bank

was connected to the motor terminals (K2 switches were closed), which
causes the capacitors to be connected in delta formation (Tushnet 2000). The
value of capacitive reactance increases as the stator frequ ency falls, though
the inductive reactance reduced. If the capacitive reactanc e esteem was
much lower than that of the magnetising reactance; the capacitance can
absorb all energy in the magnetic field. Meanwhile, the flow of AC was
maintained . For low-frequency values, the capacitance cannot absorb all

energy in the magnetic field and thus stop the ACas well as the effect of the

capacitive braking.
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Figure 2. 9: Capacitor braking circuit diagram

-31-



Chapter 2: Literature Review

2.3.2.6 Regenerative Braking (RB)

Because EVs carry a limited amount of electrical power on their energy
storage systems, it was critical to maintain ing the highest electrical power
possible to increase the range of travel. Research studiesgave an excellent
opportunity for unde rstanding the principles of the RB system, which was the
subject of this research . The form of electric braking involves recovering the
kinetic energy of a moving object by co nverting it into valuable energy. For
instance, the converting energy was stored in various storage units likes a
battery or ultra -capacitors (UCs), pneumatic, or mechanical energy in the
flywheel. In EVs the utilisation of RB can increase the overall efficiency by
maintaining a portion of kinetic energy that would then be able to be
accustomed to conveying the vehicle to s peed (Clarke et al. 2010; Yang 2012).
This type of braking was conceivable when the driven load forces the motor
to run at a speed higher than its no-load rate with a fixed excitation. As a
result, the motor induced voltage (back electromotive force emf) %  has
become more than the supply voltage, which leads to reverses the armat ure
current direction and then to work as a generator that produces the brakin g

torque.

Moreover, the kinetic energy stored in the rotating parts of the engine and a
connected load was turned into electrical energy and were stoked into the
power supply (Yeo et al. 2006; Lv et al. 2015) . When the speed remains to
land, consequentially, the %  was reduced until it becomes lower than the
supplied voltage and then the armature current returned to opposite the
induced voltage % . In this case, the other electric or the standard friction
braking might be used to stop the engine safely. Due to the maximum
recharging rate of the circuit and the storage unit (battery) capacity, the
electromagnetic RB braking force was always limited. Therefore, the
traditional friction br ake system was required to convert excess power from
the vehicle (Davis et al. 1990; Ko et al. 2014) . Friction brakes can also be
prevented the loss of braking ability if the RB was failed. Therefore, the
concept of RB was vital for such vehicles because operating in this mode
during the braking event restores the energy to the energy storage system

(ESS) Also, it has helpd by reducing the corrosion of components withint he
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mechanical friction braking system. To achieve braking in mixed mode, the
two systems (regenerative and friction) need to be combined. In the brake
configuration, the motor/generator (M/G) and the hydraulic drive pressure
were controlled together to meet the driver's demand for braking. Zaini
(2012), stated a blended mode con trol slowing mechanism dependent on the
extent of braking combination of regenerative and hydraulic braking. His
study presented to understand the method that can be used to meas ure
systems kinetic energy that can be stored for enhancing energy recovery
(ZAINI 2012)

2.4  Concluded remarks

Of all the renewable technologies m entioned above, and due to climatic,
political, and natural conditions, it was evident that research was needed in
these sectors so that they can be implemented in practice in Iraq which can
be used in the future. Meanwhile, the benefits of electrical braking compared
with mechanical braking can be listed as follows :

1 For mechanical brakes, due to excessive wear on brake blocks or
braking linings, need frequent a nd costly replacement and
maintenance cost,

1 In some electric braking situation s, the kinetic and potential energy
can be returned to the system, such as in RB process, which was not
possble with mechanical braking,

1 The capacity of the system can be rai sed using higher speeds and the
transport of heavy loads,

1 The electric braking was smooth compared to mechanical braking.
From all the points mentioned above, it can be observed that the benefits of
RB braking compared to other technologies was the most suitable for EVs and
HEVs application. Therefore, the underlying technolog y was proposed in this
study to harvest the kinetic energy of the vehicle deceleration and to reduce
gas emissions and fuel consumption that may be amenable for application in

Iraq in the current circumstances.
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2.5 The components of the RB system

2.5.1 Power trai n configurations

According to the literature, different settings of power train group designs,

such as serial, parallel, and series -parallel connections were available (Lee
2011; Park et al. 2014). Ehsani et al. (2010), provide the HEWs structure,
according to the characteristics of coupling or separation of power wh ich can
be implemented in the designed test rig with two different voltage source s,
such as electric coupling, mechanical coupling, and mechanical -electrical
coupling drive trains (Ehsani et al. 2010). The electrical, hydraulic , and
mechanical links have been usedin a system with batteries, elect ric motors,
generator and second torque source with a hydraulic link to pump fuel source
to the fuel-powered internal combustion engine (ICE), as in Figure (2.10). The
series structure HEVs was suitable for city driving, where it can  be handled

the frequent stop and run a driving pattern.
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Figure 2. 10: Hybrid EVs configurations
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Tie and Tan (2013), argued that the series hybrid type of HEV s has reduced
the overall efficiency of the vehicle to about 25.7% but retains and stores
most of the RB energy in the ESS(Tie and Tan 2013). Figure (2.11) shows the

configuration of a series of hybrid electric transmission in detail.
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Figure 2. 11: Series hybrid power train structu  re (adapted from (Ehsani et al. 2010) )

On the other hand, in the parallel structure Figure (2.10b), two mechanical
powers are added in a mechanical coupler. The HEVs parallel structure can
improve the overall efficiency to 43.4% (Tie and Tan 2013). It was more

desirable on the highway and city driving conditions.

The distinguishing feature of Figure (2.10c) configurat ion was the use of two
power couplers that were mechanically and electr ically powered, although it
was relatively more complicated and expensive. The only difference between
Figure (2.10d and 2.10c) was that the electric coupling function move s from
the power converter to the batteries and that the additional power conv  erter
was included between the motor/generator and the cells , which was the most
complex (Ehsani et al. 2010). The modern electric propulsion train has
consisted of three main subsystems; electric motor propulsion, pow er source,
power converters and electronic controllers (Ehsani et al. 2018). Figure (2.12)
shows an illustration of the general EV s configuration, which can be

represented in the laboratory environments.
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Figure 2. 12: EVs configuration (adapted from (Chan and Chau 2001))

2.5.2 Energy storage units (ESU)

According to the literature, the EVs require a transmission that can efficiently
hold torque and speed requests and smoothly control the flow of energy in
the vehicle's wheels (Ehsani et al. 2018). Brake controls were an electronic
device that can control brake demand, determine brake end time and how
quickly br akeswere applied. For EVs related to the transmission, most designs
have utilised a fixed ratio transmission. REN (2010), in his study, investigate d
the challenge of whether the use of the electric motor can be improved in its
highly efficient area by controlling the transmission. The simulation results
demonstrate two examples of EVs that the benefits of energy consumption
were genuinely achievable between 7 % and 14%, depending on the driving
cycle (REN 2010) In th e designed test rig, a direct -coupled flywheel was
jointed with the PMBLDC motor.

During braking, the controller directs the electricity generated by the
generator to batteries or the UC s storage units (Pay and Baglzouz 2003; Li et
al. 2005; Chen et al. 2009; Clarke et al. 2010; Dixon et al. [no date]) . The
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need for a medium to store generated energy and the surplus energy was
essential for industrial applications. Although , energy can not be stored in the
form of electricity; it was possible to convert into another condition that can
be saved and then turned back to electricity if desired. Therefore, there  were
a variety of possible ways that energy can be stored depending on the circuit
designed andthe level of performance required. The classifications of energy

storage systems (ESS) based on technologiess as shown in Figure (2.13).

Energy storage
technologies

[ Electrical ] [ Mechanical ] [ Thermal ]

- Chemical Pumped hydro
(PHES)
- Eattery
| - EDLC (UC)
= Regenerative Compressed air
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Superconducting
Magnetic Coil (SMES)
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Figure 2. 13: Classification based on technologies of ESS

Concerning mechanics; The ESS selectionfor expenses and environmental
situations have considered the kinetic energy transfers to the rotating mass
using the flywheel (FES) as the most proper technology (Hedlund et al. 2015;
Ren et al. 2015; Rashid 2018; Alamili et al. 2020) . It can b e easily justified
because it provides high density, high efficiency, low cost, high life cycle, and
does not mean any adverse environmental effect (Barin et al. 2011) . While in
the pumped hydroelectric storage (PHES), which stored the energy in
gravitational form by transferring a water mass from low to higher ground
level has played an essential role, as an example, in the United States
electrical grid (Rachel Carnegie et al. 2013). Also, it can be stored in the
compressed air (CAES), whch has started in the 1970s when the oil and gas
prices have increased (Rachel Carnegie et al. 2013). Ribeiro et al. (2001),
stated that energy could be stored in the electromagnetic energy storage
(EMES) inthe form of magnetic fields using superconducting magnetic energy
storage techniques (SMES) (Ribeiro et al. 2001) . While in the electrostatic

energy storage (EES), the energy stored in UCs using electric charge (Dixon et
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al. 2009). Also, the electrochemical storage unit (ESU; had used hydrogen
produced by water electrolysis and combine it with oxygen in fuel cells to
release energy (Rachel Carnegie et al. 2013). Hence, battery energy storage
unit (BESU)has utilise d the chemical components built into them to store and

release energy (Glaize and Genies 2013; Sakka et al. [no date]) .

Furthermore, energy storage systems (ESS)can be classified according to

characteristics , as shown in Figure (2.14) (Chatzivasileiadi et al. 2013) .

Characteristics of
Energy storage

High power High energy Relatively high power
density density and energy densities
™
= FES = PHES BESU
= EDLC (UC) = CAES
« SMES « HES Lead-Acid

Nickel-Cadmium
Sodium-Sulphur
Lithium-lon

Flew batteries

& % & & @

Figure 2. 14: Classification based on attributes of ESS

Also, ESScan be classified based on the power and energy rating or densities
available since these criteria often reflect the use of ESS . This ESS includes
FES, SMES, and UCs, which can provide high power output for a shortperiod
(for example, minute s) and could be committed in a short time ( for example,

seconds). Meanwhile, ESS that includes the PHES, CAES, and HES cabe
provided low output power for a more extended period ( i.e., hours) and
require some time before starting the deploy ment or storage energy (for
example, minutes). Finally, ESShas had both high power and e nergy densities
relatively , as shown in Figure (2.14). The BESUwas located between the two

previous groups, depending on the type of battery used (Lead -Acid, Nickel -
Cadmium, Sodium-Sulphur, Lithium-lon, or flew batteries) (Rachel Carnegie
et al. 2013).

The most challenging part of designing electrical + % 2vas how to stor e the
electrical energy and how to manage it. Many modern EV s and HE\s included

power conversion technique to extend the range of the battery pack (Ribeiro
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etal. 2001; Lukic et al. 2008; Kapoor and Parveen 2013) . The selection crit eria
for adequate energy storage hasincluded high specific energy storage density,
high energy transfer rate, and small space requirement. Figure (2.15) shows

the ESS classificdaion according to power density (Abu-Rub et al. 2014).
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Figure 2. 15: Classification of the ESS

2.5.3 Application of ES Sfor energy reco very

In RB form, the primary distinction between various storage units was that in
the way they convert the energy and the way that energy was stored. These
types of storage units include the CAES, for an instant, was technically
efficient and ec onomically attractive for energy management. During
acceleration, the pre ssurised hydraulic fluid in the accumulator drives the
variable axial displacement unit, which then works as a motor, as shown in
Figure (2.16). When braki ng, the variable axial pisto n unit converts kinetic
energy into hydraulic energy and pumps hydraulic fluid into a bladder
accumulator filled with Nitrogen. Zhang et al. (2007) suggested that the
system provide 10% of the energy using a brake regeneration (Zhang et al.
2007).
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Figure 2. 16: Compressed gas brake system ( adapted from (Zhang et al. 2007) )

Meanwhile, physicist Richard Feynman has postulated the concept of
transferring the vehicle's kinetic energy using flywheel energy storage in the
1950s. Unlike electrical + % 8ystem, this method of storag e prevents the need
to transform energy from one type to anothe r. The % of the vehicle ends
up as % of a rotating flywheel (only a mass rotating about an axis) through
the use of shafts and gears (Cibulka 2009). The benefit of using flywheel
technology was that more of the forward inertial energy of the car  could be
engaged even during relatively short intervals of braking and acceleration
(Mirabadi and Najafi 2011; Farahani 2012).

Hydraulic RB used to improve the fuel economy of the vehicle, which was an
alternative form of RB system(Chu et al. 2009). Ford Motor Company and
Eaton corporation developed hydraulic power-assist (HPA) (Pochiraju 2014).
In this system, during acceleration, the fluid in the high -pressure collector
was driven to operate the pump as a motor. This syst em can be produced with
a fuel saving of 21.7% in a perfect shutdown cycl e (Midgley et al. 20 13). Also,
Zhang et al. (2012) concluded that the fuel economy has improved by more
than 25%o0f the RB system (Zhang et al. 2012).

BESU in E¥ and HE\6 has been used to supply energy at motoring operation |,
and in braking action . The motor works as an electric generator to generate
electricity that can be fed back into batteries  (Michalczuk et al. 2012; Andre
et al. 2013). The significant c haracteristics of the UCs ESUhave used to

perform higher acceleration and deceleration of the vehicle with a minimum

-40-



Chapter 2: Literature Review

waste of energy, and minim um degradation of the main battery (Dixon et al.
2009). Energy storage devices like UCstypical ly have used along with batteries
to compensate for the limited battery power capability, as shown in  Fgure
(2.17).
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Figure 2. 17: UCs vs batteries power density and energy density graph  (adapted from
(Zhao et al. 2011) )

The proper control of the ESS has presented a challenge and an opportunity
for the power and energy management system (EMS) The UCs can be
discharged and recharged many more times and with far deterioration than a
battery as it accepts and releases charge much more quickly.

Most importantly, these technologies have vigorously relied on battery packs
as the central storage unit. In this way, it was critical to creating an accurate
cell model that can advantageously be utilise d with a simulation of the EMS
(Ostadi and Kazerani 2015; Xu and Cao 2015) However, to operate safely and
efficiently, batteries ESS should be used within the safe te mperature and
voltage ranges. In this case, the UCs that were undergoing charging and
discharging cycles frequently in high current and short duration were used to
assist the battery . Furthermore, it can be used to store energy that has
additionall y made fundamental advances into the electric power system
(Karden et al. 2007; Sangdehi 2015). Based on the proposed developing of the

hybrid ESUs, improvement of properties can be taken advantage of the
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combination of batteries (higher energy density ) with UCs (higher power
density) (Ren et al. 2015; Itani et al. 2017) . The best battery performance can
be accomplished with additional UCs. The UCswere being assistedin achieving
the energy density of cells, offering almost unlimited lifespans, widen
temperature run and no environmental issues. Additional consolidate it has
used UCs to transmit of high current on acceleration and to accept RB energy
on descending to disconnect the electric motor from the battery through  the
electronic control unit. This fact has made it ideal as energy storage for the

designed test rig and in EVs and HE\S power applications.

2.6 Sustainable energy (SE) control strategies

In EM, the control unit was necessary for hybrid RE resources used to monitor
and control the various variables acco rding to the load requirements to
maximise system reliability and operational efficiency at the desired level of
performance. In general, research ers consider four classes of controllers have
used to manage the operation of hybrid RE. The controllers have classified as;
centralised, distributed , combined hybrid, and multiple control  (Nehrir et al.
2011; Lodha and Shukla 2016; Sawle et al. 2017). In all cases, each power
supply must have had its own (local) controller that can determine the
optimum performance of the corresponding uni t according to the current
information. Bala and Siddique (2009) impl ied the centralised control, in
which a central control arrangement manages the signals from the power
supply. This form has a drawback because it has taken more time to
implement (Bala and Siddique 2009) While during distributed control, which
has one power source to manage, it was more useful as a minimum for th e
account to be achieved without any failure. It was flawed in multiple
communications, w hich can be overcome using the most appropriate artificial
intelligence techniques available, such as multi -agent systems (Nagata et al.
2002).

Meanwhile, the hybrid control technology has combined distributed and
centralised control units, using local and global improvements and energy
management. The inadequacy of this method was one of the main

complications of the information transfer system. However, the latter
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approach was the multilevel method in which the operation principle equates
the hybrid control technology for better control of the system based on the

current information (Sawle et al. 2017).

2.7 Energy management system (EMS)

EMS treated as one of the useful management tools used to enhance
performance by recovering sufficient energy from the brake system. ESS
studies have provided high energy density (PHESU, CAESU and BESU) with lorg
term charging/discharging duration. The higher penetration of intermittent
energies due to electr ical system intrusion highlights the need to maintain a

certain level of energy reserves to compensate for power loss.

Therefore, the us ing of ESS opened goromised opportunity to the possible use
of these units beyond the electricity industry to include other sectors such as
an EVs and traction system, where ESS uses brake energy to accelerate the
speed and to provide continuous and pulsating power for the EVs. There was
a wide range of arrangements for consolidating hybrid ESS, for example,
batteries and UCs (Gao et al. 2005; He 2014; Sangdehi 2015) Various hybrid
active, semi-active and passive approaches have been adopted and
summarised by multiple researchers (Omar et al. 2012; Song et al. 2014,
Castaings etal. 2016; Zhang et al. 2016a; Song et al. 2017) . Chapter 5 extends

knowledge about EMS for more details and analysis.

Finally, Figure (2.18) illustrates the flowchart used to describe the research

objectives / questions and contributions within all the chapters.
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Chapter 1/ Introduction

Background, Motivation, and Significance of the study )
Contribution/ Defined research questions, aims, and objectives
L
Chapter 2/ Literature Review
Revision of the literature to manage the gap in energy harvesting from
different sources and braking
Contribution/ Understanding and prediction of electricity generated based [
on the regenerative braking (RB) process and energy recovery
enhancement by monitoring the storage units during the braking process to
achieve these objectives
¥
Chapter 3/ Mathematical modelling, Simulation and
Regenerative Braking analysis
Theoretical and mathematical modelling of the test rig components
Drive cycles and drivetrain analysis —
Contribution/ Expand the Kinematic measurement to be used in the RB
application
¥
Chapter 4/ Test rig designing and building
Component specification and selection —»
Contribution/ Development of a platform that can represent the RB process
¥
Chapter 5/ Studying energy storage units, and Energy
Management (EMS) analysis
Modelling of electrochemical batteries and UCs
—»
State of Charge (SoC) measurement for energy management
Contribution/ Proposed new modelling of the generator and the UCs
storage unit in RB process
¥
Chapter 6/ Power and Energy analysis
Experimental results and performance monitoring
Contribution / Blended different strategies to promote energy recovery
¥
Research objectives
Design and built a test platform for energy recovery from the braking
process, and expand the Kinematic measurement
—

Modelling of electrochemical storage units

Develop a new braking system algorithm for maximum energy recovery
considering the downtime

Figure 2. 18: Thesis outline flowchart with contributions within allt  he chapters
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2.8 Conclusions

RB has a significant impact on the reduce s the environmental impact and cost
of many industrial systems. Most of the literature highlighted and focused on
renewable energy as an alternative to fossil energy. The lack of necessary
tools and due to the climate conditions, such as high temperaturesi n summer
and drought in Irag necessitated research on the restoration of waste energy.
As a part of this research, to cover the gap, it was noteworthy that in the
waste energy recovery to the design of a test platform to represent the real
behaviour of the system. It was necessary to adopt the approach and serve it
as a black box to compensate for the lack of design representation for some
components of the circuit through whic h the system can be optimally
represented. Different strategies should be considered to enhance system
performance on the current platform. Specific knowledge gaps can be

summarised as follows:

The systemmust be strictly designed to deal with several limi tations to reduce
energy loss due to friction in the braking process. Besides, system components
must be compatible with each other for more exceptional durability and
performance. The elements must be tes ted experimentally to emulate the
real behaviour of the system. Also, the total cost should be minimal, and the
life of the system should be maximally beneficial since it affects the overall
benefits in the industrial sector. Control strategies should be a s simple as

possible to use in EMS and improve efficiency.

The next chapter (Chapter 3) provides an introduction and the necessary
information about the mathemat ical description and modelling of energy
recovery for the designed test rig. Also, it gives a r eview of the system
components, for which the chara cteristic equations were prepared
experimentally to build the virtual system and compare its behaviour with the
actual functioning of the system. Furthermore, it introduces a driving cycle
as a representative of the r oad, and the set of data points for vehicle speed
with time travelling at a specific path with the kinematicm  easurement in the

RB process.
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These chapter aims were to demonstrate the drive train used in the driving
system and to exhibit the practical application of each type. Moreover, with
a large extent, it can be analysed to study every component to satisfy the
requirement as needed. Also, to dissect a theoretical probing and
mathematical modelling of every reasonable part used in power conversion
scheme due to the RB process that might be used in the accompanying
sections. Moreover, to understand the operation of the RB, the essential terms
and components have been described and defined to pack up test rig

modelling and simulation regarding these requirements.

The outline of this chapter was partitioned into different sections. In the first
part, the unique type of drive train  was discussed. Throughout the revision of
different kinds of DC motor from which it was possible to determine the
importance of the research subject from both the oretical and practical
aspects. In the second part, theory identified modelling of all ele  ments has
been implemented in the RB process. Also, an introduction of different drive
cycle available wit h the kinematic measurement has been developed to
measure recaptured energy, which set as the main contribution in this

chapter.

Furthermore, an introduction to power systems devices, including an
explanation of various power electronic converters and othe r element used or
projected to be utilised in the testing appliance, has been clarified. The

necessaryinformation about the proposed model of the main and the auxiliary
rechargeable energy storage system has been described in chapter five. At

last, the co nclusion has been given at the end of this chapter.

