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Abstract 

A mild-hybrid electric powertrain is proposed for the principal purpose of providing 

continuous drive torque using a single, dry-plate clutched transmission. The powertrain is 

optimised to deliver several benefits, in relation to cost, complexity, vibration (jerk), as well 

as dynamic and emissions performance. 

The powertrain proposed is a post-transmission type, with the motor being placed inline with 

the transmission output shaft, prior to the differential. This allows the powertrain to be 

controlled for providing continuous drive torque to the wheels during gear shifting and take-

off, eliminating the “torque hole” due to disengagement of the clutch plate, and providing a 

degree of damping during clutch re-engagement. A pressure-based clutch model is used to 

modulate the electric drive torque to minimise torsional vibration during the gear shifting 

process, whilst engine speed is controlled proportionally to road speed to minimise 

discontinuity of rotational velocity during the re-engagement process. The system is designed 

as a driver assistance function, but can optionally be implemented with automatic clutch and 

gear actuation units. 

A rule-based energy management strategy (EMS) allows the powertrain to be additionally 

controlled for drive torque supplementation, battery recharging, brake energy recuperation, 

and electric vehicle (EV) crawl. 

System optimization is conducted on several levels. The system architecture is optimized to 

minimize modification cost from a typical conventional vehicle (CV) by careful 

consideration of powertrain topology. The selection of the post-transmission (P3) architecture 

was made to eliminate the cost and complexity of a dual-motor configuration whilst 

maximising the utility of a single electric motor (EM) using a sophisticated EMS. The 
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electric power components, primarily the electric motor and battery are optimized for 

component size and cost based on benchmarking criteria and power needs analysis. 

A V-cycle development process using model-based design was followed. A hardware-in-the-

loop (HIL) vehicle model was built in a virtual environment, allowing testing of performance 

and comparison with the CV by running the software model through standard drive cycles in 

Advanced Vehicle Simulator (ADVISOR). Certain model parameters were tested on a HIL 

bench and refined, and then the model was downloaded onto a real-time controller (dSPACE 

MicroAutoBox II) for implementation in the prototype validation stage. 

The powertrain is designed to meet the requirements of a typical light vehicle. The prototype 

powertrain was built into a 1990 Mazda MX-5 (Miata) body, which was modified to fit the 

additional powertrain components selected through the optimization process. These 

components include a 1.2 KWh, 96 V LiFePO4 battery pack, a 10 KW cont./30 KW pk. 

permanent magnet motor, four quadrant 600 A motor controller, battery management system, 

electronic throttle system, and supervisory controller. The vehicle was instrumented for 

clutch pedal position, clutch line pressure, gear lever position, brake pedal position, brake 

line pressure, throttle pedal and butterfly position, engine manifold vacuum, transmission 

output torque, transmission output speed, and electric motor torque. The battery is also 

instrumented through the battery management system (BMS) and is capable of logging 

individual cell voltages and temperatures, as well as pack statistics including state of charge, 

depth of discharge, current and voltage. 

As implemented, the system is designed to suit low-end vehicles typically sold in developing 

nations, and serves as a way to reduce fossil-fuel dependency, introduce fleet electrification 

(particularly in areas where access to electricity is unreliable), and improve urban air 

pollution whilst also improving vehicle driveability through powertrain refinement. In 

developing the vehicle for such purpose, a tight manufacturing cost control of no more than 
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105% of the manufacturing cost of the base vehicle is imposed. With changes to the 

benchmarking criteria and control, the powertrain architecture could also be used for dynamic 

performance enhancement. 

Results of experimental testing of the prototype against the CV are presented and discussed. 

The experimental testing encompasses acceleration, jerk, torque continuity, and emissions. 

Results validate the modelled system to a high degree, showing that the powertrain meets its 

design objectives, effectively providing continuous drive torque, substantially reducing 

torsional drivetrain vibrations manifested as longitudinal jerk.  

Based on the test results of the prototype, a number of refinements, optimizations, and further 

works are suggested. Principally, the major system improvements include the implementation 

of an auto-clutch system (ACS), computerized gear selection, or the combination of both in 

the form of an automated manual transmission (AMT). These improvements eliminate the 

need for predictive algorithms required to fill the torque hole, as the target speed and torque 

are known at all stages during the gear selection process. Further refinements include 

optimization of the traction battery, new approaches to motor control, and further cost 

reductions in the transmission componentry through the use of electronic synchronization 

control.
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Chapter 1:  Introduction 

Electrification of automotive powertrains has been one of the most dominant themes of 

vehicle development over the last three decades. It offers significant advantages, including 

favourable power characteristics, improved thermal efficiency, reliability, and favourable 

packaging. Other advantages flow well beyond the end-user, including reduced or eliminated 

tailpipe emissions, reduced noise emissions, the ability to interface with a smart electricity 

grid to provide grid-connected storage, and favourable characteristics upon which to develop 

autonomous automotive capabilities. Though vehicle electrification is as old as the 

automobile itself, it is only in recent years that technologies such as high-power switching, 

energy-dense battery chemistries, and high-fidelity motor control techniques have allowed 

electric powertrains to mature to the stage where they are a credible alternative to the internal 

combustion engine. They are now relatively commonplace in many developed regions 

throughout the world, and indeed the benefits of their presence in significant numbers have 

begun to be realised. Despite this, throughout the majority of the world’s population, vehicle 

fleet electrification rates are still low or negligible, despite increasing rates of transport 

motorization. Many reasons exist for this disparity, but they can largely be classified as:  

 Prohibitive capital purchase cost of electrified or electric vehicles 

 Electrified vehicles not being offered for sale by OEMs 

 A lack of legislative or regulatory impetus 

 Vehicle markets being largely based on older, grey-market import vehicles 

 Bowser price of petrol and/or retail price of electricity making the case for electrified 

vehicles uneconomic 

 Misinformation or lack of trained service personnel discouraging consumer purchases 

 Unreliable electricity supply making electric vehicles impractical 
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The exact mix of reasoning for the lack of fleet electrification varies for each region studied, 

but the majority of these reasons are based largely in economics. Others, such as unreliable 

electricity infrastructure, apply only to grid-connected vehicles such as plug-in hybrids 

(PHEVs) and pure electric vehicles (EVs). The majority of electrified vehicles on the road 

today are hybrid electric vehicles (HEVs), which still rely on combustion of hydrocarbon 

fuels as their only energy input, and it would seem that development of an economically-

attractive HEV specifically for such regions would achieve greater fleet electrification, 

availing the population in those regions of the benefits of fleet electrification whilst 

supporting the regional needs in regards to transport motorization. 

The paradox of HEV powertrains is that they are intrinsically complex, having the need for 

the packaging of a complete internal combustion powertrain and another, interconnected 

electric powertrain, as well as the means for controlling the interaction of the two sides to 

ensure a smooth delivery of tractive effort. This is resource intensive and expensive to 

manufacture. Further; since (generally) neither side of the powertrain is designed to provide 

the total demanded tractive effort, each power source is typically significantly undersized 

from the componentry that would be installed in a battery electric vehicle (BEV) or internal 

combustion engine (ICE) vehicle. This has led to HEV powertrains sometimes being 

described as “the worst of both worlds”. Despite this impression however, HEVs far 

outperform equivalent ICE vehicles for fuel consumption and emissions performance. They 

also sidestep the drawbacks of BEVs, being significantly cheaper, offering significantly 

improved travel range, and being independent of a reliable charging network. They can also 

be developed to offer better dynamic performance than an equivalent ICE vehicle, through 

novel control methods, topologies, or the combination of both. 

Research conducted in this study complements the work of Dr Mohamed Awadallah, in 

which simulation, modelling, and control methods for a low-cost parallel hybrid vehicle 
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featuring gearshift torque-filling are developed. The main features of this study and its 

primary goals are the development process of the physical prototype vehicle and its control 

methodology, performance testing, with particular focus on continuous torque gearshift 

performance, and contextual analysis with regard to the viability of the prototype to meet 

design and economic targets. To date, most research in the field of HEV powertrain 

development has focused on novel control methods, design and development of novel 

powertrain components, powertrain topologies, and interconnection with infrastructure 

(V2I/I2V). In contrast, this research focuses on the simplification, downsizing, and cost 

reduction of the physical powertrain componentry, coupled with novel control methods to 

deliver enhanced functionality. The focus on simplification, downsizing and cost-reduction is 

chosen in part to highlight the poor fleet electrification rates outside western countries. 

Research in the field of economic, regulatory, and social impact of fleet electrification has 

been focused on use cases in regions where electrification is advanced – typically Europe and 

North America, with some limited investigation in other countries. Throughout the research, 

development of low-cost technologies for developing markets is largely neglected, as is 

investigation of the problems associated with low fleet electrification in the same. With fleet 

electrification being largely a western phenomenon, the understanding, and where possible, 

removal of technological or market barriers for the majority of the world’s population is 

important in achieving a stable worldwide energy mix for the automotive sector, as well as 

achieving globally-improved environmental, economic, and health outcomes. Therefore, the 

research conducted herein, as well as the complementary research of Dr Mohamed 

Awadallah, has as its secondary goal an aim to explore the large variance in regional fleet 

electrification rates through investigation of a novel, low-cost hybrid electric powertrain, as 

well as add to the body of knowledge regarding electrification in developing regions. 
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This thesis contributes significant knowledge to the automotive engineering community 

through the proposal and engineering development of a novel powertrain electrification 

solution providing continuous torque gear changes through the use of low-cost hardware, the 

complex, multidisciplinary investigation of the proposed solution, and the exploration of the 

social, environmental, and economic impact of such a solution.  

The significant and novel aspects of this research are the development of a P3 low-cost 

parallel hybrid powertrain using model-based design, the physical construction of the 

prototype vehicle, the use of the model-based design process to achieve simulated data, 

bench-test data, and full-scale prototype testing data, comparison of that data, and the novel 

torque control and sensing methodology used for the continuous torque delivery during gear 

shifting. 

 Research Statement 1.1
The model-based development and experimental validation of a post-transmission mild-

hybrid electric powertrain, including a novel torque-filling function during gearshift; analysis 

of its performance characteristics including torque delivery, and dynamic benchmarking 

against an internal combustion (base vehicle) benchmark for control values such as 

acceleration, emissions, fuel consumption, and induced vibration. 

 Objectives 1.2
This thesis presents the theoretical development, construction, and experimental validation of 

an electrified powertrain utilising a manual transmission and single dry-plate clutch, and 

including a post-transmission traction motor. The main objectives of the project are: 

1. Construction of a prototype vehicle based on the P3 HEV topology for the purpose 

of experimental validation of simulation results previously published by Dr 

Mohamed Awadallah; 
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2. Testing, calibration, and validation of gear changes using the electric traction motor 

as a torque fill-in device under both acceleration and coasting conditions; 

3. Testing, calibration and validation of a rule-based control methodology for the 

operation of a P3 HEV topology; 

4. Contextual analysis of the P3 HEV prototype in regards to its suitability for the aim 

of improved fleet electrification 

5. Experimentally validate the emissions and dynamic modelling previously conducted 

by Dr Mohamed Awadallah, using dynamometer drive schedules and cycles as well 

as targeted testing aiming to characterize particular features. 

 Scope 1.3
The scope of the project includes the following: 

1. Engineering design study and complete vehicle design definition 

2. Construction of the prototype hybrid electric vehicle including implementation of 

control algorithms for gear-shift infill torque. 

3. Dynamic testing of vehicle jerk during gear shift events as well as dynamic 

benchmarking comparison with non-hybrid powertrain. 

4. Definition of the need for a market-based, low-cost fleet electrification solution 

based on global data sources 

5. Emissions drive cycle testing for validation of emissions model, using engine-out 

emissions 

Scope exclusions are: 

1. Modelling based on the vehicle design definition, which was completed by 

(Awadallah 2018) 
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2. Investigation of the effect of emissions after-treatment devices such as additives; 

investigation of emissions reduction control strategies that do not relate to the hybrid 

powertrain 

3. Tailpipe-out emissions study; due to the nature of the powertrain development work, 

this study refers to engine-out emissions, inclusive of the use of a 3-way catalytic 

converter. 

4. Investigation of environmental effects on the emissions performance of the hybrid 

powertrain 

 Thesis Presentation 1.4
The development of a hybrid powertrain is a complex task combining mechanical design and 

analysis, simulation and modelling, control methods, and physical testing, control calibration, 

and validation. In describing the work undertaken, this thesis is generally organized 

according to these broad task definitions. Fundamental methodology required for each task is 

introduced at the beginning of each section or chapter. In addition, contextual information is 

provided in the background and literature review. The contextual information provides some 

insight into the social, economic, and legislative environment out of which the concept for 

this powertrain was conceived, and canvasses the broad range of automotive powertrain 

technology and topologies currently available. This provides the reader with a level of insight 

into the reasoning for the research team’s pursuit of this particular technology in the chosen 

topology. The structure and content of each chapter is described in the following sections. 
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Figure 1.1 The structure of this thesis generally follows the V-cycle for model-based design 

 

Chapter 2 

This chapter provides the framework for the research of this thesis. Initially, it introduces the 

problem by way of background information, including historical context, environmental 

impacts and regulatory measures. Technical background information including vehicle 

powertrain architectures, such as ICE powered vehicles, electric vehicles (EVs), HEVs and 

hybrid development trends are also discussed. This is followed by a detailed technical review 

examining information on relevant aspects of automotive powertrain development in the 

literature, focusing on similar architectures and projects the focus of which has been on low-

cost developments and construction methods, parallel MHEVs and experimental validation.  

Chapter 3 

This chapter introduces the context of the project, continuing the detailed analysis presented 

in Chapter 2 with a description of the market trajectory for light duty vehicles, internal 

combustion engines, hybrid powertrains, and electric vehicles over the decades to 2050. A 

PESTEL analysis is also conducted with specific reference to the goal of improving fleet 

electrification in growing markets and addressing the need for increasing motorization. This 
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contextual analysis provides the framework for the solution proposal, namely the 

development of a low-cost mild hybrid electric vehicle. The top-level design constraints are 

documented and design benchmarks and constraints are formulated, including general 

topology and basic architecture. 

Chapter 4 

The initial design analysis is presented, describing the backward-looking vehicle model that 

was used to determine overall vehicle and component characteristics including power 

requirements, energy storage needs, system voltages, and so on. After determining these 

quantities, design studies and market research is presented, the objective of which is to make 

appropriate selections of off-the-shelf componentry that can be used to assemble the 

prototype powertrain. Selections are presented for the base vehicle, electric motor, motor 

controller, traction battery, BMS, and supervisory controller. Other items required for the 

build, such as the electronic throttle body, pedal, and controller, as well as ancillary items, 

(relays, contactor, battery charger) are not discussed as they are relatively generic and have 

little to no influence on vehicle performance. 

Chapter 5 

A discussion of the forward-looking simulation is presented from first principles. The 

simulation model is discussed, along with the heuristic rule-based control methodology. 

Model verification using both virtual simulations and hardware-in-the-loop testing is also 

presented. The model verification utilises benchmarking tests, some of which will later be 

replicated at the prototype validation stage. The verification also uses a variety of drive 

cycles for comparison of fuel economy and emissions between the base vehicle and the 

MHEV.  
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Chapter 6 

The assembly process for the prototype vehicle is shown. The assembly process is divided 

into mechanical assembly processes and electrical assembly processes. The considerations for 

each are described, and where improvements can be made they are described. Electrical 

wiring diagrams for selected subsystems are also presented to aid discussion. 

Chapter 7 

The novel torque control methodology used for continuous torque delivery during gear 

changes is disclosed in this chapter. The control methodology is described referring to the 

controller hardware and software, the control algorithm, software topology, and a description 

of the state machine is provided. Additionally, the torque sensors which form the basis of 

validation testing for this project are described. The torque sensors are designed and built at 

UTS, and are used for the validation of continuous torque delivery performance and jerk 

estimation. Their development and validation process is described. 

Chapter 8 

The test programme and methodology under which the prototype vehicle is to be validated is 

presented in this chapter. The test programme covers performance in regards to torque hole 

reduction, dynamic performance testing with regard to vehicle acceleration, jerk 

performance, and fuel consumption. The test apparatus is described, including the 

environmental controls, system control parameters, setup procedures such as temperature 

soaking and road load determination, and data preparation procedures.   

Chapter 9 

This chapter covers the experimental validation of the prototype vehicle. Experimental data is 

analysed, presented and discussed. Results cover the acceleration, torque hole reduction, jerk, 

fuel consumption and emissions of the prototype vehicle. 
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Chapter 10 

The concluding chapter reviews and summarizes this thesis with a general summary of the 

contributions each of the previous chapters, presenting significant and novel results of this 

thesis as well as identifying the important areas for further research. 
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Chapter 2:  Literature review 

A wide range of studies of hybrid vehicle development have been published in the literature. 

Studies range from single-subsystem development (Sung Bang et al. 2018; Williamson et al. 

2005) through to the development of an entire vehicle or powertrain (Park et al. 2017; Wu & 

Zhang 2015; Zulkifli et al. 2017). Studies that focus on the development of low-cost hybrid 

platforms are less common – the focus is generally geared toward better emissions 

(Karaoğlan, Kuralay & Colpan 2019) or fuel economy (Bao, Avila & Baxter 2017). A review 

of some of the more comparable studies to that presented herein will be undertaken.  

Similarly, there is much information on vehicle fleet profiles, standards, and compliance in 

the western world (André et al. 2006; Chen & Borken-Kleefeld 2014; Sharma et al. 2012; 

Silva, Farias & Ross 2010). Indeed the vast bulk of the modern research is based on 

compliance with current European (UNECE) or north American (US EPA) standards. Less 

common is the information on emissions, particularly tailpipe emissions, in developing 

countries, although some studies have been completed (Kamble, Mathew & Sharma 2009; 

Manish & Banerjee 2006; Mansour, Haddad & Zgheib 2018; Mutenyo et al. 2015). Much of 

this information is available from sources other than the academic literature, such as various 

sub-organizations of the United Nations (Akumu 2017), World Health Organization (World 

Health Organization 2018), and the World Bank. A review of the available information and 

literature will be presented. 

The measurement of torque during gear shifting as well as jerk measurement and human 

perception is another important field that will be investigated. The measurement of torque 

during gear changes is a relatively common activity in the literature, although the studies tend 

towards AMT, DCT, or other automated technologies rather than studies on a fully manual 
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transmission. Because AMTs are essentially MTs with robotized inputs, these studies are 

helpful for this research and can provide further understanding. 

 The Emissions Problem 2.1
Beginning in the 18th Century, the industrial age brought huge technological advancement, 

driven at a fundamental level by the development of transformational technologies such as 

combustion engines and power transmission systems. The first combustion engines used 

external combustion principles to generate steam as a working fluid, which was used to 

mechanise factories and drive transportation. Internal combustion engines followed in the 

mid- to late-18th century, and were developed further in the 19th century. The development of 

internal combustion greatly increased the power density of engines, allowing them to become 

small enough to drive personal implements, including automobiles, motorcycles, and even 

tools and toys. However, the very first commercially successful automobiles were not 

powered by internal combustion, but rather, were electric vehicles. This makes vehicle 

electrification a concept as old as the car itself. Electric motor cars were favoured because 

they were quiet, smooth, and did not need to be crank-started or refilled with volatile liquid 

fuels. Despite a smaller range and reliance on electricity supply, several models, such as the 

Baker Electric, reached sales in the tens of thousands well before the challenges of internal 

combustion engines were solved (Narins 2017). With the advent of the electric starter for 

internal combustion engines, as well as development of infrastructure for the transportation 

and delivery of fuel, the convenience of internal combustion-powered motoring soon halted 

any further development of electric vehicles. 

Internal combustion proliferated worldwide throughout the 20th century, democratizing and 

personalising transport through the invention of the automobile. However, this together with 

the concurrent development of large-scale electrical power generation using coal-fired power 

plants caused exponential increases in air pollution. The power plants of the time were often 
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required to be located close to urban centres due to high transmission losses. This, combined 

with the concentrated proliferation of automobiles in the same locations, resulted in 

combustion byproducts entering the urban environment almost unchecked. Regulation and 

scientific understanding of these byproducts was still in its infancy, and therefore early 

attempts to regulate the problem were ineffectual. In the 1930’s through the 1950’s, a series 

of deadly air pollution events caused thousands of deaths worldwide. These events include 

the 1930 Meuse Valley fog, 1939 St. Louis smog, 1948 Donora smog, and the Great Smog of 

London in 1952. Undoubtedly, high overall levels of air pollution contributed to rates of 

mortality and illness outside these major recorded events. Growing public concern led to 

concerted efforts to understand the problem scientifically and regulate it legislatively by the 

late 1940’s and 50’s (Dockery, Schwartz & Spengler 1992). 

Various efforts have been made, both scientific and legislative, to reduce the problem, and 

the road transport sector in particular, has made significant progress, although not without 

setbacks. The first legislative measures to control road transport emissions arrived in the late 

1960s, following a little over a decade of research into the sources of air pollution and 

effective control methods (Smith & Davies 1996). These first measures limited tailpipe 

emissions for hydrocarbons and carbon monoxide from 1966 onwards, and were the result of 

significant public health concerns in California, leading to the creation of the world’s first 

state-level air pollution regulator – the California Air Resources Board (CARB 2018). Later, 

the US Federal Clean Air Act Extension of 1970 gave the regulator the power to adopt, 

implement, and enforce controls, many of which were adopted on a federal, and eventually, 

international level. The United States EPA was established in the same year, marking the first 

time environmental protection was consolidated under a single federal body. By the mid-

1970s, most industrialised nations had regulated emissions standards for road-going vehicles. 

These standards were typically based on US Federal standards (which in turn were based on 
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CARB standards), or standards set by the United Nations Economic Commission for Europe 

(specifically, ECE 15). Throughout this period, development work on electric vehicles was 

almost non-existent. A small number of electric vehicles were built for production, such as 

the Henney Kilowatt and GM Electrovair. However, production runs were limited to units 

numbering in the hundreds at best. The reasons for the lack of development are many-fold, 

but can broadly attributed to the global success of internal combustion vehicles and the 

spread of supporting infrastructure, coupled with gradual introduction of emissions 

regulations resulting in a high level of compliance. 

Today, airborne pollution is cited by the World Health Organization as the biggest 

environmental risk to health, accounting for three million deaths annually (World Health 

Organization 2018). Airborne pollution is categorized into three different groups (Australian 

Government Department of the Environment and Energy 2015). These are: 

 Criteria pollutants, which are regulated internationally and used as indicators of air 

quality,  

 Air toxics (or Hazardous Air Pollutants, “HAPs”), which are pollutants known to be 

hazardous to life, and  

 Biological pollutants, which are products of microbiological contamination, such as 

mould, insect droppings, or human skin cells.  

Of these, the transportation sector contributes to both criteria pollutants and air toxics. 

Transportation accounts for over 50% of all NOx emissions and is a significant contributor to 

other pollutants (Carslaw et al. 2011). Road transport is of particularly significant concern as 

it is not only a significant contributor in terms of magnitude of pollutants, but also because of 

its proximity to urban centres and high population concentrations (European Environment 

Agency 2017). Road transportation produces air pollutants through a number of pathways. 

These pollutants mostly arise from the exhaust byproducts of fuel combustion, although non-
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exhaust sources of pollution also exist. These include particulate matter from tyre and brake 

wear (steel, rubber, and ceramic particles created by the rubbing of friction surfaces), road 

abrasion, and volatile organic compound (VOC) emissions from materials and textiles used in 

the construction of the automobile (e.g., painted panels, vinyl and plastic interior trim).  

Unfortunately, despite increasingly stringent emissions targets, the magnitude of the issue 

continues to grow. Whilst many, particularly western, countries observed reductions in air 

pollutants, global PM2.5 levels rose by 11% on average between 1990 and 2015 (IHME 

2018). This trend is especially marked in East and Southeast Asia, North Africa and the 

Middle East, and many eastern European countries, where more developed regions of the 

world have observed falling levels of pollution overall.  

There are many reasons for this trend. Certainly, increasing industrialisation in these regions 

plays no small part. This, along with decreasing capital cost of automobiles is encouraging 

populations to aspire to vehicle ownership, increasing national fleet size, and therefore 

emissions quanta. Demand for affordable personal transportation creates a grey (or black) 

market for used vehicles, often imported from more developed countries where such vehicles 

may have previously been deemed unroadworthy (Baskin 2018; Coffin et al. 2016). These 

vehicles necessarily exhibit poorer emissions performance compared to newer models. 

Unenforceable or non-existent in-service vehicle emissions standards allow the issue to 

proliferate . Finally, new vehicle emissions standards are often years or decades behind the 

most recent worldwide standards, and apply only to vehicles sold new through official 

distribution channels, which in some cases represent a small percentage of new vehicle 

registrations.  

The solution to these issues is not straightforward. Legislative solutions are in place 

throughout many countries, but have limited effect if there are no practical instruments of 

enforcement. Economic penalties such as tariffs or taxes are likely to be politically unpopular 
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or structurally unworkable in countries of limited resources, and limiting importation to just 

newer vehicles can artificially drive up the value of the existing fleet, keeping older vehicles 

in service longer and reducing economic activity by putting motorization out of reach. 

Regulatory solutions such as mandating the adoption of more up-to-date emissions standards 

have cost implications, which may drive unintended consequences. An effective solution 

needs to be technologically robust and market-driven. 

In the west, tightening emissions standards drove increasingly technologically-advanced 

automotive solutions. The first technological solution was the positive crankcase ventilation 

valve, introduced in California in the 1961 model year (CARB 2018). In the following two 

decades, carburetted vehicles were progressively equipped with (at the time, newly-

developed) emissions control equipment such as secondary air injection, exhaust gas 

recirculation, evaporative emissions control systems, and two-way catalytic converters. This 

first generation of emissions-controlled vehicles became known as the “emissions-era”. The 

second generation of technologies introduced three-way catalytic converters, electronic 

engine management, engine downsizing and forced induction. The third generation saw the 

introduction of lean-burn engines, flex-fuel vehicles, hybrid electric vehicles (HEVs), and 

lightweighting through advanced materials. The current generation includes plug-in hybrid 

vehicles (PHEVs), hydrogen fuel-cell vehicles (FCVs) and battery electric vehicles (BEVs). 

In the rush to meet tightening legislation, whilst there has generally been compliance, 

sometimes the legislation has outpaced the rate of technological progress, which has led to 

repeal (Matthews & Roback 1998) and graft (Skeete 2017). 

 Modern Vehicle Electrification 2.2
Modern vehicle electrification developments began following the 1990 Zero-Emission 

Vehicle (ZEV) mandate implemented by the California Air Resources Board (CARB) 

(Collantes 2008). This spurred vehicle manufacturers to investigate alternative energy 
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sources for vehicles, with electrification featuring strongly. Notably, the GM EV1, which can 

be considered a harbinger of modern electric vehicles, was produced for the 1996 production 

year, featuring a fully electric powertrain. The first mass-produced electrified vehicle 

followed a year later, in the first-generation Toyota Prius. The Prius was the world’s first 

mass-produced hybrid vehicle, featuring a 43-kilowatt, 1.5 litre four-cylinder engine, coupled 

with a 30 kilowatt electric motor through a novel power-split device in place of a regular 

transmission. The power split device is, in essence, a planetary gearset in which the traction 

motor and engine are connected to the ring and planetary gears, respectively, and a reaction 

motor is connected to the sun gear. By varying the speed and direction of the reaction motor, 

it is possible to control the power split between the two power sources. 
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Figure 2.1 Sales forecasts from Valeo (Nikowitz 2016) (top) and Bloomberg (McDonald 2016) (bottom). 
Dominance of ICE vehicles (including HEV) is likely to continue for another 20-30 years. 

 

Whilst pure electric vehicles remained largely a niche product in the following years, 

hybridization reached significant market penetration and became a common path towards 

electrification (McKerracher et al. 2019). Some two decades later, there are now dozens of 

hybrid vehicle models, ranging from A-segment mini-cars such as Honda Jazz through to S-

segment limited production sports vehicles including Porsche 918 and BMW i8. The primary 
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reason for this success is the flexibility and scalability of hybrid powertrains, and their ability 

to meet a wide range of design targets from economy, to power, to emissions. 

The beauty of hybridization is that the permutations and combinations of electric motor (EM) 

and ICE topology, combined with targeted control strategy allow various systems to be 

developed to achieve a diverse range of design goals, whether they be aimed at improving 

dynamic performance, economy, or emissions. This is achieved by balancing the compromise 

between maximising each power source’s advantages and using each to compensate for the 

other’s disadvantages. HEVs (regardless of their specific configuration) are more efficient in 

optimising engine operation with the added benefit of regenerative braking. This efficiency 

comes at the expense of needing a secondary power source like a battery, which may be 

heavy and inefficient. The implications of their usage include spatial complications in fitting 

the system within the body of the vehicle, a decrease in loading capacity and the loss of 

energy from the loaded tyres. Another variable available to the designer is the degree of 

hybridization, which gauges the proportion of power sourced from the secondary power 

source against the power sourced from the ICE. Hybrid vehicles (disregarding for the 

moment plug-in hybrids and extended range electric vehicles) are denoted as micro-, mild-, 

and full-hybrids depending broadly upon the degree of hybridization.  

The same topology with the same control strategy can deliver different benefits simply by 

varying the component sizes. The exercise therefore becomes a multivariate optimization 

problem. In our case, the problem is being optimized for fulfilment of the dual goals of 

having a remarkably low manufacturing cost, but also providng enhanced drivability through 

continuous torque delivery, and reasonable emissions performance. 

 Technological State-of-the-art 2.3
There are a number of authors who have spent significant effort performing and publishing 

reviews of the state-of-the-art. These valuable literatures are useful for quickly understanding 
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the landscape in hybrid vehicle technology and determining the position of the current 

research in that literature. Three publications will be discussed in this section. They are 

(Hutchinson, Burgess & Herrmann 2014), who surveyed the state-of-the-art in current 

hybrid-electric powertrain architectures; (Tammi, Minav & Kortelainen 2018), who presented 

a discussion of the last thirty years’ developments in hybrid vehicle powertrain simulation, 

and (Xu et al. 2018), who published on the totality of current and future directions for 

automotive transmission technology, including not only hybrid and electric vehicle 

transmissions, but also those used in standard internal combustion engines. 

(Hutchinson, Burgess & Herrmann 2014) collected design and sales data on 44 hybrid 

vehicles available for sale in the United States. The purpose of the data analysis was a 

lifecycle assessment of greenhouse gas emissions and cost analysis. The data is valuable for a 

number of reasons. Firstly, it provides a summary of the design topologies or architectures of 

almost the entire hybrid vehicle market at the time of publication. This allows the designer to 

quickly understand all the permutations and combinations of hybrid vehicle technology and 

determine design trends in the market, as well as how the topology being considered in this 

project fits within the broader market. Secondly, the lifecycle cost analysis provides valuable 

information based on currently-available vehicles in terms of their actual total cost of 

ownership (TCO). The cost analysis is also presented in the frame of reference of different 

topologies. Six distinct topologies are presented. These are: the mild hybrid; Toyota hybrid 

synergy drive; GM two-mode; P2 Hybrid (described as inline full-hybrid); plug-in hybrid 

synergy drive; and plug-in series hybrids. The authors make significant findings, including 

that the mild hybrid powertrain offers the most economical TCO, and due to the cost of 

batteries, plug-in series hybrids are wholly uneconomical. This information is highly relevant 

as it confirms the analysis presented in 3.5. The authors also make further conclusions based 

on their cost analysis, including that:  
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 hybrid vehicles have the capacity to dominate the automotive industry,  

 hybrids with smaller batteries offer more consistent, and lower greenhouse gas 

emissions, 

 hybrids with plug-in capability can vary between 25% and almost 100% of the 

emissions of a conventional vehicle depending on the source of grid power, 

 the biggest obstacle to the success of hybrid vehicles is the upfront cost premium, and 

 battery longevity does not match vehicle lifetime, therefore vehicles with larger 

batteries suffer from substantially higher cost of ownership due to the forecast need to 

replace the traction battery at least once 

These results match well with the background research presented in chapter 3. 

(Tammi, Minav & Kortelainen 2018) present a modern history of hybrid and electric vehicle 

development, and a parallel history of the development platforms used to simulate vehicle 

powertrains. Future trends are identified, such as the development of Internet of Things (IoT) 

capability into vehicles so that real data and simulation models are connected, increasing use 

of over-the-air (OTA) updates for vehicles based on data collected and analysed from in-

service vehicles, and improvements in the efficiency of modelling through design automation 

and artificial intelligence (AI). The value of this publication for the present project lies in the 

variety of simulation tools that are discussed and presented. An in-depth discussion of tools 

based on MATLAB, Simulink, Simscape, and Modelica is presented. This allows familiarity 

with some of the operating principles of standard packages such as ADVISOR, PSAT, 

Autonomie, Dymola, SimulationX and others. Further, the verification tools currently used 

are also discussed, including software-in-the-loop, model-in-the-loop, and hardware-in-the-

loop development. Finally, fundamental tools are also presented, including power balance 

models, kinematic models, and average torque engine models. The wide scope of the paper 
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provides some guidance on the appropriate combination of tools that can be implemented for 

the current project. 

Finally, (Xu et al. 2018) reviews progress in automotive transmission technology for internal 

combustion engine vehicles, hybrid vehicles, and electric vehicles. There is discussion of 

efficiency, NVH, shift strategies, hybrid mode control, energy management, and 

transmissions for EVs. An initial treatment of synthesis methods is provided as grounding. 

The line chart, component analysis, lever, graph theory, and coding methods are all 

presented. Of particular interest is the discussion of dedicated hybrid transmissions and 

transmissions with electrification built in. A comparison of the various hybrid topologies that 

have been demonstrated to date using existing standard transmission technologies (AT, AMT, 

DCT) and dedicated hybrid transmissions (DHTs) is presented. The comparison outlines the 

benefits of each transmission type in terms of cost and complexity, as well as realised driving 

outcomes such as shift time, jerk, acceleration, energy dissipation and overall efficiency. A 

detailed overview of control strategies is also conducted. This overview is valuable because it 

refers to overall energy management strategies for hybrid vehicles, rather than just those 

concerning transmissions. The hybrid system control literature is reviewed and presented in 

short-form in a tree-diagram reproduced in Figure 2.2. 