The following section describes the basic idea of different types of electric
motors and part of the user in a separate application. Also, it has offered a
necessary background of the most centr al drive system used in the RB process,

which can be chosen in test apparatuses.

3.1 Electric drive system

The features of the electric drive of the e lectric motor have been included:;

the transmission shaft and control unit, which adjusts the motor
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characteristics when adapting operating conditions to mechanical load
requirements (Pillai 1989). For the correct drive specification, the design
specifications have been reflect ing operating conditions and the environment
concerning the type of application focuses on a specific load property.
Applications can access four basic sets of motor drives: appliance drives,
general-purpose drives, system drives, and servo drives. Table (3.1) shows the

natural forms and the main sections of these groups (Vodovozov 2012)

Table 3. 1: Classification of electric drive

Feature Appliances General- System drives  Servo-
drives purpose drives drives
Applications Home Fans, pumps, Test benches, Robots,
appliances CcoOmpressors, cranes, lathes,
mixers elevators, machine
hoists tools
Performance Middle low High Very high
Power rating Low \ T I Low and
Whole range middle
| J J
Motor Mainly inductil:n motors Mainly ser\.ron’!mors
Converter Simple, Open-loop ac \ /
low cost and dc Expensive, aan high quality
Typical Home and The process \ J
feature mass cost-sensitive,  High precisionTand linearity,
production and low - high accuracy and high
performance dynamic

The motor drive specifications must meet the requirements of the machine in

all working conditions, especi ally in terms of torque and power. Motor
overload leads to rapid insulation and mechanical damage (Variable Speed
Drives and Motors - Installation Guidelines for Power Drive Systems 2012). At
the same time, an unjustified reduction leads to an increase d in the size of
the framework, costs, and deterioration in loss of performance. Therefore, it
was necessary to adjust the engine consumption with the potential next load
demand (Fontaras et al. 2017) . Meanwhile, motion control was accomplished
in many industrial applications in which the system employed was named as a
driver of the prime movers for supplying mechanical energy for motion control
(Dubey 2002; Krishnan 2010; Vodovozov 2012)
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3.2 Review of elec tric drives

The propulsion system consists of an engine or motor as an energy source.
From a distinct point of view, there was no perfect engine, because a
nominated engine may have a feature in each application but with a flaw in
another form. This disparity can be due to different drivers has unique
features that make it fit for  specific applications being used in an industrial
application (Microchip Technology Inc. 2017). The classification can be
made according to the principle of conversion, such as; electromagnetic,
electrostatic, an d ultrasonic (Briand et al. 2015). Additionally, it might be
arranged depending on the power supply as a direct current (DC) power
supply, and single or three-phase alternating current (AC) power supply , as

shown in Figure (3.1) (Global Power Solutions, Power Supply Technical Guide
2010/11 2010).
[ Motor }

Direct current Alternating Universal
(DC) current (AC) (AC&DC)

Figure 3. 1: Classification of an electric motor according to the power supply

Besides, the classification can be made by the rotation manner (a unit that
characterises the rotating speed or the direction of rotation), or by the

structure (a group of rotating and static parts) (Nidec Corporation 2019).

3.2.1 DC motor

The DC motor can be classified according to commutation types as brushed
and brushless (BL) DC motor (Yedamale 2003; Reston Condit 2004; Zhao and
Yangwei 2011). The BLDC motor was extensively used in an industrial,
automotive application, aerospace, and automation devices. By taking full
advantage of these motors, the BLDC motorwas widely used in different forms
as in refrigerators, washing ma chines and other household appliances

(Rodriguez and Emadi 2007; Miyamasu andAkatsu 2011; Milivojevic et al.
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2012). Also, the BLDC motor has several features that combine d its benefits
in the areas of low noise, high efficiency, more significantd ynamic response,
energy-saving, and robustness (Gamazo-Real et al. 2010). For instance, the
stepping (stepper) motor was a BLDC motor that divides the full rotation into
several equal steps defined as a steps angle suitable to be used within
computer-controlled systems and in the numeric control of machine tools. T he
motor position can then be ordered to move and continue in one of these
steps without any position sensor for feedback which minimises sensing
devices (Bishop 2002) This motor was a combination of a six-coil
concentrated winding stator and a salient pole lamination rotor to make it
ideal for position applica tions (Reston Condit and Jones 2004) In this motor,
a rotary switch wa s used to switch the current between the windings. It can

be classified into three main kinds, as shown in Figure (3.2) (McComb 2007)

Stepping (stepper)
motor

Variable | Permanent I[ Hybrid I

Reluctance (VR) Magnet (PM)

Figure 3. 2: Classification of stepper motor

The variable reluctance ( VR motor has replaced the magnetic rotor with a
geared, not-magnetised soft-iron rotor. It was utilised in machine tools and

computer device peripherals (Manzer et al. 1989).

Meanwhile, the permanent magnet (PM) motors were characterised by the
fact that they have low power consumption when built -in PM. Finally, the
hybrid motor has a combined characteristic of the last two types, consolidates
VR and PM features. The hybrid refers to the VR structure, which has a

precisely notched stepping angle, and the utilisation of PMs which expands

torque combinatio n. The three types of stepper motor have been offer ed very
high rotat ional resolutions and improved torque (McComb 2007) Table (3.2)

gives a comparison of the characteristics of the three types of stepper motors.
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Table 3. 2: Comparison of three different stepper motors (adapted from (McComb 2007)

Mlc?ncﬂlp PM vs. VR vs. Hybrid

WebSeminars

Characteristic Permanent Variable
Magnet Reluctance

COST Cheapest Moderate Most Expensive
More expensive due to
manufacturing processes
Design Moderately Simple Complex
Complex
Resolution 30° - 3 °Istep 1.8 ®/step and smaller
Torque vs. Less pronounced
Speed torque drop at
higher speeds
Noise QUIET Noisy no matter QUIET
what type of
excitation
Stepping Full, Half and Typically run in Full, Half and
Microstepping Full-Step only Microstepping

It clear s that from the table , the PM was the most suitable motor regarding

cost and noise characteristics.

Furthermore, switched reluct ance motor (SRM) was a type of stepper motor
with closed-loop commutated and variable-speed controlled, used in wind
energy systems and EVs. It has a robust and reduced pole count structure
utilises a stator of concentrated winding a nd a salient pole lamination rotor.
The power was delivered to the winding in the stator with electronic devices
can precisely time switch, fac ilitating SRM configurations (Hughes 200;
Bouiabady et al. 2017).

Moreover, DC motor can be classified according to its construction as an inner
or outer rotor design as; surface perm anent magnet type (SPM), and an
interior permanent magnet type (IPM) (Ozcira and Bekiroglu 2011). The IPM
motor has been built from two f orms as concentrated and distributed winding
and used for vehicle traction due to its constant torque at low speeds and its

broad, consistent power at high rates (Choe et al. 2012).

Furthermore, the DC motor can be classified by th e excitation types as:
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3.2.1.1 Permanent magnet (PM) exited DC motor

There were several types of DC motors such as the PMBLDC motor offers
simpler drive schemes which eliminate problems correlating commutation
represented in a different stra tegy (Krishnan 2010; Milivojevic et al. 2012).
The PMBLIT motor has perform ed the commutation electronically using rotor
position feedback to determine when to switch the current to each coil
depending on input from a connected Hall sensor or a rotary encoder. The
stator coils have worked in conjunctio n with a PM in the rotor to gen erate an
almost uniform flux density in the air gap. This representation  has permit ted
the stator coils to be driven by a constant DC voltage, which switches from
one stator coil to the next to create a waveform of th e trapezoidal AC voltage
(Zhao and Yangwei 2011) The classification , according to the armature types

depending on application needs, is as shown in Figure (3.3) (Fei 2011).

. )
PMELDC motor
\ A
| ) |
Slotted Slotless Coreless (moving
armature type armature type coil) armature type
e

Figure 3. 3: PMBLDC motor types

The PM switching motors with a slotted and slot-less armature (rotor) ha s
armature windings fixed to the laminated core and shaft make one essential
part. Also, the moving coil DC motor has the armature windings joined to the
insulating cylinder that turns b etween PMs or PMs and laminated core (GIERAS
2010).

3.2.1.2 Field winding (self -excited) DC motor

The motor was used mainly for a medium and large application within a power
range about (Lhp =~ 750 watts). In this type, the field winding of a self  -excited
DC motor was connected in series, parallel o r partially in series/parallel with
the armature winding that produces the main magnetic field in a machine
(Chapman 2012) Accordingly, DC motors can be classified i nto three types,

as shown in Fgure (3.4).
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s ™
Field winding
DC motor

Shunt-wound Series wound [ Compound wound J

.

Figure 3. 4: Winding field DC motor t ypes

Each class hascharacteristics depending on the load connection that make it
used in specific applications, for example, cranes, electric tra ins, and

elevators (Khajepour et al. 2014) .

3.2.1.3 Separate field (separately exited) DC motor

This type of motor was used mainly as actuators in trains and automotive
applications. The armature and fie Id winding are electrically separated from
each other, and a separate DC source activates the field winding. | t was
described that there is a wide range of spee d control by independently
controlling the amount of current for the two windings  (SEN 2013)

Serteller and Ustundag (2017) have examined the models of the three types
of the DC motors described above according to dynamic behaviou r during
starting and stopping time (electrical braking) and  steady-state for
electromechanical energy conversion. They have concluded that the power
consumption does not change linearly with braking time; it depends on the
energy stored in the load , while the motor acts as a generator during the
brake (Serteller and Ustundag 2017).

3.2.2 AC motor

In this type, the rotational speed was determined by the rotating magnetic
field generated by the application of multi -phase alternating current to the
stator winding. The rotational speed was obtained by the frequency of the
multip le-phase alternating current (Theraja and Theraja 2005). The AC

motors are classified by t he rotation method , as shown in Figure (3.5) .
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rd et

AC motor

Commutator S}rnchrunuus [ Induction

(universal) (asynchronous)

Figure 3. 5: Classification of A C motor

The commutator (universal) was a linear motor utilised in an application
where it was necessary to rotate at high speeds using a single-phase AC or DC
source, for example, in vacuum cleaners and power tools (Theraja and
Theraja 2005). Furthermore, the synchronous motor refers to motors whose
speed was equivalent to the synchronised rate (Chapman and Ninni 2004)
They have incorporate d the accompanying three types, as shown in Figure
(3.6).

Synchronous
motor
Reluctance Hysteresis Inductor type
(reaction)

Figure 3. 6: Classification of synchronous motor

This classification has been implemented depending on the principle of its
operation. The reluctance motor principle of operation  was that it initially
rotates as an induction motor, then alternates synchronousl y with the

frequency of the power supply during the process (Theraja and Theraja 2005).

While the hysteresis principle of operation was that it rotates using the
hysteresis characteristics; it has minimal rotational abnormalities or
vibrations (Theraja and Theraja 2005). Additionally, because there was no
distinction between the start -up and stop torques, it ought to preferably be

worked under a constant load condition.

Finally, the Inductor type motor principle of the operation has utilised to
synchronise the movement of t he rotor with the current frequency applied to
the stator coil and convert ed the input energy into rotational motion by

repeated attraction and re pulsion process. This motor can be classified
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depending on the rotor structure as claw -pole motor and hybrid s tepper motor

(slow synchronisation engine) (Corporation 2019).

On the other hand, the Induction (asynchronous) motor , which was designed
to spin at speed slightly lower than the synchro nous rate can be subdivided
into three main types as shown in Figure (3.7) (Parekh 2003).

Induction
{asynchronous) motor
| |

Squirrel cage | Eddy current I[ Wound rotor I

rotor type

Figure 3. 7: Classification of asynchronous motor

The squirrel cage motor was a general-purpose three-phase motor with four
design kinds as (A, B, C, and D), used for industrial applications.
Approximately 90% of the three -phase AC induction motors (IMs) lie on this
type (Parekh 2003). It can be designed with fully sealed motors to operate in

dirty and explosive envir onments. The single-phase was utilised in the
household and small-scale applications that require fractiona | horsepower

(Stephen L. Herman 2010), and it can be c lassified as:

x  Split phase-type, which can be classified into :

0 Capacitor starting motors: It was utilised in compressors, oil burners,
and small machine equipment. Aside from other applications requiring
strong starting torque in which the capacitor was only introduced at
start-up (KELJIK 2013)

U Capacitor run motors, in which a constant capacitor was included fro m
the start time. The power factor in the nominal load  was approximately
100%or unity because of that the capacitor was used at all the times
(KELJIK 2013)

U Binary capacitor motors that minimise the capacitance by mutating the
capacitor when the motor has a stable operating status (ANDREA 197Q)

U Permanent split capacitor (PSC); in which it has a run type capacitor
perpetually connected in series with a start winding. The PSC motor

startin g torque was from 30% to 150% of the nominal torque. The PSC's
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drives have a low start current, which was typically less than 200% of
nominal current, making them magnificent for applications with high
on/off cycle rates (Parekh 2003),

U Resistance starts motor; in which, the start winding s eems more
resistive and less inductive than the run winding, causing the start
windings current to be less out of phase with the applied voltage
(Grundfos Motor Book/ Single-phase motors. [no date]) .

x Shadedpole type; this motor was utilised in fan and other small
gadgets due to its simple construction. These motors are usually ,
fractional horsep ower ratings and were used in applications that have
not affected by the starting torque (KELJIK 2013)

x Variable reluctance; constructed with the teethe d ferromagnetic rotor
with stator windings. The rotor movement was the result of reducing
the magnetic relu ctance between the rotor and the stator poles (Bishop
2002).

Moreover, there were many kinds of IMs utilised in a specific application.

3.2.3 Universal motor

The universal motors have had high torque and can operate at high speed,
lightweight and can be operated on AC or DC voltage. ACwas more common
for use as a supply in most applications. This type of machine was preferred
when a high power/weight ratio was required. The speed of the universal
motor can usually be in the range of 200 to 5000 rpom. They were typic ally
used in portable tools and equipmen t, as well as in many devices (Stephen L.
Herman 2010).
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3.3 Concluded remarks

The motor selection has lied within performance limits. The comparison of
several aspects of each motor can be facilitate d the identification of the
motor that fits the intended application.  The motor t orque, power, and speed
must exceed the load values involved. Usually, the motor moment of inertia
was commonly higher than the load inertia. However, the low dynamic
machines have accepted smaller quantities, and the high -dynamic machines
have taken the most top. Also, every gear associated with all possible motors,
in which the power and torque should meet the load re quirements as well as
the speed, have met the transmission conditions.

The DC motor, built from high -energy PM, was used in many industrial
applications and studies due to the flexibility of speed torque properties, high
efficiency, and low maintenanc e (Yedamale 2003; Nian et al. 2014; Naseri et
al. 2017). The rates can vary, and full torque can be reached in the oper ating
speed range. Naot only such machine has used on fixed torque loads such as
elevators and cranes, but also in an electric vehicle application. Moreover,
automation and the requirement for controller and driver, controlled speed
and torque have re alised a resurgent enthusiasm for the utilisation of such DC
motors. The advantages of utilising PMs in the el ectrical machines can be
given as (GIERA 2010)

1 The excitation field system does not consume electric energy, so that,
a significant increase in efficiency achieved because there were no
excitation losses.

1 Higher power density and torque density can be achieved when it
contrasted with ele ctromagnetic excitement,

1 Better dynamic execution (higher magnetic flux density in the air gap)
has been accomplished than electromagnetic excitat ion motors, and

1 Streamline designed and easy maintenance

From all the benefits mentioned, the PMBLDC motor was considered in the
designed test rig. In the following section, the PMBLDC actuators and its

control conjunction, assemblies are explained.

-56-



Chapter 3: Mathematical modell ing, Simulation and Regenerative braking analysis

3.4 Permanent magnet brushless direct current ( PMBLDGQ

motor

According to the literature discussion, t he PMBLDQnotors were one of the
leading actuators in control systems, with high -performance and capabilities.
It can provide rotating movement along with wheel s or drums that can access

transitional motion.

All types of DC motor had worked under the fact that when a current -carrying
conductor was placed in a magnetic field, this conductor experienced a
mechanical force. So, it was essential to build a magnetic field when making
a DC motor. The PMBLDC motomwas a modified type of DC motor that uses a
permanent magnet to generate the magnetic field required to operate a DC
motor. However, the AC output has powered the PMBLDC motor at a
controlled time throughout the confi guration of each coil using the Hall sensor
described in the next paragraph. The BLDC motor was being widely
electronic ally commutated, used in industrial and automobile applications
(Niapour et al. 2015) . The significance of these engines has accompanied the
one-of-a-kind attribu tes of the DC motor such as high starting torque for
traction application, or where portable equipment must be  kept running from
a DC battery power supply. Furthermore, an integrated inverting switching
circuit was utilised to achieve unidirecti onal torque. The free rotor body

diagram can be represented as in Figure (3.8).

Inverter
Dc

Rotor position sensor

TORQUE
POSITION

3ph
motor

Figure 3. 8: Topology of PMBLDC motor

Contrasted with other types of motors, the PMBLDC was excited by a square
wave, providing with many advantages, such as the use of higher permanent
magnets, smaller dimensions, higher torque, high efficiency and reliabilit y.
Therefore, the PMBLDC motor has played an essential role in improving

product quality, longevity, and energy -saving (Xia 2012).
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3.4.1 PMBLDC construction

The PMBLDC motor structurehasincluded a stator with armature winding and
rotor with a permanent magnet. Figure s (3.9, and 3.10) shows a sectional
diagram and the construction of stator winding PMBLDC motor which consists

of the fundamental element .

Stator Windings

Hall Sensors Rotor Magnet S

Accessory Shaft Rotor Magnet N

Driving End of the Shaft

Hall Sensor Magnets

Figure 3. 9: PMBLDCmotor transverse -section (adapted from (Yedamale 2003))

_ Rotor position
3 phase coil  detection circuit

Distributed winding  Stator
PM rotor

Hall element to detect
rotor rotational position

Figure 3. 10: Structure of PMBLDC motors (adapted from (Nidec Corporation 2019))

1 The stator cores: The structure of the BLDC motor was like that of a
general synchronous motor or even an Induction motor shown in Figure
(3.11). Single or multi -phase coils were implanted in the iron core,
which can be set as star 0 YO oOr d eylpd eonnertaem By
considering the implementation and expense of th e system, type Y was
mostly used where three -phase windings were connected uniformly
without a neutral point (Xia 2012). The stator windings can be classified

as trapezoidal and sinusoidal motors. This separation was made based
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on the coils' interconnection in the stator windings to allocate the
various kinds of back electromotive force ( % ) in which the phase

current has the same form accordingly (Yedamale 2003).

Figure 3. 11: The PMBLDC motor diagrams (adapted from (Brown 2002))

1 The PMrotor: the PMBLDC motor rotor consists of a PM with individual
pairs of poles nestled in the surface or the inside of the iron core. Due
to the magnetic field density needed in the rotor, the ferrite magnet
is traditionally chos en as the appropriate magnetic material to make
the rotor. The neodymium, ferrite and boron (NdFeB ) was an example
of rare earth al loys have the advantages of severe coercive, and
remaining intensity (Xia 2012). The electrical energy was turned into
mechanical energy by attractive magnetic forces betweent he PM rotor
and the induced rotating magnetic field in the wound stator poles
(Brown 2002).

1 The position sensor: the installed position sensors in the motor can
distinguish the rotor position and turn it into an electrical signal,
indicating the correct commutation information for the logic gate
circuit. Thus, the bes t possible switching of the coil was obtained
through the rotor position information , and the PM rotor has
continuously been rotated as a result of the persistent rotary magnetic
field produced by the currentin the air gap. There were differ ent sorts
of position sensors, and each has its attributes. Currently, a wide range
of electromagnetic, photoe lectric and magnetic sensors have been
utilised in PMBLDC motors(Xia 2012). As a kind of magnetic sensor, the

Hall sensor has minimal volume, low cost and convenient operation.
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Therefore, it was generally utilise d in PMBLDC motor control systems
as the rotor position detector.

1 Hall sensors instead of the mechanical comm utation for supplying the
rotor with field and current, the design principle of a PMBLDC motor
was to replace the mechanical commutator with th e electrical switch
circuit. The rotor position sensor, control circuit and power inverter
should be included in the PMBLDC system to control motor speed and
direction. The full -bridge (H-bridge for a single -phase PMBLDC motor)
driving circuit was used to control transistor gates excitation, as shown
in Figure (3.12).

. 2 . ]
T T3 TS p—d
i o
Bk g STy LT S
I o

—]|lfz——

: ; = 3
Lot
T4 T6 T2
—] = ¥ [ ¥
— —
. . ]

1 Hall
Control electronic controller and gate driver
]

Figure 3. 12: Full -bridge driving circuit

9 The control electronics can be used to change the stator field ; the rotor
utilises a PM so that no direct energy was supplied to the rotor.
Detection devices must be used to determine the movement of the
rotor to change the provided power of the field windings. When rotor
speed increased or decreased; the sensor transmits information to the
electronic switching source, which was adjusted continuously to
provide the correct voltage to the right s tator poles to maintain the
speed and direction. Also, the dead -time control was a precaution
measure against both drivers being active simulta neously. At the point
when the drive output transition from the high to low  state, more time

was required f or the upper side driver to switched off before initiated
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the lower side driver. The drivers take more time to turn off than to
turn on, so additi onal time must be enabled to pass, so both drivers

were not conducting simultaneously.

1 In the braking mode, the PMBLDC motor can be worked as a
synchronous generator which converts mechanical power to ac electric
power and then rectified throughout the same electronic controller to

a DC electric power which can be used to charge the power supply (Vs).

3.4.2 PMBLDC notor working principle

The primary operation of the PMBLDC motor was that two windings operate
simultaneously with equal and opposite polarities, with the rotor moving away
from one of them . At the same time, the other draws the rotor towards him.
This form hasincreased the overall torque capacity of the motor, and the Hall
Effect sensor determines which two coils must be e nergised to achieve this

strategy, as shown in Figure (3.13).
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Figure 3. 13: PMBLDC motor the circuit diagram (adapte d fro m (KELJIK 2013))

Furthermore, an electronic controller continually  excites each phase winding

at a specific time in a pattern that rotates around the stator of the DC motor
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to keep turning. The static alignment of the terminal voltage of each stator
coils and Hall sensors feedback was shown in Figure (3.13), which was used to
establishing an electrical curre nt flow from terminal A to B, designated as a

route (1), as shownin Figure (3.11) above.

3.4.2.1 Sensorscommutation

Numerous PMBLDC motor manufacturershave provided motors with a three -
element Hall Effect position sensor t o det ect the rotords
the location of the Hall sensors, there were two types of output: 60° phase
shift and a 120° phase shift. The combination of these three Hall sensor
outputs can establish the exact communication sequence (Zhao and Yangwei
2011). The PMBLDC switchwas used to detect the position of the rotor, then
activate the phases that will produce the mo sttorque. The rotor hastravelled
60 degrees electric for each switching step. The current path of th e
appropriate stator was activated when the rotor is 120 degrees of alignment
with the magnetic field of the corresponding stator. It  was then deactivated
when the rotor is 60 degrees of adjustment, at which time the next circuit
was activated, an d the process was repeated. Switching the rotor location,
shown in Figure (3.11), follows the current route (2) and the beginning of the
current path (3) to rotate clockwise (Brown 2002). The three sensors were
counterbalanced from one another by 60 electrical degrees so that each
sensor'soutput was in aligned with one of the electromagnetic circuits.  For
each step, there was one high state motor ter minal, and the other one was in
a low state, while the third terminal left floating. A timing diagram
demonstrating the relati onship between the sensor outputs and the required

motor drive voltages is appeared in Figure (3.14) (Brown 2002).
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Figure 3. 14: Voltage t ime diagram of the PMBLDC motor (adapted from (Brown 2002))

The commutation logic block was shown in Figure (3.14), which can be
represented as appeared in Figure (3.15), which used to activate the metal

oxide semiconductor field -effect transistor (MOSFET) gate signal.

Forward / Reverset

HA HB HC
LA =

3

AR

YLyl
Try ey
1oy gy er oy oy

Figure 3. 15: Commutation logical signal circuit
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The controller times commutation has indicate d the speed of rot ation (rpm)
and the current waveforms produced to represent the torque. Three Hall
sensorshave used to detect the rotor position, each having a phase lag of 120 °
concerning the earli er one used to determine the location of the rotor field.
Meanwhile, the next electromagnet stator was energised when the PM rotor
begins to align with this active stator , and the rot or was continuously rotating.
Also, from Figure (3.13), it was clear the inter nal feedback coming from shatft
position (Hall Effect) sensors have given the desired information used in the
drive electronics, and the char acteristics of linearity (linear speed -torque)

and high starting torque mimic the DC motor.

The simultaneous activation sequence of two windings starting from the first
phase to the next and voltage timeline was shown in Figures (3.11, 3.14). The
three sensor outputs were overlapping in such a way that six unique codes of

three bits were generated corresponding to each of the drive phases.

Each drive phase has consisted of one high driven, one low driven, and one
floating motor terminals. A single drive has control led for the high , and low
drivers allow for a high drive, low drive, and floating drive at each motor
terminal. One of the vigilances to take with this type of driver circuit  was to
not activate the two high side drivers and the low side drivers a t the same
time. Also, when the output transitions from a high drive state to a low drive
state, the appropriat e time must be allowed for the high side driver to turn
off before the low side driver is activat ed. Commutation consists of matching
the input s ensor state to the corresponding drive state, and the possible
output drive codes list has shaped the state tab le (Brown 2002). The sensor
states and motor drive states shown in Figure (3.14), can be represented, as

shown in the following Table s (3.3-3.5).
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Table 3. 3: Clockwise (CW) sensor and commutation drive bits by phase order

Current Sensor Sensor Sensor T5 T2 T3 T6 T1 T4

Phase © B A High low  High Low High Low
M.S.b* L.S.b* Drive Drive Drive Drive Drive Drive
C C B B A A
1 1 0 1 0 0 0 1 1 0
2 1 0 0 1 0 0 1 0 0
3 1 1 0 1 0 0 0 0 1
4 0 1 0 0 0 1 0 0 1
> 0 1 1 0 1 1 0 0 0
6 0 0 1 0 1 0 0 1 0

* The numbers are the sensor logic levels where the (M.S.b) represent the Most
Significant bit , and (L.S.b) represent the Least Significant bit. Also, PhaseA, phase B, and
phase C were defined as (A, B, and C) in the Table.

The assortment of Table (3.3) according to the sensor binary -weighted code,
is produced in Table (3.4). Activating the motor drivers, according to a state

table built from Table s (3.3 and 3.4), will spin the motor clockwise.

Table 3. 4: CW sensor and commutation drive bits by sensor order

Current Sensor Sensor Sensor T5 T2 T3 T6 T1 T4
C B A High low High Low High Low

HIESE Drive Drive Drive Drive Drive Drive
6 0 0 1 0 1 0 0 1 0
4 0 1 0 0 0 1 0 0 1
5 0 1 1 0 1 1 0 0 0
2 1 0 0 1 0 0 1 0 0
1 1 0 1 0 0 0 1 1 0
3 1 1 0 1 0 0 0 0 1

Counterclockwise (CCW)rotation is accomplished by directing current through
the armature windings in the opposite direction to CW rotation. Table (3.5)
was established by swapping all the high and low drives in the table (3.4).
Energising the motor windings, according to th e state table constructed from
Table (3.5), will cause the motor to rotate CCW
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Table 3. 5: CCWsensor and commutation drive bits

Current Sensor Sensor Sensor T5 T2 T3 T6 T1 T4

prase © B A Mg, et Low e Lov
/6 0 0 1 1 0 0 0 0 1
14 0 1 0 0 0 0 1 1 0
/5 0 1 1 1 0 0 1 0 0
12 1 0 0 0 1 1 0 0 0
/1 1 0 1 0 0 1 0 0 1
/3 1 1 0 0 1 0 0 1 0

The phase numbers in Table (3.5) were preceded by a bar indicating that the emf is
opposite that of the phases in Table (3.4).

3.4.2.2 The practical drive modes

The control elect ronics of the electric drive depended on Hall sensor output
to activate the excitation state of each gate in th e designed test rig is as

shown in Figure (3.16) and more specifically in Figure (3.17).
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3.4.2.3 The essential terms an d definition

Understanding the fundamental terms used in the analysis and control of a
PMBLDC motowas vital, and it can be defined as :

 The electrical time constant ( O : Which represents the ratio of
armature inductance to the armature resistanceas®O , j2 .

f The mechanical time constant ( O ): Which defined as the time when
the unloaded motor achieves 63.2% of its final speed after applying a
DC voltage.

T The fall time (O): Which represents the decline of the amplitude of
system response to 37% of its study state value after removing the
forcing signal.

1 The total load current: It represents the armature current of the motor
that operates at full load torque, and speed with the nominal voltage
applied.

1 Full load speed: It represents a motor speed run with maximum load
torque and nominal voltage.

1 The form factor of a harmonic signal: | t was the ratio of RMSvalue to
the average value in a half -cycle.

1 Efficiency: It has represented the ratio of output power ( ® to input
power (P ass Djb .

1 Incremental motion system: It was a control system that change s the
loading position in separate steps quickly and repeatedly.

1 Inertial match: It was a match of inertia J between the motor and the
load. It was obtained by selecti ng the coupling ratio like the load
moment of inertia indicated on the motor shaft is equal to the moment
of inertia of the motor.

1 Linearity for a speed system control: It was the maximum deviation
between the actual speed and set speed defined as apercentage of the
set speed.

1 No-load speed: It was the motor speed with no external load.

1 Speed regulation constant: It was the incline of the motor speed -torque
characteristic.
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3.4.2.4 Load characteristic

In practical applications, different types of loads exist with various torque -
speed curves. For instance, conveyors, screw compressors, and feeders
represent a constant torque variable speed load ( Figure 3.18a). The fan and
pump represent variable torque variable speed load ( Figure 3.18b). Also, the
constant power load can be seen in the traction motors ( Figure 3.18c), while
the constant power constant torque load represented by the winder motor
(Figure 3.18d). Furthermore, the high starting/breakaway torque followed by
constant to rque load carried by e xtruders, and screw pumps (Figure 3.18e).
The motor load system was designed stable when the developed torque was
equal to the load torque requirements. The motor will run in a steady state

at a fixed speed. Also, the motor response to any disturbanc e has given an
idea of the stability of the motor loading system. This concep t helps in the
rapid assessment of the choice of a motor to drive the load. Figure (3.18)

shows a comparison of different types of characteristics curves (Parekh 2003).

A A A
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Torque \
Torque wr
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Power
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Speed Speed Speed -
a- Constant torque, b- Variable torque, c- Constant power
variable speed loads variable speed loads loads
Torque
Power
Torque
EpEEd SPEEd
d- Constant power, e- High starting /breakaway torque followed by a
constant torque constant torque
loads

Figure 3. 18: Load characteristic curves (adapted from  (Parekh 2003) )
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3.4.3 Mathematical model of the PMBLDC

This section presents the differential equation model for a three -phase
PMBLDC motor. The sator has a Y-connected coil, and the internal rotor has
PM structure. Three symmetrical hall sensors were arranged in 120° intervals.
The system's input was the power source (6 ) measured in (V), applied to the

motor, while the output was the shaft position ( [ ) measured in (rad).

3.4.3.1 Equivalent circuit and electromagnetic torque

The equivalent electric circuit of the PMBLDC motor can be represented, as

shown in Figure (3.19).

Figure 3. 19: PMBLDC motor circuit diagram

In PMBLDC motor,the input was electrical energy while the output was the
mechanical energy with the air gap torque 4 at a rotational speed 5
(Krishan R 2001) Assuming the three phases are similar, therefore the phase
resistance 2 ; and the self and mutual inductance , jf in Figure (3.19) was
equal to 2PAT A - measured in (m AT A , respectively. By applying
Kirchhoff ds Vol t agcesed-laow of phiésé Lo)tagd, asrshowna ¢ h
in Figure (3.20).

Figure 3. 20: KVL of phase A

Let 6 6 , the follow ing matrix equation is given :
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6 2 mnm Bz, - s n E A (3.1)
6 nm2 mntk o T . - 11 E A
6 mn 2 E Tt n , - E A

Al so, applying Kirchhoff s Figie(3ri®,nhen:Law (|
E E E ™ (3.2)

Under driving conditions, the internally developed motional emf (referred to

back emf) necessaryto the supplied voltage 6 O The back emf produced

(% ) measured in (V) is proportional to the angular velocity ( [ h([ 5 )

measured in (rad/sec), of the axis of rotation by a coefficient factor +

A A A % + [ (3.3)

Where, + +3 measured in V/(rad/sec), and 3 , is the field flux (weber).

For phase a, to force the current ont he motor, 6 must be larger than the

% + [ h giving the voltage equation of the motor as :

At steady-state, the rate of change of armature current E is equal to zero

because it is constant. Hence, equation (3.4) becomes :

6 2E + [ (3.5)

And, the total input power is obtained as:
6 E 2EA + JE (3.6)

Where 6 E, is the total input power measured in watt, 2E Ais the armature
copper losses. While + [ E, is the active power that can be transformed from
electrical to mechanical form as an air gap power 0 expressed as

electromagnetic torque and rotational speed as :

0 5 4 AE AE AE (3.7)

The total electromagnetic torque ( 4 ) measured in (Nm) defined as:

4 ARE AE AETM (3.8)
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At the 120° conduction mode operation, when the motor in the Y -connection,
current with the same magnitude and reverse direction w ill flow through any

two-phases.4 generated by the PMBLDC motor at constant flux, which was
directly proportional to the armature current  E by the torque coefficient + ,

measured in Nm/A. Assume that E E Ethen:

4 + E (3.9

Under a consistent unit system such as Sl units, the motor torque constant and
the back emf constant could be the same as + + + ( (Kenjo and
Nagamor 1985; Hughes 2006; Krishnan 2010)

Since the PMBLDC motos stator windings were Y-connected, the line voltage

is approximately equal to the DC bus voltage 6 Q when the relevant

transistors were activated (Xia 2012). Thus, the bus voltage was a more
suitable mathematical model for the active mode, for example ( 6 6

6 6 8Applying KVL for the closed-loop of the two active phases , as shown
in Figure (3.21).

Ri,  (L—M)di,/d

.iln‘ - F 3

L Ba

— 2L
Rig (E — M) dib,.-"rdt"

rF 3

Figure 3. 21: KVL of two phases (A and B)

The following matrix equation is given :

6 2 2 m E

6 m 2 2 E

6 2 m 2 E (3.10)
A T - s E A A
— . T .- . - E A A
AG . n ., - E A A

Furthermore, the bus voltage 6 |, for instance, in equation (3.10) can be

expressed as
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6 6 ¢ 2Ecg, -%c/& OE,%H (3.11)
In equation (3.11), Ahand A steadies value was equal in magnitude and
reversed in direction when both phases A and B are activated. Also, O ( ¢ 2
Ya, ( ¢, - ), were the total resistance and total inductance between
any two phasesrespectively, and + | is the coefficient of bus back emf . Figure
(3.22) show the two -phase activation equivalent circuit diagram.

Vv, Te L. K6

OV
/

Figure 3. 22: Two-phase PMBLDC motor equivalent circuit diagram

3.4.3.2 Electromechanical modelling

The load was modelled as a moment of inertia  * , measured in (kgm?/sec?),
with a viscous friction coefficient ~ A), measured in Nm/(rad/sec). The
derivative of governing equations based on Newton's 2nd law and Kirchhoff's

voltage law stated as:

¥ Af 4 4 +E 4 4 (3.12)

Where, 4 is the accelerati on torque, 4 is the load torque measured in Nm.

At no-load operation equation (3.12) can be simplified as

¥ A[ +E
E —f J

3.4.3.3 The transfer function of PMBLDC motor

The PMBLDC motor transfer function is essential for performance analysis and
control design. Mathematical models based on transfer function were widely

used in the fields of automatic control. Applying the Laplace transform, the
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above modelling equations (3.11, 3.13) can be expressed regarding the

Laplace variable (s) as:
,00)0 60 +060 (3.14)
O*OAJ O +)0O

From equation (3.14), the following open -loop transfer function is given :

] O +
6 O *OA ,0 0 ++ (3.15)

e

Where' Ohis measured in (rad. sec)/volt.
However, the position can be obtained by integrating the speed, therefore :

] O
6 O

+ (3.16)
*OA , 0 0 + +

e

ol

Where' Ohis measured in (rad)/volt.

Also, The speed response due to load torque disturbance can be given as:

' O

] O , 0 0 (3.17)
40 *OA ,0 0 ++

Then, the speed response due to load torque disturbance and simultaneous
input voltage can be implemented as the summation of thei r responses asthe

superposition principle holds :

O ' 060 ' 040
J "OA .0 0 ++ “OA .00 =+

The time response of the speed can be implemented by taking the in verse
Laplace of equation (3.18) for the change in input voltage and load torque.
The structure of the PMPLDC motor control system with load can be built, as

shown in Figure (3.23).
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Figure 3. 23: Block diagram of the PMBLDC mo tor

Furthermore, equation (3.15) indicates that the PMBLDC motor can be
implemented as a second-order system so that it can be re -represented as:

[ O + 5

© 56 OA v+ 0 <500 (3.19)

Where the natural frequency, 5 , and damping ratio, v, of the second-order

system is given as

= oh (3.20

From equation (3.20), the two roots of the characteristic equation of the
PMBLDC motor are

Or W S v p (3.21)

The system response time depends on both b , andu In which the
convergence speed of the response curve depends ond and the shape of the

response curve determined by u.

To consider the mechanical time constant as O, which was equal to
O* A, j OA + + ,and the electromagnetic time ¢ onstant O, which

was equivalentto , 4§ O* A, , so, equation (3.15) can be represented

as.

o + o
O OA ++ 000 ® op (3.22)

|
© 5

Equation (3.22) can be more simplifie d as,

] O + p

6 O OA ++ @ p @ p (3.23)

@)
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Since, O is extremely small compared with O , then it is sensible to put, O
1t(Kenjo and Nagamor 1985; Xia 2012)

Equation (3.23) can be clarified to be a first -order model as:

.o 1O + p
60 OA ++ @ o (3:24)
And the step response of equation (3.24) can be implemented as :
. +6 O _
- 3'25
[ O Syl A (3.25)

When a step voltage applied to the motor input, the current will first respond
to voltage change through the pj @ p , with a delay of a time constant
O. Next, the speed will increase react to the current change through the

pi @ p, with adelay of atime ¢ onstant © (Kenjo and Nagamor 1985)

Figure (3.24) shows the correlation between armature current and angular

speed process with a step input voltage.

B
V.(s) K, 1 I(s) 1 (s)
> -
r.b, + KEKt_' (st. + 1) " (stm +1)
Terminal voltage Current Angular speed
V(t) it) 8(t)
t t t

Figure 3. 24: lllustration of equation (3.23)

The mechanical time effect can be preferably achieved with a small value
with shorter settling time for quick time response. However, when O , was
high then a flexible closed control system must be designed and used to
increase the response speed. For instance, a voltage or current amplifier with
significant gain used in an analogue control system, as well as the more
considerable proportional g ain of PI controller in the digital control system
can increase the open-loop gain of the system. Thus, the rise time of the

response speed will be reduced and bring more losses of power switches which
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reduce the efficiency of the system. So that response speed should be

increased, subject to limits, under the condition of stability.

3.4.3.4 State-space equations of BLDC motor

In modern control theory, the motion condition of the control system was
based on the state equation. All independent variables can be executed, and
then all motion states of the system can be determined. The standard set of
state -space equations can be described as

0 Ao A’

6 A6 A (3.26)
The PMBLDC motorstate -space can be driven from the differential equations
(3.11, 3.12) depending on the motor speed and armature current form the
state variables. Also, armature voltage an d load torque can be expressed as

input, and rotational speed as output, as.

o A M () OTT pl’l ]
i}\ I’ 1] * *\ 1 J—’ ] *l’l 60
AOE Ut gu E 1P i 4 L (3.27)
u -, , U 0} v
U n L B
P e
Where, the state variable 0 [ E,theinputvector °l 604 |,
—_— — T[ —_—
A , A ,and’A p .

- - — T

The roots of the system are calculated from matrix ‘Aas.

O A . 0 A _OA ++
* * . * %
o ) ) ) i) 3.28
- (3.28)
C

The eigenvalues in equation (3.28) will always have a negative real part,
which indicates the motor was stable on the o pen-loop process (Krishan R
2001).
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3.4.4 Performance of electr ic vehicles ( EV9

The overall driving performance was evaluated by acceleration time,
maximum speed and climbing ability. All of these parameters have depended
mainly on the features of the speed -power (torque) of the traction motor
(Ehsani et al. 2010).

Variable speed drives have represented the characteristics of the traction
motor with t he motor has two operating zones, as shown in Figure (3.25). At
low-speed (less than the nominal (base) speed), the motor has a constant
torque. At high -speed (higher than the nominal speed), the torque h as
constant power. Also, in the low -speed operations, the voltage supply to the
motor was increased by increasing the speed through the electronic converter
while the flux remains constant. At the nominal speed, the motor voltage  has
reached the voltage source. After the nominal speed, the motor voltage has
remained constant, and weakens the flux, falling hyperbolically with
increasing speed. Therefore, the torque also has dropped dramatically with

increased speed (Zeraoulia et al. 2010) .

Power (w), Torque (Nm)

- = Power
— Torgue

7 Base Maximum
% speed speed I
/
- e -
Constant torque region Constant power region
Speed (rpm)

Figure 3. 25: Characteristics of the motor  variable -speed

One of the main advantages of the electric motor f rom its characteristic curve
was that it provides maximum torque at the starting speeds, and then
controlled by the maximum available power while increasing the motor speed
(REN 2010) With an extended constant power region, the most extreme

torque of the motor can be significantly expanded, thus improving the vehicle
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acceleration and ascending ability performance, and can be simplified the
transmission. The maximum motor torque was specified by the motor

characteristic curve determined as:

4h ) 5
4 0j5 F 5 b (3.29)
Where 4 ,is the motor maximum braking torque, 4 , is the motor rated

torque, 5 , is the motor base angular speed, 5 , is the motor angular speed,
and 0 , is the motor rated p ower. Notwithstanding, each kind of motor

inherently has a constrained top speed proportion (Ehsani et al. 2018).

3.5 Drive cycles and Drivetrai n

3.5.1 Introduction

A driving cycle was the representative of the road, and it was a set of data
points for vehicle speed with time travelling at a specific path. The routes
vary depending on countries which have represented driving rates and average
driver habits on how to speed up and slow down when moving in a street or
highway road (Khajepour et al. 2014). Also, the driving cycle can be
considered as a fixed vehicle operating schedule determin ed by vehicle speed
and gear selection based on the time used in the emission test. It was also
useful that driving cycles could be used for a variety of purposes other than
emission measurements as an example, for engine durability testing or
transmission, and the laboratory kinematic measurements (Gorton et al.
2009).