Chapter 2: Literature review 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 38 
 

 

Figure 2.2 Tree-diagram of all energy management strategies described in the literature to date (Xu et al. 2018) 

 

Interestingly, the authors do not discuss manual transmissions (as opposed to AMT or DCT) 

in a hybrid application at all. This is strange as the MT-hybrid is not without precedent. The 

Honda Insight and CR-Z both feature P2-hybrid topology paired with a 5MT. Although the 

CR-Z was discontinued in 2016 with no immediate replacement, in 2017, Schaeffler group 

developed a system known variously as e-clutch or “P2 module”, which combines an 

electronic clutch with a 12kW electric motor to provide a simple path to hybridization 

(Lakshminarayanan et al. 2017). The impetus behind the development of the module was 
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particularly to cater for markets in which the manual transmission plays a dominant role. 

India is mentioned in particular in the paper but other developing markets share much in 

common with the Indian market. 

 

Figure 2.3 Electronic clutch module "e-clutch" architecture developed by Schaeffler Group (Lakshminarayanan 
et al. 2017) 

 

The benefits of the P2 module are claimed to be numerous, including a reduction in fuel 

consumption between 3.2% amd 7.9% for a prototype vehicle, improved NVH through better 

clutch control at the low-speed resonance zones under idle-speed, engine stall prevention, 

traffic congestion assistance, engine start-stop, and compatibility with gear actuation. The P2 

module developed by Schaeffler has much in common with the P3 topology proposed in this 

thesis, but lacks the continuous torque delivery mode during gear changes. This is purely as a 

result of the trade-off between cost of manufacturing a P2 module such as that described and 

the extra expense incurred in providing a P3 module which would, in a manufacturing setting, 

require integration of an electric module into the manual transmission or differential 

assembly. In contrast, the P2 module simply replaces the clutch/pressure plate/flywheel 

assembly within the existing transmission bell housing. 
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 Hybrid Powertrain Development 2.4
The literature in the field of hybrid powertrain is extensive. It can broadly be defined into 

three subgroups. The first of these is literature that proposes a novel powertrain concept and 

describes a level of initial design and analysis. The second subgroup, by far the largest, is 

concerned with the verification of a system or subsystem within a hybrid powertrain. These 

publications generally use some combination of simulation, modelling, and testing (usually 

HIL) to verify system operation. The final subgroup is concerned with validation. This 

subgroup describes the physical testing of a complete powertrain to ascertain its real 

functionality. This testing may be to validate the real operating parameters of a homologated 

and commercially available vehicle model, or provide validation of a prototype such as is 

described in the following sections of this thesis. 

(Baraszu & Cikanek 2002) presented one of the earliest torque fill-in hybrid powertrains in 

the literature. The powertrain is a post-transmission P3/P4 type, employing a 4x4 differential 

to drive a single axle, using the propshaft output of the differential as an input which is 

connected via a clutch to the electric motor. 

 

Figure 2.4 Torque fill-in drivetrain proposed by (Baraszu & Cikanek 2002) 
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The powertrain is robust and offers several advantages. The motor is clutched to reduce 

losses, and is on a separate shaft from the engine which allows the independent gearing of the 

motor to achieve optimal efficiency. Because it is clutched there is a high level of 

controllability from the perspective of driveline vibration, which is the focus of this work. An 

automated manual transmission (AMT) is implemented. A high-power (55kW, 190N.m) 

electric motor is used, but the type of motor is not specified, nor is any information about the 

traction battery. The high output power of the motor allows the vehicle to operate in EV 

mode only, IC mode only, or hybrid mode. The hybrid mode operation provides the motor 

torque application during shifting (torque fill-in), motor assist during power boost, and 

regenerative braking modes. 

Interestingly, the gear shift is also used to fire the IC engine when transitioning from IC mode 

to any other. This prevents undesirable vibrations being transmitted down the driveline. 

The paper also introduces the concept of vibration dose value (VDV) as an objective measure 

of shift quality. Whilst VDV is commonly calculated based on accelerometer readings at the 

human-machine interface (generally, the seat squab for drivers), raw halfshaft torque 

measurements are used in this case. This validates the process undertaken in this thesis.  

The principal drawback of this powertrain design is its cost. A 55kW electric motor would 

require a substantial, high voltage traction battery to provide appropriate power discharge. 

The addition of a 4x4 differential and clutch is an elegant solution to minimize driveline 

losses but a similar outcome can be achieved using a power take-off and a two-wheel drive 

differential. 

(Gavgani et al. 2015, 2016; Vacca et al. 2017) presents a high-performance parallel hybrid 

driveline using a hybridized automated manual transmission (HAMT) in a rear-drive 

transaxle configuration. The driveline is unique, in that it integrates the electric motor with 
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the transaxle through a dedicated two-speed planetary gearset. The gearset is meshed to the 

3rd gear in the six-speed transmission and closed loop speed control for the motor allows any 

other gear to be simultaneously engaged for hybrid propulsion. Both the 3rd gear and the two-

speed planetary gears are controlled engaged by dog clutches and do not require 

synchronizers. 

 

Figure 2.5 The Oerlikon 6-speed Hybrid AMT  (Gavgani et al. 2015, 2016; Vacca et al. 2017) 

 

The results presented are unique and exciting. In the first instance, the closed loop control of 

the electric motor is shown to negate the requirement for synchronizer cones, which are 

effectively replaced with dog clutches in the electric power path. It could be surmised that 

with effective engine speed control the remaining synchronizers could also be removed. 

The transmission is also compared to an identical ICE-driven vehicle equipped with a seven-

speed DCT. Due to the significant power dissipation in the wet-clutch packs of the DCT 

during power-on shifts, the HAMT delivered fuel economy savings of better than 9% in 

comparison. This result was obtained under the NEDC driving cycle which is relatively low 

powered. It would be expected that these fuel economy savings are proportional to the drive 
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power (and, more specifically, the energy dissipation associated with clutch actuation) so 

whilst this result is dramatic, in a low-powered vehicle designed for economy rather than 

outright dynamic performance the savings would be proportionally smaller. Nevertheless, the 

results demonstrate the potential of hybridization using a manual transmission. 

In (Tribioli 2017), a post-transmission series-parallel hybrid topology is proposed using two 

electric machines and two clutches. The purpose of the topology is not so much to 

demonstrate the physical possibility, but rather to provide the largest number of possible 

energy paths to an optimization algorithm (the Dijkstra algorithm), which then determines the 

vehicle configuration that provides the lowest fuel consumption.  

 

Figure 2.6 A theoretical series-parallel topology used for optimization study (Tribioli 2017) 

 

The optimization results are constrained by the energy paths and the component parameters 

in the topology, so that for instance, multiple studies must be run to determine the optimum 

engine size, gear ratios, or shift schedule. The findings are broadly somewhat intuitive, 

although the size optimization and the process to achieve those results can not be achieved 

without a form of computational optimization. The limitations of the optimization process are 

also the strengths of heuristic and backward-looking modelling, in that the heuristic approach 

allows the exploration of concepts outside the limitations of the modelled environment. No 
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matter the development approach, there is necessarily an element of heuristics required to 

begin. 

(Karaoğlan, Kuralay & Colpan 2019) proposes a parallel hybrid topology based on a pre-

transmission torque coupling device. The powertrain is used as a gear ratio study to 

determine the effects of gear ratio selection on hybridized vehicles. A backward-looking 

vehicle model is implemented in Simulink to determine power demands and load states based 

on a drive cycle input. The gear ratios of both the torque coupling device and the 

transmission are varied according to a set of five options to determine the best option in terms 

of fuel economy and emissions. Both the operation modes and the gear ratios are selected 

heuristically. The operation mode is not altered, but the backward-looking simulation is used 

to determine the optimal gear ratio combination. 

(Skoog 2017) presents a study of the outer limits of hybrid topologies in terms of their 

potential for fuel consumption reductions. The study is interesting in that it is designed to 

examine the best possible fuel consumption improvements in a pre-transmission hybrid 

topology assuming there are no constraints on the amount of energy that can be stored (i.e., a 

perfect battery) and the amount of power that can be handled by the system instantaneously, 

within the limits of the ability of the electric machine to convert that power into motion or 

vice versa. This scenario is analogous to a hybrid vehicle test cell where the electrical power 

is supplied from and sent back to a grid-connection, rather than a battery. Various reasonable 

assumptions are made regarding system efficiencies and sizing of tractive devices. The 

results are naturally wildly optimistic with regard to real systems and the author 

acknowledges this. However there are other conclusions drawn which are questionable. 

Because the author observes up to 41% fuel consumption reduction using one configuration 

the inference is drawn that even mild-hybrid topologies benefit in terms of fuel consumption 

by being designed with the average power being supplied by the electric device and the peak 
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power being supplied by the ICE, rather than the other way around. Whilst this may be true it 

is simply not practical, and the size of a P0 or P2 device with high power capability is 

unlikely to be simple to package. 

(Opila et al. 2012) describes the testing of a prototype controller for the gear selection and 

engine control (load state and start-stop) of a through-the-road (TTR) hybrid vehicle. The 

development process is described and follows the V-cycle methodology, wherein the 

simulation model is verified first, then model-in-loop testing is conducted, followed by 

hardware-in-loop testing and finally vehicle testing. This particular publication focuses on the 

last part – the vehicle testing. The test setup is based on the dSpace MicroAutoBox 1401, 

which is the same rapid control prototyping platform used for the project presented in this 

thesis. The control algorithm is computationally intensive, with solved optimizations taking 

approximately one second, and therefore for realtime implementation several simplifications 

are made by making calculations offline and uploading the results to the controller as 

relatively coarse lookup tables to reduce computational requirements without sacrificing 

significant numerical precision. Another step taken to reduce computational demand is the 

implementation of multirate updates which split computational outputs into fast, medium and 

slow updates. The electric machine is updated at 60Hz to ensure fast pedal response, whereas 

engine torque is updated at 2.5Hz. Finally, gear transitions and the engine start-stop are both 

updated at around 1Hz. 

There are a number of other studies in the literature for which the dSpace MicroAutoBox has 

been used. (Golchoubian & Azad 2017) implement the rapid control prototyping platform for 

the development of a non-linear predictive control method for the energy storage system in a 

Toyota Rav4EV; (Guo et al. 2018), for an energy management strategy using state-of-charge 

trajectory planning, and (Vacca et al. 2017) for the control of the HAMT described 

previously. 
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There is also a significant body of work around the Toyota Hybrid Synergy Drive (HSD), 

otherwise known as the Toyota Hybrid System (THS). This type of powertrain is known as a 

power-split powertrain, because it is not quite a series nor a parallel topology, instead relying 

on a planetary gear transmission and multiple electric machines to control the ratio of engine 

and motor torque being used to drive the wheels. 

(Burress et al. 2011; Olszewski et al. 2005), as part of the work of the Oak Ridge National 

Laboratory, developed detailed reports into the THS-II and THS-III system. These reports 

were made possible by disassembling and testing every component of the electric powertrain, 

in order to understand the operation and report on construction methods, power handling 

capability, and other component characteristics. The reports are highly detailed and are an 

artefact of the immense success of Toyota’s hybrid technology, which represents the world’s 

most popular electrified vehicle technology by sales volume. They were commissioned with 

the aim of bringing the public domain understanding of the intellectual property in line with 

the state-of-the-art, improving understanding of propulsion technology and benchmarking 

non-US-domestic alternative vehicle technologies. (Borhan et al. 2012; Guo et al. 2018; Liu 

& Peng 2008; Vinot, Reinbold & Trigui 2016) all use the basis of the THS, the power-split 

device as a means to propose and investigate novel technologies. (Guo et al. 2018) 

supplements the basic THS system with a grid-connection (converting to PHEV) and adding 

ultracapacitors. (Vinot, Reinbold & Trigui 2016) proposes an equivalent system to the THS 

using only two electric motors and no power-split device. The electrical variable transmission 

(EVT) is claimed to be functionally equivalent. It works using a double-rotor electric 

machine (analogous to two concentric motors). The internal rotor is connected to the engine, 

the central rotor/armature to the wheels, and the external armature to the battery only. 

(Borhan et al. 2012) and (Liu & Peng 2008) both use the power-split architecture to propose 

different control methodologies. (Liu & Peng 2008) proposes an equivalent consumption 
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minimization strategy (ECMS) using stochastic dynamic programming, somewhat similar to 

(Opila et al. 2012), whereas (Borhan et al. 2012) pursues a predictive model. 

 Torque and Jerk 2.5
Many studies in the literature describe novel transmissions, electrification strategies, or 

control schemes aimed at providing continuous torque delivery during gear changes. This 

field of inquiry began to gain momentum in the 1960s when automatic transmissions became 

commonplace (Anderson & Bierley 1965), requiring an increasing focus on their transient 

torque and jerk performance in shifting, whereas previously the prevalence of manual 

transmissions placed the responsibility for shifting quality on driver action. Automated 

manual transmissions (AMTs) became somewhat more commonplace in the 1990s. including 

the Alfa Romeo Selespeed, BMW SMG, and Mercedes Funshift. With the increasing focus 

on emissions standards coupled with the increasing capability of electronic control, AMTs 

were seen as a way to improve efficiency, capitalising on the efficiency and cost advantage of 

the MT hardware whilst also providing the driving simplicity of an AT. The operating 

principle was largely the same regardless of the trade name – the fundamental transmission 

was a standard manual with single dry-plate clutch. The clutch actuation was automated, and 

in most cases also the gear selection. The automation of a manual transmission presented new 

challenges in terms of jerk. The experienced driver is able to modulate the clutch input 

according to sensory feedback from the vehicle to obtain desired gear shifting characteristics. 

Automating a manual transmission presents challenges in terms of driver satisfaction. Clutch 

feed-in can be controlled for smooth shifting at the expense of shift time and acceleration 

performance, or can be controlled for minimum time at the expense of occupant comfort. 

Maximising both attributes is the desired goal, but the nature of the single dry-plate clutch, 

which necessitates a torque hole, means this is difficult to achieve. 
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Studies on the shift quality of AMT necessarily focus on clutch control. (Horn et al. 2002) 

derives a system function that linearizes the feedback control with respect to the clutch 

position output. Prior control methods typically modelled a simplified non-linear system. The 

system is tested on a Mercedes-Benz Sprinter and CLK, and benchmarked against the prior 

control methodology. The benchmarking is positive although the authors note that results are 

limited by computing resources onboard the transmission control unit, particularly low 

sampling rate.  

The measurement and control of transient vibrations is particularly difficult in a system such 

as a transmission in terms of computing resources. It is necessary to be prudent with 

computing resources because for the majority of operation the input and output are linear, 

therefore there is little control or measurement required. However, during gear changes or 

clutch actuation, the control and measurement requires high computing power to ensure 

transients are faithfully captured. The excitation frequencies of the system during transients 

may often be an order of magnitude higher than other frequency-based quantities of interest, 

and therefore a balance is required in terms of data acquisition to ensure sufficient fidelity for 

transient analysis against dataset size. 

(Dolcini, De Wit & Béchart 2008) approaches the same task as (Horn et al. 2002) using a 

different approach, taking into account the drivers intention. The standard approach to clutch 

control described in this work is via a stacked lookup table whereby the clutch feed-in is 

controlled by a lookup table according to the driver’s throttle input. The entire control is open 

loop but considers driver intention to define the clutch feed in rate. The disadvantage of the 

open loop control is that it is necessarily longer than optimal to ensure no vehicle lurch or 

stall is induced. The authors postulate that the open loop control is sufficiently responsive for 

the first part of the shift but use a clutch torque controller to prevent lurch in the second part 

of the shift. The transition is governed by an “observer” that measures clutch slip and engine 
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torque, and when clutch slip reaches a predetermined trigger, begins optimal control to 

minimise the oscillation caused by inertia matching after engagement. 

The approach is attractive as it minimises the control time and computing hardware required 

and focuses on the most uncomfortable part of the gear shift, which is the lurching after full 

engagement. The sensitivity of the control to time delays is also noteworthy, with even the 

time delay introduced from the CAN broadcast of the engine speed causing challenges in 

implementation. In the project presented in this thesis, the clutch controller is the human in 

the loop. This takes advantage of the driver’s sensory perception (or lack thereof) to provide 

some reasonable control of the clutch, but uses the motor, downstream of the clutch as the 

jerk controller. There are challenges associated with this, as the motor control must either 

counteract torque fluctuations as they arrive in real time, which is a challenging control task, 

or must act as a passive damper, which is a more limited form of jerk control.  

By the turn of the 21st century, hybridization was becoming a significant research focus in the 

automotive community. Because of the second prime mover, the transmission technology 

paired with hybrid powertrains can make a significant difference to the functionality. 

Electrified transmissions (Xu et al. 2018) began to be developed. These transmissions differ 

from typical transmission technology in that they often collocate the secondary tractive 

device and are designed to switch between, or blend outputs from both prime movers. Despite 

this, particularly with parallel hybrid topologies, traditional transmission technology 

continued to be used. The benefits of hybridization could also be leveraged to improve 

system functionality. 

(Baraszu & Cikanek 2002), mentioned previously, presented torque results very similar to 

those demonstrated in this thesis in Chapter 9, albeit using a somewhat more complex 

powertrain utilising an AMT and a 4x4 differential. Whilst the torque hole was successfully 

filled, it was not eliminated and acceleration fluctuations (therefore, likely jerk as well, which 
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was not presented) during gear shifts were similar in nature to those observed here. This gives 

a good level of confidence in the validity of the results obtained herein. 

In  (Gavgani et al. 2015, 2016; Vacca et al. 2017), experimental torque results from the 

HAMT are presented. Partial results from there are reproduced in Figure 2.7. The results 

from the HAMT are shown to give better torque-fill performance than a DCT at part throttle, 

but due to the limitation of the torque capability of the electric motor, as engine load 

increases, the performance of the DCT eclipses that of the HAMT. However, the authors 

make several observations. Firstly, the main driver for the development of the HAMT is the 

energy efficiency benefit, and not the performance benefit. This parallels the reasoning for 

the development of our hybrid powertrain. Secondly, it is not practical to increase the size of 

the motor for the sole purpose of providing complete torque in-fill. This is a limitation that 

was experienced in the development of our current project, as the motor size must be 

considered along with the battery discharge capacity. The third observation is that despite the 

partial torque fill-in achieved, subjective testing showed that occupants considered short 

torque gaps more comfortable than large torque gaps of the same peak-to-peak value. This 

raises the very pertinent issue of occupant perception of vibration and harshness. 
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Figure 2.7 HAMT torque output results during shifting – from (Gavgani et al. 2015) 

 

The perception of shift harshness is an important consideration when considering gear 

shifting, as it is generally not possible to tune out all transient vibration. Therefore, it is 

necessary to understand what is considered comfortable and what is uncomfortable to vehicle 

occupants, so that vibration can be tuned appropriately. One of the measures appropriate to 

this perception is jerk, the first derivative of acceleration. Two studies relating to driveline 

jerk from shifting will be discussed.  

The first of these, (Zhang et al. 2010) considers the driveability of a P0+P2 hybrid with an 

AMT. The longitudinal jerk is selected as a measure for the quantification of driveability 

because of its correlation with the human perception of vibration. A series of experiments are 

designed to test different vehicle functions such as starting, accelerating, mode-switching, 

gear-shifting, and a combined cycle. The data on jerk is acquired using a MEMS 

accelerometer, the output of which is differentiated to obtain jerk. 
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Figure 2.8 Jerk during a shift in (Zhang et al. 2010). The negative and positive jerks from clutch actuation as 
well as lurch are similar to those observed here 

 

The researchers present jerk data on the various experiments and find that jerk during shifting 

(Figure 2.8) is characterized by two peaks of approximately ±4.2g/s. The jerk due to shifting 

is much smaller, generally, than that due to starting, changing vehicle mode, or braking. But 

it is more than the jerk during acceleration.  

The second reference, (Huang & Wang 2010) attempts to characterize the physiological 

experience of jerk and objectively quantify levels of jerk that are comfortable and 

uncomfortable to passenger vehicle occupants. The research places occupants in a vehicle 

which is accelerated, shifting through all the gears and then brought back to standstill.  The 

intensity of gear shifting is varied, and the number of acceleration repetitions are also varied.  

Occupants are given a feedback device consisting of buttons that correlate to the perceived 

level of discomfort. The authors find a complex correlation between jerk magnitude, jerk 

frequency, and jerk duration, all of which appear to affect the human perception. The results 

are interesting to know as the use of a stationary test facility for measuring jerk does not 

afford the luxury of the researcher’s perception of performance during the test. These results 

provide some idea of the perception of jerk that is calculated on a dynamometer using 

rotational velocity measurements alone.
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Chapter 3:  Problem Definition and Solution Proposal  

Despite almost three decades of intense research and development in vehicle electrification, 

the humble internal combustion vehicle still reigns supreme around the world. The winning 

combination of excellent energy density of petroleum-based fuels and highly efficient, 

power-dense internal combustion engines benefiting from over a century of development is 

proving a difficult beast to kill. Despite increased EV market penetration in western 

countries, on a global level, the conventional internal combustion vehicle still holds an 

unassailable global market position largely due to its performance, range, and consumer 

familiarity, although the gap is narrowing (see 2.2). This position persists despite immense 

progress in the development of higher power inverters, more efficient motors, and energy-

dense batteries, making possible the technological spectacles of Formula-E, electric dragsters, 

and Tesla Model S vehicles in “Ludicrous Mode” (Figure 3.1). 

 

Figure 3.1 Advances in electric traction drive technologies have made electric racers, such as this one built by 
students at UTS, possible 

 

The performance advantages of the internal combustion vehicle also come with significant 

disadvantages. The most thermally efficient engine in the world claims a peak efficiency of 

41% (Toyota 2018). In contrast, any modern electric powertrain can easily eclipse 90% peak 

efficiency, and average efficiency in the 80-90% range (De Santis et al. 2018). The news gets 
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worse for the piston party. Global emissions legislation at the moment is focused on the very 

real problem of tailpipe emissions from internal combustion engines. Euro 6 emissions limits 

are driving increasing energy diversification of vehicle fleets, mostly through petrol-electric 

hybridization, which appears likely to be the dominant form of energy diversification of road-

going vehicles until at least 2030 (McKerracher et al. 2019). This energy diversification 

stems from unavoidable fundamental byproducts of combustion that are being slowly, and 

rightly, legislated out of existence. In contrast, detrimental tailpipe emissions are non-existent 

in electric powertrains. A wheel-to-well approach to emissions raises the obvious concern of 

spent battery byproducts, but this problem is far enough in the future that current legislation 

is mostly unconcerned with it, although it too has the potential to become a global issue if 

electrification, rather than diversification, becomes the ultimate legislative aim (Gaines 

2014). However, full electrification is still some way off mass-market penetration. Battery-

electric vehicle (BEV) sales make up less than 2% of total vehicle sales worldwide, and there 

still technological and economic disadvantages that need to be overcome (Bohnsack, Pinkse 

& Kolk 2014) namely energy density, charging infrastructure, indirect emissions, and mass 

manufacturing economy of scale.  

 Future of Internal Combustion 3.1
The internal combustion engine isn’t going anywhere anytime soon. Even the most bullish 

forecasts modelled on the strictest scenario of legislative framework predict ICE dominance 

in the new vehicle market until at least 2025 (Harendt et al. 2016). These forecasts seem 

improbable given (at the time of writing) Euro 6 standards are yet to be fully implemented, 

and the next stage of emissions restrictions have not yet been discussed. More moderate 

forecasts (Harendt et al. 2016; McKerracher et al. 2019) suggest that ICE dominance in new 

vehicle sales will continue until around 2040, while the global fleet will have only achieved 

33% electrification by that stage. What is clear from these forecasts is that the emissions 
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regulatory and legislative framework will be the primary driver of this change, rather than 

market demand, which follows technological or price advantages. This raises some 

interesting questions. What will happen in countries where emissions standards do not exist, 

or are poorly enforced? What will happen in countries where electricity is uneconomical 

compared to oil? Precious little has been published on these questions. Likewise, the 

literature is almost entirely silent on the effect of international trade in used vehicles on 

global emissions. However, if these factors are not carefully considered, the effect of 

emissions regulation may be adverse in particularly vulnerable regions. We present a possible 

scenario below. 

 

The typical fleet-averaged vehicle age in high-income countries is between 8 and 11 years 

(ACEA 2017). Fleet turnover in much of the western world is largely driven by strict 

roadworthiness regulations, ensuring vehicles must meet certain emissions, maintenance and 

safety standards. As vehicles age, and notwithstanding those that are taken out of the fleet by 

crash damage, the expense of meeting roadworthiness standards increases in proportion to the 

vehicle value, prompting vehicle owners to make an economic decision to dispose of the 

vehicle at some point in its life. From there, vehicles may follow any of three different paths. 

The first is recycling for raw materials. In this case the vehicle is destroyed – often shredded, 

and raw materials are recycled into other goods. The second path is re-use for parts. Valuable 

parts are stripped from the vehicle and on-sold either domestically or internationally for use 

maintaining and repairing other in-service units. The third path is the used vehicle export 

market. This path results in the transfer of vehicles from markets where they are deemed 

unroadworthy and uneconomic to repair, to markets where they can be economically put back 

into service. 
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In contrast, fleet averaged vehicle age in low-income countries can be as high as 25 years or 

more (Elias 2010; Krambeck 2010). Many low-income countries do not legislate, or do not 

enforce strict roadworthiness standards (Tran et al. 2018). This combines with low wage 

rates, lowering operation costs and making older vehicles more desirable, creating a trade 

flow of used vehicle and spare part exports from high-income countries to low-income 

countries where older vehicles retain value and serviceable life substantially longer.  

 

This trade flow causes vehicles built to older, inferior emissions standards to concentrate in 

low-income countries (Baskin 2018; Coffin et al. 2016 inter alia). Worse, as these countries 

may not test in-service emissions, vehicles may operate with defective and unchecked 

emissions equipment. However, the global trade in used vehicles is only one of a 

quadrumvirate of aggregating factors suggesting the focus of emissions reduction efforts will 

need to shift to low-income countries. The lagging adoption of emissions regulations (Akumu 

2017) in comparison to the leading countries worldwide (as well as, in many cases, similar 

lags in safety regulation adoption) serves to reinforce global used vehicle trade, 

geographically concentrating vehicles with poorer tailpipe emissions to those countries that 

provide the path of least export resistance . The trend of increasing motorization rates in the 

same countries drives market demand for affordable transportation, which is met almost 

entirely through the used-vehicle market (Trouve, Lesteven & Leurent 2018). By increasing 

the size of the vehicle fleet, increasing motorization rate compounds the emissions problem 

even if vehicle tailpipe emissions are relatively cleaner. Finally, adoption of electric vehicles 

is hampered not just by initial purchase cost (Rahmani & Loureiro 2018), but also the cost, 

availability, and reliability of electricity in lower income countries (Arlet 2017), which can 

compound typical consumer concerns regarding range anxiety, or nullify the typical running 

cost advantage enjoyed by many EV owners. 
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 Hybrid Vehicle Market Gap 3.2
Unfortunately, the answer to this dilemma cannot be found through regulation alone. The cost 

of achieving compliance with emissions regulations is significant (Bresnahan & Yao 1985; 

Skeete 2017; Subramanian, Gupta & Talbot 2007, inter alia). The cost is made up of two 

components: the development work required to achieve type approval, and the component 

costs for exhaust aftertreatment built into every compliant vehicle. These costs are ultimately 

recouped through the vehicle purchase price. In price-sensitive markets it is not practical to 

ban used-vehicle imports; many countries are reliant on used vehicle imports for 

motorization. Neither is it practical to enforce expensive emissions regulations; this forces the 

cost of new vehicles up, or forces the importation of only newer, more expensive used 

vehicles. However, a market-based solution delivering an appealing product to those markets 

may have a good chance of commercial and environmental success. Such a market-based 

solution exists in the low-cost new vehicle market dominated by lower-cost regional 

competitors, which could be motivated to develop a rugged, low-cost vehicle demonstrating 

superior, although not cutting-edge, emissions performance. These regional players have 

significant experience catering directly for the highly-competitive developing markets. In 

China, where government targets for fleet electrification have been aggressively pursued (Wu 

et al. 2017; Zhao et al. 2019), they have also shown they have the ability to rapidly innovate 

and develop new products. They are ideally placed to develop a market-based solution. 

Outside China however, in the developing world there is no legislative incentive to pursue a 

pure EV electrification strategy. Nor is there a market incentive – compounding the consumer 

concerns and potentially poor economic return is also the fact that consumers and automotive 

professionals alike are not familiar with the technology. 
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If EVs are impractical and emissions-compliant ICEVs are too expensive, perhaps a suitably-

adapted hybrid-electric vehicle could deliver an appropriate market-based solution. A HEV is 

no doubt costlier to build than an ICEV, but has the potential to deliver better running costs, 

making more economic sense. By carefully controlling the degree of hybridization, the 

increased bill-of-materials (BOM) costs can be minimised, which in turn minimizes the 

purchasing cost premium. A HEV is also more likely to deliver better emissions performance 

later in its life as its electric powertrain is unlikely to be simply ‘deleted’ if defective, 

whereas the removal of in-service emissions hardware is commonplace. Kept simple, a HEV 

will also remain familiar to consumers and repairers, aiding with market adoption. Finally, a 

HEV powertrain can be optimized to provide unique features not possible in an ICE 

powertrain, which can be used to enhance market appeal. 

 

In the following sections, the HEV solution is investigated and described, and the design 

goals for the solution are developed. The solution is framed in the context of a political, 

economic, social, technological, environmental, and legislative (PESTEL) analysis.  

 Political, Legislative and Economic Considerations 3.3
Some significant political considerations relate to tax structures around vehicle importation in 

developing countries. Vehicles are subject to a wide range of taxes. These are commonly 

grouped into import taxes which are paid once, registration or road taxes which are paid 

annually, and transfer taxes paid upon the transfer of the vehicle title. Additionally, many 

developing countries are highly reliant on used vehicle imports for supply of their national 

fleet. For instance, Kenya relies on used vehicle imports for 99% of new registrations (de 

Jong 2017). This effectively exports pollution from developed countries to developing ones 

(Edwards 2017), because many cars being transported no longer meet safety and emissions 

criteria in their country of origin. Import taxes on these vehicles are an effective way of 
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discriminating between desirable and undesirable vehicles. A preferential duty system 

generally skews toward newer, lower-emissions vehicles. Many countries implement 

preferential duty systems on both new- and used-vehicle imports. Duties may be tied to 

engine capacity, emissions, vehicle weight, and/or prescribed value. In all cases where 

preferential duties are implemented, lighter, lower-emissions vehicles with lower swept 

engine volume are encouraged. This can be seen in countries such as Mauritius, Sri Lanka, 

and Egypt. In Mauritius, a carbon dioxide-based fee rebate and fifty percent discount on 

excise duty for hybrid vehicles has resulted in road vehicle emissions reductions of about 

twenty percent between 2009 and 2018 (Molin Valdés 2018), with a corresponding reduction 

in fleet average economy from 7L/100km to 5.8L/100km (de Jong 2017). A similar scheme 

in Sri Lanka saw partial or fully electric vehicle registrations in the country climb to 82,400 

in 2015 (Sugathapala 2015), with a commensurate reduction in fleet average economy from 

6.4L/100km to 5.3L/100km. By contrast, in Uganda, fleet average economy deteriorated from 

12.5L/100km to 13.7L/100km between 2005 and 2014. During this time, no limits were 

placed on vehicle imports and an environmental tax of 20% was levied on vehicles over 8 

years old (Mutenyo et al. 2015). 

It is clear that there is a demand for affordable, clean transportation. However, the current 

model of delivering this objective relies mostly on “trickle-down economics”, where older, 

devalued vehicles no longer meeting exacting western standards are “trickled” into poorer 

countries through the used car trade. Many new hybrid and almost all new electric vehicles 

are simply unaffordable in developing nations, even with discounts on government duties for 

new vehicles (Mansour, Haddad & Zgheib 2018). The major import path for these vehicles is 

via used trade, where there is a smaller volume of trade due to their relative rarity and 

continuing acceptable emissions performance. A low-cost hybrid vehicle catering specifically 
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to this market would take advantage of preferential taxation and provide an option in the new 

vehicle market for a significant customer base.  

Another significant consideration is the cost of petrol in developing nations. Whilst in the 

west, many are used to fuel excise being levied by governments, the volatile price of petrol 

on the global market is often state-subsidised in developing nations, at great expense to the 

public purse. This subsidy can be considered a form of state welfare, where often a large 

portion of households would be unable to factor the full cost of fuel into their budget 

(Boughanmi & Khan 2019; Davis 2014). However, when viewed in this manner, fuel 

subsidies are highly inefficient and quite expensive. Analysis of fuel subsidies in developing 

countries has found that the richest 20% of households capture on average six times more in 

fuel subsidies than the poorest 20% (Arze del Granado, Coady & Gillingham 2012). Despite 

this, many governments find subsidy reform politically difficult, due to concerns for the 

adverse impact on poverty. Reducing the national fleet average fuel economy has many 

positive effects on this cycle. It reduces the financial burden on consumer budgets by way of 

a reduction in the rate of fuel consumption. By reducing consumption, the government 

subsidy expenditure is also reduced. In turn, subsidy reform becomes more politically 

palatable as its impact is reduced. The impacts allow government spending to be redirected 

toward more efficient measures, improving national resilience against volatile fuel markets 

and improving airborne pollutant concentrations, with all the flow-on benefits that this brings. 

The development of a low-cost hybrid vehicle specifically designed for developing markets 

would likely be welcomed and encouraged by regional governments. 

Legislative considerations must also be made with regard to emissions standards. Increasing 

motorization rates in developing nations are leading to increased airborne pollutant 

concentrations in urban areas. Even if vehicle fleets are modern, and produce low tailpipe 

emissions, the environmental emissions do not decrease in proportion to the tailpipe 
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emissions improvement because of the increasing numbers of vehicles on the road. Currently, 

a majority of the developing countries have either no, or very minimal policies regarding the 

emissions standards of vehicles, either when first imported or in-service. Legislated 

emissions standards typically dictate both tailpipe-out emissions and fuel quality, which must 

be strictly governed to ensure emissions compliance. 