Furthermore, it was modified to be utilised to compute the amount of energy
necessary for a vehicle to complete the journey as well as the r egenerative
braking (RB) kinetic energy reco very. For engineering studies, some limited
situations have been developed that cover in one way or another typical road
features and terrain that one might expect to find. Using some of these files,
one can create or tune many arbitrary road profiles (Mi et al. 2011).
Depending on the nature of the speed and load changes, the cycles can be

mainly divided into steady -state (cruising) and transient. The steady-state
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processwas a series of fixed engine speed and load patterns use d to evaluate
heavy-duty engine vehicles. While transient driving cycles were at which many
changes include representing typical constant speed changes for road driving
(Barlow et al. 2009) . There were many examples of the transient driving cycle
that were tailored to specific requirements. The O New Eur opean
Cy c I(NEBC), for instance, was used for t ype approval of vehicle models in
the EU. It was a highly stylised cycle, with periods of continuous acceleration,
deceleration, and speed, which have little to do with actual driving patterns
on the road. A real -world sequence from a trip o r segments of data can be
compiled from several trip s to produce an analogue cycle. However, the drive
cycles and drivetrain will be studied in detail for the evaluation and validation

of the test platform. Also, it was proposed in the RB process as analternative
to evaluating fuel performance and vehicle emissions, which were added

contribut ion to these research objectives.

3.5.2  The kinematic utility

The International Energy Outlook 2017 (IEO2017) provides information about

energy-related c arbon dioxide (CO2) emissions., as shown in Figure (3.26).

Carbon Emission (billion metric tons)

2015
45

40
35
30
25
20
13
10

5

1]
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Year

non-0OECD

Figure 3. 26: World energy -related CO , emissions (adapted from (EIA 2017)

Figure (3.26) indicate that in OECD countries, energy -related CO2 emissions
remain inherently stable until 2040, which was 9% lower than in 2005, even
as their economies gradually evolve. While in non-OECD countries, this

percentage was increasing at a rate of less than 1% per year from 2015 to
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2040. A lower rate than between 1990 and 2015 when emissions have
increased by 3% per year. (EIA 2017)

In the transport sector, modelling of em ission factors was identified as a
discrete function of traffic situations which characterised by a speed profile
called the driving pattern. The driving pattern  has allowed the calculation of
a wide range of kinematic parameters with a quant itative description of any
traffic situation. The method of the  modelling approach was achieved not only
by the speed profile, and the kinematic parameters of the source cycles but
also from the testbench measurements (De Haan and Keller 2004). Driving
patterns were optimally determined, as the sum of squared differences
between the target and the extended mix of sources of kinematic parameters

with minimal.

3.5.3 Characteris tics of the driving patterns

The kinematic characteristics of the driving modes were used to describe a
speed profile comprising n data rows of time measured in seconds, (Odp E
1), and speed measuredin km/h, Odp E 1 . The variable parameter can

be computed as shown in Table (3.6) (Barlow et al. 2009) ;

Table 3. 6: The description of kinema tic characteristics of the driving patterns

Distance (m)

Total driving distance L o le)

- AEO® O — O 0O —
of the driving pattern (15) (015)

Time (sec, or %)
Drive time spent 4
accelerating O 0 A AABEOAOGEIT 1T A
Tl Al OA
O 6 A AABEOAOEITI A
T Al OA

with A AGE O A G-B.06Im/s?
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>, 8 E P
and, A ¢ ET »p
v 8 E |
Drive time spent 4
decelerating O O A AABEOAOGET T A
Tt Al OA
O 6 A AABEOAOGEIT 1 A
Tt Al OA
Time spent braking 4
O O A AOAGBROAOGEIT I A
Tt Al OA
O 6 A AOABROAOGEII A
Tt Al OA

Total time 4 o O olNe
N O 0 6 mA
Stopping time 4 - Al OA
O C mTA m
i Al OA
Driving time 4 4 4
Cruise time 4 4 4 4
% of time driving PAOEOA |4
% of time cruising pPAOOEDOA j4

% of time accelerating P AAA4 j4

% of time decelerating P AAA4 ja

% of time braking PAOAEA j4
%of the time standing pbOoOIi B j4

Speed (km/h)

Average speed (trip) 0 oA EBO

Average driving speed O oA EA O
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The standard deviation
of speed (compatible
with O )

Acceleration (m/s ?)

Average acceleration

AAOA P A
4
. . A 1 A A 1
Aver P I .
verage positive APl OO A T Al OA o Al O
acceleration
: e p A T A A n
Average negative Al ARG A Al OA o Al 6
acceleration
The standard deviation AQOA £ AL A
‘ p
of acceleration
The standard deviation ADT OA £ P A A T
o - T p m Al O,
of positive accel eration
where,
i p A 1
118 Al OA
No. of acceleration A AIAO
(unitless) p A AAGEOACGEA 1 AA AGE OIAIOA
I Al &
- AKGA OB e
Acceleration per km iy =weYe)
(/km)
Stop
Number of stops 30T®

(unitless) occurring
during the driving

pattern
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Stops per km (/km)

Average stop duration

(m)

00|l @
3010 OA =4 o
= 4
48\ O 4 .
3010 00N ®

.

Dynamic oriented

Relative positive

acceleration (m/s ?)

Positive kinetic energy

(m/s?)

Relative positive speed
(2 0)3relative real
speed (2 2)3unitless)

Relative square speed
(2 3)3relative positive
square speed 2 0 3,3

and relative real square

speed (2 2 3 @n/s)

Relative cubic speed
(2 #)3relative positive
cubic speed (2 0 4,3
and relative real cubic
speed (2 2 # @n?/s?)

Root mean square of

acceleration (m 2/s?)

AO A
—_— Tt
20! == . 0D
AE OOy Al OA
p 6O o0 o O
0y —— R ..
O+A)AEOOIT Al OA
20@23%:%'&0”‘?0%0
(0] 1%}
94-- CAO 4..C..A
- . Z-n G  EAO
2 3/ 0 3232 3 3 3 5
94 o'AO 4..0_..,\
e L 4’VT[C% >vT[CEAO
2 #R2 0 #1832 # 3 3 G
p P
- | —
2- 31 y A AO
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3.5.4 Driving cycle examples

The transient driving cycle was designed for requirements. These
requirements can be represented as (Barlow et al. 2009) ;

1 Roadside vehicle testing, such as the Environmental Protection

Agency (EPA Inspection and Maintenance (IM240), was represented,

as shown in Figure (3.27):

35
.30
L
gm
=20
a
w 15

10

D T T T T T } }

| | Il
1 T T T T T T T T T T T T
] 50

wn

]
T T T T T T T T T T T T 1
100 150 200 250 300
Time (sec}

Figure 3. 27: EPA IM240 Inspection & Maintenance Driving Schedule

1 Thecitytest 0 L A;4ised for light -duty vehicle testing, represents city
driving conditions such as the US Environment Protection Agency (EPA)
designed Urban Dynamometer Driving Schedule (UDDS) was defin ed,
as shown in Figure (3.28):

40
35

30

20 ﬂm

15

Speed (km/h)

10

! ! 1 ! ! |
o +—H—r--+ -+ttt

0 200 400 600 800 1000 1200 1400 1600
Time (sec)

Figure 3. 28: The EPA Urban Dynamometer Driving Schedule (UDDS)
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1 The UN/ECE Elementary Urban Cycle(Partl); which has included the
United Nations, the Economic Commission for Europe (UN/ECE)
Agreement WP.29 of 1958 and its addition, as shown in Figure (3.29):

60

50 F
<40 T
= :
= ]
—p 1
= ]
@ ]
2207
w ]
10 3 /_\
0 ] —

0 IDD 250
Time { sec}

Figure 3. 29: The UN/ECE Elementary Urban Cycle (Partl)

1 The UN/ECE ExtraUrban Driving Cycle (Part 2); which was found
explicitly in regulation 83 used for Low -Powered Vehicles, as shown in
Figure (3.30):

140
120
100
g0
&0

Speed (kmih)

40
20

D T T T T T I T T T T I T T T T I T T T T T T T T T I
0 100 200 300 400 500
Time (sec)

Figure 3. 30: The UN/ECE Extra-Urban Driving Cycle (Part 2)

1 Driving specified in the Japanese technical standards (a) (10.15 Mode
Driving Schedule): Official guidance was in the technical standards of the
Japan Industrial Safety and Health Association (JISHA) for exhaust
measurement and fuel economy test, and (b) Japanese 10 Dynamometer
Driving Schedule (DDS),as shown in Figure (3.31a, b).
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£0
70
— 60 |dlz + three consecutive 10-modes
E 50 Jl
= 40
P f !
w20
: [
0T Tm we mo 1000
Time(sec)
(8} JISHA driving
45 -
a0 ¥
. B3
E i /_V\
=531
g’., 0§
w 15 %
103 f '\
53
° nl I ziqun 510 - Isiul - .130....12:0....110. Hliéﬂ
Time (sec)
(b) 10 DDS driving cycle
Figure 3. 31: Japanese Driving Schedule
Furthermore, Figure (3.32) shows more driving schedules:
140 4
120 4 repeatsof a low speeld urban cycle
Highwray driving
£ \i |/ A\
2 wlo - F=a
T elo ~
B 40 f n A A .'/ = |
Lot/ niy nfif—"—
NTATRTTRTRTIAVRITATERY, |
A00 200

0 200 &00

Time (sec)
(a) A stylised cycle Mew European Drive Cycle (NEDC)

1000 1200

50 Vehicle response to other—
45 N, traffic calming measures |
o Y T ) . - -
1IN In
35 Nl ¥
= "\ y NlE "
£ % T Ik
E .5 Py o
= | 2 G N V. L
b 20 4 ,} T
n% :2 vehicle responsg ehicle response to l
5 o road humps_| Zunctions and QUEUES\;H
o — H P
1] 100 200 300 400 500 &00 700 &00
Time {sec)

(b) A realistic cycle (UG214)

Figure 3. 32: Driving cycle examples (adapted from (Barlow et al. 2009) )
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3.5.5 Vehicle Road Load and Fuel Economy online calculator

The online tool (available at http ://www.virtual -car.org/wheels/wheels -

road-load-calculation.html ) can be used to calculate the road energy needed

to drive a vehicle along with a specific driving cycle. Also, it can be used to
estimate the fuel economy the car to achieve the average power train
efficiency that specified. It has been implemented in particular examples of
drive train analysed for the same input power trainto get  the traction demand
output completed with the velocities contained in a second -by-second driving

cycle based on asimple driving motion.

=

Driving Cycle: Urban Dynamometer Driving Schedule (UDDS)

Scale: 1 vertical square = 2 kW (power) or 0.2 MJ {energy) or 62 km/hr. Time: 1 horizontal square

(Total power, Braking power, Inertia power) (KW)
Velocities (Km/hr.), Cumulative braking energy (MJ)

— Velocities - Braking power
—Tolal power - Inertia power - Cumulative braking energy
Time (sec)

Figure 3. 33: The online UDDS traction demand output

In the analysis of the drive cycle shown in Figure (3.33), with 1369 seconds in
the driving cycle, there was 544 sec time in acceleration, 105 sec time in
powered deceleration, 109 sec time in a cruise, and 370 sec time in braking.
The total distance travelled about 11.99 km. The full power required on
wheels was about 5038317.28 J with 49.81% of the energy consumed by the

brakes compared with 27% of time braking.
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9 Driving Cycle: UN/ECE Elementary Urban Driving Cycle (ECEELEM)

Scale: 1 vertical square = 2 kW [power] or 0.2 MJ (energy) or 62 km/hr. Time: 1 horizontal square

"-—-\-—.___‘_u""_

i

(

{
II{ Time (sec)
|

/

l|

i

— Velocities — Braking power

— Total power — Ineria power — Cumulative braking energy

Velocities (Km/hr.), Cumulative braking energy (M)

(Total power, Braking power, Inertia power) [KW)

—_——
e —

Figure 3. 34: The online ECE -ELEMtraction demand output

In the analysis of driv e cycle shown in Figure (3.34), with 195 seconds in the
driving cycle, there was 42 sec time in acceleration, 0 sec time in powered
deceleration, 57 sec time in a cruise, time in idle 60, 241 sec time in idle, and

36 sec time in braking. The total dista nce travelled about 0.9978 km. The full
power required on wheels is about 361168.70 J with 54.72 % of the energy
consumed by the brakes compared with 18.4% of time braking of the total
time. The same procedure has been applied to a specific pattern, and t he
importance of energy recovery in the braking process should be completed to

improve system performance and efficiency.

Table (3.7) shows a comparison of three available driving cycle kinematic

calculation which can be utilised in RB analysis.
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Table 3. 7: Driving kinematic cycle calculation

Cycle name (@) (b) (©)
Total distance (m) 994.60 | 6955 4165
Total time (sec) 195 400 660
Driving time (sec) 132 359 488
Drive time spent accelerating (sec) 45 110 195
Drive time spent decelerating (sec) 40 49 173
Stopping time (sec) 45 41 172
The standard deviation of speed (km/h) 15.58 26 19.68
Average speed (trip) (km/h) 18.40 62.60 |22.70
Average driving speed (km/h) 23.87 69.70 |30.73
Maximum speed (km/h) 50 120 70
Average positive acceleration (m/sec ?) 0.35 0.27 0.37
Average negative acceleration (m/sec ?) -0.39 -0.42 | -0.39
Number of accelerations 3 4 13
Number of stops 4 2 8
Stops per km (/km) 4 0.29 1.92
Relative square speed (m/sec) 9.44 21.70 |12
Root mean square of acceleration (m/sec ?) 0.18 0.09 0.16
Positive kinetic energy (m/s ?) 3.81 2.42 4.17

Where cycle name (a) represents the UN/ECE Elementary urban cycle (Partl),
(b) The UN/ECE extraurban driving cycle (Part 2), and (c) Japanes 10.15

Mode Driving Schedule (JISHAYespectively .
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3.6 DGCDC converters

The DGDC converters have been designed to provide an efficient energy
conversion with a regulated DC power source for a variety of electronic
circuit, that wasincreasingly essential in a wide range of applications (Roberts
2014). Many circuits design has used power at several levels of voltages.
Switching power from one source was often more convenient rather than
trying to distribute many various supplies, including battery -operated

equipment or systems with a spare battery (Krein 1998).

3.6.1 Topologies of DGDC converters

The DGDC converters were used in regulated switch mode to convert and to
control the DC output voltage in DC motor drive and other applications, such
as battery chargers to the desired level. These converters were used in the
form of switched -mode DC power supply with an electrical isolation
transformer and without isolation in DC motor drive  (Cathey 2002). Switching

regulators can be categorised into two main types , such as
1 Non-isolated converters

These converters have been recognised asthe input and the output share

a standard path during the process,
1 The isolated converters

These converters' energy has been transmitted through dual magnetic
components, where the coupling between input and output has been
achieved by an electromagnetic field, which allows isolation between

them.

Furthermore, the DGDC converters should provide a constant DC voltage
with low output impedance over a wide range of frequency. These
features were known as the output regulation of the inverter. With the
non-ideal characteristic of the source, the DGDC converters must be kept
up the trustworthiness of the output powe r. Unlike linear regulators,

which uses a resistive voltage drop with discharge excess energy as heat
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to create and regulate the output voltage. While switching regulators  have
taken advantage of the energy stored in the magnetic field of the inductor
or the electric field of the capacitor to transmit power in discrete power
groups. The switch controller ensures that the power required by the load
was transferred, so this structure is adequate. Figure (3.35 ) illustrates the

simplified system of the switching regulator (Roberts 2014).

Vi Inductor, — Vou
—| Input filter |4 Switch Capacitor, or |* Re{ll:tflfller >
. Transformer and filter
PWM )
regulator |

Figure 3. 35: Switch regulator block diagram

Furthermore, i n an industrial application, the rapid development of DC -DC
conversion techniques have derived from choppers. Choppers or DGDC
converter s, which converts DC voltage into various le vels of DC voltage, was
generally used according to its quadrant operation as a multiple -quadrant
chopper (Skvarenina 2002; Luo and Ye 2006) The DC motor was running in the
forward or the reverse direction of activities. In the f orward motoring
(quadrant I) process, its armature voltage 6  , andcurrent ) ;  were both
positive. In contr ast, in the forward braking regenerating (quadrant II)

process, its armature voltage was still positive, and its current was negative.
Consequently, during the reverse starting (quadrant Ill) process, its armature

voltage and current were both negative. Although, in the reverse braking

regenerating (quadrant 1V) process, its armature voltage was still negative,

and its current was positive, as shown in Figure (3.36)

1"':rl:l-_.ﬂ.‘il"
(—+) HI | (+4)
“ » loav
(-] ml v ()

Figure 3. 36: Four quadrant operation chopper

-02-



Chapter 3: Mathematical modell ing, Simulation and Regenerative braking analysis

Also, there have been different types of converters used in industrial
applications designed to meet the requirements of specific applications.
These converters have classified by their functions, characteristics and
development sequence to a step down (buck), step-up (boost), and step -
down/ step -up (buck/ boost) converters (Johansson 2005) as shown in Figure
(3.37).

(a) Buck converter

L 1_D L
NG 4
D a —_ Control
cC — —
&
(b) Boost converter
. b ®
D 1-D
+ L O — I Control
- —_ signal
>

(c) Buck-Boost converter

Figure 3. 37: Basic converter types

The other type shave included with a zero-current s wi t ¢ H4C8)gCaks half
and full -bridge, and zero voltage switching (ZVS) converters. Figure (3.37)
demonstrates the practical realisation of the three essential power converters
with non -controlled diode swit ches and controlled transistors to convert
unidirecti onal power (Roberts 2014). The first and the second types have

represented the underlying topology, while all other topologies derived from

-03-



Chapter 3: Mathematical modell ing, Simulation and Regenerative braking analysis

these two. The transfer of energy from input to output  was achieved in
manageable quantities using a regulating technique known as pulse width
modulation (PWM) (Kazimierczuk 2008). A variable -width pulse has adjusted
the transferred power from the input to the output with a fixed interval. The
duty rati o ($), also known as a duty cycle, in PWMwas the ratio between the
time when energy, was extracted from the source ( 4 ) to the period ( 4 ) as

shown in Figure (3.38). This ratio hasrepresented the inverse of the sw itching

frequency () (4 pj (Roberts 2014).
Win Vout
input DC/DC Output
g > —
Converter I P
F ot Ty
Controller g
DI N

Figure 3. 38: DC-DC converter block diagram

4 .
$ 4—h4 $4 m $ phm 4 4 (329)

3.6.2 DGDC converters operating principles

The operating principles of these DGDC converters as shown inFigure (3.37a,
b, c) can be clarified as follows; In buck mode, when the switch  wasat position
(a), the DC source supplies power to the circuit, resulting in an output voltage
across the load. When the button changes its status to (b), the stored energy
in both inductor and capacitor must be released through the load. Properly
controlling the switch position can be kept the output voltage at the desired
level underneath the source . In the booster mode, when the s witch was at
position a, the circuit was partitioned into two sections: on the left, the
source charges the inductor. Simultaneously, the capacitor on the right has
kept up the output voltage using pre -stored energy. When the switch has
changed its position to b, both the DC source and the energy stored in the
inductor provide power to the circuit on the right, which expands the output

voltage. Also, the output vo Itage can be kept up at the desired level by
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controlling the switching time sequence. Finally, for buck -boost mode, the
switch positions a and b has represented the charging and releasing patterns
of the inductor. Proper control of the switch succession ma y have brought
about output voltage higher or lower than the DC so urce. In this case, the
output voltage was in the opposite direction of the DC source because of an

inductor current direction cannot change.

3.6.2.1 Step down (buck) converter

The reduction buck converter was used to reduce the input voltage level (6)
at the out put 6 , as in the circuit diagram shown in Figure (3.37a). The

average output voltage can be calculated as :

(o]

P oY Yo (3.30)
6 -~ 6 OAO—— s

Hence, the output voltage 6 can be changed from O to 6, the 2 - 3Jutput

voltage 6 can be evaluated as:

O

P RS (3.31)
6 7 6 OAO®G6 7 N$6

When the switch was connected to the terminal a, as shown in Figure (3.39 a)

Figure 3. 39: The circuit of the buck converter during (a) fir 1 (B) N7 ww

and by applying Kirchhoff's voltage law (KVL) to the closed-loop, then:

AE 3E.. ..... 6 6
6 6 6 ,—=—s ,—MNIOEAD ——3$4 (3.32)
O 4 :
When the switch was connected to the terminal b , the current wasdischarged
in the circuit through the freewheeling diode $ , as shown in Figure (3.39b).

By applying KVL to the closed-loop m 6 6 ,then:
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—_—

6

e

N
m\

— (3.33)
6 N
4 —p $4MOET4AA p $ 4

3E

6

The net change of the inductor current at any full cycle  waszerosothat 3E

Tt . Substituting 3E from equation (3.32) in equation (3.33) leads to :

—_—

6 6 6
$4 —p $4
) ; L (3.34)
6 6 p $4 4
6 $4 4 -
4
6 —6 $6 (3.35)
4
3E ° 4 6 %6 $ 4h& 43
’ ! | (3.36)
. 6 p $%
3E ) B

3.6.2.2 Step-up (boost) Converter

The increased boost converter was used to raise the input voltage level (6)
to a specified output voltage 6 , as in the circuit diagram shown in Figure

(3.37b) wi th its switching operation was as shown in Figure (3.40);

L
b D¢ *
L~
© T}
) -

(@) (b)
Figure 3. 40: The circuit of the boost converter during (a) i (0) A ww

Therefore, the output voltage 6 at 4 , was zero. During this period, the

inductor has to be charged, and applying KVL leadsto 6 6 ), then:
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as 6
l A A
E

)

6 L (3.37)

™

. 6 6
3E —4 —3$4

When the switch was connected to terminal b then, the current was

discharged in the load, as shown in Figure (3.39b). Then,

6 6 AE
B ¥e
3E
. — 6 6 __ (3.38)
4
) 6 6 6
3E 4 p $4

—

Also, the net change of the inductor current at any full cycle was zero so

that 3E 7. Substituting 3E from equation (3.37) in equation (3.38) gives :

—_—

6 6

6
p $4 —3%4
’ ’ _ (3.39)

6 .
6 ——=h6 6 b
p

3.6.2.3 Step up step down (buck-boost) converter

The buck-boost converter has beenused to increase the input voltage level or
decrease it at the output. The equivalent diagram of the circuit ~ was as shown

in Figure (3.37c) with its switching time operation is as shown in  Fgure (3.41).