 

Figure 3.2 United Nations Environment Programme - World map of emissions standards (Akumu 2017) 

 

Where a country is seeking to implement some level of emissions standards, it is simply 

impractical to leap-frog from a state of no, or lax emissions standards to meeting modern 

emissions standards. It is therefore necessary to invoke some level of transitional emissions 

standards and ensure the standards can be sustainably met by the market conditions. With the 

world’s leading countries beginning to adopt Euro 6d emissions standards for light duty 

vehicles, the risk for countries that are yet to adopt emissions standards (Figure 3.2), or do 

not follow a practical, but accelerated plan for the introduction of emissions standards, is that 

they become the de facto dumping ground for undesirable vehicles. Whilst the benefits of 

emissions standards are well-understood, governments can often face opposition to such 

legislation, borne out of a notion that emissions reductions are costly to end users. These 
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notions are present even in many western nations. The development of a low-cost vehicle that 

meets modern, if not the latest, emissions standards, and qualifies for preferential taxation 

would support government initiatives in emissions legislation, as well as providing social 

benefit to the general population. 

 Technological, Environmental and Social Considerations 3.4
There are a range of considerations, interlinking the technological, environmental, and social 

aspects of low-cost hybridization of light-duty vehicles. The technology being used directly 

affects environmental outcomes, and environmental conditions are a direct social burden. 

Considerations flow from broad infrastructure issues such as access to electricity charging 

infrastructure, issues that manifest as barriers to market entry for fully electrified vehicles, 

through to social equity issues such as the human cost of emissions, which is manifested in 

higher mortality rates and increased burden on healthcare systems. 

It is worth noting that many western governments have announced plans to ban internal 

combustion vehicles from 2025 through to 2050 (Coren 2018). Similarly, one of the world’s 

largest automakers and manufacturer of over 40% of current electrified vehicles globally, 

Toyota has announced that it plans to phase out internal combustion powered vehicle in 2050 

(Lord 2017). The time lag between adopting new vehicle regulations and achieving 50% 

national in-service fleet compliance with the regulations can be up to 18 years (Lutsey 2015; 

Mazur et al. 2018) in the developed world, a figure which only increases as the quality and 

longevity of light duty vehicles improves. If countries that are reliant on used vehicle trade 

for motorization continue on current trends, it may well be 2080 before national fleets are 

majority electrified in these developing nations. There is a clear opportunity to make 

accelerated progress in the intervening decades. 

One of the key barriers to vehicle electrification in developing nations is access to electricity. 

Electric power distribution grids can be unreliable or non-existent, forcing a disproportionate 
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reliance on combustible fuels. Due to inadequate grid infrastructure, this issue affects not 

only low-income households for whom vehicle ownership of any kind is too expensive, but 

rather can be a daily issue for a large part of the population (Arlet 2017). Whilst the benefits 

of distributed energy storage using off-vehicle charging (grid-connected) electrified vehicles 

are well-known, the benefits cannot be realized if base distribution infrastructure is not 

fundamentally reliable or is not accessible (Sadri, Ardehali & Amirnekooei 2014; Sovacool et 

al. 2018). Another key barrier is the relative cost of petrol and electricity. In many countries, 

petrol and other combustible fuels are relatively more affordable than electricity. Often, this 

can be due to fuel subsidies that apply to fuels such as petrol, diesel, and kerosene, but are not 

applied to electricity (Boughanmi & Khan 2019). In other cases, it is because the generation 

of electricity is primarily accomplished through the combustion of liquid fuels. A 

comparative heat map of the cost of electricity and the cost of petrol is shown in Figure 3.3 

and Figure 3.4, using 2017 data obtained from the World Bank database (World Bank 2017, 

2018). Of particular note is the unfavourable relationship between the cost of both forms of 

energy throughout much of Africa, the Middle East, Asia, and parts of South America, which 

discourages the use of grid electricity as a source of energy for mobility. Coupled with the 

high purchase cost of BEVs, this limits the market potential of a fully electric solution. 
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Figure 3.3 Heat map - relative cost of gasoline as a function of GDP per capita. Original map using data from 
the World Bank (World Bank 2017) 

 

Figure 3.4 Heat map - relative cost of electricity (average consumer tariffs) as a function of GDP per capita. 
Original map using data from the World Bank (World Bank 2018) 

 

In contrast, partial electric vehicles begin to make a more compelling financial case. Whether 

charging is accomplished using on-vehicle (engine load levelling and brake energy 
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regeneration) or off-vehicle (grid-connected) methods, the independence from unreliable 

electrical infrastructure and potentially costly electricity tariffs can translate into lower total 

cost of ownership (TCO) (Sharma et al. 2012, 2013). In addition, plug-in hybrid vehicles, 

whilst being generally costlier initially, will not cause an owner concern should the electricity 

supply be unexpectedly interrupted, and can, with appropriate infrastructure, be leveraged as 

grid-connected storage to improve network reliability. The technological benefit of increased 

vehicle electrification through a low-cost, partial electrification approach is that it functions 

synergistically with existing infrastructure, allowing greater change in the energy mix being 

exploited for mobility than could be achieved by a shift to BEVs when the infrastructure has 

yet to develop sufficiently to support significant growth in electric mobility. Another 

advantage of partial electric vehicles is simply that, where electricity is generated by burning 

fuels such as coal, diesel, kerosene, and natural gas, they can deliver better or similar 

emissions performance than a vehicle that relies on grid power for charging (Sandy Thomas 

2012). In the best-case scenario, the emissions generated from charging a vehicle using non-

renewable power generation is roughly equal to the emissions that would be generated had 

the vehicle been fueled directly. This, in effect, moves emissions from one location to 

another. In the worst-case, such as where diesel or heavy oil is used to generate electricity, 

the use of a hybrid electric vehicle results in a net emissions reduction (McLaren et al. 2016; 

Requia et al. 2018). 

The environmental and social considerations of low-cost hybridization are also highly 

dependent upon each other. Global mortality as a result of airborne pollutants is estimated to 

cost 5.5 million lives annually, with some 246,000 in Africa alone costing the continental 

economy some US$215bn (Roy 2016). Whilst this figure cannot be attributed to tailpipe 

emissions alone, a significant attribution on the order of 30-40% of this figure can be made 

given the concentration of tailpipe emissions in densely populated areas and the contribution 
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to overall pollution from the transport sector. Air pollution also drives ecological change in 

land quality and water quality. Acid rain is one particularly well-known symptom of air 

pollution, being a byproduct of sulfur dioxide and nitrogen oxide deposits in water (Montero 

1999). Acidification affects the quality of arable land which increases reliance on food 

importation and reduces plant cover. Loss of vegetative mass reduces the natural absorption 

of air pollutants, which can also increase eutrophication in water bodies. This causes algal 

blooms and de-oxygenation of the water which directly affects aquatic life (United Nations 

Economic Commission for Europe 2019). The environmental and human cost is high. 

To compound the issue, increasing affluence drives motorization rates, fueling a demand for 

personal transport. This demand is underpinned not just by economic ability, nor by 

psychological factors such as social status, but also by fundamental policy decisions gearing 

metropolises toward automobile-orientation (Vasconcellos 1997). It is difficult to diffuse the 

desire for personal transportation without fundamentally changing the physical layout of 

cities. To do so takes, often, generations, and therefore it is necessary to consider 

motorization solutions that satisfy competing needs. 

 Design Constraints 3.5
In order to develop a low-cost hybrid vehicle for price-sensitive developing markets, a 

relentless focus on cost is required. A vehicle must be reliable and rugged, eschewing 

needless complexity which is likely to require maintenance or be a point of failure. It must 

also deliver low operating costs. For our hybrid powertrain, this also presented further 

requirements. The electric side of the powertrain must be kept as simple as possible. This 

minimises component costs, reduces potential points of failure, and minimises the training 

needs for service technicians to be able to provide maintenance and repair. The powertrain 

also needs to maximise emissions benefit within its design criteria, in order to achieve its 

stated aim of providing a market-based solution to regional emissions problems. Other 
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requirements were fairly obvious. A light/small car platform was selected for its popularity, 

affordability to the consumer, and for its manufacturing cost advantage compared to larger 

body styles. A small-capacity four-cylinder gasoline engine was selected for the ICE side of 

the powertrain, for refinement and the ability to generate acceptable drive power without 

advanced aspiration or fuelling technologies such as forced induction or direct fuel injection. 

A manual transmission was mandated by the key goal of this research, which is the 

investigation of jerk reduction and continuous torque delivery using a hybrid electric 

powertrain. The manual transmission also fits in with the remainder of the design constraints 

in that it offers the best efficiency for its cost. A series of design constraints were derived 

based on this initial brief, and are summarized in Table I. 

A series of design benchmarks, shown in Table II were set for the purpose of guiding the 

design decisions. The benchmarks cover financial considerations, performance 

considerations, and technical considerations.  

 

Design Constraints 

Purchase Cost Target No more than 10% cost premium over ICE benchmark 

Operating Cost 
Target 

Break-even in 36 months compared to ICE costs 
No service items for electric powertrain 

Emissions Measurable and significant reduction in NOx, HC 

Fuel Consumption 5% or better improvement over ICE benchmark 

Acceleration Identical or better than ICE benchmark 

Cornering dynamics No set benchmarks due to powertrain only study 

Table I Initial Design Constraints 
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Design Benchmarks 

Body 

Body Style light/small car 

Kerb weight 1200kg 

Layout Front engine/Rear wheel drive 

Engine 

Layout I4 

Swept volume 1300cc min., 1800cc max. 

Peak power 70KW min, 90KW max 

Peak Torque 110N.m min, 140N.m max 

Fuel Petrol, unleaded 91 RON 

Fuel Injection Sequential port injection 

Ignition Coil on plug 

Aspiration Naturally aspirated 

Emissions compliance Euro 3 or equivalent (prior to hybridization) 

Transmission Fully synchronized manual, five forward gears 

Table II Initial Design Benchmarks 

 

 

Figure 3.5 Hybrid vehicle topologies - (a) Series, (b) Parallel, (c) Series-Parallel 
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The hybrid powertrain topology was carefully considered within the guiding design 

principles previously described. The topology is required to deliver an excellent feature set, 

be robust, and cheap to produce. Hybrid powertrains are broadly classified into three main 

topologies. These are the series, parallel, and series-parallel topology (Ehsani et al. 2018). A 

range of other topologies are generally classed as “complex” hybrids. These topologies do not 

fall into a clear series or parallel pattern, often due to the use of two or more 

motors/generators or multiple power paths (Alamoudi et al. 2019). Vehicle charging methods 

are classed into “off-vehicle charging” (OVC), which represents a grid-connected vehicle, 

and “non-off-vehicle charging” (NOVC), which represents a vehicle that can only be charged 

using on-board power sources (the engine or electric braking). OVC hybrid vehicles are 

known as “plug-in hybrids” (PHEVs). Battery electric vehicles (BEVs) are the only other 

type of vehicle falling into the OVC classification (Engeljehringer 2016). 

3.5.1 Series Hybrid Topology 

The series hybrid topology describes a hybrid system in which power flows sequentially from 

one component to the next without a secondary power path. In this case, the internal 

combustion engine is used to drive a generator, which supplies power to charge a battery and 

drive an electric traction motor. The engine is sized to provide the average tractive power 

requirement, whilst the motor is sized to provide the peak requirement. The battery can be 

selected to provide the difference between the average and peak power needs, or may be 

designed to be larger than this, which allows the hybrid vehicle to operate in charge-depleting 

mode as well as charge-sustaining mode. The advantage of a series hybrid is that the engine 

can be designed to operate consistently at a fixed load point, or series of fixed load points. 

Because of this highly defined operating range, the efficiency of the engine can be better 

optimized. Consequently, the battery series hybrid can deliver the lowest tailpipe emissions 

(but not necessarily well-to-wheel emissions) of any internal combustion configuration. 
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However, two electric machines are required – a generator coupled to the engine, and a motor 

coupled to the road wheels. No mechanical connection exists between the engine and the 

rotating assembly. A series hybrid with grid-connected charging is classified as a range-

extended electric vehicle. 

3.5.2 Parallel Hybrid Topology 

The parallel hybrid topology utilises two power paths that may operate independently or 

simultaneously. To achieve this, a mechanical coupling is used, usually in the form of a 

clutch or multiple clutches, attached to a transmission capable of accepting multiple inputs, 

usually through concentric shafts, or co-locating multiple power machines combined on a 

single shaft (on-axis). By including multiple power paths, neither the engine nor the traction 

motor need be sized to provide the peak power need of the vehicle, as the power can be 

summed through the mechanical coupling to provide peak capacity. If peak capacity is not 

required, either one or both of the power machines can be used to provide motive power, as 

dictated by operating environment and system efficiency. Whilst engine operating efficiency 

optimization can be limited in a parallel hybrid, load-levelling can be accomplished by using 

the electric machine to provide assistive motive power or generate charge current. In the 

parallel topology, usually the motor is sized to provide the average power requirement and 

the engine provides peak needs. The principal benefit of the parallel hybrid topology is its 

scalability and flexibility. Parallel topologies may be as simple as a belt-driven starter-

generator (BSG) which employs a belt-coupled starter motor applied to the engine crankshaft 

to provide engine assistance and stop-start functionality, or can also be as complex as a multi-

motor solution independently driving a separate axle. Because of this scalability and 

flexibility, parallel hybrid powertrains vary widely in cost and complexity. Parallel hybrid 

configurations are classified using the nomenclature P0-P4, according to the location of the 

electric machine. The nomenclature is described below. 
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Figure 3.6 Parallel hybrid topology nomenclature, adapted from (De Santis et al. 2018) 

 

P0 

The P0 configuration entails a BSG placed on the front-end accessory drive (FEAD) of the 

engine. This machine is used to drive vehicle accessories independently of the engine as well 

as assisting the engine to propel the vehicle. The configuration can also be used for 

regenerative braking. However, the efficiency in this mode is quite low, as parasitic losses 

occur along the entire driveline, through the final drive, transmission, engine, and belt. 

Because of space constraints, high power density is required, and therefore the electric 

machine must rotate at high velocity (typically, 15-18,000 RPM) with a large gear reduction 

in order to develop appropriate torque and power. However, the design provides a high 

degree of cost-effectiveness. 

These systems are also sometimes described as belt starter-alternator (BSA).  
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P1 

This configuration sees the electric machine located on the output of the engine crankshaft, 

ahead of the drivetrain. The electric machine is often integrated with the flywheel to improve 

transient torque response. This configuration can be harder to package and requires motor 

characteristics exhibiting relatively high power-density. The benefits include better 

regenerative braking performance than is possible with P0, and relatively simple design. 

P2 

Whereas the P0 and P1 configurations are dependent on the ICE, the P2 configuration 

decouples the electric motor from the engine by placing it behind the clutch plate. This 

configuration allows the independent operation of both the ICE and the electric machine, 

providing greater opportunity for optimization as well as possibilities such as a pure electric 

drive mode. This also reduces drive losses by placing the electric motor downstream of 

engine pumping losses and inertia. The motor is still constrained by size due to its location at 

the transmission bell-housing. P2 is commonly referred to as an integrated starter-generator 

(ISG). 

P3 

This configuration sees the electric motor moved one step further downstream, placing it at 

the driven shaft of the transmission. This configuration is markedly different to the previous 

ones as it decouples the electric motor from both the engine and the transmission, meaning 

the motor is coupled to the driven wheels via only the differential. Regenerative braking 

efficiency is further improved, as is drive efficiency, through elimination of transmission 

losses. The placement also opens the possibility of continuous independent electric drive, as 

tractive effort is not driven through the transmission. Conversely, because the motor loses the 
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benefit of the first gear reduction, the motor operates at relatively lower speeds and is 

therefore required to be a higher-torque design than previous configurations.  

P4 

The P4 configuration decouples the electric machine from the mechanical powertrain 

entirely, using hub-motors (a.k.a in-wheel motors) to directly drive the wheels, or by using 

the electric powertrain to drive a separate axle to the ICE powertrain (Figure 3.6) The latter 

configuration is popularly known as a through-the-road (TTR) hybrid, because it uses the 

road surface as the mechanical coupling. The benefit of the P4 configuration is that it 

eliminates the need for complex powertrain componentry by directly coupling the motors to 

the wheels. It also allows complete flexibility, using the motors for features such as all-wheel 

drive (AWD) or torque-vectoring (yaw control). Its primary disadvantages are it requires the 

highest-torque motor design of any parallel-hybrid configuration, or installation of a second 

differential and associated half-shafts. It also the need for careful control under split-µ 

conditions. Finally, the P4 configuration works best in a series-parallel setup with the 

addition of a second electric machine functioning as a generator. This is because, unlike in 

previous configurations, it is not possible to use the electric machine as a generator without 

inducing a retarding torque at the wheels. 

3.5.3 Series-Parallel Topology 

A series-parallel hybrid provides twin mechanical power paths as well as an electric power 

path, to allow the engine to provide both motive power and electrical generation by driving 

an electric machine simultaneously. The electric power path allows both electrical generation 

and electric drive to be conducted simultaneously as can be achieved using a series hybrid. 

This takes advantage of the benefits of both topologies, by keeping the engine load site 

independent of the vehicle power demand, which provides engine optimization similar to a 
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series hybrid, and taking advantage of twin mechanical power paths to allow downsizing of 

both power machines and batteries. 

3.5.4 Degree of Hybridization 

Hybrid vehicles are classed according to the degree of hybridization, as well as the topology 

and their ability to be grid-connected (Basavaradder, Dayananda & Chethan 2018). The 

degree of hybridization is typically defined as a ratio of maximum electric power to total 

maximum power, where a ratio of 10% or less is known as a micro-hybrid, 10% up to 20% is 

called a mild-hybrid, and above 20% is called a full-hybrid. The degree of hybridization 

dictates the sizing (and therefore, cost) of components insofar as the topology applies 

practical limits. For instance, a series hybrid must also have a very high degree of 

hybridization by nature of its requirement for all motive power to be provided by the electric 

traction motor. A series-parallel hybrid is also most effective if there is a significant degree of 

hybridization to allow effective power delivery in series mode, parallel mode, and at all 

power split paths between the two. However, whilst a series hybrid requires degrees of 

hybridization typically in excess of 60% (based on the need to provide full motive power 

from an electric machine), a series-parallel hybrid can be optimized at degrees of 

hybridization in the range of 30-50%, because of the ability to use both power machines to 

simultaneously provide tractive effort. Below this lower limit the benefits of the series-

parallel topology begin to approximate those of a pure parallel topology as circumstances in 

which series operation can be used become restricted. A parallel hybrid offers benefits even 

at very low degrees of hybridization, as it does not have any series power path and therefore 

never needs to provide sole motive power using the electrified powertrain. A summary of the 

key characteristics of the varying degrees of hybridization is provided in Table III 
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Hybrid 
System 
type 

Engine 
Start/Stop 

Regenerative 
Braking 

Motor 
Assist 

Electric 
Drive 

Motor 
Main 
Power 

System 
Voltage 

Best 
Topology 

Micro 
HEV YES No No No No ~12V 

ICE only 
(accessory 
loads) 

Mild 
HEV YES YES Modest No No ~42V Parallel 

Full 
HEV YES YES YES Modest No ~200V Series-

parallel 
Plug-in 
HEV YES YES YES YES YES >200V Series/Series-

parallel 

Table III Key characteristics of varying degrees of hybridization 

 

3.5.5 Topology Selection 

The increased cost and size associated with the relatively larger, higher-voltage electric 

components required for a series hybrid makes the selection of a series hybrid topology 

impractical for use in light duty vehicles. Pure series hybrid topologies are commonly 

reserved for heavy duty vehicles where the mass of the vehicle is not a significant concern, or 

where the laden mass varies substantially due to attached loads. For this reason, a series 

hybrid topology was rejected. Grid-connected series hybrids (REEVs) are becoming 

relatively common in western markets, however this topology still cannot be achieved 

economically due to the significant battery capacity required and mandated by CARB BEVx 

definition (CARB 2012) 

The series-parallel topology is the most common topology used for hybrid vehicles currently 

available, and is the most dominant from a sales perspective. The benefits are numerous – by 

using smaller electric components and smaller engines it allows significant manufacturing 

cost savings compared to a series hybrid whilst also delivering outstanding fuel economy and 

emissions performance. It can be paired with OVC to deliver partial zero-emissions 

capability (Lukic et al. 2005). However, the cost of a series-parallel hybrid powertrain is still 

relatively significant due to the high complexity of the topology, which requires at least two 

electric machines and often employs complex multi-mode transmissions to manage the 
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various drive modes, as well as the relatively high voltages used (commonly 200-300V 

battery paired with 650V motors). Another consideration is its significant mechanical 

divergence from typical ICE powertrains, which can cause issues for service technicians who 

are unfamiliar with the functionality of the powertrain. 

In contrast, the parallel topology is highly scalable, and can be deployed flexibly in many 

configurations, allowing for a wide range of solutions that can be designed to meet both 

technical requirements and budgetary needs (Table IV). 
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Functionality P0 P1 P2 P3 P4 
ICE-
independent 
operation 

Only for 
powering 
engine 
accessories 

No Yes Yes Yes 

Transmission-
independent 
operation 

Yes No No Yes Yes 

Regeneration 
level 

Minimal -
after engine 
pumping 
losses 

Low – after 
transmission 
losses 

Low – after 
transmission 
losses 

Higher – after 
diff losses 

Highest 

Motor as 
generator? 

Yes – 
replaces 
alternator 

Yes Yes – only 
when in 
motion 

Yes – only 
when in motion 

Not 
optimized 

Motor location 
and 
accommodation 

Engine front-
end 
modification 
(replaces 
alternator) 

Transmission 
bell-housing 
and flywheel 
(replaces 
flywheel) 

Transmission 
bell-housing 
and flywheel 
(drives input 
shaft) 

Transmission 
output 
(transmission 
casing or output 
shaft) 

Wheel hubs 
or front/rear 
subframe 

Direct Engine 
Accessory 
Drive 

Yes No No No No 

Engine idle-off Yes Yes Must retain 
starter 

Must retain 
starter 

Must retain 
starter 

Engine Load 
Management 

Not 
significant 

Yes Yes Yes Yes 

EV Mode No No Limited Yes Yes 
Torque-fill 
during 
gearshift 

No No No Yes Yes 

Torque-
vectoring (yaw 
control) 

No No No No Yes 

Relative cost 1 (cheapest) 3 3 2 (RWD/4WD) 
3 (FWD) 

5 (most 
expensive) 

Table IV Functionality of the various parallel hybrid topologies P0-P4 

 

The P3 configuration was selected after a careful design study with respect to the design 

benchmarks. The low-cost requirement discounted the possibility of a P4 hybrid. The P0 was 

discounted because its main benefit, namely, the ability to drive engine accessories 

independently of engine operation, could also be realised using electric accessories in 

conjunction with any other hybrid configuration. The generator operation is also dependent 
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upon engine rotation, limiting potential energy-saving benefits, which is the same reasoning 

for which a P1 configuration was dismissed. This left the P2 and P3 configurations, which are 

relatively similar. However, whilst the P2 configuration works best with an automatic 

transmission, the P3 configuration, being independent of the transmission, frees the design to 

adopt any kind of transmission, and provides the opportunity to optimize shifting quality by 

regulating torque during the gearshift event. This is an important consideration for cost, 

because it opens up the potential to use a manual, or AMT transmission in place of more 

costly transmission types.  

 Summary 3.6
Whilst electric vehicle technology has advanced considerably in the last three decades, there 

is a significant divide between the penetration of vehicle electrification in western countries, 

who have largely been technology leaders in this industry, and developing countries that are 

lagging behind, in many cases by over a decade in terms of fleet average statistics. In many 

developing countries, the cost of a new vehicle is prohibitive to much of the population, 

making new technology such as EVs inaccessible. Many OEMs have responded to this cost 

issue by developing low-cost vehicles based on licensed designs that may be decades old. 

This brings new cars to the market at cost effective prices but does not bring any emissions or 

electrification benefit. Compounding the problem is the relatively high cost and low 

reliability of electrical grid infrastructure, which is prerequisite to market penetration of grid-

connected EVs. The global trade in used cars supports the demand for low-cost motorization 

in these countries, and is a key driver of increasing rates of motorization. However, the used 

car trade relies on a steady flow of older vehicles, many of which are no longer emissions 

compliant, or in some cases have had valuable emissions components such as catalytic 

converters removed prior to export. This effectively exports the emissions problem of 

developed nations to developing ones. The dilemma for developing countries is that they are 
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reliant on the used vehicle trade and older national fleets for motorization, which enhances 

economic output, but cannot then adopt strict emissions regulations due to compliant vehicles 

being inaccessible to a large portion of the population.  

A market-based approach is proposed as one way of addressing this dilemma. A low-cost 

hybrid electric vehicle using the P3, post-transmission parallel hybrid topology is proposed. 

The P3 topology was considered against a range of other topological configurations, 

including series, series-parallel, and other parallel configurations. It was selected because it 

offers a relatively low-cost method of partial electrification. It is not dependent upon off-

vehicle charging which can be inaccessible in many developing countries, and it offers the 

possibility of configuring the vehicle with a strong feature set, including positive and 

negative engine load levelling, low speed EV mode, and continuous torque gear changes 

using a low-cost manual transmission. 



 

80 

Chapter 4:  Initial Design and Requirement 
Benchmarking 

The design process for the MHEV prototype vehicle is the third step in the V-cycle 

development and verification model. At this stage of the development process, the project 

requirements are analysed to develop a design brief, which is the tool against which 

component selection is justified. The project requirements are described in Chapter 3, and are 

broadly defined in three categories. These are: 

Fixed component definitions: The project requirements dictate a manual gearbox with single, 

dry clutch for motor in-fill torque investigation. The MHEV topology dictates an electric 

motor at the transmission output shaft or further downstream in the drivetrain, and a storage 

device for the energy used to drive the electric traction motor 

Broad component definitions: The requirement to control the electric motor and supply a 

traction battery dictates a number of supporting devices, such as a motor controller and 

battery management system. 

Design quantities: System dimensions such as motor power, battery energy storage, speed or 

temperature limits are either known, calculated from project requirements or prescribed based 

on component selections. 

In the following sections the project requirements will be discussed and from these, the fixed 

component definitions will be justified. The design quantities for those fixed components will 

be articulated, and broad component definitions will be used to justify the remaining 

component selections. 

 Project Requirements 4.1
The project requirements call for the development of a MHEV powertrain for torque-filling 

during gear changes, and testing and development of other functions including engine load-
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levelling, engine assistance, regenerative braking, and engine start-stop. The primary goals of 

the project are to develop a high-feature, low-cost, simplified hybrid powertrain, to increase 

fleet electrification in developing markets. The impetus behind the desire to increase fleet 

electrification is to improve local emissions performance and reduce reliance on petroleum 

oil. Therefore, the identified needs required to be met by the project became: 

1. Cost minimisation (purchase and operation) 

2. Rugged, reliable, simple 

3. Favourable emissions performance 

4. Adequate dynamic performance 

5. Feature-rich 

 Base Vehicle Specification 4.2
To meet these needs, it was determined that a B- or C- segment vehicle (small/medium car) 

would present the most cost-effective platform for building the MHEV prototype. Therefore a 

kerb weight of no greater than 1200kg was set as a preliminary design constraint. An 

acceptable 0-100km/h acceleration time of between 8.5 and 9.5 seconds was also determined 

as satisfying dynamic performance criteria. This determination was made by surveying 

vehicles in the B segment and adopting similar performance to that published in the literature.  

From these basic fixed definitions of kerb weight and acceleration, it was possible to make a 

rough estimation of the engine power and torque design quantities. This was accomplished by 

modelling a generic powertrain, using a generic engine peak power curve and typical drive 

ratios. The generic characteristics are provided in Figure 4.1 to Figure 4.3. 
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Figure 4.1 Generic engine characteristic (peak values) 

 

 

Figure 4.2 Generic vehicle characteristic (in-gear velocities) 
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Figure 4.3 Generic vehicle characteristic (simulated peak acceleration) 

 

By varying the model inputs (engine characteristic curves and drive ratios), acceleration 

performance may be estimated reasonably simply. From the modelling, the generic vehicle 

achieved a 0-100km/h time of 8.9s, with a peak engine power of 82kW and torque of 

134N.m. These figures satisfy the dynamic performance criteria and were therefore adopted 

as the engine design quantities. These design quantities suggest a small capacity (sub-2.0 

litre) four-cylinder naturally aspirated petrol engine. These quantities are achievable using 

downsized or diesel engines, however the cost of manufacturing these increases the base 

price of the vehicle, due to requirements for forced induction or high-pressure direct injection 

systems (Ebbesen, Elbert & Guzzella 2013; Simmons et al. 2015). In contrast, a four-cylinder 

engine can achieve the desired output without the need for forced induction, using low-

pressure port fuel injection, whilst maintaining acceptable emissions performance without the 

need for specialised after-treatment (Isenstadt et al. 2016). Typically, this also means that fuel 

quality requirement is not especially high, which is particularly useful in regions where high 

quality fuel is not easily available. 
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Following this modelling exercise, the base vehicle design quantities could be set. These are 

shown in Table V 

Base Vehicle Specifications 

Category Design Quantity 

Kerb Weight 1200kg 

Engine Layout I4 

Peak Power 82kW 

Peak Torque 134N.m 

Fuel Petrol, Unleaded 91 RON 

Fuel Delivery Port injected 

Ignition Coil on plug 

Transmission 5MT 

Drive type Front-engine/RWD 

Onboard Diagnostics OBDI/Early OBDII 

Table V Base vehicle specifications 

 

Other vehicle specifications were set based on practical limitations. The requirement for 

providing continuous torque delivery during gear changes can only be satisfied by providing 

a prime mover at, or downstream of the transmission output shaft. In a Front-engine, Front-

wheel drive (denoted ‘FF’) vehicle (or Mid-engine/Rear-engine, Rear-drive vehicle 

‘MR/RR’), the gear ratios and final drive are combined into a single unit (transaxle). The 

differential is usually directly meshed with the transmission output shaft, with the entire 

transaxle output embodied in two articulated half-shafts directly driving the front wheels. 

Because of this, there is no practical means of inserting an electric motor into a pre-existing 

transaxle housing, and therefore no practical way to build the prototype vehicle as an FF, MR 

or RR vehicle. Notwithstanding this, it is recognised that in a manufacturing scenario, a 

transaxle unit housing an electric motor at the transmission output would be significantly 

more cost-effective and compact than the prototype FR version.  
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The selection of an early OBDII or OBDI vehicle was made to circumvent the need to decode 

proprietary CAN messages, a difficult and time-consuming process which involves using a 

CAN bus sniffer to correlate CAN IDs to physical events. Complex OBDII vehicles may 

have monitoring that may flag faults if the vehicle is modified. If a fault code is triggered, 

this can often cause the vehicle to behave unexpectedly under testing. 

 Electric Propulsion System Specification 4.3
The design of the electric propulsion system requires the optimization of many more 

variables than the base vehicle design. As previously discussed in 3.5, hybridization is not 

just an exercise in component sizing, but also in vehicle topology, and control methodology. 

The beauty of hybridization is that the permutations and combinations of electric motor (EM) 

and ICE topology, combined with targeted control strategy allow various systems to be 

developed to achieve a diverse range of design goals, whether they be aimed at improving 

dynamic performance, economy, or emissions. This is achieved by balancing the compromise 

between maximising each power source’s advantages and using each to compensate for the 

other’s disadvantages. HEVs (regardless of their specific configuration) are more efficient in 

optimising engine operation with the added benefit of regenerative braking. This efficiency 

comes at the expense of needing a secondary power source like a battery, which may be 

heavy and inefficient. The implications of their usage include spatial complications in fitting 

the system within the body of the vehicle, a decrease in loading capacity and the loss of 

energy from the loaded tyres. Another variable available to the designer is the degree of 

hybridization, which gauges the proportion of power sourced from the secondary power 

source against the power sourced from the ICE. Hybrid vehicles (disregarding for the 

moment plug-in hybrids and extended range electric vehicles) are denoted as micro-, mild-, 

and full-hybrids depending broadly upon the degree of hybridization. The same topology 

with the same control strategy can deliver different benefits simply by varying the component 
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sizes. The exercise therefore becomes a multivariate optimization problem. To develop a 

hybrid powertrain that is cost-effective in manufacturing, feature-rich, offers high dynamic 

performance, efficiency, and smooth driving characteristics, it is necessary to strike a 

functional balance against all the desired criteria.  

4.3.1 Hybrid Topology 

Broadly speaking, there are three main hybrid powertrain topologies available for us to 

consider. These are; series, parallel, and series-parallel (Emadi, Lee & Rajashekara 2008; 

Lukic et al. 2005) The series hybrid was rejected due to the increased cost associated with 

providing an electric motor, inverter drive, and battery capable of providing the peak power 

for the vehicle. The series-parallel hybrid was rejected because it would either require a 

second electric machine or a split power path. This increases system complexity and 

component cost, leaving the parallel hybrid topology as the best choice in terms of both 

maximising simplicity and minimising cost. Within the parallel topology, based on the 

location of the electric machine there are still several configurations that require 

consideration (Bao, Avila & Baxter 2017; Masrur & Mi 2011). However, the choice of which 

topological configuration to use is simplified by way of the project requirement of providing 

continuous drive torque during gear changes. This criterion limits the topology of the electric 

propulsion system is limited to the P3 or P4 parallel hybrid topology.  

The P3 topology uses a single electric motor placed at the transmission output shaft, prior to 

the final drive. The benefit of the P3 topology is that it is simple to implement, requiring only 

one electric machine. In production, the electric machine can be integrated into a transaxle in 

the case of FF/RR/MR vehicles, or in the case of FR vehicles, it can be a separate assembly 

directly flanged to either the transmission housing (replacing the typical rear extension 

housing), or the rear differential. Its primary drawback is that the electric machine must 



Chapter 4: Initial Design and Requirement Benchmarking 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 87 
 

operate efficiently within the speed range of the transmission output shaft, which does not 

exceed 4000 RPM in typical usage. One way to overcome this drawback is to mesh the motor 

to the transmission output shaft using a reduction drive (Figure 4.4), rather than directly 

driving through the motor, although this in itself has other drawbacks in terms of efficiency, 

noise, and cost. 

 

Figure 4.4 P3 topology can incorporate gear reductions for the electric motor to improve efficiency (x-
engineer.org 2019) 

 

The P4 topology requires either two hub motors placed on an axle, or a single motor driving 

the non-driven axle (a so-called through-the-road, or TTR hybrid). In the case of twin hub 

motors, the designer is free to select whether to place the motors on the driven or non-driven 

axle. However, typically for packaging reasons, hub motors are placed on the rear axle as it is 

not steered, and the installed brake hardware is generally smaller than that installed on the 

front axle. This provides greater clearance for the hub motor. 

The use of hub motors is disadvantageous in many ways. Such a topology has significant 

vehicle kinematics disadvantages (unsprung weight), electrical disadvantages (motor must 

have atypically low base speed), and cost disadvantages (cost of twin motors and two-channel 

motor controller). For these reasons, the P4-hub motor topology was rejected. 
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The second embodiment of the P4 topology is the deployment of a single electric machine on 

the non-driven axle to provide a TTR hybrid. This embodiment has significant advantages. It 

provides the opportunity to deliver a compact, efficient, four-wheel drive (4WD) powertrain. 

This can be used to provide increased low-µ or split-µ traction. It also offers improved 

acceleration performance compared to a two-wheel drive powertrain. The disadvantage of the 

single motor P4 topology is that a second differential or side-by-side electric machine is 

required, through which the electric motor drives its axle. This also adds associated hardware, 

including a rear subframe, second pair of half-shafts, constant velocity joints, and driven 

hubs, all of which represent a further increase in cost (Murata 2012). Care must also be taken 

when calibrating the operation of the P4 hybrid, as changes in the applied torque can cause 

undesirable vehicle dynamics (Crolla & Cao 2012; Kaiser et al. 2011). The final benefit of 

this increase in hardware is that the motor is independent of the transmission output speed, 

and therefore the differential drive ratio can be chosen to be particularly suited to the 

characteristics of the motor, rather than constraining motor choice as is required in a P3 

topology. 

Comparing the P3 and single-motor P4 topology, the primary choice was a trade-off between 

the favourable manufacturing cost associated with P3 vs the 4WD functionality of the single-

motor P4 (Table VI). 
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Feature set P3 P4-single motor 

Power path Mechanical link Through the road 

Continuous torque delivery Yes Yes 

Engine load levelling Yes Yes 

Regenerative braking Yes Yes 

Drivetrain torque oscillation damping Yes No 

Engine Start-stop Yes Yes 

Four-wheel drive No Yes 

Manufacturing Cost Low High 

Table VI P3 and P4 hybrid topology featureset 

 

Another notable difference in functionality is the inability of P4 to provide active drivetrain 

torque oscillation damping. Such torque oscillations are commonly observed on clutch 

engagement due to the relatively small damping elements present in the driveline. Because 

the P4 electric machine is not in the primary power path, it is therefore unable to exert a 

direct torque in that path. There is also a high level of damping present in the TTR power 

path. This damping is in the form of tyre flex, suspension and subframe mount compliance, 

and body flex, and prevents the active control of drivetrain torque oscillations in the same 

way that is possible using P3. 

Ultimately, the P3 topology was selected as it represents the most cost-effective method of 

hybridization possible and maintains a strong feature set in comparison to the single motor 

P4. Therefore, it became possible to add a single electric motor, battery, BMS and motor 

controller to the fixed component list for further design work in terms of component sizing 

and selection. 

 Component Sizing and Selection 4.4
There are many methods to calculate the desired design quantities for hybrid vehicle 

components. Methods that have been discussed in the literature are based on heuristic 



Chapter 4: Initial Design and Requirement Benchmarking 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 90 
 

optimization (Passalacqua et al. 2019), numerically simulated using forward-modelling (Guo 

et al. 2018), backward-modelling (Mamikoglu & Dahlander 2019), computationally derived 

using a variety of algorithms such as variations on search technique (Kim, Kim & Park 

2018), variable minimization (Ebbesen, Elbert & Guzzella 2013), single-objective or mutli-

objective (Wu et al. 2011). There are likely as many ways to arrive at an optimization as there 

are optimizations themselves. (Huang et al. 2018) presented a comprehensive review of 

optimization methods and each method’s positive and negative characteristics, as well as case 

studies from the literature describing published outcomes. 

 

Figure 4.5 A tree-diagram of all "online" (i.e., not using static component relationships) component sizing 
methods (Huang et al. 2018) 

 

Regardless of the method used, the process of optimization requires at least one reference 

criterion to which the component being designed is to be optimized, and one design quantity, 

the dimension(s) of which is the characteristic being optimized to meet the reference 

criterion. Further criteria may be added, which has the effect of further restricting the set of 

design quantity dimensions that constitute a valid solution. Additionally, further design 

quantities may be added, which has the effect of increasing the set of possible (but not 

necessarily valid) solutions. It is possible to restrict the valid solution set such that no 

optimized solution can exist, particularly if mutually exclusive criteria are added to the design 
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problem. It is also possible to add design quantities to the problem such that it is difficult or 

impossible to reach a valid optimized solution with a meaningful level of confidence. It is for 

precisely this reason that optimization can become computationally intensive. Therefore, it is 

always preferable to limit both the inputs and outputs of an optimization problem sufficiently 

to ensure a solution exists and can be clearly identified. 

For the build of the prototype P3 hybrid vehicle, there are several design quantities that must 

be optimized, and components must be designed or selected to meet the optimized quantities. 

In the first instance, a base vehicle that lends itself to the modifications required to build the 

prototype must be selected. Based on its characteristics as well as the stated design 

objectives, it is then necessary to define the electric motor characteristics. This is achieved by 

modelling the MHEV system operation in representative drive cycles for the purpose of 

obtaining motor operating points. The distribution of the operating points will be used to 

specify motor operation speed range, torque curve and power demand. The same 

methodology can also be used to understand electrical power demand, which allows battery 

characteristics such as pack voltage, maximum stored energy, maximum discharge and 

charge rates to be determined. These are determined by integrating the power demands and 

supplies over the drive cycle, as well as investigating the motor operation events exhibiting 

peak characteristics. 

Once battery pack characteristics and electric motor characteristics are understood, the 

selection of motor controller and BMS hardware is made ensuring compatibility with the 

desired hardware characteristics and control methodology. For the prototype vehicle, 

considerations of packaging, weight, or volume of hardware are secondary and may be 

disregarded due to their minimal effect on overall vehicle characteristics. The selection of the 

supervisory controller was not considered as it was limited to the dSPACE MicroAutoBox II, 

due to its availability in the laboratory. Further, the MicroAutoBox II is an ECU development 
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platform, rather than a hard-programmed ECU, and therefore is not representative of the 

hardware that would be used on a final version of the prototype vehicle. 

The optimization and selection process for the primary hardware items (base vehicle, electric 

motor, motor controller, battery, BMS) is discussed in detail in the following sections. 

4.4.1 Base Vehicle 

As discussed in 4.2, the base vehicle was required to have a base powertrain in the rear-wheel 

drive, front-engine configuration with an inline four-cylinder engine and manual gearbox 

providing traction drive (FR/I4/5MT). The rated peak power and torque of the engine was to 

be approximately 82kW/134N.m and the total weight of the vehicle was specified at 

approximately 1200kg. 

To locate appropriate base vehicles, a search of the market was conducted, inputting the 

various requirements into the search engine. The search covered the Australian new and used 

vehicle market using the largest vehicle classifieds website (by number of advertisements) in 

Australia (www.carsales.com.au). The search returned ten vehicle models as potential 

candidates for the base vehicle. These models along with key details are listed in Table VII. 
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Make Model Series 
Engine 
Size 
(L) 

Power 
(kW) 

Torque 
(N.m) 

Kerb 
Weight 
(kg) 

Min. 
Advert. 
Cost 

Suitability 
Index 

BMW 116i E87 1.6 85 150 1215 $8,000 83.15% 
BMW 118i E87 2.0 95 180 1220 $8,000 48.15% 
BMW 318i E36 1.8 85 168 1275 $3,000 64.72% 
BMW 318i E46 1.9 87 180 1330 $4,500 48.74% 
Mazda MX-5 NA 1.6 85 130 995 $3,000 76.27% 
Mazda MX-5 NB 1.8 106 195 1026 $4,000 10.71% 
Mitsubishi Express SJ 2.0 83 165 1280 $3,000 68.98% 
Suzuki APV   1.6 68 128 1165 $5,000 75.53% 
Toyota Hilux RZN147 2.0 86 166 1294 $3,500 63.41% 
Toyota Townace KR42R 1.8 56 142 1196 $3,000 61.99% 

Table VII  The results of a market search for potential base vehicles for the MHEV assembly process 

 

The models consisted of four light commercial vehicles and six light duty passenger vehicles. 

To evaluate their suitability as a base vehicle, a suitability index was calculated, by 

calculating the deviation from design quantities as a percentage. The formula used for the 

suitability index was (Eq. 4.1):  

𝑆𝑢𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦(%) = 1 − (
|𝑃𝑜𝑤𝑒𝑟 − 82|

82
+
|𝑇𝑜𝑟𝑞𝑢𝑒 − 134|

134
+
|𝑊𝑒𝑖𝑔ℎ𝑡 − 1200|

1200
)         (4.1) 

 

This showed the BMW 116i E87 to have the lowest deviation from design quantities by a 

considerable margin. However, due to large price differential between it and the next most 

suitable vehicle, ultimately the Mazda MX-5 NA was selected. This choice was made not just 

for budgetary considerations, but also because the powertrain parameters of the MX-5 had 

smaller deviation from design quantities than those of the 116i, meaning much of the 

deviation came from the lighter weight of the MX-5 (see Figure 4.7 and Table VIII). This 

light weight, rather than being detrimental to the development process, allowed two main 

advantages: 
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 The prototype vehicle can be simply loaded with ballast for any road testing to 

increase its weight as required. 

 For dynamometer testing, vehicle inertia is simulated by dynamically altering roller 

brake load according to input values of sprung mass (force of inertia) and unsprung 

mass (moment of inertia). Because the sprung mass is stationary during dynamometer 

testing, its only effect is to vary the tyre-roller interface friction. Therefore, the kerb 

weight of the vehicle is largely insignificant for such testing. 

As it turned out, there were also some unexpected advantages of the selection of the MX-5. 

The lack of a fixed roof made installation of the electric powertrain components a much 

easier physical task than would have been possible with any other selection, as much of the 

installation could be done standing in or beside the car, rather than crouching in the confined 

cabin space. There was also a large, convenient space available for the installation of 

components once the retractable cloth roof was disassembled and removed from the vehicle 

(Figure 4.6). This greatly simplified the physical assembly and wiring process. 
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Figure 4.6 Top-down view of the prototype vehicle with the roof removed 

 

As a final step in confirming the base vehicle selection, the generic design quantities derived 

in 4.2 were compared against measured quantities taken from an example of the selected base 

vehicle model, showing good correlation. 



Chapter 4: Initial Design and Requirement Benchmarking 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 96 
 

 

Figure 4.7 Comparison of generic engine and prototype vehicle engine peak power and torque 

 

Figure 4.8 Engine BSFC Map (Oglieve, Mohammadpour & Rahnejat 2017) 
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Ratio Generic Actual 

(MX-5) 

Effective 

(generic) 

Effective 

(MX-5) 

1st 3.4 3.136 13.6 12.189 

2nd 2.5 1.888 10 7.333 

3rd 1.6 1.330 6.4 5.169 

4th 1.15 1.000 4.6 3.887 

5th 0.87 0.814 3.48 3.164 

Final Drive 4.0 4.1   

Wheel Radius 0.25m 0.237m 

(0.948) 

  

Table VIII Gear ratio comparison - generic vehicle and prototype MX-5 (Mazda Motor Corporation 1989) 

 

4.4.2 Electric Motor Charaterization 

The electric motor in the P3 prototype hybrid vehicle was required to be inserted into the 

powertrain at the transmission output shaft (in the case of the prototype vehicle, at the prop 

shaft). In this position, the electric motor is required to provide, at various times:  

 in-fill torque during gear changes,  

 battery charging through regenerative braking, 

 battery charging through engine load levelling, 

 Acceleration assistance through engine load levelling, and 

 Electric-only crawling (EV start-stop) 

The execution of these functions represents the reference criteria for which optimization was 

required. The design quantities required to be optimized include the electric motor 

mechanical power and torque demands, and the speed range at which these demands must be 

met. There were also other limitations set. For instance, the maximum diameter of the motor 

with its housing could not exceed 310mm, which represented the width of the transmission 

tunnel in the base vehicle at its widest. The operating voltage of the motor was also required 
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to be minimized as far as practical, in order to reduce the total manufacturing cost, by 

limiting the need for a high voltage battery pack, buck/boost converter hardware, and high-

voltage IGBTs used for motor control. Practical limitations to the voltage limit include the 

motor diameter, which is required to be physically larger to generate the same torque, 

comparatively speaking, as a higher voltage motor. Current draw and parasitic loss is also a 

practical limitation, as the battery pack may not be physically capable of discharging safely at 

high current draws. Therefore, it becomes necessary to optimize the motor operating voltage 

in terms of cost, motor size, and battery discharge characteristics. 

To ascertain electric motor mechanical power and torque demands, the MHEV vehicle 

characteristics were used to compute instantaneous power demand for a given drive cycle. 

Because drive cycles are defined by one-second time intervals with an associated speed 

indicator, the instantaneous power demand was computed by assuming constant acceleration 

for each one-second interval and calculating the power required to achieve the desired 

acceleration between each interval and the next. There were several drive cycles available but 

the New York City cycle (NYCC, Figure 4.9) was selected for its high dynamic variation, 

low average speed, and frequent stops. This cycle is highly representative of a chaotic urban 

road network, which is the environment for which this MHEV is being designed.  
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Figure 4.9 New York City Cycle (NYCC) speed and acceleration trace, as well as power requirements using 
base vehicle specifications 

 

Once the power required by the base vehicle was determined, it was possible to characterize 

motor power demands in a piece-wise manner, by applying each operation mode individually 

to the cycle. The engine load-levelling does not alter the final outcome for motor selection as 

the instantaneous (peak) power demand from both engine assistance or battery charging does 

not exceed the peak demand from the modes in which the vehicle is solely relying on electric 

motive power. These two modes do, however, have a large influence on battery sizing, which 

is discussed in later sections. Because of the on-axis coupling of the electric motor to the 

petrol engine in the P3 hybrid, the load-levelling strategy follows a linear optimization 

process whereby both BSFC and emissions are optimized by targeting the optimum engine 

manifold pressure (or more precisely, BMEP) for a given engine RPM.  
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The power demand for the in-fill torque mode was characterized by overlaying a gear change 

pattern to the NYCC (Figure 4.10). The gear change pattern was developed by applying a 

speed trigger to the cycle to determine gear shift points. The speed trigger was modified using 

a time delay, so that rapid gear shifts in quick succession cannot occur if the cycle speed 

fluctuates around the trigger speed. Forty-two gear change events were identified across the 

cycle length of 598 seconds (Figure 4.11 and Figure 4.12). When the gear change events were 

identified, it was possible to determine the motor speed, torque, and power required to 

provide 100% in-fill torque at each gear change event. 

 

Figure 4.10 NYCC shift points based on the prototype vehicle specifications 
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I  
Figure 4.11 Power required for gear change using NYCC 

 

 

 
Figure 4.12 Electric motor torque and speed required at gear change. 
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Because the motor in the P3 hybrid configuration is placed after the transmission output 

shaft, it is not necessary to account for the first reduction ratio. Motor speed is a function of 

road speed only and motor torque is calculated based on the required tractive torque and the 

final drive ratio. The average up-shift power required during gear changes was 9.46kW, and 

all but one gear shift event recorded required less than 30kW for full torque in-fill. The 

down-shift (regen) in-fill power was similar, recording an average of -10.33kW. Therefore, a 

motor power rating of 10kW continuous and 30kW peak was adopted as a design quantity. It 

should be noted that because the NYC cycle is a low-speed cycle with a maximum velocity of 

only 44.5km/h, there are no 3-4 or 4-3 gear shift events recorded in the cycle. The gear shift 

events in Figure 4.12 are clustered into 1-2/2-1 events in the left-most cluster, and 2-3/3-2 

events in the right-most cluster. Power demands in higher gears (3-4, 4-5) are unlikely to 

differ significantly, as the 4th and 5th gear ratios are lower, therefore prop shaft torque is also 

lower, and power remains similar despite increased motor speed.  

The motor rated speed was calculated based on prop shaft speed at the design maximum 

velocity vmax. The design maximum velocity is achieved at maximum engine power in top 

gear, which for the chosen base vehicle was approximately 6200 RPM with the overdrive 

gear ratio of 0.814. This gives a rated maximum motor speed of 7616 RPM.  

The same design exercise was repeated for the EV crawl mode (Figure 4.13). In this mode, an 

overlay was applied to the cycle data by limiting crawl speed to 20km/h and crawl 

acceleration to 0.8m/s2. It was assumed that at speed or acceleration above these limits the 

EV crawl mode would be cancelled and the vehicle would revert to hybrid operation. These 

limits were selected as being representative of a typical 1-2 up-shift speed for the base 

vehicle (keeping engine revolutions under 3000 RPM in each gear) and a gentle acceleration 

as would be required in congested stop-start city traffic. 
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Figure 4.13 EV crawl mode power demand 

 

The peak motive power required was 4.4kW, and over the entire 598 second cycle, total 

mechanical energy consumption was recorded as 0.024kWh. Incorporating the energy 

consumption for the motor in-fill function, the total energy consumption rose to 0.027kWh, if 

downshifts (where negative power flow is demanded) are ignored. Incorporating the negative 

power flow, energy consumption is reduced to 0.012kWh (Figure 4.14). 
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Figure 4.14 EV crawl mode and torque fill (summed) power demand 

 

To characterize the regenerative braking energy recuperation possible throughout the cycle, a 

braking event overlay was applied to the cycle. Where the braking event power exceeded 

30kW, the power was limited to this value using the overlay. This occurred for five seconds 

out of the 598 second cycle, or less than 1% of the cycle time, and therefore its effect was 

negligible in the overall analysis. This also reflects the operation of a blended braking system, 

in which regenerative braking power must be regulated according to the maximum capability 

of the battery to pulse charge, the maximum power generation capability of the motor at its 

operation speed, and the dynamic vehicle load shift under braking, to ensure vehicle stability 

under braking and prevent wheel lock-up. As vehicle deceleration increases, the axle load 

becomes increasingly biased toward the front axle. The relationship between the front-to-rear 

axle load ratio and the vehicle deceleration is shown in a generalised form in Figure 4.15. 

This dynamic variation is particularly important to note in the design of a P3 hybrid 

powertrain, as the safe energy recuperation limit for otherwise identically-specified systems 
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will vary depending on if the powertrain configured as FF or FR. The blended brake torque 

for a braking event from 100km/h to complete stop is shown in Figure 4.16. The blending 

strategy is not affected by axle load, but the torque magnitude varies as a function of axle 

load and the friction co-efficient between the tyre and the road. 

Figure 4.15 Generalized front/rear brake bias (Tawadros, Zhang & Boretti 2014) 
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Figure 4.16 Brake blending strategy for hybrid vehicles, taking into account envelopes of motor operation 
(Tawadros, Zhang & Boretti 2014) 

 

The regenerative braking energy recuperation for the entire cycle was calculated to be 

0.26kWh. Regenerative braking was active for 194 seconds, and of this time, the braking 

power was less than 10kW for 160 seconds (Figure 4.17 & Figure 4.18). 

 

Figure 4.17 Regenerative braking profile on the NYCC 
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Figure 4.18 Brake power histogram using the NYCC (averaged over 1sec time unit) 

 

Finally, total motor torque was computed by aggregating the power demands in all three 

modes evaluated operating modes and dividing by the prop shaft speed at each cycle time. 

 

Figure 4.19 Total electric motor torque demand profile on the NYCC 
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300-400N.m would be sufficient for the torque in-fill demands. The outlier of 752N.m at 

198s cycle time was disregarded for this purpose Figure 4.19. 

 

 

Figure 4.20 Electric motor load points on the NYCC 

 

By plotting motor speed and torque (Figure 4.20) it can be seen that the motor’s constant 

torque region should extend to approximately 1000-1100 RPM, therefore the base speed was 

set to the higher value. 

Based on the piece-wise characterization of the motor, it was determined that the motor 

should meet the specifications listed in Table IX. These design quantities correlate well with 

other electric machine design requirements in automotive applications, which typically call 

for similar ratios of continuous to peak ratings, as well as high maximum speed to base speed 

ratio. 
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Motor Design Quantities 
Power – Continuous 10kW 
Power – Peak 30kW 
Torque - Continuous 200N.m 
Torque – Peak 400N.m 
Maximum Speed 7616 RPM 
Base speed ~1100 RPM 
Diameter - maximum 310mm 

Table IX Motor design parameters 

 

4.4.3 Electric Motor Selection 

Selection of the electric motor relies on much more than just the design quantities listed 

above. There are many different types of electric motor construction, and the design 

quantities listed above may be met by a large subset of them. It is important to consider the 

type of motor and the advantages and disadvantages offered when making a selection. The 

most commonly used motors in an EV traction application are the permanent magnet 

synchronous motor (PMSM, also commonly called the BLDC, or brushless direct current), 

AC Induction motor (ACIM), and the switched reluctance motor (SRM) (Xue, Cheng & 

Cheung 2008). Older EVs employ a brushed DC motor, however these motors are no longer 

commonly used due to high electrical noise caused by the continuous movement of the 

commutator ring against the brushes, as well as increased maintenance needs caused by 

friction and arcing across the sliding surfaces. 

The PMSM drive type is a high-efficiency, high power-density construction due to its 

permanent magnet construction, which eliminates the need to separately energise the 

magnetic field. This leads to higher efficiency than either a brushed DC or an ACIM unit. 

They also have an extended speed range compared to a brushed DC unit, because they do not 

require mechanical switching by brushes and commutator rings, and can operate in regen 

down to zero speed owing to the presence of the permanent magnets. The disadvantage of a 
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PMSM drive is that it is typically more expensive than an AC induction motor owing to the 

high cost of magnets required for the design. It is also difficult to build high-torque PMSM 

devices due to the brittle nature of magnetic material, which can, under cyclic stress, fatigue 

and crack. Another drawback is the limited ability to sustain field-weakening, due to the 

permanent magnetic field which can only be weakened by creating an opposed stator 

magnetic field. PMSM drives, as with all permanent magnet devices, are characterized by a 

non-zero cogging torque and exhibit mild torque ripple, which can be problematic in 

automotive applications, particularly at low speeds where it is felt as a pulsation in tractive 

force by vehicle occupants (Momen, Rahman & Son 2019). 

Switched reluctance motors, by comparison to the PMSM, are simpler and more robust in 

operation. The power is delivered to the stator windings rather than the rotor and because of 

this they are considerably easier to cool, as it is the stator that requires cooling. This can be 

accomplished through case-mounted cooling hardware such as fins or a cooling jacket. The 

SRM is also a much more robust machine than PMSM, because its rotor is quite simple, 

being a non-wound multi-pole ferrous shaft, with positional encoding for control. Its 

operational characteristics (wide constant power region, low base speed, fault-tolerant 

controllability) make it ideal for deployment in automotive powertrains. The principal 

drawbacks of the SRM design are high inherent cogging torque and acoustic noise emissions. 

Research into eliminating these drawbacks is still ongoing. (Zhang et al. 2011) has proposed 

the inclusion of permanent magnetic material within the stator as a method of minimising 

ripple. Other methods (Ding, Liu & Li 2019; Gengaraj et al. 2018; Sadat, Ahmadian & 

Vosoughi 2018, inter alia) utilise various distortions of the control signal to smooth the 

ripple. It has been reported that the recently released Tesla Model 3 utilises a permanent 

magnet SRM (PMSRM) as its rear traction drive. Whilst the SRM motor is well-suited to 

implementation in the powertrain, it was not possible to find an SRM motor or controller to 
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meet the design requirements as an off-the shelf item. Custom solutions based on SRM 

technology were significantly outside the project budget. 

The AC Induction motor, whilst not as efficient as the PMSM or the SRM, and not as simple 

as the SRM, offers many advantages. It is relatively simple in construction, requiring a series 

of windings around the stator, and utilising a solid rotor consisting of an electrical path 

(usually aluminium) and a magnetic path (a ferrous squirrel cage). It also exhibits low torque 

ripple and no cogging torque due to the absence of permanent magnets in its construction. 

The control of AC induction motors is somewhat more complex than that of DC or SRM 

motors. The well-established control method of Field orientation control (FOC), otherwise 

known as vector control is used to accomplish torque control, and speed control is via 

variable frequency drive (VFD). FOC relies on a high-resolution position signal for control of 

the motor. The position signal is used to compute motor slip frequency and is an input to the 

transformation of the 3 phase currents from the stator frame of reference to the rotor frame of 

reference. This allows the reduction of the three-phase input to two orthogonal components, 

which control the magnetic flux and the torque. This same method is also used for the control 

of PMSM machines. 

 

Figure 4.21 The operating principle of Field-oriented control (Freescale Semiconductor 2014) 
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Due to the PMSM’s always-on (permanent) magnetic field, control of a PMSM for an on-axis 

P3 hybrid powertrain where the motor is permanently coupled is inherently less efficient than 

that of an ACIM. This is because of the need to actively control the magnetic field rotation 

speed with the rotor rotation speed at all times. Failure to do this causes the rotor to 

experience rapidly alternating positive and negative torque due to permanent magnet 

construction. This results in excessive mechanical vibration, noise, and wear. Conversely, 

even if the PMSM in an on-axis permanently coupled application is not required to produce 

torque, such as if the vehicle is cruising at an efficient operating point, the magnetic field 

must always still be controlled, requiring energy input to control the machine at zero torque. 

This disadvantage is not present in ACIM drives. For this reason, the only practical solution 

for the prototype vehicle was the selection of an AC induction motor.  

Motor Design Quantities 
Power – Continuous 10kW 
Power – Peak 30kW 
Torque - Continuous 200N.m 
Torque – Peak 400N.m 
Maximum Speed 7616 RPM 
Base speed ~1100 RPM 
Diameter - maximum 310mm 
Construction AC Induction 
Shaft Double-ended 

Table X Updated motor parameters 

 

It should be noted that were the motor to be mechanically engaged and disengaged as 

required by way of a clutch, the PMSM drive would have likely represented a better choice. 

The efficiency of the PMSM drive is preferable, and in a clutched arrangement the cogging 

torque is insignificant unless starting from zero speed. In the clutchless topology as proposed, 

the SRM drive would also be preferable to the ACIM were there suitable commercial 

solutions available.  
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A review of the literature found several HEV and EV research activities using AC induction 

motors from a US-based company, Hi Performance Electric Vehicle Systems (HPEVS) 

(Akritidis 2015; López et al. 2018; Wu & Zhang 2015; Wu, Partridge & Bucknall 2018) . A 

range of other motor manufacturers were contacted, including Siemens, ABB & others, 

however no suitable solution could be offered within specification and budget. HPEVS has a 

wide range of ACIM drives available and specialises in motors for use in electric vehicles. 

When provided with the design quantities, the company proposed a HPEVS AC-9 drive. The 

motor meets many of the design quantities specified. Its specifications are listed in Table XI 

and the efficiency curve is provided in Figure 4.22. 

HPEVS AC-9 
Power – Continuous 16.5kW 
Power – Peak 44.58kW 
Torque - Continuous 17N.m 
Torque – Peak 94.6N.m 
Maximum Speed 9000 RPM 
Base speed 4600 RPM 
Diameter 182mm (+42mm terminal block) 
Construction AC Induction 
Shaft Double-ended 

Table XI Motor parameters - HPEVS AC-9 

 

Figure 4.22 HPEVS AC-9 motor efficiency map (Akritidis 2015) 
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The motor continuous torque rating was noted to be substantially lower than design quantity, 

however the test method for obtaining the continuous rating required the continuous 

operation of the motor at the rated load for five minutes. This was considered to be 

substantially higher than required in the MHEV powertrain application, and therefore the 

peak rating was considered to be of higher importance. Whilst the peak rating was also 

substantially lower than desired, it was nevertheless sufficient to meet the torque requirement 

for 220 out of the 275 total seconds for which the electric motor is active in the NYCC cycle. 

The remainder of the time the motor could be used to meet the needs partially. An analysis of 

the AC-9’s expected performance on the NYCC cycle is shown in Figure 4.23. 

 

Figure 4.23 Torque performance analysis of the HPEVS AC-9 in the NYCC cycle using MX-5 parameters 

 

There are five drive events and nineteen regen events for which the AC-9 cannot supply 

sufficient torque to satisfy total vehicle demand. However, because the motor is largely able 

to satisfy the drive torque requirements of the vehicle, the vehicle will exhibit acceptable 

performance. The torque analysis in Figure 4.23 reflects the total drive (or braking) torque 
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required by the vehicle, rather than just the torque on the driven axle. It also does not account 

for brake bias required to maintain vehicle stability. The rear-axle coupling of the motor 

restricts the practical regeneration that can be achieved, due to the need to bias braking 

toward the front axle. Therefore, the motor will satisfy the needs of the prototype vehicle. 

4.4.4 Motor Controller 

A market survey found three models of AC induction motor controller that would be 

compatible with the AC-9 induction motor. These controllers are: 

 Kelly KAC96601-8080i 

 Curtis Instruments 1238e-7621 

 Tritium WaveSculptor200 

The Curtis controller was recommended for purchase with the AC-9 induction motor, and can 

be supplied pre-configured to operate the AC-9 motor as a “drive kit”. The other two models 

are standalone controllers and would need to be configured on delivery. A comparison of the 

three controllers was conducted, which is presented in summary in Table XII. 

Motor Controller Comparison 
Model 

O
perating 

V
oltage (D

C
) 

C
ontinuous 

C
urrent (A

) 

Peak C
urrent (A

) 

M
axim

um
 

Sw
itching 

Frequency (H
z) 

C
ooling 

C
ost 

C
om

m
unication 

KAC96601-
8080i 

72-144 240 600 (1 
min) 

250 Air AUD$1200 CAN 
bus/RS232 

1238e-7621 24-96 200 650 (2 
min) 

300 Air/Liquid AUD$3100 CAN bus & 
Analog I/O 

WaveSculptor200 0-400 N/S 300 N/S Liquid AUD$6600 CAN bus 
only 

Table XII Comparison of the commercially available motor controllers 
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The Wavesculptor200 is clearly designed for higher DC voltage applications than are 

required herein, evidenced by the high operating voltage but relatively low peak current of 

only half that of the other two options. This is also reflected in the high cost of the 

Wavesculptor200, which is over double that of the next most expensive choice. The Kelly 

controller cannot reach the full 650A peak current at which the AC-9 reaches its peak ratings. 

This is not necessarily problematic given the ability of the traction battery to safely discharge 

is also unlikely to match the maximum motor current draw. However, the lack of a liquid 

cooling option suggests that the controller is not designed sustained high current switching. 

The documentation available for the Kelly controller (Kelly Controls 2017) was also less 

comprehensive than that available for the Curtis, and the interconnections available on the 

Curtis were far superior, with a single 35-pin AMPSEAL bulkhead connector providing all 

I/O. The connector is environmentally sealed and designed for automotive and off-road use. 

In contrast, the Kelly controller is provided with four molex connectors serving all I/O 

functions on wiring harnesses protruding from the case. The Kelly controller is not IP-rated, 

whereas the Curtis is rated IP65. This, along with the lack of a liquid cooling capability, 

suggested that the Kelly controller was not as robust in construction as the Curtis. For these 

reasons, the Curtis 1238e-7621 was selected as the most appropriate motor controller. 

4.4.5 Traction Battery Sizing 

Traction battery sizing is determined by both energy demands, that is, the total electrical 

energy requirement of the vehicle over a given timeframe, as well as power demands, which 

are the instantaneous charge or discharge needs for a given event. There are a range of design 

objectives that must be optimised. Power capacity and energy storage capacity are the 

primary objectives, but consideration must also be made for pack weight and volume, pack 

voltage, which determines the number of individual cells in series, the pack charge/discharge 
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rate, which determines the number of parallel strings within the pack, thermal considerations, 

and energy conversion efficiency. 

Because the primary objective of this work is the experimental exploration of the use of 

powertrain electrification for enhancing torque delivery and operational characteristics of the 

vehicle, a complete traction battery optimization process has not been completed. Rather, 

some basic analysis is conducted and described in this section, following a variation on the 

methodology described by (Sharer et al. 2006). The methodology is modified due to the 

removal of the need to estimate an all-electric range (AER) for KERMIT IV, as the design 

intent is a mild hybrid vehicle with no significant AER. Additionally, thermal effects are not 

considered. Coulombic efficiency and motor efficiency are simplified to an average value 

derived from the respective maps, rather than being taken at each instantaneous operating 

point. Further optimization of the battery size would yield a lower cost-to-manufacture 

(CTM). 

The battery charge, discharge, and energy storage requirements are derived by continuing the 

analysis of the MHEV on the NYCC. The inclusion of engine load levelling events in the 

analysis allows the accurate estimation of energy storage requirements, which can then be 

added to the charge and discharge power as design quantities. 

To begin the analysis of the engine load levelling needs, it is first necessary to define a simple 

load-levelling strategy. Because of the on-axis coupling of the electric motor to the petrol 

engine in the P3 hybrid, the load-levelling strategy is reduced to a simple two-variable (4-

DOF) model, based on engine brake mean effective pressure (BMEP) and electric motor 

torque (Figure 4.24). The fixed inputs to the model are driver requested torque and battery 

SOC. Battery SOC is used as a state input; if the SOC is within the acceptable range then 

engine load levelling will function, and if not, then there will be no load-levelling available. 
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However, for the purpose of the initial design study, the battery SOC is considered to be 

acceptable all the time. 