_I_ "

Vi i L c

Vo
i

(a) (b)

Figure 3. 41: The circuit of the buck -boost converter during (a) 7, (b) 7
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The output voltage 6 at 4 , as shown in Figure (3.41a) was zero. And the
inductor has to be charged to the supply voltage accordingto KVL( 6 6 ,

then:

AE 6
] A A
3E 6
4_ - . (3.40)
3 —%4
3 —— -

When the switch was connected to terminal b, the current was discharged
through the load and the diode , and the inductor in the reverse polarity. By
applying KVL 6 6 ), as shown in Figure (3.41b), then:

~ 6

>{ &

L (3.41)

Sl I
m\
(e}

. 6 6
3E —4 —p $4 -
The net change of the inductor current at any full cycle  waszerosothat 3E
1t . Compensating for equation (3.40) in equation (3.41) gives :
6 6
—$4 —p $4 T

, 3.42
3 (3.42)

6 [
P $
So, from equation (3.42), the output voltage ¥ sdepending on the value of D

in the form that :

-08-



Chapter 3: Mathematical modell ing, Simulation and Regenerative braking analysis

$ Mt HS T
$ pt s B
$ ™™+ HS 6 — (3.43)

m $ ™+t m HS 6,Buckconverter

™ $ pt 6 Hs HHBoost converter _

For more investigation and analysis of the DC-DC converter, several PhDs were
carried out as a part of the energy management system (Ortlzar 2005; Zhou
2009; Grbovic 2011; Gee 2012; Solano Martinez 2012;Kusakana 2014; Shen
2016). However, in this research, the design and synthesis of DC-DC converters
have not been considered. Meanwhile, the available traditional one  was used,
even with the limitation clarified by the designer manufacturer. This
limitation was accepted in the desired application . Also, this goal was
developed as an energy enhancement requirement, and as a recommendation

for future works .

3.7 Summary

This chapter provides a review and background theory beh ind the
mathematical backgroundsof the RB analysis, and a numerical representation
of many components of the RB circuit design , which can be chosen in the test
apparatuses have been implemented. Also, it has introduced a revision of
different k inds of DC motor used in the RB process. An introduction of varying
drive cycle available with the kinematic equation used to evaluate the  other

variables required has studied in the system analysis.

The next chapter (Chapter 4) presents the design and construction of test
devices used in the RB process. Also, it gives a general description of the
experimental characteristic equations for the RB analysis with practical

implementation to provide the desire d system reasonability and activity .
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According to the main topic of this research; it has been further reported that
there was a significant motivation to build a test platf  orm to take advantage
of energy recovery. This test platform should be efficient to r epresent an
entire system. Also, the test platform must be capable and ready to meet all
research requirements and be as realistic as possible for laboratory testing.
During the development of the elements, despite these preferences in the
designing test rig stage, efforts need to be synthesised to ensure that these
requirements were valid. Sometimes, the chosen component cannot take full
advantage of the characteristics of the illustration in the simulation, leads to
reorganising invalidity, which was tim e-consuming. Furthermore, at the
design process, the request for flexibility with cost -effectiveness, and

performance has to be considered.

This chapter describes a workflow for building a test rig to represent the
regenerative process that can be satisfied with the design requirements.
Simulating and testing each component and then gathering the whole system
for further simulation and t esting. The main contributions gained was that the
designed platform could be implemented to represent the real environments
that include the underpinning necessity for the desig n objective. The
component and how it can withstand recovered energy from the braking
process was considered. However, the implemented test apparatus can be
used as demonstrating tools/rig for researchers working on dynamics for

different top ics in mechanical, electrical, and control engineering.

4.1 Testrig employment

Development of the test rig involved several aspects in being taken into
consderation to develop a well -functioning test rig for testing of proposed
braking, EM5and RB proceses. It has been shown from the previous chapters
the fundamental components of the RBs and its essential operation can be
accomplished through mathematical analysis and simulation modelling. In this
chapter, test rig components were selected , such asthe controller and the
motor coupled to a designed flywheel that serves as a prime mover

considering ease of use and operating requirements .
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Furthermore, extensive calculations were done in the designed flywheel
element with all parts worked and re acted when they were being subjected
to forces. Properties of the test apparatus were developed and fitted with
experiments to find its st atic equation. At the same time, the dynamic
modelling is achieved by using system identification tools and throughout

simulations completed through utilisation of the oLabVIEW environment.

4.2 System components selection

This system has comprised entirely of characterising unique elements, as
shown in Figure (4.1). For example; the rechargeable ESS batteries and the
UCs, flywheel, a most common type of PMBLDC motor with a three -phase
inverter and the driver has been determined. The PC with oLabVIEW
simulation platform, current and voltage sensors, and lastly an optical speed
sensorhas been clarified .

o [ | miG)1 |,| EM-206
= o J, Sog Controller/ [«
m - é‘: — ! h‘; RECIlﬁEI‘ ﬁ
] T, UC Storage Unit |
h .‘_.}m
EM-206 (M/G) [ ] [ | (M/G) 2 | EM-206
Controller/ > Toe o o I o Controller/ 1|
Inverter [ ] J [ ] Rectifier |5
T T ”: UC Storage Unit-l
DC-DC converter
¥ |
UC Storage Unit
1l
Lead Acid battery
»| Voltage and N
- |l Current Sensors *
: ¢ —

Figure 4. 1: Schematic diagram of the designed test rig

A cage has been intended to shield from breaking rotat ing equipment, as
shown in Figure (4.2). Moreover, the components used in the test rig have

been appropriately seized and tested to satisfy the design requirements.

-101-




Chapter 4: Testrig Designing and Building
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Figure 4. 2: Photo of the test rig protection guard

Onthe other hand, in the completed designed test rig, the PMBLDC motor has
used as a generator as a means of converting rotating inertia into electrical

energy.

Furthermore, the UCs ESShas been utilised as a means of storing recovered
electrical energy. Th is arrangement was gathered to simulate the motor in
the test rig. In the EVs and HEVs,a compatible electric motor was used as
closely as possible. The armature current was supplied from a DC voltage
source with a boosted voltage DC-DC converter the regulated voltage was kept
constant thereafter . The speed and current controller models for the electric

drive were based on a proportional -integral (PI) regula tor.

Moreover, the motor output power was fed to the flywheel block as an input,
the means of converting electrical energy into inertia, a nd a rotating object
that can store energy as rotational inertia. Figure (4.3) has illustrate d the
PMB.DC motor used in the designed test rig. Accordingly, the design principle
of the PMBLDC motorwas to replace the mechanical commutator with the
electrical switch circuit. The rotor Hall position sensor, control circuit, and
power inverter should be i ncluded in the designed system to control motor

speed and direction.
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Figure 4. 3: Photo of the PMBLDC motors used in the designed test rig

4.2.1 PMBLDC motors

In the designed testing platform, PMBLDC motor was selected from all the
existing types according to its benefits mentioned in the previous chapter.
Three different kinds of PMBLDC motors have been used and tested in the
application of regenerative braking. The OBL58EE BLDC708Was considered
on the test platform a s the prime mover . In the following chapter , the other
two motors ORS Pro BLDC 8987799, and 0RS Pro BLDC 5360306 were used
as a generator that could be applied in different scenarios (BL58 EE70 Watt.
2001; RSPro Brushless DC Motor, 5366030 data sheet [no date]; RS Pro
Brushless DC Motor,892-8779 data sheet [no date]) . These different scenarios
were used to optimise reused energy to the greatest extent possible to
improve system efficiency and decide on the best communication strategies
to recover wasted energy. The general informatio n of each motor was

represented, as shown in Table (4.1).
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Table 4. 1. BLDC motor parameter s specification

Motor type Parameter Magnitude and
Unit of measurement
Nominal voltage 24 \%
Nominal torque 0.20 Nm
Nominal speed 3300 rpm
No-load speeds 4400 rpm
Torque constant (+ ) 0.06 Nm/A
B.E.M.F at nominal speed 11.90 \%
BL58EE BLDC 70 V Stator resistance 0.47 ohm
with laminated nine between two phases
coil stator and 12 Stator inductance 0.60 mH
poles rotor used as a between two phases
prime mover and as a Rotor moment of inertia ( *) 120 E6 kgm?
generator Viscous friction constant 3.51E6 Nms
(b)
Electromotive force 0.03 V/rad/sec
constant (+ )
Hall effect sensor 12¢° Electric
angle
Coil configuration 3-phase Y
Nominal voltage 36 \%
Nominal speed 4000 rpm
Nominal torque 0.11 Nm
RS Pro BLDC motor Current rating 5.50 A
892-8779 with four Hall effect sensor 12¢° Electric
poles rotor used as a angle
generator Coil configuration 3 phases Y
Torque constant (+ ) 0.06 Nm/A
The line-to-line resistance  1.50 ohm
Line to line indu ctance 4.50 E-3 mH
Rotor moment of inertia ( ¥) 7.50 kgm?
Maximum peak torque 0.35 Nm
Nominal voltage 24 \%
Nominal speed 4000 rpm
Nominal torque 0.25 Nm
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Hall effe ct sensor 120° Electric
angle
RS Pro BLDC motor Maximum peal torque 0.75 Nm
536-6030 with eight Torque constant (+ ) 0.04 Nm/A
poles rotor used as a Stator resistance 0.28 ohm
generator Stator inductance 0.54 E3 mH

between two phases
B.E.M.F at nominal speed 1520RMS V

Maximum peak current 20 A
Rotor moment of inertia ( *) 96 E6 kgm?
Coil configuration 3-phase &

4.2.2 Structure of the drive system

As described in the previous chapter, the controller unit has been selected to
coordinate a wide range of the chosen motor to improve syst em performan ce.
The controller was served to govern timed power distribution by utilising a
solid-state circuit commutator system. The OEM206 DGmotord controller
used in the test rig, as shown in Figure (4.4), was planned for brushless DC
motors with Hall sensor feedback control associated by using 60 ° or 120°

commutation signal (Em-206 Brushless Motor Controller. 2010).

Power side

12345678910

Figure 4. 4: Photo of EM 206 brushless DC-motor controller

The unit has a MOSFET type highefficiency power stage outfitted with

standard controls functions, for example, forwardi ng, reversing, braking,
stopping, and overload protection, as shown in Figure (4.5). Al so, the control
options have defined as two structures, including the direct ( open-loop)
control, and the closed-loop frequency control uses Hall sensor feedback for

the tuned speed next to the commutation set. Also, the four quadrants -
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controlled operation s can be used for acceleration and braking in both

directions. The input in this system was the measurement of the rotational

speed outputs. Consequently, it could be detected when the motor current
exceeds the set value to avoid moter ove
2060 permits usi tegontrotu ni bas utillsed inthe diversee

modern application, for instance, in the automotive industry (Em-206

Brushless Motor Cortroller. 2010) .
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\h \ control signal (0-5V)
T 1=
=& | = Tl
HAHEHBEEINEE
ElzlslElelzla =
g -E"E-!;EB%H‘J
18|17 16|15 |14 [13 |12 |14

g

e|e|le|ale|le|a|a

oo oo oo
T — 1. loop dynamic cap. ﬁ
() 1207 o o] o] 80°
m narmal G closed loop closod loop

range / rpm

N

. \ )
Commutation select mode selection

Jensorc

fault-led

I-lim 'D

[T 1

= | Supply12-36vde
w2 (@ | Jupplygnd (0W)
=@ | 6.2Vsensorsupply

© M Phase C
n | PhaseB
M| PhaseA
o @ | Jensargnd
w | SensorB
w | SensorA

Lt

A

3
+ —— 11

RO==NE

Figure 4. 5: PMBLDC motor and controller pin  connection diagram

Figure (4.5) shows the connection diagram of all pins used to establish the

desired operation of the motor to operate in a defined direction and speed.
The speed can be adjusted using the potentiometer or controlled with the
DAQ assistant during the speed setting input using oLabVIEW software
programming. This connection can also be used when the motor was operating
as a generator as the excess current can be used to charge the UCs energy
storage unit. Therefore, this unit can be used as an inverter and converter in

RB applications, reducing the total sy stem cost.
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4.2.3 Drivetrain strateg ies

The possible connection diagram for the experimental investigation was as

shown in Figure (4.6).

Figure 4. 6: Photo of two identical generators connect  ed with motor diagram

Furthermore, Figure (4.7) shows the photo of gear used in the test apparatus
with gear ratiol/2 to increase the speed of operation of the  first generator
for energy enhancement (waste energy retrieve) study. Few things need to be
considered to reduce the fr iction betwe en these two elements. However,
there was an urgent need for precision fitting and care must be taken into

consideration when doing a test.

Figure 4. 7: photo of gear used in the test apparatus
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The tangent velocity (O ) at the contact point of the gear teeth were the
same as for the two -gear cylinder with different diameters, as it was shown

in Figure (4.7), and as it is given in equation (4.1).

05 o) O ) (4.1)
b) O b)
e}
In the designed gear, since O ¢O , 5 )

The transmission ratio (gear ratio, ' 3, asdefined in terms of rate conversion

ratio between the input and the output  shaft.

"2 b— O— (4.2)
S O
Assuming lossless gear train, such that, b ,then, 4 ) 4 5

The transmission ratio in terms of torque on the two axles is given as :

V2 4 (4.3)
S 4
Figure (4.8) depicts the connection diagram between OBL58EB motor, used
as a prime mover, and the OEM2060 controller. The designed flywheel has

been connected with the motor shaft, which explained in section (4.3.7).

ey,

Flywheel

EM-206 Controller (M/G) [ ]
Inverter/ Rectifier <::> Im — -J

|
e o
[ ] Coupler

Y b

(LTI

—

Speed
I Sensor \

Figure 4. 8: Schematic diagram of the ¢ ontroller an d PMBLDC motor with flywheel
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A standard test was carried out in this procedure, asthe same motor used as
a generator in the RB mechanism. The controller was worked as an inverter
In motoring operation and as a rectifier in the regeneration mode. In the other
scenario, there was another motor ORS Pro BLDC motor 8987790 connected
to the same shaft to work as a generator instead. The connection can be
implemented as shown in Figure (4.9) by using two controllers , one of them
as an inverter and the second one as a rectifier for motor and generator

operations, respectively.

=
EM-206 ;m =W EM-206
- M) | =W (MIG) 2 206
Controller! T [ ] — loe o I Controller/
Inverter ) -./ — W Rectifier
Y bm — Yy
I Speedl
| Sensoll

Figure 4. 9: Schematic diagram of thet wo PMBLDC motars coupled to the flywheel

Furthermore, with the advantage of designed gear, mechanical power
transmission equipment has beenused to acquire an edge by expanding torque
or decreasing speed (Husain 2003) The automated process has used the law
of energy conservation. The energy flow remains constant in the ideal
transmission. The connection was implemented to get higher speed at the
generation side for energy enhancement purposes, as shown in Figure (4.10),

which represent another scheme of connecting diagram.
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Figure 4. 10: Schematic of the one gear coupling PMBLDC motors

To get adequate information about the third scenario that has been tested
with two identical motors, one of them has connected directly with the
original motor shaft and the other throughout designed gear equipment to
increase the generator speed, as shown in the schematic diagram, Figure
(4.11). An experimental study has been used to investigate the efficiency

enhancement throughout this design.

bl
N1l (MIG) 1 EN-206
N Caontfroller/
[ ] Rectifier

b2 T,
EM-206 (MIG) [ | N2l ©- (MIG) 2 EM-206
Controller/ T | o o I Caontroller/ [+
Inverter [ ] ‘/

—

&

Rectifier

(LAY

—

| Speed I
| SENSOr I

Figure 4. 11: Schematic of the two -gear coupling PMBLDC motors

Regarding the electrical connection, the scheme has been represented in
Figure (4.12). This figure shows the link of the six-pole toggle switches pin
descriptions. In the energy harvesting process, the output of the boost

converter (designed for both m otors M1, and M2 output voltage) was
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connected to the controller and the UCs inputs for energy recapturing

purposes
= 4 L
11§ L 3 i N
= & |3 T o o
E  S— E = =] ')
|| 5 Sz
f—.\ =1 4 l.d.l j — E_ ._? E e
= i
DC voltage E = |lg M,U, i DC/DC boost
-y m
regulator g w E E. Controller converter
a || & input =
N B R —
) : iz ®

Figure 4. 12: Connection diagram of the six -pole toggle switches in the RB system

4.2.4 The National Instruments NI USB -6008

The NI USB6008 has provided connectivity to eight single -ended analogue
input (Al) with maximum sam ple rate 10kS/s single and multiple channels, and
two analogue output (AO) channels. It also has had a twelve -digital
input/output (DIO) channels and a n available 32-bit counter with a full -speed
USB interface (USER GUIDE NI USi®08/6009 Bus-Powered Multifunction DAQ
USB Device.[no date]) . Figure (4.13) show the photo of the NI 6008 DAQ.

TVNOLLVN

| Ul“"“”f‘m‘wusm Uq-Z4 sinduj g
smawmusnu

Figure 4. 13: NI USB-6008 photo
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Also, Figure (4.14) shows the DAQdigital and analogue pins diagram with its
descriptions.

Terminal Signal
17 PO.0
18 PO1
19 PO.2
20 PO.3
21 POA4
22 PO.3
23 PO.G
24 PO.7
25 FLO
76 P
27 PL2
28 FL3
29 PFIOQ
0 25V
i 3V
32 GND

(a) Digital pins

Terminal Signal Signal
Pin diagram Single ended Differential
mode mode
1 GND GND
— 2 AlO AlO+
N S 3 A4 AIO-
= 4 GND GND
= o
1.~ 5 All All+
¢
. B 3 AlS AL+
4 -~
= 7 GND GND
| L]
S ) Al 2 A2+
o
9 A6 A2+
<
L 10 GND GND
e 11 Al3 A3+
w 12 A7 A3+
~r 13 GND GND
- 14 ACO AOO
N 15 AOD1 AQO
e 16 GND GND

(b) Analogue pins

Figure 4. 14: NI USB-6008 pin description
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In the designed test rig, for experiment investigations, the pin connection  was
chosen, as shown in Figure (4.15, 4.16), which represents the DAQ 6008
instrument connection diagrams.

DAQ Pins Terminal Signal Signal description
A ’ 17 P00 Switchl ApA
18 PO Swich? BB
19 PO.2 Switch3 CC
20 P03 Switch4 DD
21 PO4 Switchs EE
2 P05 Switchd FF
23 P0G Swich 7 GG
24 PO Switch& HH
25 PLO
26 PL1
27 PL2
28 PL3
29 PFI 0
30 +25W
3 +5%
32 GND

Figure 4. 15: NI USB6008/USB Digital pin diagram with signal description

Signal Signal Sensor input
Single ended Differential foutput
mads mode
GND GND
w
— AlD Al O+
— Speed
= A4 AI0- v
= hatt
il GND GND
«
o All All+ [
= AlS AL+ Vies
= GND GND
=
= Al2 A2+ ™
o Al alz+ Vues
Ee GND GND
ol Al3 A3+ ues
b a7 al 3+ Vioost
b
GND GND
Lo ]
A00 ADD .
™ Speed adj
.~ AO 1 AD O
GND GND

Figure 4. 16: NI USB-6008 Analog pin diagram with signal description
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The sampling process was the selection of a subset of selected data to
estimate ch aracteristics of the whole data. It was not usually possible, in  a
practical case, to measure and to include every available data in our sample.
Two advantages of sampling were lower cost and faster data collection than
measuring the real data. Each observation was measured by one or more
properties of observable data dis tinguished as independent data. As an
example, weights can be applied to the data to adjust for the sample design

to meet the design specifications.

The DAQ assistant front panel, in the LabVIEW programming had been
adjusted with all pin configuration wit h sampling rate, and acquisitions mode,
as shown in Figure (4.17). A continuous mode with ten samples read of entire

pieces with a rate of 100 Hz had been chosen for data to be observed.

Configuration  Triggering ~ Advanced Timing  Logging

Channel Settings

Laje pide petaits €| ooy | Gt el
Speed_meas ] Devlfai
I_batt 1 Devlfail «<Mot Present
I Uc1 2 Devlfziz2 <Mot Present
I_bcz2 3 Dev1/faid <Mot Present
V_batt 4 Devl/fai4 Mot Present
V_UC1 3 Dev1/fais <Mot Present
V_uc2 [ Dev1/faio <Mot Present
V_boost 7 Devifai7 <Mot Present
W
Timing Settings
Acquisition Mode Samples to Read Rate (Hz)
Continuous Samples e 10 100

Figure 4. 17: DAQ Assistant for input signal pin conf igurations

A statistical power indicates the probability of a hypothesis test that, when
present, can find a significant effect. Also, the sample size can be used in
statistical software to figure out how much data needs to be collected (a
reasonable size of data), t o be confident in finding results and building an
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accurate model. The sample sizes have been chosen in a way that utilises

experience with small samples, although this is sometimes unavoidable.

Therefore, in the designed test apparatus, many ite rative tests were

performed to run an experiment to obtain at least 75% detection of the

variables that significantly affect the output.

The output control generation model from the DAQ assistant can be

represented, as shown in Figure (4.18).

Configuration Triggering  Advanced Timing

Channel Settings

+ || K| [N Detaits | ¥2||

Click the Add Channels bution
{+) fo add more channels fo
the fask,

Timing Settings
Generation Mode
1 5ample (On Demand)

S

Voltage Output Setup

Settings
Signal Qutput Range
Scaled Units
M
e volts
Min 0
Terminal Configuration
RSE
Custom Scaling
<Mo Scale=
ﬁ Samples to Write Rate (Hz)
100

o

ot ||

=Py

Figure 4. 18: DAQ Assistant for the speed control pin configuration
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4.2.5 Speed, current, and voltage Sensoring

A sensorwas a device which can be used to convert the physical measurement
to an electrical signal in the form of v oltage or current. Also, the computation
can be represented as a change in resistance or evolution of capacitive and
inductive impedance (Ziemann 2018).

4.25.1 Current sensor

The current sensor was a device that detects the charge flow and generates
a signal proportional to that flow. The type of the signal generated could be
an analogy or digital output, and it may be in the form of current or voltage
output signal (Current Transducer. [no date]) . These signals can be displayed
or may be stored in the data acquisition system for further investigation or
used in the final control destination. As determined by the datasheet,
different current sensors have been used according to its specification and
operation. The 0ACS718 designwasrevolved around a completely integrated,
direct or alternate curre nt sensing in an industrial system including motor
control, switch -mode power supplies and other applications (ACS712. [no
date]) . One of the advantages of using this type of current sensor was that
compatibility with the input voltage limits of the DAQ assistant used.  Also,
this sensor has been calibrated against a different kind of current sensor (LEM
current transducer), and with a digital current meter for more precise
measurements (Current Transducer. [no date]) . The sensorhas comprised an
accurate, low-offset, linear Hall -effect sensor circuit with a copper
conduction ter minal. The use of current coursing through these terminals had
created a magnetic field which is detected by the integrated Hall -effect
sensor and changed over into a corresponding voltage. The output of the
sensorhad gotten a positive incline (higherthan 6 ) when the current course
through the primary copper conduction terminals from pins (1+2) to pins (3+4)
which was used for current sampling. Meanwhile, it has gotten a negative
incline (less than 6 ) when the curr ent pass from pins (3+4) to pins (1+2),

which was the way utilised for current detecting , as shown in Figure (4.19).
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100nF
K ohm
LED1ed

ACST712{EA/20A/30A)

(a) Connection diagram (b) Photo for current measurement
Figure 4. 19: The ACS712 Current sensor

The analogue signal (6 ) was varied linearly with the unidirectional or
bidirectional (AC or DG primary sampled current () 0 The capacitor C1 was
used for noise management. There were three types of ACS712 sensor
dependent on the scope of the current sensing. The essential parameters of
any sensor were linearity, offset (for dc sensors) and sensitivity (Halit and
Eren 2014). Table (1) gives the individual output sensitivit y, (the change in
the output in response to a change of 1 A through the primary conductor), for
different current measurement ranges which can be programmed through an

application.

Table 1: The ACS712 sensitivity for current measurement

IC Optimised Range, IP (A) Sensitivity, (mV/A)
+/- 05A 185
ACS712 +/- 20A 100
+/- 30A 66
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4.2.5.2 Voltage sensor

Several operating principles were applied to achieve the required
measurement by processing the input signal using electronic semiconductor
devices to measure the voltage. Electronic voltmeters can be divided into
analogue and digital electronic voltmeters (Halit and Eren 2014). Also, the
voltage sensor used in the test rig was a module that can be used with
DAQ6008 with input tolerance of 5V to measure external voltages that are
greater than its maximum acceptable value. As with the current sensor, the
voltage sensor was calibrated with a digital voltmeter for more accurate
measurements. Its schematic was a voltage divider applicable for a series
circuit, from which the output voltage  was a fraction of the input voltage , as

shown in Figure (4.20).

VCC
io be =
measured
measured
R2 Voltage
GMD o g

Figure 4. 20: Voltage sensor circuit diagram

The voltage divider rule for two resistors in series can be stated as in equation
(4.4) as:

61 OIOAAOGIAAACA

2 C s o e s am e s s e w
2p—2C6E|o| | @AGRAAAODOOAA

(4.4)

The voltage sensor was constructed with two resistors with resistances of 30

kY ambk Y, so that, t hvasfifthudf fhaibputvaitdge a g e
Applying these two values on the equation (4.4) with 24 V supply input yields,
((7.5 k Y/(7.5+30) k Yx24 V=4.8 V). The reason for choosing these two values

of resistors was due to th e limitation of the DAQ used in the circuit which
cannot carry a voltage more than 5 V. Also, the sum of each of the resistors

should not be too small, as this will generate a higher current drawn from a
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voltage source of 0-5 volts, which can affect the measured values according
to the internal resistance of the source (Ziemann 2018). The two input

terminals were the voltage to be measured (VCC), and the ground (GND.

In comparison, the three output terminals were the sense (S)terminal was
connected to the analogue input of the DAQ, the positive terminal was not
compared to anything, and the negative must be connected to ground (GND).
Figure (4.20) shows the schematic of the voltage sensor with an input v oltage
not exceed of 25V, so that, the max imum output voltage was 5V as specified.
Also, the combination of this resistance can be used as a voltage regulator in

which the desired output voltage can be controlled , as shown inFigure (4.21).

V REG 317
—_—ly] I ouT . 2
" Iy
ADI
Vin R, Vour
==
Ry —T~C1
" "

Figure 4. 21: Voltage regulator circuit diagram
For LIM317 the output voltage can be evaluated as :

. 2
A 0& U p . (4.5)

4.2.5.3 Rotational speed measurement

The VLS series sensorshave provided with a pulsed NPN output for each
rotating cycle available with a light sensor or laser light for optical range for
better response with maximum rotation speed up to 250,000 rpm. This device
was typical for data logging applications and where speed monitorin g and
recording is required. Also, the reflective tape can be used to enhance
accuracy. It was useful for control and recording speed data with high
rotational speed measurements performed on the test platform using an
optical speed sensor with an analo gue output VLS/DA1/LSR, as $iown in Figure

(4.22). The linear voltage to speed measurement was the key features of this
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model. Also, for speed ranged from (50-6000 rpm), the analogue output
ranged from (0% V dc). Also, the high-speed update time was made it ideal
for monitoring fast speed changes (Optical Speed Sensor with Analogue Output
Speed Sensors VLS / DAL. [no date])

Figure 4. 22: Photo of laser model VLS/DA1/LSR optical speed sensor

The optical speed sensor has sensed the number of interruptions caused by
aperture placed in the rotating object, indicating the number of cycles for a
given time. However, the opti cal speed sensorwas a simple data collection
tool and can be connected to a DAQ that transmits voltage signals to a

computer.

4.2.6 Programmable electronic load (PEL) 300W 8500

In the designing test rig, for system analysis and modelling, the 8500 PEL was
utilised to test and to evaluate the DC power supplies, batteries, UCs, and
power components. In contrast, voltage /current or resistance/power values
were implemented and viewed in real -time measurements, as shown in Figure
(4.23).

Figure 4. 23: Photo of the 8500 PLE
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Furthermore, all parameters can be adjusted quickly and accurately from the

front panel or can be programmed through the USB interface.

The 8500 PEL. wide operating ranges of up to 500 V and 240 A, has made it
suitable for describing DC power supplies, DGDC converters, batteries, fuel
cells and solar cells. It can be worked and drew from the DC power supply in

different modes such as:

1 Constant voltage (CV); It was appropriate for testing batt ery chargers
where the load will try to absorb enough current to control the voltage
source to the programmed value.

1 Constant current (CC); It can be linked for load regulation tests for DC
power supplies or for representing the discharge form of the batt ery.

1 Constant power (CP); It was useful for testing batteries and simulating a
pragmatic discharge curve.

1 Provide constant resistance (CR); This behaviour mimics an ideal
resistance that has not changed depending on the current or the voltage
measued. The load has sunk a current proportional to the input voltage
in correspondence with the programmed resistance and will stay constant

regardless of the level of power (B&K Precision Corp. 2009).

4.2.7 Electrochemical energy stor age systems (ESS

ESSwas defined according to the type of fuel used or form of the energy
stored. The liquid fossil fuels have used as raw material for the engine include
gasoline, oil and natural gas. While the mechanical storage has had flywheel
to save energy in forms of kinetic energy, and the electrochemical storage
consists of a chemical reaction and charge transfer within the storage units,

that can be designed as:

4.2.7.1 Lead-acid battery

The specification of the rechargeable lead -acid batte ry (10 Ah, 12 V) as
remarkable recovery from deep discharge, superior energy density and

remarkably has a low self-discharge rate made it useful in the designed 3 | #
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monitoring. Figure (4.24) shows the OYUASA lead-acid valve-regulated
battery with internal resistance less than 20 mm and maximum discharge
current 40 A (REC 1012. 2008). The technical features of this battery have
included sealed construction and low maintenance operation. The operation ,
in any direction (charge/discharge) without loss of performance, has made it
suitable to be used in the test rig.

caumon
‘;“w-.mmm

' ewyussseuropecom

Figure 4. 24: (10 Ah, 12 V) Lead -acid battery

4.2.7.2 Ultra -capacitor s (UCs)

The UCsstorage unit was constructed with high reliabil ity, high-performance

materials, green solution for pulse or backup power applications used as
battery assist engine starting, es@beciall
F6 series UCs unit, as shown in Figure (4.25), has provided a way to achieve

the higher voltage or discharge time through a series / parallel connection of

multiple units . It has contained a maximum internal series resistance (ESR) of

22 mm and a maximum leakage current of 23 mA (PowerStor XVM Series.

2014).

UM umzsse R
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Power:
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Figure 4. 25: Photo of the 65 F, 16V PowerStor XVM Series UCs
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4.2.7.2.1 UCs wiring configuration examples

The wiring diagram was achieved by series, parallel, and series/parallel
connections for operating with the desired voltage, capacitance and current

is as shown in Figure (4.26).

il
{a) (b}
32.4¥, 32 5F, 20A 16.2V, 130F, 40A

{c)
486V, 43.3F, 20A

Figure 4. 26: UCs equivalent connection diagrams; (a) Series, (b) Parallel, and (d)
Series/ parallel
Further information and more details analysis of the electrochemical storage

units have been discussed in the next chapter.

4.2.8 Flywheel electromechanical storage units

In the experimental work, the flywheel energy storage syste m (FESS) principle
of operation was that it could be used as a mechanical energy storage unit,
where kinetic energy was stored as rotational energy. Therefore, the flywheel

was necessaryfor two reasons:

a. Vibration -reduction: used to achieve smoo th operation s of the machine
in which it can be worked as a condenser in the electrical circuit to
filter output voltage ripples, and to reduce the impact of mechanical
shock.

b. Energy storage: It can be utilised to store energy for later use in a
rotating m ass. Depending on the inertia and rotational speed of the
rotating mass, a certain measure of kinetic energy was stored as
rotational energy (Bolund et al. 2007; Alamili et al. 2020) . In the RB,
for instance, when the electrical supply was interrupted, the flywheel

continues to supply power during that interruption.
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4.2.8.1 FESSprinciple of opera tion

The transit results in dynamic loads typically have increased the required
engine power. Besides, intermittent duties have caused additional engine
design issues. In industry, flywheels were used to influence a variable load
(Sebastian and PefaAlzola 2015). The principle of a flywheel drive was based
on the idea that peak load ( i.e., shock load) only affects useful work, while
it is unimportant in the free -running mode. The advantage of the flywheel
was that stagnant energy accumulates on the inertial mass, which was then
consumed in the working part of the cycle (Vodovozov 2012)

Furthermore, the shape of the flywheel was essential, and it must be
designed so that the materials carry the same stress all the time. When it
has used to store energy, part of its power was continuously dissipated as
friction and aerodynamic losses. The estimated energy density was
significantly affected by the additional weight of the bearings,
motor/generator, and the shaft (CLEGG 1996) In the designed test rig , the
flywheel was a mass with high inertia rotating about an axis of the motor,
directly coupled to therot or s haft of the OBLS58EE7O0WOo
increase rotational inertia and to reduce the effects of initial acceleration
(i.e., mechanical shock), as shown in Figure (4.27). Again, all these
components were placed inside a steel cage, which pro tects the operator

from the danger of the flywheel braking at high speed.

Figure 4. 27: FESS photo used in the designed test rig
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4.2.8.2 Mathematical representation of spinning flywheel

Whenthe flywheel accelerated up to speed, itskinetic energy hasconverted
to electricity which then returned to the system by using the motor as a

generator or using another generator connected to a coupler. The flywheel
was characterised by a significant moment of inertia  about the axis of

rotation * , measured in (kgm?), and resists changes in rotational speed. The

amount of energy transferred to the wheel depended on the moment of mass

inertia * for accelerating/decelerating, and the square of its rotational

speed of the rotating disc, 9 (rad/s) as.

%  Px o3
C

(4.6)

The moment of inertia of an object asa function of its form and mass (Bolund
et al. 2007) . For a solid cylindrical disc of mass | in (kg) and radius of inertia

Oin (m), * can be implemented as:

. Lo Peos 4.7)

Equation (4.7) indicates that a flywheel mass can be modelled as an active
load connected to the rotor shaft of an electric machine. In particular, the
* moment of inertia was given to a solid cylinder of a radius Oin m, thickness

1in m, and density m(kg/m 3) of the concrete cylinder as:

P oim (4.8)
q

Also, the moment of inertia of a hollow cylinder (composite or steel rim)
associated with the axis, (of an outer radius O and inner radius O), shown in

Figure (4.27), can be carried out as follows :

x OAI gAiMo go (4.9)

Furthermore, the total torque applied to the  flywheel was the electromotive

torque of the motor 4 |, since it was directly attached to the rotor of the

motor. In that case, its torque characteristc ,accor di ng t o Newton

rotational , has been expressed as follows:
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Ad 4.10

I (4.10)
Where, | (rad/s ?), was the spinning wheel angular acceleration. The amount
of energy transferred in and out of the flywheel can also be managed By
controlling the torque generated by the PMBLDC motor . Hence, charging and
discharging of energy in the wheel was performed by dictating a positive and
(or) negative torque command the PMBLDC controller.
The energy storage capability of the FESS relies heavily on the analysis of
eqguation (4.6). Maximum st ored energy in the flywheel was accomplished by
increasing the rotating speed. Also, inertia * , can be increased by placing
as much mass as possible on the outside of the disc, but attentio n must be
paid to mechanical constraints at high speeds. However, t he rotational speed
of the flywheel haslimit ed the stored kinetic energy . Hence, the effectively
saved energy of a flywheel (% ) hasused within a speed range from minimum
angular velocity to the maximum angular velocity 5 is given by

(Thoolen 1993; Vodovozov 2012)

% P oay Py 5 (4.11)
q C
Equation (4.11) can be rearranged as, -* J p —— , where the
ratio p —— , was determined by the used transmission type. Also, it

represents a depth of discharge factor, which was the ratio between the
usable energy to the total stored energy (Genta 1985). It was pointless to
downgrade the value of 5 under a certain point. As a n insignificant ratio
of 5 )b hputs rigorous requests on the transmission, while the
increase of sufficient energy was relatively small. The reasonable settlement

is that 5 isone half 5 . Forthisratio , (as described in equation (4.11)),
three -quarters of the stored energy can be released from the flywheel (Genta
1985; Thoolen 1993).

The energy stored can be expressed regarding tangential speed O (m/s),
which was known as a product of orthogonal distance with the spindle axis O

(m) and angular or rotational speed 5 (rad/sec)as O O has
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% Pio Pios
q C

(4.12)
Meanwhile, the energy density (%) (J/kg), often, only useful or usable
energy was measured, while the inaccessible energy (such as remaining
cluster energy) was ignored. For a flywheel, this can be defined as the ratio

of energy stored to its mass as:
P .
% EOb (4.13)

Equation (4.13) indicates that the fl ywheel mass canbe modelled as an active
load connected to the rotating shaft of the motor.
Moreover, to evaluate the rotational power, it  was essential to convert the

angular velocity 2 measured in rpm to units of rad/sec such that :

.. .2 OPI .
S OA@AA—CA (4.14)

Furthermore, the time required for a flywheel to reach its nominal speed can
be defined as:

6 B) A2 (4.15)
AJAO emAdjAO

4.2.8.3 Flywheel in practical design
The acceleration of the combined system (flywheel and the PMBLDC motor )
from equation (4.10) can be implemented as :

A4 (4.16)
RO~

1

Also, from BL58 EE70-Watt motor datasheet, the speed -torque
characteristics curve with the current applied could be given, as shown in
Figure (4.28) as:
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Figure 4. 28: Motor characteristics curve (adapted from  (BL58 EE70 Watt. 2001))

From Figure (4.28), at rated speed (3300 rpm), 4 ¢ mmNm and motor
rotor inertia is 12 0x10°® kg m2.
The flywheel in the designed test rig was made from mild steel with m
X ¢ VBl , and manufactured with an outer diameter of 17.8 cm and an
inner of 7.4 cm, a thickness of 1.3 cm, and a massof 2.3 kg measured by the
weight scale, attached to a turning wheel, as illustrated in ~ Figure (4.27).
The following procedure was applied throughout mathematical modelling to
clarify flywheel measured parameter for system verification as

U Since the wheel constructed as a solid cylinder with four symmetrical

holes, the moment of inertia can be calculated as a rigid body

subtracted from this hollow parts contained as :

A SR SRR S SR (4.17)
Where, * represents the total moment of inertia . While * y h* ; h
* 5 describes the flywheel m oment of inertia at the radius mentioned in
Figure (4.27). * 4 the coupler moment of inertiawith m ¢ @ TEfl  for
aluminium alloy and coupler thickness E 1@t ¢ m. While *  hwas the motor

rotor moment of inertia taken from the dat asheet.

From equation (4.9), the total moment of inertia can be calculated as
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* -Alm O -0 -0 -am E2 2 * -NZ
XYuvmdipo MBIYw -TBICYX -TBIPOCT -A QYT T8¢ OB P
TIMY PCIPTN THNMWWPH?PP T P CIP T T8 pkym?

Then by applying equation (4.7) to find the equivalent mass of the flywheel

systemas | ¢— ¢z : ¢& Ukg

Assuming a rigid cylindrical body wi th mass 2.78 kg, and from equation (4.7) :

* -G Y8t Y w  TBT p Rgm?

And, then from equation (4.10, 4.15),

AS 4 TS, 2ZC AN COTET A
RO ¥ wppP POV : :
pp emnO ¢ 10

@) — P @ osec.

However, from the experimental data measured, using the datasheet of the

PMBLDC motor at the nominal speed of 3300 rpm, torque 0.2 Nm, the time
required for the motor to start up from the rest to reach its nominal speed
can be calculated as:

From equation (4.7); the time to reach this speed is as follows :

* g -C® T8I P w T8 T ky m?
And, from equation (4.10, 4.15), the change in angular speed at the nominal

speed of 3300 rpm can be calculated as:

AS 4 ] 2Z¢ AN OOTEM A
-_a C&UU ~ =
O * 4 T8I T W emnO ¢ 10

0

— p & Ttsec

The evident that from these analyses, the system under consideration has to
be redesigned to consider the time variable. Since the time was too large for
the motor to reach the speed at which steady-state occurs, further control
was needed to enhance system operation. By controlling the torque
generated by the PMBLDC motor, the amount of energy transferred inside
the flywheel can also be managed. Hence, charging and discharging of energy
in the flywheel was performed by dictating a positive and (or) negative

torque command the PMBLDC controller.
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4.2.9 PMBLDCspeed control

Proportional -integral -derivative (PID) control was the most wide spread
control algorithm applied in industrial control ~ (Ozbay 2016) The prominence
of PID controllers can be assigned to their robust performance in enormous
operating conditions and their feasibility in a simplified manner. The PID
algorithm consists of three primary coefficients; proportional, integral and
derivative, which were assorted to acquire an optimal response. The effects
of tuning the PI closed -loop control system for PMBLDC speed control are

examined in this section.

4.2.9.1 Closed-Loop System control

The closed-loop control system was the process of reading the sensor's output
to provide constant feedback and evaluating the desired actuator output

repeatedly, as illustrated in  Figure (4.29).

Setpoint Errar

\
Rpmg s  K_sensor é@ensator s Actuator output || System (plant) _‘

speed sensor
1V/1000rpm __ — 7| SP Process variable

F 3

Figure 4. 29: PMBLDC closedloop speed control strategy

The PMBLDGpeed (rpm) was the process variable that must be controlled,
and a sensorwas used to measure this variable , which has provided feedback
to the control system. Furthermore, a setpoint can be defined as the desired
value for the process variable in the speed -control system. At any given time,
the control system hasused the difference between the process variable and

the setpoi nt to determine the required actuator output to control the system.

4.2.9.1.1 Modelling and control design

Since the complexity of the contro ller was promptly related to the complexity
of the model, it was imperative to have low order models. The parameters of
PID controllers can be evaluated by modelling process dynamics and providing
a method for control design. The driving torque ( 4 ) was directly proportional

to the driving voltage ( 6 ) from the driver . The analysis was implemented
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from the open-loop experiment test with rotational speed changed from 500
rpm to 1000 rpm, to determine the required control variables, as shown in
Figure (4.30).

12 +
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Figure 4. 30: Open-loop motor speed experimental test

4.2.9.1.2 Modelling process dynamics

This procedure of control was utilised to enhance system operation. Figure
(4.30) show the speed curve of the PMBLDC motor used in the designed test
rig. The driving time delay ( 4 ) from the open-loop test was equal to the time
at what the system response after excitation, which  was equivalent to ( 4
TR Y T8 w g ®A.Accordingly, t he time -delay of the motor 4 can be
ignored in the application sof the RB process because it represents the starting
motor operation that does not affect the generation operation in the braking
process. Also, the change in the voltage ( 36 corresponding to the change in
the speed can be calculated as; (36 TOQ Y@ Y wm@ X w,6and the
steady-state error (A )isequalto (A p @@ Y 181 0§ . The voltage at
which the speed reaches 63.2% of its final steady-state (6 ) can be
implementedas (36dp & P ™M Ywm@ nmumd Y w1 wo .