 

 

 

Engine load-levelling for the on-axis hybrid configuration is accomplished using a vertical 

lookup which is based on the current torque request, and a horizontal lookup which is based 

on the measured change in engine speed Figure 4.25. The vertical lookup determines if an 

optimized load-site is available at the current engine speed. If no optimized site is available, 

the horizontal lookup determines if an optimized load site will be available if the engine load 

vector is altered within the parameter determined by the current torque request. 

 

Figure 4.25 Engine load levelling with on-axis permanently coupled motor is constrained by the road speed, 
which constrains engine speed when a gear is selected. The vertical and horizontal lookup strategy is shown 

 

Figure 4.24 Load levelling strategy 
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The load-levelling electrical energy demands are added to the loads determined from the EV 

crawl, torque in-fill, and regenerative braking analysis conducted in 0, allowing accurate 

estimation of the battery requirements.  

1. Energy and Power 
The instantaneous power demand from the electric powertrain is calculated and shown in 

Figure 4.26. By integrating the power demand, the total energy storage need for the vehicle 

can be calculated.  

 

Figure 4.26 Instantaneous electrical power required by the prototype in the NYCC 

 

The electrical drive energy used by the vehicle over the entire cycle is 0.183 kWh, and the 

vehicle regenerates up to 0.260 kWh. The difference between the charge input energy and 

discharge output energy is related to the change in state of charge (ΔSOC) of the battery. For 

battery cell life, the SOC minimum is set to 30% and the maximum is set to 80% (Nitta et al. 

2015; Pesaran 2001). This gives a useable capacity of 50% of the total energy stored in the 

battery for electric propulsion. Because of the short duration of the NYCC cycle (only 598 s), 
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for battery capacity calculations it is prudent to consider a longer cycle duration. Therefore, 

trebling the cycle allows the consideration of the equivalent of 30 minutes of driving. By 

trebling the cycle, the difference between battery input and output energy is also trebled. The 

equations 4.4 to 4.4 describe the calculation of total battery energy storage capacity: 

 

𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛 = Δ𝑆𝑂𝐶(𝐸𝑡𝑜𝑡𝑎𝑙) (4.2) 

3(0.260 − 0.183) = 0.5(𝐸𝑡𝑜𝑡𝑎𝑙) (4.3) 

𝐸𝑡𝑜𝑡𝑎𝑙 = 0.462 kWh (4.4) 

 

Based on the analysis, the battery energy storage capacity should be at least 0.462kWh. 

2. Current and Voltage 
The battery current demand, shown in Figure 4.27was calculated using a 96V battery. The 

motor and controller combination that was previously selected necessitates a 96V battery as a 

practical minimum. The maximum DC voltage that can be supplied to the controller is 144V, 

which would reduce battery discharge current, improving cycle life but also increasing cost-

to-manufacture.  
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Figure 4.27 Simulated battery current on the NYCC 

 

 

Figure 4.28 Charge current histogram on the NYCC 
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Figure 4.29 Discharge current histogram on the NYCC 

 

The charge current histogram (Figure 4.28) shows that most of the charging events occur at 

less than 100 A, with a maximum of 158 A being held for two events of one second each. 

The discharge current histogram (Figure 4.29)  shows most of the discharge events occur at 

less than 42 A, with the maximum discharge current of 138 A being held for one second 

throughout the entire cycle. These values are not unreasonable, and it must be noted again 

that the brake biasing of the vehicle will constrain regenerative braking current further than is 

calculated using the analysis conducted herein, due to the rear-drive powertrain layout.  

For a 96 V, 0.462 kWh battery, the typical discharge current of 42 A represents a discharge 

rate of 8.72C. The maximum discharge rate of 138 A represents 28.68C. Conversely, the 

typical and maximum charge currents equate to charge rates of 20.78C and 32.83C, 

respectively. These rates are too high for safe operation, and necessitate the use of a larger 

traction battery pack. The pack must therefore be sized based on the maximum terminal 

power required, rather than the cycle energy storage requirement. 
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Figure 4.30 Electrical power histogram on the NYCC 

 

The electrical power demand (Figure 4.30) for the cycle shows the majority of discharge 

events occur at less than 10kW, and most charge events occur at less than 14kW, with 

maximum pulses of 30kW in discharge and 26kW in charge.  

Traction Battery Characteristics 
Energy Storage Capacity Larger than 0.462kWh 

Voltage 96V or higher (max 144V) 
Discharge (continuous/pulse) 10kW/30kW 

Charge (continuous/pulse) 14kW/26kW 
Table XIII Calculated traction battery requirements 

 

To appropriately size the traction battery pack, a particular cell must first be selected, and the 

pack must be sized to ensure the cell charge and discharge ratings (C ratio) are not exceeded 

based on the analysis conducted thus far. 

4.4.6 Battery Component Selection 

The traction battery serves as the secondary energy accumulator for the vehicle. A hybrid 
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vehicles the second accumulator is usually the battery pack (although some are built with 

supercapacitors). Other forms of secondary accumulator include hydraulic accumulators, or 

high-speed flywheels. To be effective, the accumulator must be energy dense, so that it does 

not occupy significant volume and weight. It must also be power dense, so that it meets the 

energy flow needs of the connected apparatus. It is required to withstand repeated charge-

discharge cycles without significant degradation, and it must be safe and intrinsically 

efficient. 

Commonly, EV and HEV battery packs are composed of nickel metal hydride (NiMH) 

battery cells or a variant of lithium-ion (Li-ion) battery technology. Most modern HEVs, with 

the exception of Toyota Prius, utilise Li-ion batteries owing to their higher energy and power 

density (Figure 4.31). There are a wide range of lithium-ion batteries available, each offering 

unique specific energy, specific power, and charge/discharge characteristics (Figure 4.32). 

Lithium chemistry was chosen for this application due to the large variations in current draw 

required by the vehicle, the power density of lithium cells, as well as their relatively common 

availability and reasonable cost. 
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Figure 4.31 Energy and power density of various battery chemistries (Dunn, Kamath & Tarascon 2011) 

 

 

Figure 4.32 Lithium Ion chemistries - charge/discharge curves (Scrosati & Garche 2010) 

 

To fulfil the power needs of the prototype vehicle, it is necessary to achieve an acceptable 

balance between pack capacity and discharge rate. By increasing the pack storage capacity 

the total current draw (expressed in terms of the C-ratio) can be reduced to acceptable limits. 

This minimises thermal effects and maximises cycle life. Conversely, increasing pack storage 
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increases the manufacturing cost and vehicle weight. Additional energy storage above the 

determined system requirement can also be detrimental to efficiency, as the energy required 

to accelerate and decelerate the increased mass is not offset by any further improvement in 

the fuel efficiency of the vehicle. 

Based on the power needs specified above, a range of commercially available cells were 

considered for use. All commercially available cells considered were lithium iron phosphate 

cells, varying in geometry (prismatic, pouch, and cylindrical), and capacity (from 8 to 40 

Ah). The specifications of the cells (Table XIV) were used to arrive at a range of resultant 

pack configurations that could be considered for implementation in the vehicle.  
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12 (4S1P 
case) 

40 LiFePO4 0.5C/3C 
1.9/11.5kW 

3C/10C 
11.5/38.4kW 

8S1P 3.84 66.4 

1C/6C 
3.8/23kW 

6C/20C 
23/76.8kW 

8S2P 7.68 132.8 
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  48 

(14S1P 
case) 

8 LiFePO4 23C/41C 
17.6/31.5kW 

19C/40C 
14.6/30.7kW 

2S1P 0.768 15.8 

H
ea

dw
ay

 4
01

52
s 

3.2 15 LiFePO4 1C/3C 
1.4/4.3kW 
 

5C/10C 
7.2/14.4kW 
 

30S1P 
 

1.44 
 

14.4 
 

3C/9C 
4.2/12.9kW 

15C/30C 
21.6/43.2kW 

30S3P 4.32 43.2 

G
W

L
 

Z
G

-
L

FP
02

0A
H

 3.2 20 LiFePO4 0.5C/1C 
.96/1.92kW 

3C/10C 
5.7/19.2kW 

30S1P 1.92 19.5 

1.5C/3C 
2.88/5.76kW 

9C/30C 
17.1/57.6kW 

30S3P 5.76 58.5 

Table XIV Battery characteristics - commercially available cells 

 

Of note is a large difference in charge and discharge power between the A123 cells and all 

others. This is, in large part, due to the method of calculation of the cell power. Whilst all 

other manufacturers quote continuous power as a true continuous figure (with no time limit 

imposed), the A123 continuous figure is based on a 60 second current draw at the beginning 

of life (BOL) of the cell (i.e., when the cell has never previously been cycled). Likewise, the 
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peak cell power values for the A123 cells are quoted for 10 second current draw at BOL 

(A123 Systems 2016). All other cells are quoted based on a 30 second peak pulse. The reason 

for this deviation is that the A123 cell is specifically designed and tested for automotive 

hybridization applications. The Winston cell, by comparison, is designed as a sealed lead-

acid battery replacement (hence the 12V configuration), whereas the Headway and GWL 

cells are both general purpose cells. Notwithstanding the differences in measurement 

technique, the A123 cells appeared to be the most compatible with the design quantity. 

Unfortunately, when contacted the company would not supply the battery module as it is only 

supplied to OEMs. This limited the choice of battery cells to the Winston, Headway, and 

GWL units. Out of these three options, the Headway cells were chosen due to superior charge 

characteristics compared to the GWL cells and superior energy density compared to the 

Winston cells. It was also anticipated that the cells could also be safely “over-driven” beyond 

their specified power characteristics for short periods without significant degradation. 

4.4.7 Battery Management System 

The Battery Management System (BMS) is a battery controller which is required for lithium 

battery packs of more than two cells. The BMS actively monitors individual cell voltage, 

resistance, and temperature, as well as these same characteristics at the pack level, in addition 

to pack current. It can be used to create battery profiles which use the monitored values as 

inputs to determine the safe charge or discharge limits for the pack. It also ensures individual 

cells are balanced with each other to limit parasitic draw resulting from weak cells and 

provides notification if weak cells are identified. The Ewert Systems Orion2 BMS was 

selected due to its high level of native interoperability with the Curtis 1238E motor 

controller. The two units are pre-configured to operate on the same CANOpen protocol, 

allowing the simple setup of a two-wire CAN bus between the two components to provide 
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complete system controllability through the included software utilities, without the need for 

text-based programming. 

4.4.8 Supervisory Controller 

The supervisory controller selected was the dSpace MicroAutoBoxII 1401. This controller is 

a complete rapid control prototyping platform and was available at UTS at no cost to the 

project. The MicroAutoBox II supports the complete model-based design process through 

integration with Matlab/Simulink, allowing the development of a plant model and control 

algorithms in software, and then using automatic code generation to upload the model to the 

controller. The controller can then be simply deployed for bench testing using HIL, or as a 

complete system controller in the prototype vehicle for system verification. Whilst the 

controller can work as a standalone unit, it requires a host PC connection to enable multiple 

functions, such as real-time data collection, software switching of operation functions (that 

are not wired to physical inputs), simulation start and stop, and data post-processing. 

 Summary 4.5
The initial design and benchmarking of the hybrid vehicle required the initial selection of a 

base vehicle, used as the platform for the assembly of the hybrid powertrain, the 

characteristics of which were well-understood. In order to make an appropriate base vehicle 

selection, the primary design constraints were used to define a set of base vehicle 

specifications. The specifications were then input into a vehicle search to select a range of 

vehicles that met the design criteria. By evaluating the vehicles against the design criteria, a 

base vehicle model, the NA Mazda MX-5 cabriolet, was selected. This selection allowed 

detailed specifications to be input into a backward-looking mathematical model of the 

vehicle. The major electric powertrain components (namely, the battery and motor), were 

added to the model in order to calculate their physical characteristics by evaluation of their 

function within the model. The New York City Dynamometer Drive Cycle (NYCC) was used 
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as the primary input. The NYCC was chosen due to its low-speed, high acceleration, and high 

stop ratio, which is characteristic of densely populated urban areas. A piecewise evaluation of 

the MHEV’s operation under the NYCC was undertaken, by evaluating each mode of 

operation separately. The time-domain summation of the piecewise output gave energy 

storage requirements of 0.462kWh, or 0.154kWh per cycle repetition. Evaluation of the cycle 

power demands showed an electric motor with a continuous power output of 10kW and peak 

pulse output of 30kW would also satisfy the demands, based on the model output.  

After the determination of key electric powertrain component characteristics, selection of the 

major physical components of the prototype was undertaken. The components required for 

procurement include the electric motor, motor controller, traction battery, battery 

management system, and supervisory controller. A range of ancillary items, such as 

contactors, fuses, relays, and isolators, are also required. These ancillary items were not 

selected at this stage. 

The selection of the physical prototype components was not just constrained by the outcome 

of the model analysis, but also external factors such as part availability and cost. Therefore, in 

some cases a component was identified that would very closely match the desired 

characteristics, but due to unavailability or cost, a poorer match that could meet most needs 

was selected. Nevertheless, the components selected are deemed sufficiently capable for the 

development and assembly of the prototype, as well as validation and proof-of-concept. 
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Chapter 5:  Simulation and Modelling 

This chapter presents the simulation of the Electric Propulsion System (EPS) which forms the 

electric side of the powertrain installed in KERMIT IV. The simulation process follows the 

well-established model-based design (MBD) principles, which are commonly being utilized 

to develop complex hybrid powertrains for which an optimized solution is not immediately 

apparent using traditional methods (Mahapatra et al. 2008) The MBD process follows on 

from the initial design methodology described in Chapter 4, and also in (Awadallah, 

Tawadros, Walker & Zhang 2017b). and uses the outputs of the initial analysis as inputs into 

the software model developed in the MATLAB/Simulink environment. The initial analysis 

process described in Chapter 4 is an example of what is typically described as backward-

facing modelling, where the desired system output is used to calculate the required system 

inputs. In this case, the system output was a series of vehicle specifications based on the 

assumption that the vehicle would exactly follow the New York City drive cycle (NYCC). 

The inputs required to be calculated were engine and motor characteristics, such as power 

and torque, as well as battery energy storage. The nature of backward-facing modelling is that 

it is time-independent, in that each model timestep can be solved without any real time 

constraint. The backward-facing model also assumes that the plant will meet the desired 

system output exactly. The backward-facing modelling has been described in detail in 

Chapter 3 and the reader is directed to that chapter for any further details. 

Once calculated, the system parameters are fed into a forward-looking model, which is a 

time-dependent model that is provided with system parameters as an input, and a target 

output. The forward-facing model then controls the system within its constraints to achieve 

the desired target output. Typically, forward-facing models are not furnished with “future” 

target data unless there is some real way to obtain this data during operation of the physical 

plant. Rather, an instantaneous target output is provided to the model driver which then 
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adjusts the plant operation to meet that output as closely as possible within the time 

parameter given. In this sense, a forward-looking model is time-dependent but is not 

necessarily required to run in real-time. In contrast to a backward-facing model, the output of 

the forward-looking model does not exactly match the target output, but is a representation of 

how the plant behaves in reality. 

There are many ways to verify the model output. If time and money are not significant 

limitations the model can often be validated simply by building the physical plant and 

proceeding directly to testing. However, depending on the fidelity of the plant model and the 

simulation environment, there can often be significant divergence between model behavior 

and physical plant behavior. To address this, Hardware-in-the-loop (HIL) simulation has been 

developed. HIL can be a more cost- and time-effective means of system verification than 

proceeding directly to prototype. It is a real-time process, which requires specific real-time 

implementation techniques to process the model, interface with the physical hardware and 

manage power requirements. The HIL method offers significant advantages, in that 

subsections of physical plant can be bench-tested, physical or virtual representations of the 

physical plant can be used in place of valuable final hardware (for instance, an electric motor 

can be used to simulate an engine, or two opposed motors can be used to simulate a vehicle 

and road loads). By studying the real time output, verification can be achieved relatively 

simply, cheaply, quickly, and safely. HIL is therefore an intermediary step between software 

modelling and physical prototyping. 

This chapter will present the software modelling and HIL verification processes that were 

used in the development of the KERMIT IV prototype hybrid vehicle. The software 

modelling methodology was also described in (Awadallah et al. 2018). 
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 Introduction 5.1
The increasing complexity of automotive systems has spawned a wide range of increasingly 

powerful methods of achieving verification and validation (V&V). The need to be assured of 

system functionality despite often complex non-linear system definitions requires 

computational acrobatics that draw on a variety of different tools, concepts, and techniques to 

deliver acceptable fidelity and confidence in the modelling environment. MBD is an umbrella 

term that groups the variety of methods that can be used to develop a virtual plant model. The 

basic premise behind MBD is the gradual development of a high-fidelity model, followed by 

the gradual verification of its function, leading to final validation.  

 

Figure 5.1 The MBD process can be divided into virtual development work (developing the plant model) and 
physical development work (verification and validation) 

 

Whilst the model is being developed in software only, the MBD environment is typically 

referred to as software-in-the-loop (SIL). The intermediate steps between development of a 

model and final validation require increasing levels of hardware to be integrated into the 

system loop. In the first instance, running the software on a production microcontroller but 

with virtual I/O allows the engineer to verify the operation of the controller, checking 

stability and debugging. This is called processor-in-the-loop, or PIL. After the controller 
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operation has been verified, the virtual I/O from the plant model can be replaced with 

physical I/O as required, by replacing controller inputs with physical sensors and transducers, 

and outputs with actuators. The integration of hardware into the system under test is known 

as HIL (Newberger & Johnson 2014), and is typically the final verification step before the 

development of the prototype which is used for system validation.  

This chapter describes the use of MBD, and specifically, achieving HIL verification of the 

electrical componentry and supervisory controller design of the low-cost MHEV powertrain. 

The HIL verification process demonstrates that a relatively simple test bed, paired with 

appropriate control, may be used to successfully investigate, develop, and validate a complex 

control solution. The simplicity is derived from appropriate system-level assumptions 

allowing the representation of forces at their most fundamental level and programming in as 

much fidelity as required by utilizing appropriate control methods. 

 
Figure 5.2 Model-Based Design Adoption Grid 
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Figure 5.3 The prototype MHEV powertrain architecture used in KERMIT IV 

 

 Design and System Definition 5.2
The primary goal of the system verification is to confirm various aspects of the performance 

of the vehicle and understand their operation under test conditions. These aspects include fuel 

economy and emissions performance, as well as the performance of the continuous torque 

delivery functionality during gear changes. The vehicle model is built according to the 

representation described in Figure 5.3, using standard vehicle component libraries that have 

been developed in a parametric sense for deployment in the Simulink modelling environment. 

The individual components are described as “blocks” which are linked together in a graphical 

programming interface. The blocks are easily modifiable due to their parametric nature, 

making the process of development relatively straightforward. The output from each block 

flows to the input of the next to describe the system. This is the basis for essentially all 

vehicle simulation tools available today (Tammi, Minav & Kortelainen 2018). 

The electric propulsion system (EPS) is modelled as a torque modifier which operates 

according to a heuristically derived rule-based control scheme, shown in Figure 5.6 and 

described in 5.2.3.  
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5.2.1 Mathematical Model 

The fundamental longitudinal vehicle dynamics describing vehicle loads are well-understood 

and have been described in numerous previous publications. For this reason, they are omitted 

from the following model. However, the reader is encouraged to refer to (Schaltz et al. 2011) 

or (Chen et al. 2019) for a treatment of the longitudinal dynamic model that must be 

considered when designing a parallel hybrid powertrain. The process that was followed in 

this work is identical.  

The modelling of the vehicle powertrain in in these simulations is satisfied by an eight 

degree-of-freedom (DOF) vehicle dynamics model. The model was created using Simulink 

and sits at the core of the vehicle simulation. The model is described using lumped mass 

techniques commonly implemented in such models, and is shown in Figure 5.4. It has been 

previously discussed and examined in testing and verification contexts, discussion of which is 

presented in (Awadallah et al. 2016) and (Awadallah, Tawadros, Walker, Zhang, et al. 

2017a).  

The equations of the dynamic system are derived from Newton’s second law as it applies to 

rotational systems. To model the system, the major components are represented as a series of 

“lumped” inertias, interconnected by torsional springs and dampers, representing shaft 

stiffness and losses, respectively. The generalised representation of the system is shown in 

Figure 5.4. Necessarily, there are several simplifications and assumptions made when 

modelling a system using this technique. These simplifications must be made with reference 

to the desired level of fidelity of the model, the investigation outcomes required, and the 

available computing power.  

The system has eight degrees of freedom, one of which is reduced if the clutch is engaged. 

The eight degrees of freedom are: the engine; the flywheel; clutch side 1 (pressure plate), 
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clutch side 2 (friction plate); the gearbox; the electric motor; the differential; and the wheels 

and driven mass. Engagement of the clutch reduces the two clutch elements to one lumped 

inertia, thereby reducing the degrees of freedom to seven. The equations of motion for the 8-

DOF system are provided in eqs. 5.1 – 5.8. Symbol definitions are provided in Table XVI and 

Table XVI, and values for all model parameters may be found in Appendix B (page 303).  

 
Figure 5.4 Kinematic diagram of the MHEV architecture (Awadallah 2018) 

 

𝐼𝑒�̈�𝑒 − 𝐾𝑒(𝜃𝑓 − 𝜃𝑒) = 𝑇𝑒  

 

(5.1) 

𝐼𝑓�̈�𝑓 − 𝐾𝑒(𝜃𝑓 − 𝜃𝑒) − 𝐾𝑓(𝜃𝑐1 − 𝜃𝑓) − 𝐶𝑓(�̇�𝑐1 − �̇�𝑓) = 0 

 

(5.2) 

𝐼𝑐1�̈�𝑐1 + 𝐾𝑓(𝜃𝑐1 − 𝜃𝑓) + 𝐶𝑓(�̇�𝑐1 − �̇�𝑓) = −𝑇𝑐 

 

(5.2) 

𝐼c2�̈�c2 − 𝐾𝑖𝑠(𝜃g1 − 𝜃c2) − 𝐶𝑖𝑠(�̇�g1 − �̇�c2) = 𝑇𝑐 

 

(5.3) 

�̈�𝑔1(𝛾1
2𝐼𝑔2 + 𝐼𝑔1) + 𝐾𝑖𝑠(𝜃𝑔1 − 𝜃𝑐2) + 𝐶𝑖𝑠(�̇�𝑔1 − �̇�𝑐2) − 𝛾1𝐾𝑜𝑠(𝜃𝑑1 − 𝛾1𝜃𝑔1)

− 𝛾1𝐶𝑜𝑠(�̇�𝑑1 − 𝛾1�̇�𝑔1) = 0 

 

(5.4) 

�̈�𝑑1(𝛾2
2𝐼𝑑2 + 𝐼𝑑1) + 𝐾𝑜𝑠(𝜃𝑑1 − 𝛾1𝜃𝑔1) + 𝐶𝑜𝑠(�̇�𝑑1 − 𝛾1�̇�𝑔1) − 𝛾2𝐾𝑑(𝜃𝑤 − 𝛾2𝜃𝑑1)

− 𝛾2𝐶𝑑(�̇�𝑤 − 𝛾2�̇�𝑑1) = 0 

 

(5.5) 
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�̈�𝑑1(𝛾2
2𝐼𝑑2 + 𝐼𝑑1) + 𝐾𝑜𝑠(𝜃𝑑1 − 𝛾1𝜃𝑔1) + 𝐶𝑜𝑠(�̇�𝑑1 − 𝛾1�̇�𝑔1) + 𝐾𝑚(𝜃𝑑1 − 𝜃𝑚) + 𝐶𝑚(�̇�𝑑1 − �̇�𝑚)

− 𝛾2𝐾𝑑(𝜃𝑤 − 𝛾2𝜃𝑑1) − 𝛾2𝐶𝑑(�̇�𝑤 − 𝛾2�̇�𝑑1) = 0 

 

(5.6) 

𝐼𝑤�̈�𝑤 + 𝐾𝑑(𝜃𝑤 − γ2𝜃𝑑1) + 𝐶d(�̇�𝑤 − γ2�̇�d1) = 𝑇𝑤 

 
(5.7) 

𝐼m�̈�𝑚 + 𝐾𝑚(𝜃m − 𝜃𝑑1) − 𝐶d(�̇�d1 − �̇�m) = −𝑇m 

 
(5.8) 

When the clutch is closed, the two clutch elements are modelled as one single lumped inertia, 

as it can be assumed that slip is zero. Therefore, the equations describing clutch motion 5.2 – 

5.3 may be combined, and the resulting equation of motion is eq. 5.9 below. 

 

(𝐼c2 + 𝐼c1)�̈�𝐶 + 𝐾𝑓(𝜃𝑐 − 𝜃𝑓) + 𝐶𝑓(�̇�𝑐 − �̇�𝑓) − 𝐾𝑖𝑠(𝜃g1 − 𝜃c) − 𝐶𝑖𝑠(�̇�g1 − �̇�c) = 0 (5.9) 

 

For this powertrain investigation, the simplifications and assumptions are as follows. The 

engine is modelled as a single degree of freedom (DOF), therefore supplying a constant 

torque as commanded by a controller. This simplification neglects torque fluctuations as a 

result of the combustion and reciprocating motion, as well as engine harmonics, but is 

convenient for a powertrain study focused on gear shifting. Within the transmission, gears 

and synchronizers are represented by lumped inertias. Damping components are also 

provided, representative of drag torque. The differential is modelled as a lumped mass, and 

damping is provided to the ground to model its losses. Stiffness elements represent shafts, 

including the driveshafts, propeller shaft and transmission input/output shafts. The wheel 

model is lumped to include hub, wheel, and tyre inertia, spring stiffness of the tyre, rolling 

resistance, and vehicle inertia. This accurately captures the total load on the powertrain, 

which is a significantly larger inertia than any other powertrain component. 

In modelling using the lumped parameter method, the assumptions applied include neglecting 

lash and backlash in gear meshes; system temperature dependency, which is most marked by 
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lubricant viscosity changes; simplification of geometrically symmetrical components such as 

tyres and driveshafts to one branch (“half-car”), and linearizing viscous damping.  

The electrical side of the powertrain is described in the following. The relationship between 

voltage and torque can be used for describing the dynamics of the electric motor. The phase 

voltage is expressed as follows, as a function of input current and back-emf (Al Ibraheemi 

2018):  

 𝑉𝑎 = 𝑅𝑖𝑎 + 𝐿
𝑑𝑖𝑎
𝑑𝑡

+ 𝑒𝑎 (5.10) 

 𝑉𝑏 = 𝑅𝑖𝑏 + 𝐿
𝑑𝑖𝑏
𝑑𝑡

+ 𝑒𝑏 (5.11) 

 𝑉𝑐 = 𝑅𝑖𝑐 + 𝐿
𝑑𝑖𝑐
𝑑𝑡

+ 𝑒𝑐 (5.12) 

 

Alternatively, the compact matrix form is presented below. It is assumed that the stator 

resistances of all the windings are equal and the mutual and the self-inductances are constant.  

 [

𝑉𝑎
𝑉𝑏
𝑉𝑐

] = [
𝑅
0
0

0
𝑅
0

0
0
𝑅
] [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [
𝐿
0
0

0
𝐿
0

0
0
𝐿
]
𝑑

𝑑𝑡
[

𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [

𝑒𝑎
𝑒𝑏
𝑒𝑐
] (5.13) 

The back-EMF as a function of rotor position is given in 3-phase rotor reference frame 

below. Each phase has 120º phase angle difference: 

 𝑒𝑎 = 𝐾𝑤𝑓(𝜃𝑒)𝜔 (5.14) 

 𝑒𝑏 = 𝐾𝑤𝑓(𝜃𝑒 − 2𝜋/3)𝜔 (5.15) 

 𝑒𝑐 = 𝐾𝑤𝑓(𝜃𝑒 + 2𝜋/3)𝜔 (5.16) 

The electrical rotor angle is equal to the mechanical rotor angle multiplied by the number of 

pole pairs p: 
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 𝜃𝑒 =
𝑝

2
𝜃𝑚 (5.17) 

The function 𝑓(𝜃𝑒) is described by the trapezoidal relationship with a value of ±1 according 

to: 

 𝑓(𝜃𝑒) =

{
 
 
 
 

 
 
 
 1, 0 ≤ 𝜃𝑒 <

2𝜋

3

1 −
6 (𝜃𝑒 −

2𝜋
3
)

𝜋
,

2𝜋

3
≤ 𝜃𝑒 < 𝜋

−1, 𝜋 ≤ 𝜃𝑒 <
5𝜋

3

−1 +
6 (𝜃𝑒 +

5𝜋
3
)

𝜋
,

5𝜋

3
≤ 𝜃𝑒 < 2𝜋

 (5.18) 

The air gap between the stator and rotor and saturation are neglected. Therefore, the flux 

linkages become a linear function of the phase currents. The mathematical model describing 

the motor is therefore given as a torque source and is based on electrical first principles. Total 

torque output can be represented as a summation of that of each phase: 

𝑇𝑚 = (𝑒𝑎𝑖𝑎 + 𝑒𝑏𝑖𝑏 + 𝑒𝑐𝑖𝑐)/𝜔 (5.19) 
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Symbol Definition Unit Subscript Definition 

T Torque N.m c1 Clutch side 1 

I Equivalent Inertia Kg.m2 c2 Clutch side 2 

ω Angular velocity rad/s d Differential 

𝜃 Angular displacement rad d1 Diff. reduction 1 

K Torsional stiffness N.m/rad d2 Diff. reduction 2 

C Friction Coefficient  N.m.s/rad e Engine 

γ Gear ratio --- f Flywheel 

   g1 Gear reduction side 1 

   g2 Gear reduction side 2 

   is Input shaft 

   m motor 

   os Output shaft 

   w Wheel 

Table XV Mechanical Notation and Nomenclature 

 

Symbol Definition Unit 

𝑉𝑎  𝑉𝑏 𝑉𝑐 Terminal phase voltage V 

𝑒𝑎 𝑒𝑏 𝑒𝑐 Motor back-EMF V 

R Armature resistance Ω 

L Armature self-inductance H 

𝐾𝑤 Back EMF constant of one phase V/ rad.s-1 

𝜃𝑒 Electrical rotor angle º 

𝜃𝑚 Mechanical rotor angle rad 

𝑖𝑎𝑖𝑏𝑖𝑐 Motor input current A 

Tm Mechanical Torque N.m 

ω Angular velocity rad/s 

𝑓(𝜃𝑒) Back-emf reference function --- 

p Number of poles --- 

Table XVI Electrical Notation and Nomenclature 
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5.2.2 Simulation model 

Model-in-the-loop (MIL) is the step in the development process that is characterized by the 

presence of virtual representations of the physical function of the entire vehicle subsystem; 

i.e., the detailed mathematical, logical, or numerical models of the engine, transmission and 

chassis components, controllers (ECU), and connecting hardware. The use of modelling for 

testing and verification of the vehicle powertrain under different driving cycles has been 

discussed in (Awadallah et al. 2016, 2018; Awadallah, Tawadros, Walker & Zhang 2017b). 

Many of the model components are based on pre-existing components in 

MATLAB/Simulink/Stateflow by using Simscape and SimDriveline libraries. A general 

structure of a plant model is shown in Figure 5.5. Several standard drive cycles have been 

considered to evaluate the benefits of the low-cost mild hybrid powertrain – these are 

presented in (Awadallah, Tawadros, Walker & Zhang 2017c, 2017a). 

The software model was developed in the Simscape/Simulink environment Figure 5.5. The 

model includes physical and control components, and uses numerical solvers to optimise the 

simulation parameters to achieve sufficient simulation accuracy and speed. The model was 

subjected to several standard drive cycle simulations in order to understand and evaluate the 

performance characteristics of the powertrain design. 

 

Figure 5.5 A high-level view of the powertrain of the mild HEV model in Simulink 

 



Chapter 5: Simulation and Modelling 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 143 
 

In operation, the simulation requires drive cycle data as an input. The drive cycle data is 

simply a set of scalar values denoting target speed at a time step of one second. The 

simulation starts with the plant model at rest. The model is forward-looking, therefore it 

operates in the time-domain and does not look up “future” values of the drive cycle in order 

to find an optimal solution. Rather, the drive cycle is read into the simulation one value at a 

time. The simulation sets the velocity as a target value and generates torque and speed 

demands, which are distributed throughout the model according to each component’s 

characteristics and the selected mode of operation.  

The model components were parametrized in order to allow the testing of various component 

configurations, such as the insertion of an ultracapacitor into the system, or the scaling of the 

motor’s characteristic curves to investigate the effect of motor sizing on the functionality of 

the system. 

The model includes a “driver” block, which receives the velocity target signal from the drive 

cycle information. The driver block is based on a PID controller and provides control inputs 

such as throttle, brake and gear shifting based on a speed feedback loop. This emulates a 

human driver’s behaviour, which, in essence, uses the vehicle controls to make a torque value 

demand from the vehicle systems, based on the sensory feedback provided by speed 

indications primarily, but also other sensory feedback based on the environmental surrounds. 

This method yields more realistic simulation results than would be possible by directly 

addressing the vehicle controls in simulation, and has been validated in prior literature (Oh 

2005). 