The approximation was feasible for systems in which mass, momentum and
energy can be stored using a single state variable, as an example, the rotating

speed control. From the open-loop speed diagram Figure (4.30), the time ( z
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at which the speed reaches this value can be evaluated as (z 1T &
TR w o8 WAA

Then when it was compared to a first -order transfer function gives:

™ + 36 1@ X & which gives+ T@ouv  Bhen the process dynamics

were approximated by a first -order transfer function as :

| + 8oL Y (4.18)
p z0 p ot O

Then, for closed-loop control, the designed PI controller is as shown in Figure
(4.31):

rpm 1 [Va K, K [Vou| 1000 rom
— 1000 —)@—r Kp+— —» » —»

T g 1+Ts

Figure 4. 31: Closed-loop system design and control representation

From Figure (4.31), the PI controller has the transfer functon # O +  —,

and the overall transfer function can be evaluated as :

6 +0 + +
6 Op z0 + +0 +
+0 + +
z0 p ++ O ++ — (4.19)
+0 + +Iz
. p ++ . ++
O O _
Z Z

The above controller can be designed by the pole placement method,
considering a reference characteristic equation p 2z O 1, which can be

described as:

- - C - P
O m+ O =0 — ™ (4.20)
Pa Z Z

Then, by equating the characteristic polynomial of equations (4.19) and (4.20)

which leads to:
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) ++ o+t ,
O prr O — O io P (4.21)
4 4 4 4

then the contr oller parameters are represented by :

P ** Sy, PGA
Z - P (4.22)
so that,
G Z y
- Th
7 P z Gz (4.23)
And,
Py L A (4.24)
Zz z +7

The parameter — , determines the response speed.

Sincez o8 WA And + T U §hassuming the required time z ¢OAA
then, from equation (4.23), + =08 @® 1o L Pt =0.9102.

Also, from equation (4.2 2), + = T o8 wp 2597

x To determine the integral time 4 measured in (min) used in the test

rig suchas,+ — + p —.
Since+ — ,then 4 — Z— 2.853 sec=0.047 min.
1.2
T NS

20.46, 0.225931

=
e
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Figure 4. 32: Closed-loop designed controller for speed control
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Figure (4.32) shows the PMBLDC motor with the designed controller. The
driving time delay ( 4 ) from the closed -loop test was equal to (4 p & X
p @ w T YO A Avhich improve the response time of the motor speed
control. Also, the A was equal to zero. The z time at which the speed
approaches 63.2% of its final steady-state (6 )is equal to (z =20.46-19.77

=0.69 sec) compared to 3. 49 sec in open-loop test shown in Figure (4.30).

4.3 Experimental calculation of moments of inertia

The moment of inertia * of the PMBLDC motor can be calculated
experimentally based on the free -running equation (4.10), * — 4 as
a) The motor runs at a defined speed 5 hand then the power 0 was

measured, in which the torque also can be calculated as4  —,

b) After that, when disconnecting the motor, the free -run stop was
achieved. Att=0, the tangent curve i nthe speed track was defined
as, A TAO 35 7zl
c) Process (a), and (b) is repeated at a different value of 5 , and
then * was evaluated as an average value for all measured inertia.

In the next section, a laboratory examination of the effect of rotational inertia
on energy recovery in RB was studied, and further investigations were

conducted.

4.3.1 Studying the effect of rotational inertia on RB process

Dynamic energy recovery in EVs and HEVs can assist in restoring kinetic energy
during descending and braking operations. The FESwas used in a variety of
modern applications; for instance, it has tended to be associated with the
motor shaft to assist in starting the EVs from rest. Several components have
been utilised to execute the motoring and braking mechanism in a structured
test rig. However, there was an urgent need to represent this application
within the limits of the laboratory facilities while being able to simulate the
natural system. The mathematical mod el of regenerating energy from braking
can be determined by analysing the charging and discharging characteristics

of the battery and the DC motor throughout energy stored in the rotating mass
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object considering the motor braking torque required and brakin g torque
limit.

Consequently, this section has beenexamined the effect of rotating inertia at

a different rotating speed in the drive system on propelled energy. Moreover,
it has been demonstrated the experimental probing and mathematical
modelling of the motor/flywheel (lumped into an equivalent inertial mas  s),
which was used in different drive cycle schemes to simulate real system
behaviour. The analysis was accomplished with an experimental verification
highlighted the advantage of the new approach to evaluating storage
capacity, and it gives the static and dynamic (time dependency) equations .
This analysisshows an accurate system representation as a ready -made model

(black box), which can be usedto determine the overal | system performance.

4.3.2 Review of proposed system modelling

In the RB, at the instant of braking, the electric motor connected to the
flywheel hasworked as a generator to convert rotational mechanical energy
into electrical energy. The variable chara cteristic of the generated voltage
from the generator/flywheel at braking was used to charge the storage unit
(Bolund et al. 2007; Kim et al. 2014a) . This variable produced voltage has
dependedon t he f | yatwmp ieeetih &d onrthe capacity of both the
generator and the storage units, which can be identified experimentally
(Alamili et al . 2019).

Furthermore, mathematical models of dynamic systems were necessary for

most fields of scientific research, and they can take many structures, such as

differential equations, state -space equations, and transfer functions, as

discussed in the previous chapter. The most widely used method for numerical
demonstrations involves the development of mathematical equations based

on the known physical | aws t {Thoblend3®¥% er n t
Hanselman 2006) The drawbacks of this technique were that the resulting

models often complex . The available data did not readily estimate them due

to identifiability problem s which make it challenging to use this approach in

system design applications. If there was enough empirical or operational data,

thenthe 0i dent i f i c a tan benused gssah a&tendative to physical -
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based physical modelling. Also, this system was based on data that can be
applied to virtually any s ystem and generally provides relatively simple
models that can well -describe system demeanour within specific operating
conditions. These models canbeusedina o b | a c k whiiclo onlg represents
the behaviour of the input and output or other d escriptive interiors such as
state-space equations, which can explain physically meaningful judgments
(Bohlin 2006; Garnier and Wang 2008)

In the designed test bench, a model was developed based on observed data
measurement and the dynamic analysis of the system to represent the overall
system response. The PMBLDC motor response (static and dynamic) for both
open-loop and closed-loop speed control can be implemented experimentally.
Numerous results of experiments and simulations have allowed controlling the
parameters of the RB process. The essential operation of the electric motor
was that, when it continues to turn in one direction, it transforms the
electrical energy into mechani cal energy. And at braking, while it continues
to turn, a properly structured motor has become an electric generator
changing the mechanical energy into electrical energy. These methods have
attempted to link the braking process to the ESU, which perform two main
functions; recover and save braking energy an d absorb excess energy during a
light load operation. Such that resulting model faithfully ~ has simulated the
real system behaviours to show the valuable benefits. The analysis was
accomplished with experimental verification, and the statics an d dynamics
eqguations of the lumped component represented as a ready -made (black box)

models, used in determining overall system performance.

4.3.3 The process of building models from data analysis

The following steps were utilised to extract the best adequa te of the data -
based on experiments with enough information with disturbance, allowing to

represent a system model and then validate the results as follows:
A Gathering input/output data (experiment data collection).

A Estimate the model from collected da ta by choosing the structure and

finding the best model fits.
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A Validating the model with a new dataset.

So, it can be observed that to evaluate the process; the sampling interval
must be adjusted according to the dynamics of the process. Besides, it may
be necessary to manage trends and offsets and to use filters to reduce
disturbances for incorrect measurements. The quality of the product model
depends primarily on the chosen structure that the intended application may
represent. Additionally, the result was evaluated for the final model structure
that includes the model size (order and delay) to validate the experiment

data-driven.

4.3.4 System under considerations

In this section, a short mathematical model and simulation were used to assess
energy harvesting through braking to improve overall system efficiency and
performance. Different strategies have been implemented to extend the

driving range to achieve the desired performance.

4.3.4.1 Power and torque analysis

The practical solution available to convert kinetic energy and subsequent
return to electrical energy from the braking process has been described and

explained throughout the speed and torque diagram, as shown in Figure
(4.33).

CW rotation
) ]

@ |E

Decelarating . Apcelarating
! gensrating I I ! motoring

Apcelsrating I T Deca].eraﬁ.ng
! motoring & co ! generating

I

CCW rotation

Figure 4. 33: Driv e mapping applications according to angular speed and rotational

torque
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The quadratic control operation (driving, reversing, and braking motors) can

be described as follows:

A first quadrant (1): where the angular speed (9 ) and torque (4 ) have
the same direction (accelerating) in CW rotation, in which the power
(0 5z4 ) flows from the inverter to the rotating object. For
instance, this range of applications can be found with variable or

constant torque in the extr uder or conveyors applications.

The second quadrant (Il): the direction of torque can change while the
direction of rotation remains unchanged (decelerating). The |l process
may be needed in many industries, for example, as in the emergency

stop of machinery and regenerative brak ing.

The third and fourth quadrant (Il and IV): the speed was in CCW
rotation, and torque direction can be changed. It can be used as
accelerating (lll) or decelerating (IV) drive depending on torque
direction. T hese applications were usually used in many motor
operations that require frequent movement and torque changes, such

as in elevators and the automotive industry.

When the drive was running in | or 1ll, the motor operates as a driving force: |

represent the front rotation, and Il the reverse rotation. When the drive was

running in Il or 1V, the torque was reversed in direction with motor rotation

providing a controlled brake or deceleration force called regeneration or

regenerative braking. Meanwhile, the overall system power flow in motoring

and braking can be represented as in Figure (4.34).

Traction Discharging Converter Driver Motor Transmission
power flow losses losses losses losses losses
—

Power DC /DG Driver/ BLDC Gearbox

supply/! Controller

Converter MG Nee
Energy Nor
storage MNoc Nurs
e

Charging Converter Driver Generator Transmission — Regenerative
losses losses losses losses losses power flow

Figure 4. 34: Power flow diagram
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The electrical power ( 0 ) supplied to the PMBLDC motor was converted into
mechanical power (0 ) with addition to frictional power losses ( 0 ),
adD 0 O . Inthe case of rotational mechanical motion, such as in EVs,
the mechanical power represents the rotational power ( 0 ), which was the

product of torque 4 (Nm) multiplied by angular velocity 5 (rad /sec).
0 4 5 % ) (4.25)

Equation (4.25) neglecting the losses in power, and assuming that 0 , which
equal the back (or counter) electromotive force %  hasproduced in PMBLDC
motor, as an example, multiplied by armature current () ), was equal to the
0 .Where% , wasthe generated, induced back electromotive force ( emf)

measured in (V), and ) was measured in (A).

Also, %  can be calculated from motor geometry as :
% b:. (4.26)

@T!
Where, Dis the number of the motor poles, flux per pole in (web), 7 is

the armature winding number of parallel paths , . speed of rotation (rpm),
and : is the total number of armature conductors . The induced emf is a
fundamental phe nomenon when the DC machine is acting as a generator, then

%  represents the generated voltage %
The rotational energy % , can be calculated as:

% 0 AO (4.27)

Moreover, to evaluate the rotational power 0 , it was essential to convert
the angular velocity measured in rpm to units of rad/sec  with the help of
equation (4.14). Typically, loads are arranged as constant torque ( 4 #),
which was directly proportional with speed, and the power can be resolved

from equation (4.18), which can be rearranged as:
0 4 5 # (4.28)

Moreover, in some cases, loads have arranged as the quadratic torque
(proportional to the square of the speed) (Technical guide No. 8 - Electrical

Braking 2018), in which the torque and power can be measured as :
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4 #)
(4.29)

0 4 5 #5

From the above equations, it was evident that braking torque and power
requirements vary significantly concerning the time of these two types of

loads.

4.3.4.2 Construction of the characteristic equation

In the designed test rig, the overall system response of PMBLDC motor (static
and dynamic behaviours), which was connected directly with the flywheel,
for both open -loop and closed-loop speed controls can be represented in the

flowchart as shown in Figure (4.35, a and b) respectively.

Initial speed input command (rpm) Initial speed input command (rpm)
Calibration equation from speed Calibration equation from speed
inputto voltage set point (V). inputto voltage set point (V).
w I-—‘IF'
Calibration equation from voltage Calibration equation from voltage
set pointto driver (inverter) input set pointto driver (inverter) input
voltage control voltage control
v E L J
Card equation, calibration § Card equation, calibration
equation of the driver. Inverter 5 || equation of the driver. Inverter
us)
inputto outputvoltage control ﬁ inputto output voltage control
{(motor phase inputvoltage) L || (motor phase inputvoltage)
PMBL I PIMBL
oC DC
Motor IWotor
(a) Open loop (b) Clozed loop

Figure 4. 35: PMBLDCmotor, representation and speed control
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4.3.4.2.1 System static equations determination

-loop test to

syst emo s 6) bhewsahe iLabMIEW bloEki g ur e

The experimental data extraction has been taken from the open

he
diagram for speed control, voltage and current measurements.
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Figure 4. 36: LabVIEW Control and measurements for PMBLDC motor

Also, the data measured were represented in Table (4.2).
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Table 4. 2: Experimental data for PMBLDC motor characteristic equations

Set Drive voltage Phase to ground Motor speed
voltage  control (V) voltage AC (V) (rpm)
V) (inverter input ) (inverter output )

0.20 1.83 3.60 0117
0.30 1.96 4.05 0229
0.40 2.10 4.30 0331
0.50 2.23 4.60 0413
0.60 2.36 5.35 0504
0.70 2.49 5.60 0606
0.80 2.61 5.82 0698
0.90 2.74 5.98 0800
1.00 2.85 6.10 0902
1.20 3.08 6.62 1106
1.40 3.31 7.04 1310
1.60 3.52 7.45 1524
1.8 3.74 7.80 1730
2.00 3.93 8.10 1942
2.40 4.35 8.58 2371
2.8 4.66 8.90 2778
3.00 4.82 9.00 2982
3.20 4.98 9.05 3186

Table (4.2) has been implemented from the open -loop experiment test to
represent motor behaviour and the characteristics' equation. Also, Excel
software has been used to evaluate the trend lines o f unknown data fitting ,
and the accuracy has been determined by a sum of squared residuals (R?) to
measure the overall error for the best fit to the actual data. The following

equations that have been extracted from each figure described as:
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1 The voltage setting as an indication of the required motor speed:
Provides calibration of the speed sensor used in the test rig, which was
a linear function associated with compensation, can be represented as

shown in Figure (4.37).

3.5
3

g
tn

Set voltage V)
o -
(] = h %]

o]

0 500 1000 1500 2000 2500 3000 3500
Speed (rpm)
Figure 4. 37: Set voltage as a function of the desired Speed

With trends can be represented as:

U MWImp@mMntg TWOwX (4.30)

1 Drive input control voltage (potentiometer voltage) concerning set

voltage can be represented, asshown in Figure (4.38):

f  m O

- [J

Drive input potentio voltage (V)
(%)

(]

05 1 1.5 2 25 3 35
Set voltage (V)

L]

Figure 4. 38: Drive input voltage as a function of the set voltage
With trends can be represented as:

U p8tTTDpX eU2p TROWT U (4.31)
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1 Card characteristic equation: the output AC phase to ground voltage as
a function of the input control voltage (inverter calibration equation)
can be represented, as shown inFigure (4.39):

R
w O =

IMotor phase to ground AC
voltage (V)

[ N AR N e R )
™
®

0 1 2 3 4 5 6
Drive control input voltage (V)

Figure 4. 39: Motor phase to ground AC voltage concerning driving input voltage (card

equation)

With trends can be represented as:

U pHoXx 0P8 odp T QU (4.32)

1 Motor static equation: the speed as a function of its terminal AC voltage
taken, can be represented, as shown inFigure (4. 40):

3500
3000
5_2500
= 2000
1]
& 1500
1000 >
500

0 G r—r—r—r|
] 2 4 5] 8 10
Motor phase to ground voltage (V)

Motor

Figure 4. 40: Motor speed regarding its phase voltage

With trends can be represented as:

U v@pAf R mowy (4.33)
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0 Motor dynamic equation

Furthermore, to complete the overall motor modelling, the dynamic response
was derived from motor speed -time graph, as in Figure (4. 41).

5000
4500
4000
3500
3000
2500
2000
1500
1000

500

Speed rpm

=]

0 2 4 & 8 10
Time (sec)

Figure 4. 41: Experimental no -load response

From this curve, a third -order difference equation can fit it.
U W pup @ pLULEBW LVLECR T W (4.34)

However, this research proposed a linearization method, that the graph is
compared with a simulated first -order transfer function O A&p¥ v O p)), as
shown Figure (4.42), which gives the compatibility and by using system

identification tool for comparison to get the best curve fitting.

5000
4500
4000
3500
3000
2500
2000
1500
1000

500

[} T T T T : T T T T : T T T T : L] L] L] L] i T L) L) } L) L)
0 2 4 G 8 10

Time (sec}

Speed rpm

Figure 4. 42: Simulated transfer function curve fitting
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4.3.4.3 LabVIEW simulation

The overall system equations extracted from the experimental test (4.30-
4.33) can be represented in the LabVIEW program. The complete simulation

of the closed -loop control for the motor can be seen in Figure (4.43):

1531, .
_+

Measurement
File2

Tr.un'-l':"1 Inkegrator

56.319

|

|
|
)

‘ i

b4z}

ansfer Function
=

¥

Equation (4.33)

56.319%exp(0.44217A);

|

0.001*%+0,1047;

y=

8
o
in
b
F
g
-
T
3
F
r
2
E
<
1S

output variable
i [FE]
Lo

to drive input,
potentio voltage

-0.0973"X"X+1.3781"%+1,5659;

¥

output range 2

0.001*X+0.1047:

Speed rpm to

Control & Simulation Loap
I:-'
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Figure 4. 43: LabVIEW control and simulation loop
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As shown in Fgure (4.43), the conventional Pl controller

was used to

determine the speed in the designed system. Furthermore, equations (4.30 -

4.34) were used to create a closed-loop simulation in the LabVIEW

environment to study system behaviour with the effect of rotational inertia

on energy recovery, which can then be widely applied to any system being

tested using the same procedure.

4.3.4.4 Generating voltage operation

There are many strategies used for braking, the best achieved with a renewed

approach since some dissipated power has returned to the system a nd stored

in the storage units. The essential operation comes from electricity generated

when the motor works as a generator during descending and braking of the

EVs due to rotational energy stored in the flywheel. The experimental data

extraction has been made to find the relation between generated voltage wit  h

di fferent

rotation

represented in Table (4.3).

Table 4. 3: Experimental data for PMBLDC generator static equation

speeds

t o

esti

Speed Motor voltage phase to ground Generated voltage
(rpm) V) V)
0280 0.69 0.57
0373 0.89 0.96
0464 1.10 1.38
0627 1.49 2.15
0851 2.02 3.27
1106 2.63 4.60
1341 3.20 5.78
1677 4.01 7.51
2136 5.09 9.84
2238 5.34 10.39
2666 6.39 13.14
2850 6.83 14.06
3268 7.82 16.18
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The generated voltage as an indication of the speed provide s the calibration
equation of the generator used in the test rig, which  was a linear function

associated with compensation, as shown in Figure (4.44).

18 ¢

16 ¥
S 14 1
@12 1
10 }
g1

Generator output voltag

[ T T S 5

0 500 1000 1500 2000 2500 3000 3500
Speed (rpm)

Figure 4. 44: Generator output voltage at  various speed

With trends can be represented as::

U 0.0053x-1.1345, 2  0.999 (4.35)

Figure (4.45) represents PMBLDC generator (lumped with the flywheel)
dynamic response. This figure was used to test the generator stopping time
due to the moment of inertia alone at a speed of 3000 rpm with no load

attached to its terminals.

3.5

— Generator speed (experiment)

0 +—7——mm

50 100 Time (sec) 150 200

Figure 4. 45: No-load generator speed descending
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From this curve, the dynamic equation of the generator can be extracted, and

the system was represented as:

U WInmn@YP mi¢owddc d mowwu (4.36)

The no-load speed graph is compared to the second-order simulated transfer
function to complete the general modelling of the generator, O Ep¥ DO
@ O p)), which gave the symmetry and compared with system i dentification

tool to get the best curve fitting, as shown in  Figure (4.46) with the simulation

in Fgure (4.47).

3.5

Generator speed (experiment)
— — (Generator speed (simulation)

0 +—"r—a—-vr—r—i

50 100 Time (sec) 150 200

Figure 4. 46: Simulated generator speed curve fitting

Contral & Simulation Loop

Generator

;f;?:j Breaking free generator
= transfer function

|Generater voltage (V)]

:-Hm

Equation (4.35)

Figure 4. 47: Simulation ge nerated voltage of the generator
The VV generated by the generator at braking operation can be used to charge
the UCs for energy recovery mechanism in the control simulation loop , as

shown in Figure (4.48).
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Meanwhile, the overall system representation for motoring and generating
operation can be implemented as a flowchart as in Figure (4.49), which
represent the motoring and generating operation with the energy stored in
the UCs dorage unit, which has beendetermined in the next chapter .

Set point Speed rpm to PID |, | Setpoint voltage to drive Inverter card
speed (rpm) voltage set point controller mput, potentiometer voltage —* equation
Speed rpm to Iulotor transfer Chearacteristics equation of
voltage set point function the motor from experiment
Generator speed input {rpm)
¥ 1
Chearacteristics equation of the @. Braking free generator UC voltage Generator veltage
generator from experiment tranzfer function calculation calculation

speed the generator to find speed voltage Braking resistance voltage

(Generator ¢ Characteristic equation of <-| UC total UC capacitance & @t UC initial

Figure 4. 49: Simulation flow chart

4.4 Summary

The contribution to this chapter was determined by developing a
representation of designed test equipment to represent the RB process. The
model was developed based on the experimental data measurement and
dynamic system analysisas ad b | a ¢ k Al&opthe designing of the flywheel
to represent the kinetic energy recovery. Besides, the pol e placement
method, considering a reference characteristic equation , has been chosen to
reduce the complexity of the controller design.