5.2.3 Energy Management Strategy 

The energy management strategy for the MHEV model is a rule-based strategy based on SOC 

as well as vehicle torque demand and speed, described in (Awadallah, Tawadros, Walker, 
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Zhang, et al. 2017b). The electric motor is employed either as a motor or generator depending 

on the vehicle operating condition and driver demand, and has four operating programmes: 

Regenerative braking; an electric motor (EM) as a generator; Torque-hole filling, and; Idle 

mode. The torque-hole filling is triggered using a clutch pressure sensor and controlled using 

predictive models. All other operating modes are as per Figure 5.6, and are managed by the 

EPS controller, which is also responsible for the control of the engine throttle when operating 

in a blended mode such as “torque assist” or “EM as generator”. It depends on requested 

power and battery SOC, depending on various conditions the motor may generate power from 

either the ICE or vehicle kinetic energy. SOC is calculated as: 

 

 
𝑆𝑂𝐶 =  

(𝑀𝑎𝑥_𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 −  𝐴ℎ_𝑢𝑠𝑒𝑑)

𝑀𝑎𝑥_𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 (5.20) 

 

 
𝑆𝑂𝐶 = (1 −

∫ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡(𝐴)
𝑡𝑖𝑚𝑒(𝑠)

0

3600 × 𝑀𝑎𝑥. 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝐴ℎ)
) × 100% (5.21) 
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Figure 5.6 The rule-based energy management control strategy  

 

 Model Verification 5.3
When the software model was completed, it was necessary to verify its operation. The means 

to verify the operation is through simulation scenarios. The simulation scenarios allow the 

investigation of the operation of the plant in a variety of settings. In this case, scenarios were 

deployed based on the input of drive cycle information. The drive cycle information is 

tailored to observe various functions and functional outputs. One drive cycle is a constant 

acceleration curve, which is used to test the functionality of the continuous torque delivery 

control method. Other cycles are based on standardized drive cycles that are used for 

emissions benchmarking. These cycles can be tailored to investigate low-congestion 

performance (by deploying a rural or high-speed cycle such as the highway fuel economy test 

(HWFET), city performance (by deploying an urban cycle such as the New York City 

Dynamometer Drive Schedule, NYCDDS or NYCC, or Indian Urban cycle). Another method 

for model verification is the adjustment of parametric values. For instance, the PID 

parameters in the driver block can be used to vary the aggressiveness of the driver control, 

emulating a calm driver or an aggressive driver. The current limits and storage capacity of the 

battery can also be altered to emulate the insertion of an ultracapacitor into the system. 
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5.3.1 Continuous Torque Delivery Simulation 

A simplified drive test involving a series of upshifts from 2nd to 3rd gear was selected for 

initial testing. The test scenario was selected as an initial benchmark for its simplicity and its 

ability to highlight gear shift characteristics consistently. Up-shifting control can be 

completed in four seconds, with the total period of clutch disengagement about half of that 

time. For comparison to the mild-hybrid, an otherwise identical conventional ICE-only 

powertrain was modelled by removing the electric parts of the powertrain from the model. 

The results are shown in Figure 5.7 and Figure 5.8. As expected, a large hole in the output 

torque and a corresponding speed decrease are evident during the gear shift process, as 

compared to the reduced, but not eliminated torque hole shown using the continuous torque 

delivery control method for the MHEV powertrain. Noting the variation in transient system 

response also shows a reduction in the torque oscillation amplitude of approximately 40N.m 

when using the continuous torque delivery method. This is likely because torque is constantly 

applied in the same direction across the drivetrain during the gear change, therefore the effect 

of lash is significantly reduced. In contrast, the lash present in drivetrain components results 

in significant discontinuities when the torque direction is reversed, or is removed and re-

applied. 
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Figure 5.7 Gear shifting torque profile 

 

Figure 5.8 Gear shifting speed profile 
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5.3.2 Fuel Economy and Emissions Simulation 

The results presented in this section have previously been described in (Awadallah 2018) and 

are presented herein for completeness. There is some additional discussion provided but the 

substantive results are the same.  

To investigate the fuel economy and emissions performance of the vehicle, a number of drive 

cycle studies were undertaken. The drive cycle studies are comparative, giving the 

opportunity to evaluate not only the performance of the MHEV powertrain in isolation, but 

also its performance in comparison to the base vehicle. The studies are designed to 

investigate fuel economy (F.E.) and emissions performance in low- and high-density traffic. 

To this end, the Indian urban cycle and the HWFET were implemented as the input to the 

model. The cycles are shown in Figure 5.9 and Figure 5.10. The HWFET covers 765 seconds 

cycle time with an average speed of 77.7km/h and a total distance of 16.45km. The cycle 

begins with a 100s acceleration phase to reach approximately 70km/h. The speed stays 

approximately constant for the next 200s until a braking event to bring vehicle speed to 

45km/h, followed by an acceleration to approximately 95km/h. There are no intermediate 

stops in this cycle. 

The Indian urban cycle is not an officially mandated drive cycle, but is included in 

ADVISOR and has been used extensively in research. Rather than being a formulated drive 

cycle, it is instead a datalogged journey in an urban setting in India, taken on 12 March 2000 

(National Renewable Energy Laboratory 2002) The sample data is for a total of 2689s and 

17.4km, and is characterized by frequent starts and stops, with a low top speed of 62km/h and 

an average speed of 23.3km/h. Due to its inclusion in the analysis tool ADVISOR, its basis in 

a real journey, and its adoption by multiple researchers (Babu & Ashok 2015; Manish & 

Banerjee 2006; Sarkar & Banerjee 2005; Williamson et al. 2005), it is a good standard for 
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evaluating real-world high-congestion performance. The characteristic parameters of both the 

Indian urban and HWFET cycles are summarized in Table XVII. Based on their characteristic 

parameters, the cycles can be categorized into low and high congestion traffic patterns 

(Samuel, Austin & Morrey 2002; Schwarzer & Ghorbani 2013). 

 HWFET INDIAN 
URBAN 

Distance (km) 16.5 17.4 

Max Speed (km/h) 96.4 62.2 

Duration (Sec) 765 2689 

Average Acc (g) 0.19 0.3 

Average Speed 
(km/h) 

77.6 23.3 

Number of stops 1 52 

Idle Time (sec) 6 267 

Table XVII Drive cycle parameters 

 
Figure 5.9 The speed profile of Indian Urban Drive Cycle 

 
Figure 5.10 The speed profile of HWFET Drive Cycle 
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The F.E. and emissions results for the two drive cycles are shown in Table XVIII. The results 

illustrate the interdependency between fuel economy outcomes, powertrain topology, and 

driving environment. As expected, the MHEV attains higher performance as compared to the 

conventional powertrain. The improvement is approximately 10% in the Indian Urban cycle, 

and 2% under the HWFET. The stop-start conditions and high speed fluctuation in the Indian 

urban cycle data represent the best-case for achieving maximum electric utilisation. This is 

due to the adaptation of the powertrain to be particularly suited to use in low-power 

acceleration at low speed, as well as the intensive use during gear changes (torque-filling). 

The resulting output is that the mild hybrid configuration delivers significant benefits to 

urban fuel economy, with considerably smaller improvements in the highway cycle. 

The combined F.E. is determined by weighting the highway data at 45% and the urban at 

55%, as expressed in eq.20 (Ahluwalia, Wang & Rousseau 2005). This equation cannot be 

used to determine emissions performance because the emissions outcome can be changed 

dramatically depending on the section of cycle data taken, whereas F.E. is largely insensitive. 

The weighted average data is 7.9 and 7.4 L/100 km for the CV and MHEV, respectively. This 

represents a 6% improvement for the MHEV over the CV. 

 

 𝐹𝐸𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 = 
1

0.55
𝐹𝐸𝑐𝑖𝑡𝑦

+
0.45

𝐹𝐸ℎ𝑖𝑔ℎ𝑤𝑎𝑦

 (5.22) 
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  Fuel Emissions 
(grams/km) 

  Fuel 
Consumption 

(L) 

Fuel 
Economy 

(L/100 
km) 

HC CO NOx 

INDIAN 
URBAN 

CV 1.9 11.1 0.45 1.9 0.69 

MHEV 1.7 10 0.42 1.2 0.57 

HWFET CV 0.95 5.8 0.43 1.59 0.62 

MHEV 0.93 5.7 0.41 1.43 0.57 

Table XVIII Emissions and fuel economy simulation results 

 

Whilst these results are good indicators, they represent the best- and worst-case scenarios for 

operation. The Indian urban data is atypical in its congestion and the HWFET data is also 

atypical in that it does not include any intermediate stop times. Further, there is a general 

consensus that prescribed drive cycles are no longer adequate indicators of fuel economy and 

emissions outputs, due to the wide variance between prescribed cycles and typical real-world 

drivers’ experiences. Prescribed cycles do not capture wide regional variance in traffic or 

geography, nor do they capture temporal changes in traffic patterns unless they are regularly 

updated. Many regional drive cycles may not be updated for decades, losing relevance over 

time. Efforts have been made to create uniform worldwide regulation. Early efforts resulted 

in many countries adopting European or US emissions regulation – for instance, Indian 

Bharat emissions or Australian ADR79. The cross-compatibility allows manufacturers to 

ensure compliance over larger worldwide markets but does not optimise emissions outcomes. 

A recent development, the “world harmonized light vehicle test procedure” (WLTP) has been 

developed, moving toward “real-world” testing using portable emissions measurement 

systems (PEMS). In the absence of real-world data repositories and analysis techniques, drive 

cycles remain the most practical and relevant means of emissions and fuel economy 

modelling for researchers (André et al. 2006; Chen & Borken-Kleefeld 2014). 
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In Australia, where this study was conducted, the average daily commute is less than 50km. 

As shown in Figure 5.11, in Sydney, the country’s most populous city, 64% of drivers 

commute less than this distance (Sharma et al. 2013). In many developing regions the average 

commute is necessarily much smaller than this. This is typically due to poor road conditions, 

severe congestion, high urban density and high transportation costs, all of which place a 

practical limit on the length of a daily commute. To generate an accurate model of typical 

driving conditions, a second comparative study used 40km driving distance whilst also 

varying traffic density. The traffic density was altered by appropriating suitable sections of 

standard drive cycles to capture the varying traffic patterns. They are the result of extensive 

comparison of existing cycles against expected driving conditions. These developed drive 

cycles use sections of the urban dynamometer drive schedule (UDDS), the Indian urban 

dataset included in ADVISOR, and the city-suburban heavy vehicle route (CSHVR) for 

development of a 40km high congestion cycle dataset, and sections of the new European 

driving cycle (NEDC), HWFET, and Indian highway dataset (a second dataset also shipped 

with ADVISOR) for development of the low-congestion cycle dataset. The cycles are shown 

in Figure 5.12 and Figure 5.13 

The use of multiple cycles appended to each other serves multiple purposes. Firstly – it 

allows the representation of a full typical commute distance where most cycles are 

significantly shorter. Secondly – it removes any bias a single particular cycle may skew 

towards in terms of emissions – for instance, high speed cycles typically skew toward 

increased NOx whereas low speed cycles increase HC emissions (Favre, Bosteels & May 

2013). Finally, it results in a more diverse range of operation conditions than a single cycle 

allows for, which provides a more realistic simulation result. The cycle characteristics are 

summarized in Table XIX, and simulation results are shown in Table XX.  
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The results are not unexpected, and follow the trend shown in the previous simulation They 

show that whilst the MHEV consistently performs better than the base vehicle, the most 

significant influence on economy and emissions is not the type of powertrain but the 

operating environment. They also demonstrate the clear advantage the MHEV powertrain 

topology has in urban environments, where the highest gains in F.E. and economy, as a 

percentage, are made. 

 

 

Density traffic patterns Low High 

Drive cycle NEDC + HWFET + 
INDIAN HIGHWAY 

UDDS + INDIAN URBAN+ 
CSHVR 

Distance (km) 39.1 40 

Time (s) 2832 5840 

Table XIX Drive Cycle Characteristics 

 

 
Figure 5.11 Cumulative distribution of daily driving distance in Australia (Sharma et al. 2012) 
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Figure 5.12 The low-density traffic pattern drive cycle 

 
Figure 5.13 The high-density traffic pattern drive cycle 

 

 

  Fuel Emissions 
(grams/km) 

    

  Fuel 
Consumption 

(L) 

Fuel 
Economy 

(L/100 
km) 

HC CO NO
x 

INDIAN URBAN CV 1.9 11.1 0.45 1.9 0.69 

MHEV 1.7 10 0.42 1.2 0.57 

HWFET CV 0.95 5.8 0.43 1.59 0.62 

MHEV 0.93 5.7 0.41 1.43 0.57 

Low Density CV 2.5 6.5 0.22 0.61 0.35 

 MHEV 2.2 5.8 0.19 0.56 0.32 

High Density CV 4.5 11.1 0.27 1.2 0.49 

 MHEV 3.4 8.5 0.23 0.62 0.36 

Table XX Fuel economy and emissions results for all tested cycles 

The reasons for this advantage are purely and simply a result of the increased electric 

utilization factor that is possible in the urban environment. When the vehicle is operating at 
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low speed or stopped, the engine can be switched off, and the significant proportion of time 

spent braking is used to recharge the battery using regenerative braking. As a result of the 

simulation, it can be expected that the lowest observable F.E. improvement limit of only 

1.8% may be expected, although this is only in the case that the vehicle is operated purely in 

a rural setting. A more typical observed improvement of 10.8% is likely to be seen in 

suburban and rural driving, whereas the upper limit of F.E. improvement is 23.5% may be 

observed in highly, and atypically congested traffic. The envelope of F.E. improvements is 

illustrated in Figure 5.14which compares fuel consumption of the CV and MHEV graphically 

according to individual cycle performance. It shows that there are no situations under which 

the MHEV performs worse than the CV, but there are situations where improvements are 

insignificant. In those situations it is unlikely that the MHEV would be financially sound 

from a total cost of ownership (TCO) perspective. Conversely, many cycles favour the 

MHEV significantly. For this reason, it is important to consider the nature of the cycle when 

performing simulation and testing, and the impact that nature has on testing results. 

 

Figure 5.14 Simulated F.E. under all tested drive cycles 

 



Chapter 5: Simulation and Modelling 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 156 
 

 Rapid Control Prototyping 5.4
 

 
Figure 5.15 Automotive Development Process using dSpace RCP platform 

 

Following the verification of the vehicle model, rapid control prototyping (RCP) was used to 

develop the EPS. The use of RCP decreases the development and testing time by allowing the 

testing of the EPS prior to its installation in the prototype vehicle. RCP systems operate in 

real-time by embedding a system model with a physical microcontroller. Inputs and outputs 

are routed through a virtual environment to test the function of the controller (Lin et al. 

2003). The inputs can be manipulated in the virtual environment and sent to the 

microcontroller as a physical signal. This allows the examination of the microcontroller 

outputs to ensure the microcontroller is working as expected without the need to connect it to 

physical plant. 

Because the microcontroller is working in real time and is communicating with a virtual plant 

model, the simplifications must be made in the plant model to ensure it can operate with real 

time throughput. To this end, models must be simplified sufficiently to accurately depict the 

system dynamics, but also to minimize the computing time required. Examples of 
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simplifications might include the reduction of an engine model to a multidimensional lookup 

table incorporating at a minimum, torque, speed and manifold pressure, and optionally 

empirical or experimentally-derived temperature compensations. Simplifications of this 

nature meet the requirements of RCP. 

5.4.1 EPS Architecture 

A representation of the EPS is outlined in Figure 5.16, and the system topology is described 

in Figure 5.17. The dSPACE MicroAutoBox II controller provides supervisory control to the 

motor controller by reading information through the CAN-bus into a feedback control loop 

and issuing commands to the motor controller using analog and digital signals through the 

interface circuitry. The interface circuitry is made up of a custom-designed relay board and 

wire connections. The interface combines the output ports, e.g. sensor signals, CAN bus 

signals and motor driver command signals. Relays are responsible for controlling system 

power; throttle and brake enable, and motor direction. Other functions are effected by analog 

control signals and CAN-based feedback. The plant model is executed in real-time on the 

system’s processor (Esfandyari et al. 2018). 

dSPACE MicroAutoBox II provides supervisory control to determine the distribution of 

torque across the engine and the electric motor (EM). It coordinates the control of the two 

power plants using information derived from other controllers and sensors, such as the engine 

control unit, throttle pedal position sensor, gear position sensors, and motor controller. It then 

commands each slave controller separately to ensure the output torque from the entire 

powertrain meets the driver commanded output, in a manner that is imperceptible to the 

driver. In its physical embodiment, the supervisory controller is responsible for the following 

tasks: 
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a. Providing motor torque commands to the motor controller to provide motoring or 

regenerating torque. 

b. Providing throttle position commands to the throttle valve controller. 

It makes these commands based on information reported on the communication bus (CAN) 

including current motor power; driver requested torque, battery voltage, battery state of 

charge, engine clutch position, current gear selected, vehicle speed, gear shift status, among 

others. 

The host PC serves multiple functions, including the development and design in 

MATLAB/Simulink, data collection to verify the SIL models, and providing control 

interfaces for the commands sent to the MicroAutoBox, including simulation start, stop, 

observation of outputs during simulation, and post-simulation analysis. Considerations must 

be made toward the selection of step size, solver choice, and a number of solver iterations. 

Fast and stable control of the full model in this research was determined by the process of 

trial and error. Based on this, a fixed step size of 0.1 ms was selected. Previous research 

(Awadallah et al. 2018) has determined the validity of the system. 

 

 
Figure 5.16 The functional block diagram of an electric propulsion system 
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Figure 5.17 The system architecture of the HIL electric propulsion system 

 

 

5.4.2 Supervisory Controller 

Various commercially-available controllers are used for Rapid Control Prototyping. dSPACE 

MicroAutoBox II is one such controller, suitable for tasks such as development or 

verification and the plant model is executed in real-time on system’s processor. The hardware 

is based around an IBM PowerPC microprocessor running at 900MHz. It includes a real-time 

processor unit (RTP), as well as interfaces providing functionality for typical automotive I/O 

functions for connection and control of sensors and actuators including digital I/O and A/D 

conversion. This is a prototyping platform typically used for a gateway or bypassing 

applications when developing or rapid prototyping electronic control units. 

The model is downloaded directly to a dSPACE Rapid Prototyping system via auto-code 

generation using RTI. The validation process also includes design processes for handling 

real-time simulation using Simulink, dSPACE RTI & ControlDesk environments. The real-

time simulation running in dSPACE RTI was hosted on a local computer within the 

laboratory. This software provides the user with complete control over the dSPACE hardware 

(MicroAutoBox II) and enables the user to change simulation parameters during runtime. The 

host computer and MicroAutoBox II together form the supervisory controller of the testing 

apparatus. 
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The MicroAutoBoxII connects to a host PC using a host interface cable. The host PC serves 

multiple functions, including the development and design in MATLAB/Simulink, data 

collection to verify the software-in-the-loop (SIL) models, and providing control interfaces 

for the commands sent to the MicroAutoBox, including simulation start, stop, observation of 

outputs during simulation, and post-simulation analysis. 

5.4.3 EPS Control Panel 

The use of Auto Code Generation (ACG) technology in MBD is a highly time-efficient 

method of control unit development. Control algorithms developed in model-based graphical 

languages such as Simulink can be converted to production code for implementation in 

hardware (ECU) very effectively. Even more importantly, as revisions to the algorithms due 

to design changes are developed, the code can be regenerated in minutes versus weeks as is 

often the case where ACG is not used. The dSPACE software packages provide a graphical 

programming environment for the development of control strategies and modelling. The 

control models are designed in Simulink. The real-time interface (RTI) block set provides 

function blocks to associate Simulink models with real hardware (MicroAutoBoxII). The 

primary objective of this model was to establish the control system. The signal “Throttle 

analog input” is provided as one example to indicate how to conduct adaptation of signal 

between the motor controller and controller model concerning RTI blocks. The throttle is 

controlled using a 0-5 Volt signal. In order to output these values, one DA conversion RTI 

block is used as one output port of model as shown in Figure 5.18. 
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Figure 5.18 Modelling control design of the HIL EPS 

 

 

The real-time simulation runs in dSPACE ControlDesk, which allows logical configuration of 

simulation runs. Figure 5.19 shows the dashboard layout of the real-time simulation. The 

layout is used for setting up relevant parameters during experimentation. The MicroAutoBox 

II controller receives commands from ControlDesk through a host interface cable. The 

commands control the output parameters. These commands were interpreted by the controller 

logic and output to the relevant slave controller. The ControlDesk dashboard was configured 

to allow control of power, throttle, brake, and direction. Indicators were configured to display 

controller and motor temperatures, motor speed, direction, motor current, voltage, CAN-Bus 

activity, power status, and a speed histogram. 
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Figure 5.19 The control panel used for the HIL EPS 

 

 Hardware-in-the-loop test bed 5.5
Hardware-in-the-loop (HIL) simulation consists of tests performed in the lab on sections or 

subsystems of the system under development. The technique is beneficial because it means 

certain points of interest can be investigated without the need to build an entire system, 

saving time and money. Errors that occur in the laboratory can be reproduced at any time, 

whereas this is often not the case in traditional prototype testing. The HIL test bed used for 

the verification of system performance replaces the real environment of the EPS by 

substituting the engine for an electric motor being controlled to simulate the engine (the 

engine simulation motor, or ESM), and substituting vehicle loads for an opposed eddy current 

brake connected axially and being controlled to simulate rolling, inertia, and aerodynamic 

vehicle loading (the load simulation brake, or LSB). The real EPS equipment (controller, 

motor and power supply) is connected medially between the simulated engine and simulated 

load. The test bench setup is described schematically in Figure 5.20, and shown as presented 
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in the laboratory in Figure 5.21. The numbers in this paragraph refer to the numbers in both 

figures. The ESM (5), controlled by an ABB motor controller (4), was used to emulate the 

output from the manual transmission. It was connected to the LSB (8) using a shaft which 

emulates the propshaft in a roadgoing vehicle. The LSB is used to simulate the resistance 

loads, such as rolling and aerodynamic losses. The control model uses a MicroAutoBox II 

supervisory control unit (2), which controls the ABB controller and the EPS controller (3). 

Supervisory control is implemented in dSPACE ControlDesk (1) and on the MicroAutoBox 

II control unit (2). The supervisory control references a vehicle model which is used for the 

generation of torque commands for both the EPS (3) and the IM (9). The reference model is 

based on acquired data from physical testing, giving an accurate representation of torque, 

speed, and gear change profiles. The shaft torque is measured using two torque sensors, (6) 

and (7). 

 
Figure 5.20 Conceptual system structure 

 

The test bench can be used to simulate any driving scenario. HIL has been well-described in 

the literature, particularly for test and verification of vehicle drivetrains under specific driving 

cycles (Brown & Kotori 2013; Fotouhi et al. 2018; Oh 2005; Trigui et al. 2007, inter alia). 
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Figure 5.21 The HIL test bench as constructed 

 

The HIL test bench was designed for the purpose of testing the continuous torque delivery 

function of the EPS, which requires simulating a gear change and managing the modulation 

of torque demand between the engine and EM. This particular focus was chosen because of 

the difficulty of obtaining repeatable gear change characteristics in a prototype vehicle 

equipped with a manual transmission (MT) and using a human driver for gear and clutch 

actuation. In order to determine effective calibration of the system, the HIL approach is the 

most effective method, as torque modulation and gear change characteristics are controlled 

by the host PC and can be simply changed using parametric values in the model.  

In operation, the virtual vehicle model is used to generate a gearbox output shaft torque 

signal, which is then used as a control signal for the engine simulation motor (ESM). The 

ESM is connected to the motor used in the EPS using a belt-driven power take-off (PTO), 

which is topologically equivalent to the on-axis post-transmission location of the electric 

motor in the MHEV powertrain. The simulation captures the bi-directional interactions 

between its actual and virtual components using a combination of external transducers (shaft 

encoders and strain-gauging torque transducer) and internal datalogging of commanded 



Chapter 5: Simulation and Modelling 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 165 
 

outputs. The setup implements a fixed step-size routine to ensure continuous synchronization 

between the virtual simulator and real-time. This is implemented within the MATLAB real-

time workshop. 

 The same principle can be used to develop most generalized HIL environments – connected 

loads on either side of the system under test are simulated using generalized emulation 

devices which are controlled by a software model. Providing the software model and 

emulated devices are of sufficiently high fidelity, the system under test can be developed 

rapidly and with a high degree of confidence. Naturally, insufficient development of the 

software model or inability of the physical emulation device to accurately reproduce 

simulated output limits the value of the HIL process as a development tool. 

5.5.1 HIL Bench Model 

The top level RTI-Simulink blocks used for the control of the test bench is shown in Figure 

5.22. The sub-systems are: drive cycles, control units, EPS, ESM controller (ABB), torque 

transducer, and shaft speed encoder. Each block contains I/O, ADC, DAC, encoder, and CAN 

blocks from the RTI blockset. Additionally, the controller block uses the feedback from the 

torque sensor and shaft speed encoder to track the speed and torque and compute the required 

output, closing the control loop (Figure 5.23). 
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Figure 5.22 The top level of the RTI-Simulink blocks used for the Test Rig 

 

 

Figure 5.23 Test rig modelling control design 
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5.5.2 Control Panel 

Figure 5.24 shows the virtual control panel (dashboard) for the HIL simulation. The 

dashboard is the monitoring interface and also provides user controls for driver throttle, brake 

and key input control signal. The dashboard is used to set up simulation parameters such as 

cycle selection and speed control, as well as displaying simulation outputs, including shaft 

torque and speed. The data is updated in real-time based on the input and can be datalogged. 

The MicroAutoBox II communicates with the host PC at a frequency of 1 MHz, and data can 

be logged at 1 KHz. 

 

 
Figure 5.24 PC display panel for data acquiring, variables changing in ControDesk 

 

5.5.3 Test Scenario 

The continuous torque delivery scenario essentially mimics a gear change, and then 

commands the EPS motor to provide infill torque. To mimic the gear change, a cruise 

condition is achieved using the ESM to drive against a defined load. A gear change command 
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is initiated which causes the software model to simulate the clutch disengagement. This 

results in a zero torque command being sent to the ESM.  

This torque drop is sensed by a torque sensor and triggers the torque infill subroutine, which 

controls the EPS motor to fill in torque until the gear change event is finalized, which is 

flagged by the simulation of the clutch re-engagement. When the gear change event is over, 

the ESM resumes a non-zero torque value. This is sensed separately and used by the 

supervisory controller to turn off the torque-filling function. Data acquired over the gear 

change event can be analysed in post-processing for system calibration and improvement of 

emulation fidelity. Varying parameters in the torque infill subroutine allows system 

calibration. Parameters include the clutch position value at which torque infill is initiated and 

terminated, torque rise rate and fall rate, and PID parameters. 

 

The results of the torque hole simulation are shown in Figure 5.25 (a)-(c). These are 

compared to experimental results in Chapter 9. 
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a. CV Torque in different shift period 

 

 
b. MHEV Torque profile in 3 seconds shift period. 

 

 
c. MHEV Torque profile in 3 seconds shift period with PID. 

Figure 5.25 HIL torque profile 
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 Summary 5.6
The simulation, RCP, and HIL process was used as part of the V-model for product 

development. It was necessary to follow the process of modelling, simulation, control 

prototyping, and then HIL testing to gain an understanding of the functionality of the system, 

as well as develop an initial system calibration that could be used with a high level of 

confidence on the prototype vehicle. This is important as it reduces the time taken on system 

development using the prototype and provides some verification of system operation prior to 

the validation stage. The control architecture and the detailed functionalities of the system in 

simulation, RCP and HIL stages are discussed in detail. The HIL test bench allows for the 

integration of the EPS for testing, but also, importantly, allows a wide variety of powertrain 

configurations to be tested owing to its relatively simple opposed on-axis source and sink 

configuration. Simulations of longitudinal vehicle dynamics can be accomplished using a 

range of virtual powertrain configurations and environments. 

The real-time modelling completed using HIL principles allowed rapid verification of 

fundamental system design decisions made for this HEV system, particularly as they relate to 

the continuous torque delivery functionality. The HIL model could be further refined by 

replacing the eddy current brake with a DC motor controlled in four quadrants, and adding an 

emulated engine with ripple control rather than the relatively simple torque source that was 

used for the ESM. However, there is further work that could also be completed in terms of 

improving fidelity of the HIL software model that could also improve the current setup 

without significant expense. More refinement on the HIL hardware components would negate 

its advantages in development time, and reduce the resources available for the development 

of the future prototype. 

The process followed and described is the model-based design (MBD) development process, 

which represents a series of development challenges that have been met using a selected 
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combination of state-of-the-art software and hardware tools. The EPS model was designed 

using a combination of high-level programming languages and graphical environments. Draft 

control algorithms were developed and optimized using a rapid control prototyping process, 

which utilized a development platform capable of controlling the EPS componentry and 

containing a significant and easily modifiable feature set to allow flexible, efficient, and 

quick prototype evaluations. Once the acceptable performance has been achieved in the 

laboratory, the final step in embedded control development is EPS Calibration, which 

incorporates the fine-tuning of system and control parameters using vehicle prototype testing. 

This is discussed further in Chapter 8 and 9. Alternatively, further refinement could also be 

achieved on a more fully developed HIL test bench incorporating greater hardware emulation 

capability. 
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Chapter 6:  Prototype Assembly 

Assembly of the prototype vehicle required significant engineering design to successfully 

retrofit the hybrid powertrain components to the existing base. The primary powertrain 

components being installed are the electric motor, battery pack, and controller. Secondary 

components include sensors and transducers, safety cut-off devices, mounts, and other 

ancillary hardware. The assembly can be categorized into mechanical fabrication and 

assembly, which describes the considerations relating to physical driveline mounting, 

alignment and vibration management, and the electrical assembly, which includes electrical 

connections between the various sensors, controllers, and actuators, battery pack assembly, 

and mounting or fabrication of sensors and subsystems. 

To provide ease of reference, terminology used throughout this chapter is depicted in Figure 

6.1: 

 

Figure 6.1 Axes of linear and rotational motion (terminology) 

 

Transverse 

Vertical 

Longitudinal Transverse 

Vertical 

Longitudinal 
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 Overview 6.1
The physical construction of the prototype vehicle was designed as far as possible to fit 

without significant modification to the vehicle structure. Minimizing ancillary changes 

outside of those strictly required for the functionality of the prototype allows a more accurate 

comparison between the base vehicle functionality and the prototype. For this reason, as well 

as for the reasons of accessibility and ease of modification, many of the additional parts that 

constitute the electric side of the powertrain are located sub-optimally from a manufacturing 

perspective. For instance, the traction motor is placed medially in transmission tunnel, 

necessitating a split prop shaft design, rather than being directly flanged to the differential or 

being integrated with the transmission extension housing. However, such locations in the 

prototype vehicle are generally chosen to aid the testing process – for instance, the split prop 

shaft allows for the simple and direct measurement of torque before and after the motor, 

which would not be easily possible if the motor is flanged to downstream or upstream 

components. Topologically, the differences are also insignificant, relating mainly to the 

location of the prop shaft spring constant and inertia values. 

The donor vehicle was specifically chosen after lengthy investigation into the best platform 

on which to build the prototype. This investigation is described in Chapter 4. The platform is 

quite unique due to its convertible, rear-wheel drive, lightweight nature. These characteristics 

made it ideal for conversion to P3 hybrid topology. The folding roof was removed to make 

room in the cabin for mounting the system controllers and ancillary electronic components 

such as optocouplers and relays, which occupy the roof stowage space on the rear parcel 

shelf. The front-engine, rear-wheel drive powertrain simplified the addition of the AC 

Induction motor at the transmission output shaft, which would have required extensive, 

costly, and difficult modification to fit to a transaxle housing in a front wheel drive 

application. Instead, the modifications were relatively simple welded additions to the unibody 
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and rear subframe to provide mounting locations for the motor and differential. Due to the 

low kerb weight of 990kg, keeping the total modified kerb weight under 1200kg as required 

by the design goals, was relatively straightforward. 

The list of assembly tasks described in detail in this chapter are, in summary order of 

execution: 

1. Remove Powerplant frame (PPF) 

2. Design, fabricate and install body-transmission mount 

3. Design, fabricate and install differential mount 

4. Design, fabricate and install electric motor mount 

5. Install electric motor 

6. Design, fabricate and install motor input and output flanges 

7. Shorten propeller shaft for re-use as transmission output shaft 

8. Design, fabricate and install motor output shaft 

9. Install strain gauge torque sensors on transmission output and motor output shafts 

10. Install electronic throttle body 

11. Install electronic throttle pedal 

12. Install and wire throttle body controller 

13. Assemble and 96V install traction battery pack 

14. Install and wire battery management system (BMS) 

15. Install and wire Curtis 1238e motor controller 

16. Install, wire and plumb motor controller cooling system 

17. Install and wire system sensors 

18. Install and wire dSpace MicroAutoBox supervisory controller 
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 Mechanical Assembly 6.2
 

 

Figure 6.2 Vehicle underside showing the powertrain assembly and layout 

Mechanical assembly of the hybrid powertrain required mounting of the electric motor within 

the driveline, in the footprint of the prop shaft. In summary, this required the removal and 

shortening of the prop shaft, removal of a longitudinal member connecting the differential 

and transmission, fabrication of an electric motor output shaft, fabrication of a replacement 

differential mount, replacement differential mount, and electric motor mount, and minor 

relocation of exhaust hardware. The resultant powertrain is shown in Figure 6.2. 

Additionally, in order to allow for electronic engine speed control, the cable-operated throttle 

body was replaced with an electronic throttle body. The throttle pedal was also replaced with 

a hall-effect type throttle pedal. The control of the throttle body was accomplished using a 

Pololu JRK12V12 motor controller. 

The front and rear sections of the powertrain are connected for power transfer through a prop 

shaft measuring 950mm in length. The prop shaft is contained within a 290mm diameter 

transmission tunnel, in which the motor must also be mounted. A C-section beam known as a 
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powerplant frame (PPF) runs within the transmission tunnel, statically constraining the 

relative angular motion of the transmission and differential subframe in the transverse axis 

(Figure 6.3). The PPF is a rigid member connecting the gearbox and differential, running 

parallel to the prop shaft. Its role is to limit angular misalignment of the transmission output 

flange and differential input flange, as well as providing rigid axial mounting and co-location 

for the transmission and differential. 

 

 

Figure 6.3 Standard MX-5 powertrain showing the PPF connecting front and rear assemblies 
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The PPF and the prop shaft run longitudinally down the vehicle chassis within the 

transmission tunnel. Due to space restriction within the tunnel, mounting the electric motor 

inline with the prop shaft requires the removal of the PPF. This necessitates alternative 

solutions for the angular alignment and axial location of driveline components. Rigid 

transmission and differential mounts were designed and fabricated, relying on the unibody 

frame of the vehicle to support the powertrain reaction forces.  

6.2.1 Transmission support cross-member 

The transmission support was built of the cross-member type, fabricated from mild-steel 

rectangular hollow section (RHS) and flat plate. It was rigidly secured to the vehicle floor pan 

using welded reinforced plates with threaded mounting holes, and supports the gearbox atop a 

rubber pillow mount with a shore hardness of 52. This shore hardness was chosen to be 

identical to the left and right engine mount shore hardness. The engine and gearbox are 

interfaced rigidly and bolted together at a planar interface. They are considered to be a rigid 

assembly. The engine is mounted at its left and right side, providing constraint in the vertical 

and longitudinal rotational axes. The transmission support cross-member constrains the 

assembly in the transverse rotational axis, replacing the function of the PPF and mounting 

using the existing mounting boss cast into the transmission housing. It is not adjustable, 

therefore using materials of similar properties for all three mounts assists in keeping 

vibrations from the assembly in phase.  

6.2.2 Differential Mount 

The differential is mounted in three locations. The existing wing mounts cast into the 

differential casing are retained. These wing mounts are through hole rubber bushings which 

retain the differential within the rear subframe. The wing mounts provide constraint in the 

three linear axes of motion, as well as in the vertical and longitudinal axes of rotation. To 
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constrain rotation in the transverse axis of rotation, a third mount was fabricated. The third 

mount is rigid, fabricated from aluminium by re-using the end-section of the PPF. This 

allowed for the existing differential mounting holes to be re-used. A link with adjustable rod-

ends was bolted to the re-used section of the PPF. On the opposing end, the link is secured to 

the rear assembly subframe using a bolt-through bracket, fabricated of welded mild steel. The 

adjustable link is used to finely adjust the pinion angle, ensuring that angular misalignment of 

the front and rear sections of the drivetrain are minimised. 

6.2.3 Electric Motor Mount 

The electric motor was mounted using a NEMA 143TC face mount plate, which is integrated 

with a transverse cross-member located medially across the transmission tunnel. The motor is 

mounted and supported at its forward face only, and relies upon a rigid bolted connection to 

the differential input flange for support of the rearward end of the motor. The NEMA 143TC 

face mounting standard allows for cantilever mounting as implemented. Because the 143TC 

face mount was used, no rubber vibration damping elements are utilised between the chassis 

and the motor face. The motor may be considered to be a rigid element of the vehicle 

structure. This arrangement was selected as the motor, which is double-ended, is equipped 

with sliding spline shaft sockets on each end. If compliance is introduced in the motor mount, 

an extra degree of freedom is introduced in the system. This can lead to problems with 

driveline vibration, as the motor mount may be excited by existing system imbalances. 

6.2.4 Rotating Assembly 

Due to the location of the motor within the transmission tunnel, new rotating hardware was 

required to replace the single-piece prop shaft connecting the transmission and the 

differential. The rotating hardware consists of four separate assemblies. These are; the front 
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prop shaft, the electric motor input flange, the electric motor output flange, and the 

differential input shaft. 

The rotating hardware was fabricated from mild steel, with the exception of the front prop 

shaft, which was made by shortening the factory-installed single-piece prop shaft to suit the 

new application.  

The front prop shaft is a double-cardan shaft with a female spline interfacing the transmission 

output shaft, and a four-bolt flange interfacing the motor input flange. The motor input flange 

splines into the electric motor’s rotor, which is equipped with a Dana Spicer 7/8” 19-spline 

input. The motor output is a 7/8” shaft with a ¼” keyway. For this reason, the motor output 

flange is keyed to the rotor and then the shoulder of the flange was welded to provide 

increased joint strength. The output flange is also a four-bolt flange, as is the differential 

input flange. Between them a rigid “dog bone” shaft completes the driveline. 

All fasteners used for the assembly were grade 8.8 M8x65mm bolts.  

6.2.5 Electronic Throttle Body 

An electronic throttle body was required to replace the existing cable-operated throttle body, 

which could not be electronically controlled using the EPS. The existing throttle body 

assembly combines two functions. It includes the primary throttle valve which is actuated by 

the throttle pedal, and also includes an idle speed control (ISC) valve, which regulates the 

bypass air allowed around the primary throttle valve to control engine idle speed. The ISC 

valve is a rotary valve that is driven using a pulse-width modulated signal to regulate idle 

speed. The function of the valve is primarily engine temperature related, providing higher 

bypass air when the engine is cold to increase idle speed. Its function and location in the 

intake system are provided in Figure 6.4. Electronic throttle bodies are not usually equipped 

with secondary valves because the idle speed control can be accomplished using the primary 
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valve. Instead, a small relief is usually present in the valve which provides a failsafe should 

active control be impossible. The relief ensures a minimum amount of air bypasses the 

throttle valve to prevent engine stall, but does not provide closed-loop speed control. 

 

Figure 6.4 Standard intake system arrangement (Mazda Motor Corporation 1989) 

 

The physical constraints for the electronic throttle pedal are that it must match the standard 

throttle diameter of 55mm and the mounting face must be physically similar to the original 

throttle so that it can be mounted to the intake manifold. A throttle body from a Toyota 

Estima ACR50, bearing part number 22030-28070 was found to be suitable. The throttle 

body matched the original diameter of 55mm, and the mounting stud pattern was near 

INTAKE MANIFOLD 

THROTTLE BODY 



Chapter 6: Prototype Assembly 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 181 
 

identical, with the only change being the bottom-left hole in the intake manifold requiring 

drilling to slot it out by approximately 4mm (Figure 6.5). Once slotted, the throttle body 

could be mounted to the manifold directly. A custom gasket was used between the mounting 

faces, which also served to seal the idle bypass passage in the intake manifold. 

 

Figure 6.5 Comparison of manual (left) and electronic (right) throttle body flanges 

 

6.2.6 Electronic Throttle Pedal 

The base vehicle throttle pedal is a simple lever operating a Bowden cable. The Bowden 

cable is connected to a sprung 90° bellcrank which operates the throttle valve.  
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Figure 6.6 Standard throttle pedal arrangement (Mazda Motor Corporation 1989) 

 

To control the electronic throttle body, a suitable electronic throttle pedal was required. 

Electronic throttle pedals are typically hall-effect sensors mounted on a foot-actuated pedal. 

A 0-5V output is provided to a servomotor controller which then drives the throttle valve to 

the corresponding position. The base vehicle throttle pedal assembly was removed from the 

vehicle and in its place, a Toyota throttle pedal bearing part number 78110-28010 was 

installed. The base vehicle pedal is mounted from a bracket on the firewall in the pendant 

style. However, for simplicity, the electronic throttle pedal was mounted in reverse on the 

floorpan of the vehicle in the organ pedal style. 

6.2.7 Traction Battery 

The traction battery was built into a laser-cut prismatic housing made of 8mm fire resistant 

plywood. A false floor made of 16mm plywood was installed into the vehicle boot, to which 

the battery housing was affixed. The false floor was not affixed to the vehicle, but its tight fit 

in the boot ensured the battery was immobile. 

THROTTLE BODY 

PEDAL BRACKET 
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6.2.8 Motor Controller Cooling 

A small convective cooler was required to cool the motor controller, which is supplied with a 

sandwich-plate type cooling pad fabricated from aluminium. The convective cooler is a 

Davies Craig transmission oil cooler which is placed in free air on the rear parcel shelf sill 

(Figure 6.7). A Davies Craig EWP115 electric water pump is used for flow control. The 

pump has a maximum flow of 115L/min which was significantly higher than is required, but 

for the purpose of prototype validation this was acceptable. The total capacity of the cooling 

circuit is less than 3 litres. 

 

Figure 6.7 Davies Craig water pump and transmission cooler used for cooling the Curtis 1238E 

 

6.2.9 Improvements 

Whilst the powertrain modifications were fit-for-purpose for the development of the proof-of-

concept prototype, several simple improvements were identified upon testing. These 

improvements pertain to the drivetrain. 

The principal improvement that could be made is the mounting of the motor using both faces, 

rather than just the forward 143TC face plate. The cantilever mounting introduced a radial 

load on the motor output shaft, and even though the shaft was rigidly connected between the 

differential and motor, excessive vibration was introduced into the driveline. This was 
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because of slight misalignment between the motor output and differential input. The through-

hole bushings mounting the differential provided sufficient compliance to take up much of 

this vibration, and the effect was not noticeable in measured data, however, test driving the 

vehicle on the dynamometer revealed excessive in-cabin vibration. Double-hanging the motor 

by using the second face for mounting would have minimized much of this vibration.  

Additionally, if the motor was not cantilevered, an articulated shaft or joint could be utilized 

between the differential and motor. Such articulation could include the use of a double-cardan 

shaft, or the use of a guibo or flex disc between flanges. This would make the drivetrain more 

robust to minor misalignment, although the introduction of an extra compliant element such 

as a guibo would be a significant departure from the system as modelled in software, and 

therefore this was not a preferred solution from the point of view of system validation. 

Another drivetrain improvement that could be made is the reduction of the joint angle of the 

front prop shaft. The motor rotational axis is coincident with the rear differential rotational 

axis. However, the motor input is shifted approximately 700mm forward from the differential 

input flange. Because of this significantly decreased distance between the transmission output 

and the motor input, the front prop shaft operates at a joint angle of approximately 17°. 

Whilst this did not result in any noticeable vibration, the high angle necessarily results in 

increased parasitic losses and wears the cardan joints prematurely. Optionally, the motor 

could be flanged directly to the transmission extension housing, although this would have 

required significant fabrication work to relocate exhaust hardware and modify the tail 

housing. 

 Electrical Assembly 6.3
The vehicle is equipped with both a 12V electrical system and a 96V traction system. The 

12V network is powered by a 6-cell sealed lead acid battery mounted in the rear of the 

vehicle. It is used to power engine sensors and the engine control unit, ancillary components 
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such as lights and driver aids, and the dSpace MicroAutoBox II supervisory controller. The 

network is referenced to battery negative ground, and the vehicle chassis is tied to this 

reference. 

The 96V traction system is powered by a 30-cell lithium iron phosphate battery pack 

mounted in the rear of the vehicle. The battery pack is solely used for providing tractive 

power for the motor. It is connected to the motor controller through a Gigavac GV200-QA1 

contactor and fused at 200A, which represents a discharge rate of 5C. The motor controller 

uses field-oriented control (FOC) to control the 3-phase motor torque. The 96V system is 

floating with reference to the 12V chassis ground. This reduces the risk of ground isolation 

faults causing the chassis to energize to the same potential as the battery. 

There are a number of devices that require connection to both the 12V system and the 96V 

system. The Curtis 1238E controller uses 12V for system control power, as well as the Orion 

BMS2. Both these devices are internally isolated and equipped with both a high-voltage and 

low-voltage ground, to prevent ground isolation faults through the device. The dSpace 

MicroAutoBox II is equipped with only a single ground. It interfaces with the motor 

controller to command a motor throttle value, and to read motor encoder information to 

determine drivetrain and vehicle speed. Because both these signals are referenced to the 

traction battery ground, it is necessary to isolate the signals from the dSpace. Optical isolation 

is used to achieve this.  

The electrical subsystems assembled within the vehicle include the Curtis 1238E motor 

controller, Orion BMS2 48 cell battery management system, Orion Thermistor Expansion 

Module, the battery pack consisting of 30 individual 40152s LiFePO4 cells, the Pololu 

JRK12V12 motor controller, and the dSpace MicroAutoBoxII rapid prototyping controller.  
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Additionally, several sensors, switches, and ancillary components were required as part of the 

assembly. 

A battery pack mount was fabricated in the rear storage compartment of the vehicle. This is 

particularly convenient as the rear storage also contains the 12-volt battery and its associated 

wiring. It allows the battery pack to be built as one unit rather than distributed wherever it 

may fit, and puts the pack in proximity to the motor and controller, limiting the length of 

cable runs. 

Most other electronic systems, including the motor controller, BMS, and supervisory 

controller, were mounted on the rear parcel shelf. The exception to this is the electronic 

throttle controller, which was mounted in the engine bay near the intake manifold, using a 

custom-built housing. 

The following sections provide detail on some of the the electrical subsystems with schematic 

diagrams to aid understanding. 
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6.3.1 Battery and BMS 

 

Figure 6.8 BMS Connection diagram 

 

The battery is a 96V pack comprised of 30 Headway 40152s battery cells. Each cell is a 15Ah 

LiFePO4 cylindrical unit. The pack provides a nominal total of 1.44kWh storage and is 

electrically connected as a single string in series. It is physically arranged to be two cells deep 

and 15 cells wide. The Orion BMS2 has two connections to each individual cell in the pack. 

The connections are cell voltage taps, which are arranged at the junction of each cell and its 

adjacent cell, as well as the pack positive and negative terminal, and thermistors, which are 

physically adhered to each cell to monitor cell temperature. The BMS monitors individual 

cell voltages, resistances and temperatures, as well as the pack voltage, resistance and 

temperature, calculating SOC and balancing cell voltages to ensure no parasitic draw occurs 

within the pack, which optimizes cell life. 
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A current transducer is placed on the positive output on the pack. The current transducer is 

used to measure pack current draw and control limits. The hard safety limits are controlled 

directly by the BMS through its discharge enable output, which switches the contactor. Soft 

limits can also be used to vary the maximum current draw depending on temperature or 

battery safety characteristics. The soft limits are communicated to the Curtis 1238E motor 

controller using a CAN bus line, which operates on the CANOpen protocol. 

6.3.2 Electric Motor Throttle Control 

 

Figure 6.9 Electric motor throttle control system schematic 

 

The electric motor throttle input is on pin 16 of the motor controller. Manual and automatic 

controls are provided using a single-pole double-throw switch to connect the controller 

alternately between a 5kΩ potentiometer or the dSpace throttle input. The dSpace throttle 

input is isolated using a GIC 2SC3D11CC3 analog signal converter. The manufacturer of the 
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isolator claims the introduces a small delay of no greater than 100ms, however in practice no 

noticeable delay was present. 

6.3.3 Electronic Engine Throttle Control 

 

Figure 6.10 Engine throttle control system schematic 

 

The engine throttle control was accomplished using a Pololu JRK12v12 motor controller. The 

motor controller is a general-purpose closed-loop servomotor controller operating on 12V 

and supplying up to 30A peak current. Feedback control is accomplished using a PID loop 

with a 0-5V position signal from VTA1, which is output from the throttle position sensor. 

Because PID control is accomplished onboard JRK12v12, the feedback signal VTA1 is not 

monitored by the supervisory controller.  

The throttle pedal position input is provided at accelerator position sensor pin VPA1. The 

output is a 0-5V signal. VPA1 is also connected to the supervisory controller at position C1-

ADC1 at all times. In hybrid operation, the supervisory controller reads the VPA1 signal and 

compares it to the engine efficiency table. If a more suitable operating point can be found, the 

VPA1 signal is modified by the supervisory controller and sent to JRK12v12. Otherwise, the 
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signal is simply repeated. For continuous torque mode, the supervisory controller monitors 

the clutch switch input and gear position inputs, and if a gear change is sensed, VPA1 is 

modified to control engine speed proportional to target gear engine speed. This minimizes 

inertia discontinuity on clutch re-engagement and also reduces transient emissions from 

sudden throttle position changes. 

An SPDT switch is placed on the VPA1 signal wire to allow the supervisory controller to be 

simply switched in and out of the circuit. This allows direct engine control if the supervisory 

controller is not onboard the prototype, or if a fault has been detected. 
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6.3.4 Supervisory Controller 

 

Figure 6.11 Supervisory controller schematic wiring diagram  
(EM throttle and Engine throttle are shown in previous sections) 
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The supervisory controller is responsible for the co-ordination of the hybrid system. It is the 

main hybrid drive controller and takes data from engine operation, vehicle environment, and 

EPS sensors to determine the appropriate instantaneous split between engine and electric 

motor operation. 

The supervisory controller determines engine operating condition using a manifold absolute 

pressure sensor (W1-ADC1) and the existing engine encoder (M5). From these, the controller 

can determine engine operating conditions using a lookup table, to obtain engine torque, 

BSFC and other information.  

The supervisory controller also determines the transmission state using gear position sensors 

(T1-DI G6 to T6-DI G6) which are momentary switches shorting inputs to the 5V output to 

indicate selected gear. It is also provided with a clutch switch input (P2-DI G6) which 

provides information on clutch pedal actuation and a clutch pressure sensor (A1-ADC2) 

which is used to estimate clutch engagement. These inputs allow it to determine the selected 

gear, estimate the target gear and clutch re-engagement. 

Speed and torque target information is provided using the EM Encoder (M2) and the 

Accelerator Pedal Position sensor (C1-ADC1) respectively. The EM Encoder is a 64-tooth 

wheel that provides a resolved prop shaft speed. The information is used to calculate and 

target a specific engine RPM during gear change processes to ensure there is no inertia 

discontinuity when clutch re-engagement occurs. The information is also used to arm and 

disarm the continuous torque gear change mode, so that no attempt is made to provide 

continuous drive torque if the speed is below that at which a gear change could be expected. 

The accelerator pedal position is converted into a driver torque request which is the basis for 

the operation of the hybrid controller. 
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The brake switch input (P1-DI G6) is used by the controller to break the continuous torque 

delivery algorithm. It is also used to engage regenerative braking, which is regulated using 

proportional control from the brake pressure input (Y1-ADC1). 

 Summary 6.4
The mechanical and electrical assembly of the prototype vehicle has been described. The 

mechanical assembly extended to fabrication of mounts and restraints for the rotating 

assembly, as well as replacement of the rotating assembly between the transmission output 

and the differential to accommodate the electric motor within the transmission tunnel. In 

addition, the engine throttle was converted to an electronic system instead of the original 

Bowden cable type. This necessitated modification of the engine intake manifold by slotting 

one of the throttle body mounting holes to accommodate an electronic throttle body selected 

from an ACR50 Toyota Estima. This throttle body was deemed to be the most suitable 

replacement to the base vehicle throttle body because it was geometrically very similar – 

sharing the same throttle diameter, centre axis, axial length, and very similar mounting 

hardware. The idle speed control valve was replaced with open-loop control of idle speed for 

the purpose of prototyping. This was chosen for ease of implementation as well as suitability, 

considering the purpose of the prototype was to provide system validation in a controlled 

environment, therefore idle is unlikely to require significant variation due to environmental 

stability. An electronic throttle pedal was installed in place of the pendant type pedal. Cooling 

for the motor controller was satisfied using a small transmission oil cooler and electric water 

pump. The cooling hardware was over-specified but adequate for the purpose of validation. 

Electrically, the main subsystems assembled included the battery and BMS, motor controller, 

electronic throttle control for the engine, and the supervisory controller. The high voltage 

systems (battery, BMS, and motor controller) are equipped with a floating ground with 

reference to the low-voltage vehicle systems which use the chassis tied to the negative 
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terminal of the 12V battery as the ground reference. Because these systems are designed for 

EV applications they are equipped with separate grounds for 12V connections and high 

voltage connections. However, the supervisory controller is only equipped with a single 

ground reference which must be tied to the 12V battery negative (and chassis). In order to 

eliminate any potential for ground isolation faults which may cause the chassis to become 

live at high voltage system potential, optical isolation is used whenever a sensor is required to 

be connected to both a high-voltage subsystem and the supervisory controller. In this case, 

the electric motor throttle signal and EM encoder signal are both optically isolated from the 

supervisory controller.
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Chapter 7:  Torque Sensing and Control 

This chapter describes the sensing and control developed for the MBD testing phase of the 

project, which followed the conclusion of the HIL verification. The test cell phase involves 

the integration of the prototype plant, in this case KERMIT IV, with the controller, and the 

verification of the controller operation on the prototype plant. It is the final stage of the 

development process which then allows experimental validation testing to take place. The 

integration of the dSpace MicroAutoBox controller with the prototype and the control 

methodology are discussed in the following sections, as is the verification of the controller’s 

operation using MIL testing prior to the installation on the prototype. This discussion is with 

particular reference to the control of the gear change torque in-fill function of the controller 

which is a key element of novelty in this project. 

The torque sensing, which is based on a custom-built Bluetooth torque transducer PCB using 

strain-based torque sensing, is also discussed in this chapter, with particular reference to its 

use for the estimation of driveline-induced jerk.  

 System Layout 7.1
Conceptually, the virtual model of the vehicle, constructed in the dSpace ControlDesk 

environment mirrors exactly the system layout of the physical prototype. Figure 7.1 shows 

the virtual system layout. The MicroAutoBox II is directly connected to every system 

component except the BMS, which operates independently 
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Figure 7.1 The system virtual model mirrors the physical prototype 

 

 Control Model 7.2
 

 

Figure 7.2 Top-level control model representation showing the control unit (right) and ports (left) 
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The control model for the vehicle consists of a control unit, which is represented at the top 

level using its input ports and output commands, the ports, which group sensors and actuators 

and are arranged functionally, and wires, which represent the logical flow of the control 

algorithm. The top-level system control model is shown in Figure 7.2. The control unit has 

three closed control loops. These loops are the EPS throttle, EPS brake, and engine throttle 

position command. The EPS throttle and brake simply work to operate the motor in forward 

and reverse torque directions, thereby providing electric motoring and regeneration. The 

loops are kept separate because the inputs on the Curtis motor controller, controlling throttle 

and brake are on separate pins. The engine throttle position command is used to control the 

load state of the engine or track engine speed to transmission input shaft speed, depending 

upon the state of the clutch. 

The three ports are functionally grouped into the electric motor port, which provides encoder 

information only to the control unit, the transmission port, which provides gear position 

information only to the control unit, and the engine port, to which all engine-related sensors 

are wired, including; throttle pedal position, throttle valve position, clutch pressure sensor, 

clutch switch, brake pressure sensor, brake switch, engine encoder, and manifold absolute 

pressure. 
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7.2.1 Control Unit Architecture 

 
Figure 7.3 Second-level representation of the control unit, showing subsystems and state machine 

 

 

The second-level representation for the control unit maintains the same programmatic visual 

structure as the top-level view. Subsystem models are introduced in the controller for 

determining calculated values and outputting control commands. Subsystem models are 

designed for control of the electric propulsion system (EPS), engine control (throttle position 

command), and calculation of start and end torque for the gear shift torque infill. A state-flow 

machine monitors measured and calculated inputs in real time, issuing control commands to 

subsystems and actuators. The second-level control unit architecture is internally open, 

linking to the top-level for its feedback loops. 

The control unit for the infill torque is shown in Figure 7.3. In normal operation there are 

three parallel processes. These processes are “calculate torque”, “calculate end torque”, and 

“engine control”. The fourth process “EPS control” operates when the state-flow machine 

detects a gear change event. This sets a flag, “change_event_flag” to true, which then 
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controls the EPS according to the values calculated by the processes “calculate torque” and 

“calculate end torque”. 

7.2.2 Stateflow State Machine 

 

Figure 7.4 Gear change continuous torque delivery state machine 

 

The stateflow machine (Figure 7.4) is essentially a logical control flow diagram which 

monitors inputs to determine the state the system is in, and defines system outputs based on 

the actions during that state. For the gear shift infill torque, the stateflow machine begins with 

a neutral setting wherein target torque is zero and no gear change is assumed. The stateflow 

machine uses the clutch switch to initiate the torque infill mode. However, if the previous 

gear position is neutral or the speed is less than 13km/h, the clutch switch is ignored. This 

logic is used to avoid any infill torque being provided when the clutch is disengaged at rest or 

low speed, when the driver may be feathering the clutch to crawl the vehicle along. Above 
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13km/h, if the clutch switch is true, a change event flag is set. This arms the EPS controller, 

which engages the electric motor to provide torque at the “calculate torque” value. This 

torque is provided for as long as the clutch pressure value remains above 20% or no greater 

than one second. The time of one second was chosen because it is equivalent to a relatively 

aggressive shift, taking into account the entire shift process rather than just the gear change 

actuation. After one second, the stateflow machine uses the “calculate end torque” value to 

command the EPS controller. The difference between the “torque” and “end torque” values is 

equal to the difference between the current gear and target gear ratios. The “calculate end 

torque” value is held for a maximum of four seconds, meaning that the infill torque is 

provided for no longer than 5 seconds in total. At any point during the five seconds, if clutch 

pressure value drops to 20% or less, the infill torque is disengaged. 

7.2.3 Torque Model Calculation 

 

Figure 7.5 The "Calculate Torque" subsystem. The Calculate End Torque subsystem is similar but uses the next 
gear value instead of current gear value 

 

The torque calculation model (Figure 7.5) uses an engine torque map which is described by 

engine speed (RPM) and manifold vacuum pressure. The map is input into the n-D lookup 

table block, and was derived experimentally, and is reproduced in Figure 7.6. The manifold 
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pressure and RPM are measured in real-time and used to determine the engine’s torque load 

prior to clutch disengagement. The load is multiplied by the gear reduction which is provided 

using the gear position sensors. A 1-D lookup table contains the gear ratios. The product of 

the engine load and gear reduction is the calculated torque. 

 

Figure 7.6 An engine torque map was experimentally-derived and was used to determine target torque infill 
values 

 

The calculated end torque is determined in the same manner as the calculated torque, but the 

gear ratio multiplier is the next gear ratio, rather than the current ratio. This means that 

calculated end torque is always lower than calculated torque. As a result, down-shifts are 

deliberately not optimally infilled. This strategy is chosen for two main reasons. Downshifts 

are usually executed either due to decreasing vehicle speed requiring the selection of a lower 

appropriate gear, or due to driver demand for greater tractive torque. In the first instance, 

tractive torque is undesirable when the vehicle speed is decreasing, and if the brake is 

activated then regenerative braking mode will be required rather than torque infill mode. In 

the second instance, the system is not designed to provide the full engine torque capability, 
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and therefore the partial torque fill-in will also satisfy the driver need without exceeding 

battery safety limits. 

7.2.4 Engine Throttle Control 

 

Figure 7.7 Engine throttle control subsystem 

 

The engine throttle control is used to maintain engine speed equal to the transmission input 

shaft speed at the moment the target gear is engaged. This ensures that the clutch, which is 

splined to the transmission input shaft, and the pressure plate, which is bolted to the engine 

flywheel, are rotating at the same velocity when the target gear is engaged, and minimizes 

inertia discontinuity by eliminating the need to accelerate or decelerate the engine using 

clutch friction to match the transmission input shaft speed. Because the clutch is actuated by 

the driver, engine throttle control is the only means available to minimize vibration (lurch) 

caused during speed synchronization at re-engagement. The engine throttle control within the 

torque infill control unit has two modes of operation. The first mode of operation is simply a 

signal pass-thru. This mode is used in most cases of operation – that is when a gear change 

event is not flagged or when the vehicle is operating in conventional mode (i.e., no electric 
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propulsion is engaged). In the case of a gear change event, the subsystem reads the propshaft 

speed from the motor encoder, and matches the engine speed to the transmission input shaft 

speed using the “target gear” value. It does this by varying the throttle valve position. There 

were two methods available to control the throttle valve position. The first method is the 

implementation of a PID controller to vary the throttle opening according to engine speed 

feedback. This method is robust and fault-tolerant, but may take time to develop and tune 

PID parameters. The second method is open-loop control based on table data (Newberger & 

Johnson 2014). Open-loop control offers a significant speed of development advantage but is 

only highly accurate under constant conditions. Most applications of speed control for gear 

changes use an open-loop control based on look-up tables (Dolcini, De Wit & Béchart 2008), 

although there are also closed-loop systems (Gavgani et al. 2015) that are preferable when 

there is a higher level of gearshift automation. In this case, because the engine throttle control 

is being used in the laboratory environment which can be maintained essentially constant, and 

is only used in gear shifting mode when the engine is disengaged from the drivetrain, there is 

little need for full PID control, particularly as the main aim of the experimental work was the 

validation of the torque infill. Therefore, the no-load throttle values were plotted against 

engine speed and used for open-loop control. The throttle values are shown in Figure 7.8. 

Testing showed this control method to be acceptable for the application. 
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Figure 7.8 Engine throttle control was achieved using a 1D lookup table with throttle valve position plotted 
against engine RPM 

 

7.2.5 Control Unit Verification 

After the control unit was developed, it was verified using only model-in-the-loop principles 

by deploying dashboard library components. The dashboard library is a series of virtual 

instruments that can be used to insert input and read values at any point in the control loop. 

The input values are adjustable and can be either manually controlled or automated, and 

output values can be read using meters or datalogged. The dashboard setup is shown in 

Figure 7.9. 
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Figure 7.9 Control unit verification using dashboard library components 

 

To verify the operation of the control unit, analog variable inputs were replicated using 

sliders, and state inputs such as the clutch switch, brake switch, and gear position switches 

were replicated using virtual switches. The inputs were used to set up a variety of conditions 

that could be expected during testing, to observe the control unit output. For instance, a gear 

change could be replicated by adjusting the clutch switch, slider and gear position switch. 

Once it was determined that no unexpected outputs were observed using MIL verification, the 

control unit was uploaded to the microcontroller hardware for deployment on the prototype. 

 Control Panel 7.3
The control panel is the user interface for the physical microcontroller, and is used to control, 

monitor, and datalog system operation during the prototype testing phase. The control panel 

(Figure 7.10) is configured to show vital system parameters, switch the EPS on or off to put 

the vehicle in MHEV mode or CV mode, and can also provide direct software control of the 

motor and engine throttle values. The indicators in the control panel are simply linked to 

parameters in the control unit to display live values. 
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Figure 7.10 The control panel user interface used to monitor and control the prototype during testing 

 

 Torque Sensing 7.4
The torque sensors installed at the transmission output shaft and motor output shaft of the 

vehicle are one of the primary means of system validation. The torque sensors operate 

independently of the system control and, in conjunction with measurements taken at the 

wheel using the dynamometer, the torque sensors torque sensor outputs can be compared to 

simulated output to validate modelling of the system, can be compared to commanded output 

to validate control operation, and can be analysed separately to determine system efficacy. 

7.4.1 Vehicle Jerk 

In manual transmissions, the purpose of the clutch is to couple/decouple the gearbox from the 

power plant and provide a continuous path for torque transmission. In coupling and 

decoupling, discontinuities and oscillations are introduced which manifest to the vehicle 

occupants as a jerk. In an automatic transmission, the torque converter is by its nature a 

hydrodynamic device. It has a continuously variable rotation ratio but serves the same role as 

a clutch would in a manual transmission system (Hutchinson, Burgess & Herrmann 2014) 
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Because of its fluidic coupling, torque oscillations and resultant jerk are highly damped, and 

therefore the shifting quality is noticeably enhanced. However, in non-fluidic transmissions, 

control of the system, particularly noting and adjusting the transient behaviour of the system 

during gear changes, is essential to achieving low-jerk, high ride quality results that are 

valued by the vehicle occupants. 

Transient behaviour during the shift period, such as jerk, generally arises from discontinuities 

present in the system. These discontinuities may be: speed – such as the difference in 

rotational speed between driving and driven gear pairs; torque - such as the difference 

between output torque in the current gear and the target gear, or; inertia – such as the 

difference between engine inertia and vehicle inertia. Minimising these discontinuities 

improves the transient response of the powertrain (Sun & Hebbale 2005). The P3 hybrid 

powertrain offers a means of controlling and minimising the transient behaviour and 

maximising performance and emissions benefits without reclaiming total control of the gear 

selection process from the driver, which requires complex control hardware or expensive AT 

or DCT transmissions.  

7.4.2 Measuring Shift Quality 

Measuring transmission shift quality has aspects that may be defined empirically, 

analytically, objectively as well as subjectively. An example of this is apparent when the 

longitudinal acceleration of a vehicle is measured. Quantitative values can be attained for 

longitudinal acceleration during a gearshift. Also along the quantitative sense, there is a 

measurable torque interruption to the wheels during a standard upshift in a manual 

transmission. Figure 7.11 (below) demonstrates this concept. From a subjective viewpoint, a 

user observation can be made about the performance or behaviour of the vehicle, typically 

seen as a pitching of the vehicle about its transverse axis, or by a characteristic behaviour 
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referred to as a ‘bunny-hopping’ Once again, user observation can be a marker of 

measurement, ranging from slight rider discomfort all the way to uncontrollable handling and 

poor manoeuvrability. These subjective observations can be correlated to quantitative 

measurements. By modelling the system, numerical relationships may be defined to allow 

optimisation of dynamic performance, or noise, vibration, and harshness (NVH). 

The availability of torque through a powertrain to the road-tyre interface is directly related to 

dynamic vehicle performance characteristics such as maximum speed, acceleration, and 

gradability. The manner in which torque is delivered is directly related to vehicle drivability 

and comfort characteristics. Torque oscillations and step changes through a drivetrain are 

common sources of NVH. Measured torque oscillations can be correlated with parameters 

such as jerk, snap and higher motion derivatives. Human perception can be analysed using 

vibration dose value (VDV). These correlations can then be used in the system model as part 

of a hardware-in-loop development platform, using torque measurement to optimise a wide 

variety of system characteristics. Achieving this relies on high-quality, reliable torque 

measurement. 

Torque oscillations are caused by sudden changes in inertia combined with angular impulse, 

such as caused by clutch disengagement, or sudden changes in the equilibrium of the system 

(such as a rapid throttle actuation) combined with underdamped torsional systems through the 

powertrain. Damping within the powertrain is typically sourced from vibration absorbers 

such as rubber or hydraulic mounts (engine mounts, transmission mounts and subframe 

mounts), parasitic or drag losses in transmission components, and clutch slip. In 

hydromechanical systems where torque is transmitted through fluid power the fluid itself is 

also a source of damping, therefore the elimination of fluid couplings, as in a traditional 

manual transmission, also reduces overall system damping (Walker & Zhang 2014; Zhou et 

al. 2014), making accurate shift control strategies more critical to achieving acceptable NVH. 



Chapter 7: Torque Sensing and Control 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 209 
 

Measuring torque oscillations provides a means for validating modelled behaviour and 

improving system behaviour and shift control strategy through simulation, implementation, 

and validation. 

 
Figure 7.11 Actual measured half shaft torque with fill-in, showing the different phases of the gear change 

(Baraszu & Cikanek 2002) 

 

By measuring the torque oscillations throughout the powertrain and comparing against 

modelled behaviour, it is possible to understand the origin of particular torque characteristics, 

especially those of interest at the gear change events, caused by clutch disengagement and 

engagement, and the resultant coupling of system inertias which requires careful control to 

execute smoothly to minimize angular impulse. Because these events can be felt by vehicle 

occupants in the range up to 10Hz or sometimes higher, it is necessary to measure torque at a 

much higher sampling rate in order to be able to actively control the oscillation. 