The next chapter (Chapter 5) presents the derivation of dynamic models of
the rechargeable storage unit must be more convenient in the RB process
Also, the element and how it can withstand to  recover energy from the braking
technique will be considered with a new design for the UCs and the generator

as a leading part in the RB process
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I n todayds world, clean energy innovati ol
has played the most crucial role in the sustainable development of human

society and turn into the most critical components in defeating reliance on

fossil fuel and worldwide con tamination. Among the potential clean energy

solutions, the electrochemical energy was the most viable, sustainable and

flexible energy . However, these technologies and the materials used to

develop them continue to face high cost and performance challenges (Shen et

al. 2016). This chapter has addressed the need for understanding a more

realistic model for these storage units and how to use this model in different

applications such as in RB process and the energy management system (EMS).

The significant contribution of this chapter can be summarised as follows

1 Implementing a modelling enhancement of electrochemical battery.
Making the designed circuit compatible with the experimentally
observed parameter,

1 Proposing a new insight into modelli ng and validating the UGCs storage
units,

1 Finding the state of charge (SoC) of ESS, whichwas a benchmark of the
fuel tank in customary vehicles and was an essential parameter that
indicates the remaining electric charge in the battery, used to
measures the distance that it can cover and monitoring track
performance, and,

1 Finally, proposing an energy management system (EMS) for charge

transferred and energy augmented.

In the following section, a review of electrochemical storage systems has been
presented. Also, an introduction to the modelling of a battery storage unit
followed by the detailed analysis and study of the UCs storage unit, as two
types of commonly used electrochemical energy storage units has been
examined. Lastly, the implementati on of energy management procedure and

the overall contribution of the chapter has been presented.
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5.1 Review of electrochemical storage systems

The master (rechargeable) energy storage system (ESS) of the vehicleswere
the electrochemical batteries and the UCs. These energy storage units have
become increasingly important in the current applications. However, a
detailed analysis of this elemen t requires an understan ding of its basic
construction and operation. There was a resurgent interest in the combination
of power-dense UCs with dense energy batteries at both the physical and
package levels (Miller 2011). The outlines of classes of the electrochemical

energy storage units are as shown in Figure (5.1).

Electrochemical energy storage

Battery Capacitor
I—k—l [
[ | |
Primary Secondary Electrostatic Electrolytic Electrochemical

Figure 5. 1: Classification of electrochemical energy storage

The difference between the primary and the secondary batteries wasthat the
former c ould not be recharged, while the latter can be recharged or reused,
and also it can be used as a primary battery. Shen et al. (2016) concluded that
several primary battery batteries used in different cathode -anode
combinations. However, relatively few applications have been successfully

used in practical applications (Shen et al. 2016).

On the other hand, electrostatic capacitors have contained a metal electrode
and dielectrics such as mica or vacuum as separate units. Whereas electrolytic
capacitors have included an electrical dielectric, as an oxide layer film was
deposited or formed on a single electrode. The second electrode was the
electrol yte which can be liquid or solid. Meanwhile, an electrochemical
capacitor was a mixture of a reducing and oxidi sing agent, which were
physically separated from each ot her by a salt bridge and were in chemical
contact with each other. The UCs rechargeable ESShas used in different
industrial applications. It has been used to transmit high current on
acceleration and to deliver RB energy on descending and braking in e lectric

vehicles (EVs), and hybrid electric vehicle (HEV s) power applications (Ahmad
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Hamidi et al. 2015; Alamili et al. 2019) . The UGs has been used to assist the
battery in achieving the energy density of cells, offering almost an extended
lifespan, and no environmental issues (Ren et al. 2015; Itani et al. 2017) .
Moreover, UCs have been utilised to store energy that has additionally made
a fundamental advantage in the electric power system (Sangdehi 2015). Most
important ly, these technologies have vigorously relied on upon battery packs
as the primary storage unit. Also, the battery in the ESS should be used within
the safe temperature and voltage ranges to operate safely and efficiently .
The practical implementation was required to provide a continuous SoC
monitoring system to ensure that the ESS was kept sufficiently charged and
discharged with a given level using indicators from the automatic control
systems. In this next section, different approaches have been presented for

designing and modelling of battery ESS.

5.2 Electrochemical battery ESS overview

The Baghdadbattery (BB) sometimes referred to as the Parthian Battery, was
a clay pot surrounded by a copper cylinder. In the middle of this cylinder was
an iron rod that does not touch it. Both the copper cylinder and the iron rod
are installed in an asphalt socket, as shown in Figure (5.2). These artefacts
were discovered during prospecting in the ancient village of Khujut Rabu near
Baghdad in 1936. The village is about 2,000 years old and was built during the
Parthian period (250 BC to 224 AD) (Franz and Feldhaus 1869) This precious
historical and scientific effect, carefully made of materials with precise
chemical properties, was one of the most extraordinary mysteries in history.
It was an achievement of the ancient civilisation, which surprised modern
man, like the most impressive monuments, unique architecture, and timeless

drawings.
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|

Figure 5. 2: BB graph (adapted from (Clark [no date]) )

However, today, in industria | applications, the request for batteries to meet
progressively stringent performance prerequisites has been a challenge for
achieving the appl i caAcceleratédsattedtiensto EVesd s er v
and HE\s, and energy storage systems for utilities have accelerated the
development of larger rechargeable batteries (Linden and Reddy 2002). The
electrochemical rechargeable batt eries are of extraordinary significance in
power systems since they give the electric energy in a way that can be
promptly accessible (Shen et al. 2016; Group [no date]) . The battery was
designed to convert chemical to electrical energy during acceleration
(discharging process) or to converts electrical to chemical energy during
deceleration (charging) process (Linden and Reddy 2002) Lead-acid batteries

have been used since the 20th century.

Interestingly, the system has not changed significantly since then. The system
consists of the lead current collector, spongy lead as active negative material,
lead oxide as an active, positive material and sulphuric acid diluted as an
electrolyte. During discharge, the active substance on the positive and
negative plate was converted to lead sulphate (Lukic et al. 2008) . Various
dynamic models include all the essential factors that affect execution, which

can be used to evaluate the performance of the battery.
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In EVs and HE\4, as the battery was the primary energy source, the motor will

not only operate as a generator to retrieve energy from braking instead of
dissipating it as heat as in the conventional braking but will also act as a

starting engine (Ehsani et al. 2010). One of the essential features of utilising
the DC motor as a propulsion engine was that it has low noise, with low

maintenance and CQO; emissions (LAU and LIVINA 2015)

However, battery behaviour and its response during operation have played
an essential role in energy transfer and energy management system (EMS). A
simple, useful equivalent circu it for lead -acid batteries have been
implemented to simplify the battery part of the system model. The circuit
model and an estimation of the battery parameters from laboratory data have
described in detail in which it can deliver an accurate represent ation and

simulation results.

5.2.1 Battery Model

In the design method, numerous battery models with various levels of
accuracy and complexity have been developed. These models can be primarily
categorised as the battery -electric, battery thermal and combination  of them
(Liu et al. 2019) . Battery models were used to estimate the performance and
operating constraints required to analyse and simulate its behaviours used in
the RB system design and process wit h different kinds of control approach,

transducers, and auxiliary components.

Most importantly, these technologies have vigorously relied on battery packs
as the central storage unit. It is in this way critical to creating accurate cell
models that can advantageously be utilised with a simulation of EMS (Ostadi
and Kazerani 2015; Xu and Cao 2015) The battery model can be extracted in
different ways. It can be modelled through experimental and electrochemical
models suitable for representing cell dynamics for the aim of state estimates
for battery, and researchers suggested that the best modelling technique was
in the electric circuit -based system(Lee et al. 2008; Roscher and Sauer 2011;
Kim et al. 2014b). Gonzalez-Longatt (2006), in his study, gave a review of
several circuit -based batteries, incl uding simple, modified and dynamic

models (GonzalezLongatt 2006). In electric circuit -based models, the
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selection of all parameters depends on a sophisticated technology established
to demonstrate the electrochemical behaviour of the battery. However, for

monitoring the state of charge (3 1)#the electric circuit -based models can be
valuable to represent the electrical properties of cells as a state variable

capable of providing accurate simulation results (Hausmann and Depcik 2013;
Chen et al. 2017).

5.2.1.1 Battery equivale nt circuit model

The equivalent circuit models of the electrical battery behaviours were
adopted by a combination of passive circuit components, including resistors,
capacitor, and variable voltage source. This model h as been extensively used
due to its simple structure in different applications. On the other hand, the
discharging and charging models, for instance, were developed using a
different techniqgue which relies dire ctly on experimental data and the
manufacturer's datasheet. The equivalent circuit model virtually has
connected a controllable voltage source and a series resistor to form the
internal circuit of the battery. A simplified model was selected to represent
and to monitor bat tery packs accurately and to determine the number of
physical tests needed to choose the component. The circuit has had an ideal
voltage source, indicating an open -circuit voltage ( 6 ) connected in series
with an ohmic resistance (2 ), and the 2 # parallel combination describing
the polarisation phenomenon to fit the electrical battery behaviours and its

performance, as shown in Figure (5.3).

Ceap Ibat

Figure 5. 3: Battery equivalent circuit
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Capacity calibration was performed by the constant current -constant voltage
(CCCV) test(Zou et al. 2015). Applying Kirchhoffds curr
(KCL, and KVL), as inFigure (5.4), and ohms law to the battery equivalent

circuit , can be represented as shown in Figure (5.3:

V.,/R
_‘vﬂn 'l"'i.-":J Ibatt Ik I
N
o S C,v
(a) (b) =2
Figure 5. 4: (a) KVL, (b) KCL phasor diagram

6 ) angh 62

# ) #
6 6 6 6 (5.2)
6 2)AAOOD (5.3)

Where 6 represents the variable output terminal voltage ( 2 h¥# ) represents
the parameters that describe the battery's dynamic responses , andthe) AAOO
means the charging and discharging current -controlled current source . 6
represents the voltage across the parallel branch, and6 , represents the
controlled voltage source referred to the voltage of the open -circuit voltage

(/ #) The solution of the first -order differential equation (5.1) , is given as.

6 O 6 mA 2 )AAPOA

(5.4)

Substitution of equations (5.4) and (5.3) into equation (5.2) yields,
A A A a — 55
6 6 )AADO2  AROGs 1 A (5-5)

Equation (5.5) used to perform experimental parameter est imation regarding

input -output voltage measurement as in Table (5.1).
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Table 5. 1: Terminal voltage measurement

Conditions Output measurement
& kbh A o
6 P 6B OPH
) A A GO
© fbh -6 0 6 6 mMA
) A A GO -
O Hh i
) AA GO -6 6 ) AADO?2 ) AROA
6 M T _
O Hh h
) AAGO -6 6 ) AADO?2 ) AROGs nm A
6 M T

-

Moreover, the battery ESS, stores energy in many cells which can be
connected in a series-parallel configuration to acquire the desired capacity

and voltage range (Alexander and Sadiku 2001; Theraja and Theraja 2005).

Unlike the conventional equivalent circuit, the model filters the actual
current for the filtered current Ehand then multiply it with the polarisation
resistor, which set to the state of charge ( 3 |)#f the battery to obtain the
polarisation voltage of the cell. Furthermore, from the discharge curve, the
dynamic voltage hasrepresented by the polarisation voltage when the current
changes, takes into consideration open -circuit voltage ( 6 ), as a function of

3 1,#and the ohmic voltage drop . In the model, the non -linearity of the

voltage with the 3 T was designed by the polarisation voltage term ( E— E).

The battery voltage can be obtained from Shepherd model, which describes
battery behaviour in terms of voltage and current (R.C. et al. 2008; Jiang and
Zhang 2015) as:

1 (5.6)

0 D E— TN ! —_—=x
6 Yo E1 EDE) 2E 1A El E)E
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Where % isthe battery internal voltage (V), Eis the polarisation constant (V/
Ah). Also, 1 represents battery capacity in (Ah), ! is an exponential zone
voltage (V), " exponential zone inverse time ¢ onstant (Ah)-1, 2 is the internal
resi st arbisehe pattery, current (A), and Ehis the filtered current
flowing through the polari sation resistance (A). Figure (5.5) gives the design

circuit corresponding to equation (5.6).

t
it [ scoae _l
i* .—{ Current filter
R
Exp(t] = Bli()|(—Exp(t) + Au(t)) . L
() <0 it

E, — K (it +i*) + Exp

]
> Q—it - E >

Controlled
voltage |
source

Figure 5. 5: Battery circuit diagram

In the designed test rig, the proposed modified generic battery model ,
consists of power electronic converters describe the electrochemical

behavioural of the cell , as in Figure (5.6) was chosen (Tremblay et al. 2007) .

R

Ibatt

_) +

Cantrolled voltage source

] it t
+ Ael—Bit) j Ibatt dt =
1]

— E=E,—K

Q-—it

Figure 5. 6: Battery modified circuit diagram
Where _ ) A A@das battery charge (Ah).
Also, the discharging characteristic was accomplished when it utilised to

power a PMBLDC motor (BL58EE70W). In this process, the battery voltagewas
an indication of the prompt motor state as follows
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1 In accelerating (motoring) mode, the battery voltage has gone below
maximum, which was an indication for the controller to take energy

from the UCs to support the source,

1 In descending (generating) mode, the battery voltage has escalated
due to regenerative braking in which the controller activates the UCs

to store the kinetic energy that changed to electricity.

5.2.1.2 Experiments setup for battery discharging analysis

The test had been done to evaluate the performance and to design an
accurate model of the battery s torage unit by charging/discharging the
battery with a specified current profile to determine its behaviour and to use
extracted data to initiate boundary co nditions on EMS.

In the experimental test, the primary storage lead -acid battery which has a
capacity of 10Ah with 12V nominal voltage connected with a programmable

el ectronic | oad ( PFdore X5.7)0cad ileWse® & drform
experimental parameter estimation regarding input -output v oltage
measurement to investigate the discharging characteristic curve . In this
analysis, the PEL has operated in CCCV operating modes, where current and
voltage values were assessed and instantly monitored as in Figures (5.8, 5.9).

The characteristics curve from the datasheet , as in Fgure (5.10) has

demonstrated the battery terminal voltage during the discharging process.

PEL

(b)

Figure 5. 7: Discharging battery experi mentally (a) photo (b) circuit diagram
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The voltage drops were linearly within the nominal zone, while  massive

breakdown happened after that.

L s 3
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€ 9]
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Figure 5. 8: Battery discharge characteristics (at 3.15A) curves at room temperatu re
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Figure 5. 9: Battery operation region

Figure (5.9) hasbeen taken from Figure (5.8) to enlarge the battery region of

operation, and to understand each zone precisely.
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Figure 5. 10: Datasheet discharge characteristics curves (adapted from (REC 1012.
2008))

Battery manufacturer and its user expressed the value of the current used to
charge and discharge cells and batteries as mult iples of the capacity, C -rate,
can be calculated as, (R.C. et al. 2008):

) #T (5.7)

Where ) is measured in amperes (A), # is the rated capacity demonstrated

by the manufacturer in ampere -hours (Ah), and the time base - is in hours

(h) at rated capacity.
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Figure 5. 11: PEL discharging characteristic curve

Figure (5.11) has represented an experimental test used to investigate the
battery disch arging curve with the PEL front panel. It was used to show
battery discharging voltage at a constant discharging current CC (2 A) starting
from 12.39V steady-state voltage until it reaches about the minimum value
0.05V. The depletion time has represented the time at which the battery
depleted from energy (discharge operation). This test has been done for an
experimental investigation to show the various operating region with the
battery capacity and voltage states used for determining voltage constraints
in the system control and optimisation analysis. In practice, there  was over-
discharge protection to maintain the battery voltage at a specified level as it

can be seen from the discharge curve.

5.2.1.3 Theoretical and experimental SoC Measuranent

In the previous section, an approach has been examined for designing and
modelling of battery ESS. However, to operate safely and efficiently,
batteries ESS should be used within the safe temperature and voltage ranges.
In this case, the battery state of charge (3 | #status monitoring and
observation have become a crucial point in these applications. Ifthe 3 | was
not controlled, bringing about conditions, it could degrade the ability of the

battery -pack to future power transients (Dussarrat and Balondrade 2013)

There were many techniques provided to evaluate the 3 | &s; the discharge
technique, current integration technique used to count the amount of current

pass the battery in two directions and the open -circuit voltage ( / # )6
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5.2.1.3.1 Coulomb counting method

A direct onboard theoretical measurement widely used to determine the 3 | #
of the cell, which was equal to the integration of overtime the discharging
current (Ng et al. 2009; Liu et al. 2019) . Therefore, the remaining capacity
(charge) can be determined using the calculated current passing through this
storage unit. The internal discharge current also affects the overall
measurement, and for simplicity, it was assumedto equal to zero in this
analysis. The battery capacity used in the test rig from the datasheet was
equal to 10Ah. Moreover, for simulation and circuit design of the modelled
cell, the conventional assumption of current follow have been taken as a

negative sign when it was discharged, and a positive sign when it was charged.

31/ 31 # #3 )y A AOOAGD (5.8)

Where 3 1 # is the initial value of 3T #Ah), Q is the coul ol
(range (1-0.98)), # , is the nominal battery capacity , which is the health

indicator of the battery. The charge counting performance is analys ed
experimentally and theoretically.

5.2.1.3.2 Hydrometer

On the other hand, the hydrometer was an alternative experimental
measurement used to measure 3 | #f flooded lead-acid batteries. When
charging the battery, the sulfuric acid has gotten heavier, increasing the
specific gravity (SG). The 3 | #has decreased during discharge, making
electrolyte density lighter and more hydrated and reducing SG. Table (5.2)
contains the battery council international (BCI) values of starting batteries
(BU-903. [no date]) .

Table 5. 2: BCI of lead acid-battery

Approximate 3 | # 100% 75% 50% 25% 0%
| # V) 12.65 1245 12.24 12.06 11.89
Average specific gravity 1.27 1.23 119 1.16 1.120
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The Measurements have been taken at 26 °C after 24 hours of rest. Figure
(5.12) shows 11 1 "As a function of "E’Afjwith four segments; segment (A)
represents over-discharging. In contrast, segment (D) has described the
overcharging area where the battery was separated to protect it. The space
between the other two layers was the certainty and health operation area.

Then T tends can be assessed as

31 #b pogmu/ # 67 puu @ (5.9)

12.79
12 69
12 59
12.49
1239
v 1229
© 1219
12.09
11.99
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125 100 75 50 25 0
S0C %

Figure 5. 12: BCI ("E'A#1) 1 )’Aegments of operation

5.2.2 Monitoring of the state of charge ( SoQ

For 3 | #nonitoring, the electric circuit -based models can be valuable to
represent the electrical properties of cells as a state variable capable of
providing accurate simulation results necessary for component selection; a
simplified model was selected to serve and to monitor battery packs
accurately. In the battery storage unit protection, RB  must drive the battery
to a high 3 T ;#onversely, excessive acceleration drained the battery to a low

3 I .#he monitoring system u tilised to sense th e 3 | &f the cell and to adjust
it when it was getting too close to the specified limit. Round trip energy
(charged and released) efficiency would fluctuate mainly with the design and
cell electrochemistry. It has beenchosen between 25%to 75% however, they
quickly degrade for any overloaded or relea sed cell. The technique used for

the 3 | prognostic must determine not only to what extent the battery will

perpetuat e, yet addi ti onal lwgs cdveved. Theh e
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power discharge limit ensures that no additional power was extracted from
the battery amid powerful acceleration while chargin g power constraints
force the controller to actuate mechanical brake early to absorb the untapped

power portion that cannot b e used to charge the battery.

5.3 Ultracapacitors (UCs)ESS overview

Electrochemical capacitors were discovered in the 19 ™ century. The storage
of energy in a double -layer electric capacitor (DLEC), which determines the
interface between a conductive solid an d an electrolyte, has been known for
more than a century, but not until 1957 that H.l. Becker of General Electric
(GE) patented a primitive carbon device based on this phenomenon (Miller
2011; Rachel Carnegie et al. 2013). The UCs (designed by Robert A. Raymond,
how was improved carbon-carbon electrochemical in 1962), was
electrochemical capa citors that have a high energy density compared to
conventional capacitors. Usually, the capacitor was developed with a
dielectric set between restricted electrodes, working as capacitors by
collecting charges in the dielectric material which can be the n harnessed in
an external circuit. The aggregate energy stored in this design was a blend of
the number of charges stored and the terminal voltage between the plates.
The former was a component of size and the material properties, while the
dielectr ic breakdown between the plates constrain s the latter . However, the
UCs does not have any dielectrics in general but instead use the phenomena
conventionally assessed as the electric double layer in which the adequate
thickness of the dielectric is excessively thin, and as a result of the nature of
the carbon, the surface area was to a significantly high degree, which means
a high capacitance (Miller 2011; Singh 2015; Group [no date]) . Figure (5.13)

shows UCs constructionduring the different process.
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Figure 5. 13: UCs Charge Separation, (adapted from (Group [no date]) )

5.3.1 Internal cell construction of the UGCs

Although the UCs was a type of electrochemical device, no chemical reactions
were involved in storing its electrical energy whi ch means that the UCs
effectively remains an electrostatic device that  holds its electrical energy in
the construction of an electric field between two conducting electrodes , as

shown in Figure (5.14).
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Figure 5. 14: UCs internal construction (adapted from  (Ultra -capacitors. 2019))

The double-sided coated electrodes were being produced from graphite
carbon as enacted conductive carbon, carbon nanotubes or carbon gels (Shan
et al. 2015) . A porous paper layer called a separator has kept the electrodes
separated; however, it enables the positive ion to go through while hindering
the more prominent electrons (Rachel Carnegie et al. 2013). Both the carbon
electrodes and paper separator were being impregnated with the fluid
electrolyte with an aluminium foil utilised in the middle of the two to act as
the current collector making electrical conn ection with the UCs welded

terminals.
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