7.4.3 Sensor Design 

Traditionally, torque monitoring in automotive applications usually has a high cost for the 

installation of modules, sensors and data logger. Besides the high cost, most commercially 

available modules offer little flexibility, making the deployment and maintenance a difficult 

process. In this context, the low-cost Bluetooth module presented provides a number of 

advantages compared to others. For example, the ease and speed of maintenance, easy 

modification to fit a wide variety of configurations, ability to be quickly field-deployed 

without requirements for shaft removal, and insensitivity to axial or radial shaft movement. 
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Created using 3D printed carbon-filled nylon, the housing features low-density infill to create 

a light, heat resistant, robust, very low profile structure. The design of the housing speeds the 

development process by allowing simple parametric modification to suit a variety of shaft 

sizes and other physical constraints, and adds no more than 25mm to the diameter of the 

shaft. It fully encloses the PCB and battery pack, mitigating possibility of damage due to 

environmental exposure. The unenclosed componentry is limited only to the strain gauge and 

attached conductors, which can be protected using a suitable wrap. In addition to this, module 

adopts the IEEE 802.15.1 standard for Bluetooth wireless communication. The standard has 

advantages related to scalability, reduced time for node inclusion, and low cost. The 

communication protocol adopted is a flexible and inexpensive solution for building portable 

industrial monitoring and control systems. The module does all the data processing locally, 

transmitting to the base unit only the targeted parameters previously calculated. Thus, there is 

a large reduction in the amount of transmitted data, enabling real-time and dynamic 

monitoring of multiple shafts, even with a high data rate acquisition in the analogue-to-digital 

converters (ADC). 

 
Figure 7.12 The torque sensor assembled in its housing (exploded view and photo) 

 

The torque sensor schematic block diagram is provided in Figure 7.13. The sensor is based 

around the ATMega2561 microcontroller, which includes an 8-channel 10-bit ADC. Input 

from the Wheatstone bridge is low-pass filtered with a cut-off frequency of 1 kHz, and 
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amplified using the TI INA326 instrumentation amplifier, which provides a 0-3V signal to 

the ADC input. 

 
Figure 7.13 Torque sensor module 

 

7.4.4 Sensor Testing 

For mechanical testing, the PCB was placed in its 3D printed housing (as shown inFigure 

7.12) and spin-tested to 6000 rpm by clamping the housing on the shaft and conducting a 

maximum speed test. The housing and PCB showed no signs of failure after approximately 

30 minutes of testing, although wire retention for the power supply was found to be 

insufficient. After the wires were shortened and appropriately secured, no further issues were 

observed. 

The module was also tested against a commercially available torque sensor (ATi Telemetry 

2024i) which has been extensively used in the past. The commercially available sensor uses a 

stationary inductive loop to provide power to a rotating assembly. The commercially 

available torque sensor and the low-cost sensor were installed on a continuous rigid shaft. 

One end of the shaft is connected to a motor to provide driving torque, and the other end is 

connected to an eddy brake to provide a sink, inducing a uniform torsion across the shaft 

which should be read identically by both sensors. The results shown in Figure 7.14 showed 

good agreement to the ATi (commercial) sensor, with the only noticeable variation being a 

slight negative offset, particularly noticeable at 3sec and likely due to physical variation in 
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strain gauge bonding, as well as slight smoothing of the data due to sample-pair averaging. 

Neither of these variations are significant. 

 
Figure 7.14 Torque profile emulation data (incl. torque fill-in) from the HIL bench, obtained using the 

commercial transducer and the UTS Bluetooth transducer inline. 

 

7.4.5 Simulation vs Measured Torque 

Selected data obtained from the simulation is shown in Figure 7.15, which describes the shift 

process in the conventional vehicle, when upshifting from 2nd to 5th gear. The various 

torsional excitations on the output shaft are demonstrated. They are resultant from the clutch 

re-engagement process and the gear selection process.  
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Figure 7.15 Torque profile during constant-throttle acceleration cycle 

 

 

 

Figure 7.16 Real measured torque on the prop shaft 

 

In comparison, Figure 7.16 shows an extract of the torque results, typical of those obtained 

from the low-cost torque sensor during a test run. The transient torsional characteristics 

exhibit many similarities to the simulation. These include the small negative torque artefact 

during the gear selection event caused by synchronizer friction, and the torque oscillation 

immediately preceding the full re-engagement of the clutch. In the simulation, the magnitude 
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of both these events is significantly higher than in the physical validation. In comparison to 

the simulation, the physical validation shows a higher level of underdamped torsional 

vibration in the period immediately following the full re-engagement of the clutch. This is 

likely due to two factors: the first is differences in clutch feed-in technique between the 

simulation (which feeds the clutch in linearly), and the driver (who feeds the clutch in to 

maximise smoothness and comfort). The second is variances between spring and damping 

characteristics of the drivetrain mounting points in the UUT and the simulation. The spring 

stiffness and damping coefficients of these mounts were estimated in the simulation rather 

than measured. 

To facilitate investigation of the torque profile of the manual transmission equipped vehicle, 

the low-cost Bluetooth torque sensor was installed on the prop shaft of the vehicle, which is 

rigidly connected to the output shaft of the transmission using a splined socket. Damping 

sources for vibration at this point include losses in the differential, play and losses in the 

constant velocity joints, and tyre deflection, which is by far the largest loss. However, 

because our work focuses on quantifying powertrain behaviour under gear changes, and 

particularly, the torque hole and oscillations, the tyre damping and losses could be neglected, 

as could other sources of damping downstream of the transmission. 

7.4.6 Vehicle Jerk Estimation 

In practice, vehicle jerk can be estimated using the numerical derivative of vehicle 

acceleration. This estimation is often achieved with accelerometers on the road, but cannot be 

easily achieved on rolling chassis dynamometers. Vehicle data obtained using the torque 

transducer in a dynamometer setting is presented in Figure 7.17. The data consists of 

calculated acceleration based on dynamometer head speed, and jerk, calculated from the 

torque data obtained from the sensor. The experimental results are then compared against the 
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software model of the vehicle, which is run through a similar drive cycle (namely, a gentle 

acceleration cycle from gear 1 and zero road speed). The aim of this is an exercise is to 

provide validation of the software model against the developed prototype. 



Chapter 7: Torque Sensing and Control 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 216 
 

 
(a) Vehicle acceleration obtained numerically from simulation 

 
(b) Jerk obtained numerically from simulation 

 
(c) Measured acceleration from comparative experiment 

 
(d) Experimental Jerk results obtained using the numerical derivative method 

Figure 7.17. Comparative Jerk and acceleration results 
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Comparative results between the simulation and experiment show similar characteristics. 

Notably, the magnitude of peak jerk, as well as oscillation frequencies, are well-matched. 

Peak jerk falls within the 4-6 g/s range in 1-2 and 2-3 gearshifts, and the primary frequency 

of 2.5 Hz is measured in both. The major difference between experimental and simulated 

results is in the direction and timing of the major jerk event during gear change. Where the 

simulation shows a positive jerk caused by the clutch re-engagement event, the experimental 

result shows a negative jerk caused by the clutch disengagement. The cause of the difference 

is presented clearly by examining the rate of change of acceleration on each side of the gear 

change event. Where in the simulation, the clutch disengagement is characterized by a more 

gradual loss of drive torque, the opposite is true of the experimental result, which shows the 

disengagement to be represented by a near vertical rate of change of acceleration. On the re-

engagement event, the reverse is true, with a sharp increase in acceleration in the simulated 

event contrasting against a gradual increase in the experiment. 

The results are constructive, in that they provide validation of the vehicle model by 

confirming natural oscillation frequency and the magnitude of jerk events. The inverted 

direction of jerk is also constructive as it identifies further work required to refine the clutch 

disengagement and re-engagement model.  

The process shows that the low-cost Bluetooth torque transducer can be successfully used in 

a rapid prototyping setting to reduce development time and cost by providing directly 

comparable results across different test platforms. 

 Summary 7.5
The prototype vehicle controller and sensing as they relate to the development of the torque 

in-fill functionality have been described in detail. The control platform is responsible for 

smooth torque control for the powertrain during gear changes, and the sensors are used to 

validate that control under experimental testing conditions. The control model for the torque 
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in-fill function was deployed on the MicroAutoBox II controller following the HIL 

verification of its function. The control system layout is a virtual “twin” of the prototype 

hardware, and the control model reads sensor data into a state machine to determine torque 

output and engine speed control in real time.  

The torque sensor was tested by physical installation in the HIL development test-bench used 

for verification of the system control, and easily and quickly transplanted to the prototype for 

physical validation. Results were also compared against software simulation to provide 

software validation. This work highlights the advantage of this low-cost torque sensor, and 

the novelty of particular design characteristics, such as it is low-profile, the robustness of its 

3D printed housing, it is onboard ADC and signal conditioning, and the lack of any 

requirement for wiring of data or power.  

The primary advantage of following model-based design principles to reach this stage is that 

the HIL simulated data can be compared to the system control command data which is 

recorded from the control model, and the actual sensed system output can be compared to the 

commanded output. This provides a streamlined method for the verification and validation of 

system operation. 
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Chapter 8:  Experiment Design 

This chapter discusses the conceptualisation of the testing goals and aims, the design of test 

procedures to achieve those aims, the instrumentation required on board KERMIT IV to 

deliver This chapter discusses the conceptualisation of the testing goals and aims, the design 

of test procedures to achieve those aims, the instrumentation required on board KERMIT IV 

to deliver sufficient data for analysis, the software platforms used for data acquisition, and the 

supporting infrastructure and environment in which the testing was performed. 

 Test Aims and Goals 8.1
KERMIT IV was built as a development platform to facilitate the investigation of the P3 

parallel hybrid topology. The primary goal of this research was the development of a 

continuous torque delivery control methodology using the P3 topology.  

The aim of testing the vehicle is simply to validate the design, software modelling, and 

scenario simulation that has been described in previous chapters. To achieve validation, the 

design goals must be met and the performance benchmarks achieved in simulation must be 

shown to be achievable in testing. The design goals, as detailed in 3.5 were: 

 To eliminate or reduce the torque hole during gear change events 

 To provide improved dynamic performance, particularly with respect to acceleration 

by supplementing engine tractive effort with electric drive 

 To provide improved occupant comfort through reduction of powertrain-derived jerk 

forces 

 To provide improved fuel economy such that the increased cost of the MHEV over 

the base vehicle could be amortized over the average driver’s first three years of 

ownership 

 To provide improved emissions performance over the base vehicle 
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Excluding the financial aspect of the fuel-economy goal, which is calculated based on 

standardized fleet data, the goals listed above were used as the basis for construction of a test 

procedure which may be used to show the prototype vehicle’s level of achievement in 

relation to these goals. The test procedure also references simulation results, particularly 

where such simulations are readily replicated in a laboratory environment. 

Simulation and benchmarking results were previously completed in (Tawadros et al. 2019), 

for acceleration and powertrain-derived jerk, (Awadallah et al. 2016) for fill-in torque during 

gear changes, (Awadallah, Tawadros, Walker, Zhang, et al. 2017a) for drive cycle fuel 

economy based on the NEDC, UDDS, and NYCC drive cycles, and (Awadallah, Tawadros, 

Walker & Zhang 2017c) for emissions performance based on a combined cycle. Results in 

summary are shown in Figure 8.1, Figure 8.2, Table XXI, and Table XXII. 

 

Figure 8.1 Acceleration simulation results 
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Figure 8.2 Acceleration and powertrain-derived jerk simulation results 
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Table XXI Fuel economy benchmarking simulation results 

 

 

Table XXII Lower and higher limit simulation results for tailpipe emissions 

 

8.1.1 Test 1 – Torque Hole 

In order to characterize the ability of the MHEV powertrain to provide in-fill torque during 

gear change events, it is necessary first to characterize the torque hole during a gear change 

without the electric drive, and then insert the MHEV side into the same test and observe the 

results. To characterize the torque hole, a steady speed test was derived in which the vehicle 

is brought up to its test speed, whereupon the dynamometer applies a load to the vehicle to 

hold the wheel speed steady regardless of the throttle input. When the test speed has 

stabilized, a gear change event is initiated. Upon completion of the gear change event, the test 

continues until the speed restabilizes. This test is repeated for gear changes between gears 1-

2, 2-3, and 3-4, using both the CV mode and the MHEV mode. 
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Figure 8.3 Test process for continuous torque delivery validation 

 

This test is structured to minimise change in angular momentum by holding velocities steady, 

which in turn clearly demarcates the torque hole and aids characterization because 

accelerations (both positive and negative) are zero until the torque hole begins. Because a 

higher than normal load is placed on the driven wheels to hold the velocity steady, the torque 

discontinuity introduced by the gear change induces a larger speed reduction. This translates 

to a larger discontinuity in inertia which amplifies the characteristics of the torque hole and 

allows for clear characterization and investigation of the various transient features of the 

torque hole caused by clutch disengagement, gear selection, powertrain deceleration, and 

clutch re-engagement. In MHEV mode, the additional features caused by electric motor 

energization and de-energization can also be investigated. 

8.1.2 Test 2 - Dynamic Performance (Acceleration) 

The acceleration performance test is conducted in order to ascertain the ability of the vehicle 

to meet the pre-defined dynamic performance design goal and validate simulation of the 

torque hole elimination mode. The test is not an outright performance benchmark wherein 

full-throttle engine acceleration is used. Rather, it is a test using heavy partial throttle such as 

Start 
Conditions 

•Set dynamometer in constant speed mode 
•Set target speed 
•Accelerate vehicle to set speed 

Test 
Conditions 

•Allow vehicle speed to stabilise 
•Complete required gear change 
•Allow vehicle speed to restabilise 

End 
Conditions 

•Bring vehicle speed to zero 
•Repeat test for CV and MHEV 
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would be used by a typical driver accelerating to high speed on a motorway on-ramp. A full-

throttle test was not deemed necessary for a number of reasons: 

 The design intent for the MHEV system is to improve driveability, economy and 

emissions. While the MHEV system would have a small effect on the outright 

performance of the vehicle, it is difficult to characterize driveability improvement and 

meaningless to characterize economy improvement under a full-throttle test. 

 Full-throttle acceleration is generally accompanied by rapid gear shifting and clutch 

actuation. It is difficult to characterize and control the torque hole under such use 

conditions 

 Such a test would not validate the simulated acceleration scenario, which was 

conducted under partial throttle 

 As engine power fraction increases, it effectively decreases the hybridization ratio 

The test is structured as follows. In the first instance, first gear is engaged and the wheels are 

left free to roll under engine idle power alone, without the use of any throttle input. Once the 

idle vehicle speed has stabilised, the test begins with the throttle held roughly constant whilst 

any gear is engaged. The vehicle is accelerated using near-constant throttle input, with gear 

changes at 20km/h, 40km/h and 60km/h. The vehicle is accelerated to 80km/h before throttle 

input is returned to idle and the vehicle coasts back down to a stop. The test is repeated using 

both CV mode and MHEV mode. 

The rolling start is preferred as it returns more consistent results than a stationary start, due to 

omission of stationary clutch re-engagement which induces significant driveline oscillation. 

The test can be repeated varying the constant value of throttle input or varying the gear 

change event time, to simulate the inputs of a calmer or more aggressive driver (Awadallah et 

al. 2018). 
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Figure 8.4 Test process for acceleration testing 

 

8.1.3 Test 3 – Driveline induced jerk 

Measuring jerk is accomplished by measuring acceleration and then obtaining its rate of 

change. The best method for making this measurement is the installation of an accelerometer 

at the seat squab to measure longitudinal acceleration and undertaking on-road drive tests. 

Due to the prototype nature of KERMIT IV, on-road drive tests are not permissible by law 

and therefore an approximation must be made using laboratory infrastructure. This is possible 

by taking the results of the acceleration test described above and obtaining jerk from 

dynamometer velocity readings. Comparison is also made to jerk figures obtained from motor 

output shaft data, thereby eliminating the major sources of driveline damping (namely, tyre 

and suspension compliance) and highlighting driveline-induced jerk. The results of this 

procedure suffer in comparison to a direct on-road measurement due to the decreased surface 

slip in the dynamometer roller/tyre interface in comparison to an on-road test, as well as the 

decreased suspension compliance due to the requirement to tie down the vehicle under test. 

However, because previous simulation results are also based on measurements of driveline 

torque, the method provides better validation of the simulation output. 

 

Start 
Conditions 

•Set dynamometer in driving simulation mode 
•Select first gear and engage clutch 
•Allow vehicle to roll at engine idle speed 

Test 
Conditions 

•Using constant throttle input, accelerate vehicle 
•Change gears at required set points 
•Achieve desired vehicle speed 

End 
Conditions 

•Allow vehicle to coast to zero velocity 
•Test is repeated for various throttle inputs, motor controller 

configurations, and in CV/MHEV mode 
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8.1.4 Test 4 - Fuel Economy and Emissions 

Vehicle fuel economy and emissions are measured by placing the vehicle under test in a 

dynamometer drive cycle. There are dozens of such cycles, designed to represent certain 

driving scenarios. The software model was placed in a number of simulated cycles, including 

the UDDS, HWFET, NEDC, NYC, and the unofficial Indian Urban and Indian Highway 

cycles which are provided with the ADVISOR vehicle simulation tool. For validation of fuel 

economy and emissions, the vehicle under test is instrumented with an emissions 

measurement device and injector duty is used to calculate injected fuel mass. Whilst there are 

other, more accurate methods of calculating fuel consumption, most methods are impractical 

inasmuch as the equipment required to measure fuel consumption directly is not available to 

the researcher (Coriolis meter), incompatible with a pressurised fuel injection system 

equipped with return line, or incapable of measuring the wide range of flow rates required for 

light automotive applications. The tests for both fuel economy and emissions are conducted 

simultaneously.  

 

Figure 8.5 Test process for fuel economy and emissions validation 

 

  

Start 
Conditions 

•Set dynamometer in drive cycle mode 
•Load required drive cycle 

Test 
Conditions 

•Complete drive cycle, noting out-of-limit time 
and error rate 

End 
Conditions 

•Repeat test for CV and MHEV 
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8.1.5 Further Testing 

In addition to the testing described above, two further tests were prescribed. The first of these 

tests aims to characterize the stop-start performance of the vehicle, in respect to its capability 

to perform low-speed EV crawling. This test measures the battery depletion rate and pack 

temperature whilst performing a standard EV start. The EV start is characterized by applying 

a constant motor torque to the driveline until 20km/h is reached, and then firing the engine 

which takes over as the prime mover.  

The second of these tests aims to characterize the ability of the battery pack to pulse charge 

using regenerative braking, so that safe regenerative braking limits can be set in the motor 

controller. This is test is required due to the high regenerative braking capability of the motor 

in comparison to the size of the battery pack and its maximum safe charge rate. In this test, 

pack SOC is set to a specific start SOC (20%, 40%, 60% or 80%) and the vehicle is 

accelerated to a constant speed. The motor is then controlled to regenerate at varying powers 

whilst speed is held constant. The change in pack temperature is monitored while 

regenerating and after regeneration has ended, to understand the temperature characteristics, 

which may vary from those of the individual cell due to the pack construction and the lack of 

provision for forced cooling.  

 Test Instrumentation 8.2
To collect sufficient data for analysis of system behaviour, an instrumentation package must 

be developed. The instrumentation package consists of a range of transducers, many of which 

serve dual roles, being simultaneously required for control of the MHEV powertrain, as well 

as data acquisition. Data acquisition (DAQ) is also available in two configurations – in the 

first instance, being included in controller hardware by simply outputting control inputs and 

outputs to file, or in the second instance, as a standalone DAQ system that is not part of the 
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control hardware. A brief list of measured quantities is provided in Table XXIII.  Sensor data 

and calibration information can be found in Appendix B. 

Measurement Quantity Function Transducer Detail 

Clutch pedal actuation Initiate torque fill-in state SPST N/C momentary switch 

Clutch hydraulic line 
pressure 

Modulate fill-in torque Honeywell 
MLH02KPSB06A 

Brake pedal actuation Safety shut down 
Initiate regenerative braking 

SPST N/O momentary switch 
– Mazda Part No. 
B00166490B 

Brake hydraulic line pressure Modulate regenerative 
braking level 

Honeywell 
MLH02KPSB06A 

Throttle pedal position Control electronic throttle 
body 

Toyota Part No. 78110-
28010 

Selected gear Select appropriate torque 
multiplier for calculation of 
target start torque and target 
end torque  

Customized gear selector 
switch array – 6 off SPDT 
N/O switches, Electus 
catalog number SM1038 in 
custom housing 

Engine Manifold Pressure Input 1 of 2 for engine torque 
lookup table 

AC Delco 1 bar MAP sensor 

Engine Speed Input 2 of 2 for engine torque 
lookup table 

Camshaft position sensor (2 
pulses per rev) 

Engine Torque Output of lookup table based 
on Manifold Pressure and 
Speed. Calculated quantity 
based on experimentally-
derived lookup table.  

(NO SENSOR) The lookup 
table was derived by discrete 
load site torque measurement 
on the dynamometer 

Injector duty Derivation of injected fuel 
mass 

Injector voltage tap 

Transmission Output Shaft 
Torque 

No control function – for 
system verification only 

Customized wheatstone 
bridge strain gauge  

Motor Speed Vehicle speed information 
System arm and disarm  

Hall effect encoder (64 
pulses per rev) 

Motor Temperature Safety shut down Thermistor 
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Motor Output Shaft Torque No control function – for 
system verification only 

Customized wheatstone 
bridge strain gauge 

Battery Current Battery management 
Safety shut down 
System energy conversion 
efficiency calculation 

LEM DHAB S/124 hall-
effect current transducer 
Orion BMS2 

Battery Voltage Battery management 
Safety shut down 
System efficiency calculation 

Orion BMS2 

Battery Temperature Safety shut down Thermistor 
Orion BMS2 

Wheel Speed No control function – system 
verification only 

MAHA MSR500 chassis 
dynamometer 

Wheel Torque No control function – system 
verification only 

MAHA MSR500 chassis 
dynamometer 

Table XXIII Measured quantities for experimental validation 

 

 Test and DAQ Software 8.3
There are five major software platforms used for the test apparatus. All software platforms 

are PC-based, using USB communication for the transfer of data. The software platforms are: 

 The Orion BMS2 battery management system utility, which provides configuration 

and data logging abilities through connection with the BMS 

 The Curtis 1314-4402 Programming station, which provides the same functionality 

for the Curtis 1238e AC motor controller 

 National Instruments (NI) LabView, a graphical programming interface that provides 

a systems engineering approach to test/measure/control applications 

 dSPace ControlDesk, a real time experiment environment including control, 

instrumentation, and data logging which allows the rapid development of electronic 

control units 
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 MAHA LPS 3000, which provides control and data logging capability for the MSR 

500/2 chassis dynamometer on which testing is conducted 

8.3.1 Orion BMS2 Utility 

Datalogging for the Orion BMS2 is performed using the included utility. The utility allows 

direct editing of the battery operating parameters, such as charge and discharge limits, 

thermal settings, communications, and safety parameters. It also logs multiple channels from 

BMS function data at a fixed rate of 10Hz. For testing, the data channels relating to battery 

pack current, voltage, and temperature as well as state of charge and depth of discharge were 

recorded.  

 

Figure 8.6 The Orion BMS2 software utility 

 

8.3.2 Curtis 1314-4402 Programming Station 

The motor controller is also capable of outputting a data stream which can be logged through 

the Curtis 1314-4402 programming station. The programming station functions similarly to 

the Orion BMS2 utility. It is able to directly download and edit the motor controller firmware 

and provides datalogging capability. In this implementation, the datalogging capability is not 

required as all inputs and outputs are logged using other means. For instance, the throttle 
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command and motor speed are logged using dSpace ControlDesk, and torque is logged using 

a customized Virtual Insutrment (VI) written in NI LabView. 

 

Figure 8.7 Curtis 1314 programming station software 

 

8.3.3 dSPACE ControlDesk 

The supervisory controller, dSpace MicroAutoBox II, is provided with an accompanying 

software package, ControlDesk, and a real time interface (dSpace RTI). ControlDesk is a real 

time environment allowing complete control over the controller hardware, including 

modification of the configuration of the controller, logical configuration of hardware-in-the-

loop simulations, real time operating parameter changes, system monitoring and data 

acquisition. The vehicle model is developed in matlab/Simulink and then loaded into dSpace 

RTI, whereupon the model is downloaded to the MicroAutoBox II controller using automatic 

code generation (Ashby et al. 2014; Jaikamal 2009). ControlDesk is hosted on a windows-

based PC, and connects to the MicroAutoBox II using a USB host-interface cable. 
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Figure 8.8 The dSpace dashboard used for controlling and monitoring the experiment conditions 

 

8.3.4 NI LabView 

NI LabView is used for the collection of transmission output shaft torque and motor output 

shaft torque data. The shaft torque is sensed using four strain gauges arranged in a wheatstone 

bridge. Each wheatstone bridge is connected to a Bluetooth data acquisition board, consisting 

of a DC power supply, signal amplifier, and Bluetooth radio transmitter. An LM 

Technologies LM058 bluetooth serial adapter receives the signal and a LabView virtual 

instrument (VI) is used to interface to the serial port, acquire, and save the data. Torque data 

is collected at a rate of 2.4kHz.  

8.3.5 MAHA LPS 3000 Control Station 

All testing is conducted on a MAHA MSR500/2 single roller dynamometer installed within 

an emissions test chamber at UTS. The roller dynamometer is used to provide repeatable test 
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conditions and, in essence, consists of a roller set mounted on a load cell. One roller set is 

provided per axle, and each roller set is solidly linked across the axle to ensure transverse 

differential speed is zero. Each roller set is connected to both a 250kW eddy current brake, 

and a 30kW electric motor. These provide load and drive simulation for the dynamometer. 

The dynamometer control interface is through LPS 3000, a Windows-based PC application 

that can be used to configure, setup, and operate the dynamometer. The interface provides the 

ability to characterize rolling and aerodynamic losses and simulate them using them eddy 

current brakes, as well as providing a variety of test modes, including drive simulation, in 

which roller load varies according to the vehicle’s speed and a specified road gradient, 

constant speed mode, which applies load to hold the vehicle speed at a specified constant, 

constant torque mode, which ensures a constant force is applied to the drive wheels 

regardless of the speed. Other modes available are continuous power measurement mode 

which enables the characterization of engine performance, and drive cycle testing, which is 

similar to the drive simulation mode but provides the driver with a visual speed prompt to 

enable the testing of prescribed cycles. This final mode is relevant for emissions testing. 

 Laboratory Equipment and Specifications 8.4
The emissions laboratory is a temperature and pressure-controlled facility, accommodating 

the MAHA MSR500/2 single-roller dynamometer, a tailpipe exhaust extraction system, 

ambient combustion gas monitoring, and a computer room air conditioning (CRAC) unit 

functioning as the ambient cooler. 
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8.4.1 MAHA MSR500/2 Dynamometer 

 

Figure 8.9 Prototype MHEV (KERMIT IV) on the MAHA MSR500/2 dynamometer 

  

The MAHA MSR500/2 single roller dynamometer uses a single 504mm diameter roller with 

a rotating mass of 280kg to support each wheel. Each axle is rigidly connected and coupled to 

a 250kW continuous/1000kW peak eddy current brake, as well as a 30kW double-ended AC 

motor for drive power. The single roller type dynamometer is preferred to the double-roller 

type as it more accurately replicates the tyre-road interface – the increased tyre deformation 

on a double roller greatly increases rolling losses in comparison to both the single-roller type 

and typical road losses. Emissions studies are typically conducted on a single roller 

dynamometer with 48 inch diameter rollers and 110kW of drive power at up to 200km/h 

surface speed. This equipment specification is prescribed in all emissions standards used for 

homologation. A 48 inch roller accurately simulates the tyre contact patch due to its large 



Chapter 8: Experiment Design 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 235 
 

diameter, but for the purpose of this research, a certification standard dynamometer is not 

preferred as our emissions study is comparative in nature, rather than absolute. 

8.4.2 Tailpipe Exhaust Extraction 

A tailpipe exhaust extraction system is provided within the laboratory. The connection is of 

the hood type and the maximum flow is 400L/s. A remotely mounted centrifugal blower 

provides suction. This flow is sufficient for low-power emissions studies but does not provide 

sufficient extraction capacity for high-power testing of internal combustion engines. Dual 

connection points are provided in the case of vehicle testing where multiple exhaust outlets 

are present. 

8.4.3 Ambient Combustion Gas Monitoring 

Ambient gas monitoring is provided for concentrations of carbon monoxide, carbon dioxide, 

oxides of nitrogen, and hydrocarbons. The monitors are based on the MSR PolyGard 2 sensor 

system. An alarm sounds if concentrations exceed limits set in the Australian Standard 

AS1668.2-2012 (Standards Australia 2016). 

8.4.4 Ambient Cooling 

A Mitsubishi Electric i-NEXT DX Model 068 M2 D E7 computer room air conditioning 

(CRAC) unit supplies chilled air to the laboratory. The CRAC unit provides a minimum of 24 

and maximum of 79kW of cooling to the laboratory, with an airflow rate of 4860L/s. The 

supply and return temperatures are user-adjustable. Adjustment of the supply temperature 

changes the flow rate of chilled water through the heat exchanger, whereas adjustment of the 

return temperature causes the controller to adjust blower duty cycle to ensure returned air is 

controlled to the return temperature (Logicool AC 2018).  
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 Laboratory Setup 8.5
To prepare the laboratory and achieve standard operating conditions, it is necessary to input 

the vehicle road load into the dynamometer control software. This is a process that is 

performed experimentally once, and then the details of the vehicle are stored in the LPS 3000 

database for later use. It is also necessary to temperature soak the laboratory and the vehicle 

to reach the prescribed test temperature. These processes ensure that the testing environment 

is homogenous and accurately represents real-world driving scenarios. 

8.5.1 Hardware and Software Setup 

To ensure accurate control and data acquisition during testing it is important to ensure 

hardware and software is accurately set up. This includes setting the vehicle in the correct 

control mode, ensuring controllers are initialised, and initialising the various datalogging 

devices. In total, there are four hardware devices that must be correctly set: KERMIT IV, the 

MAHA MSR500/2 dynamometer, exhaust extraction, and the CRAC unit. There are also five 

software devices that must be initialised, being the subject of 0. The basic configuration 

checks for these nine elements are provided in Table XXIV and Table XXV on the following 

pages.  
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Hardware Device Configuration Element Configuration Setting 

CRAC Unit Supply Temperature 17 

Return Temperature 20 

Primary system power On 

Controller status On 

MSR500/2 Dynamometer Roller Blocks Disengaged 

Vehicle tie downs Checked safe 

Wheel centering Wheels centred on rollers 

Cooling fans On 

Mode switch Operation 

Exhaust Extraction Primary duct Fully open 

Secondary duct Fully closed 

System primary switch On 

KERMIT IV Engine Throttle Switch Auto 

Motor Throttle Switch Auto 

Motor Controller Power On 

BMS Power On 

MicroAutoBox Power On 

Key Switch Interlock On 

Traction Battery Pack SOC 95% (unless testing regen) 

Shaft torque sensor batteries Fully charged and connected 

Table XXIV Hardware configuration checks required prior to test commencement 
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Software Device Configuration Element Configuration Setting 

Orion BMS2 Utility Pulse discharge limit 
duration 

6 sec 

Datalogging Active on Pack Amps, Volts, 
SOC, DOD, resistance, and 
temperature 

Curtis 1314-4402 Torque mode/Full restraint 
speed 

6000 RPM 

Torque mode/Speed limiter 6000 RPM 
 

Current Limit/Brake current 
Limit 

15% 

dSpace ControlDesk Measurement On 

Recording On 

NI LabView LM058 bluetooth adapter Torque sensor connection 
status OK 

Measurement On 

MAHA LPS 3000 Vehicle Data Road load information loaded 

Table XXV Software configuration checks required prior to test commencement 

 

8.5.2 Temperature Soaking 

Temperature soaking is a process whereby the entire testing environment is brought to stable 

testing temperatures. This process is necessary to exclude or minimise temperature-related 

drift and changes in system function, which may cause unexplained variations in acquired 

data or performance. Some of the known quantities in the testing environment that are highly 

temperature dependent include: 

 Engine performance, which is markedly different both by design and by constraint, 

dependent upon temperature. Modern engines utilise a temperature correction factor 
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for fuel injection, ignition, and/or valve timing to ensure the smooth running, 

acceptable emissions, and driveability characteristics of an engine, but temperature 

nonetheless plays a significant role in emissions and efficiency. 

 Transmission and driveline efficiency, which is repeatably poorer when the driveline 

is cold. This is primarily due to elevated low-temperature viscosity of lubricants such 

as gear oil and grease, increasing pumping and windage losses. 

 Thin-film strain gauge readings can also vary with temperature due to a wide range of 

temperature-related factors, including the expansion and contraction of the substrate 

material, softening of the adhesive causing creep, and gauge factor temperature co-

efficient. Although a full wheatstone bridge can largely compensate for temperature-

related drift (as well as, in the application of torque measurement on shafts, bending 

moments), if the geometric accuracy of the gauge placement is poor, or if the material 

acts non-homogenously, the strain reading can nonetheless be subject to temperature 

effects (HBM Australia 2017) 

 Tyre performance also varies with temperature (Lang & Klüppel 2017), with the tyre 

generally becoming more compliant and exhibiting a higher interface friction as it 

approaches an optimal working temperature (this temperature is usually around 50-70 

degrees in road tyres) 

Temperature soaking requires the vehicle under test to be placed in the test chamber, running 

under a similar load to that intended to be applied during the test procedure sufficiently long 

to bring the powertrain components up to operating temperature, and maintaining the ambient 

chamber temperature at the desired level. To achieve this, the CRAC unit is switched on and 

set to its desired setpoints, in this case supply temperature is 17°C and return temperature is 

20°C. This ensures the laboratory temperature is set to 20°C whilst also maintaining a 

relatively constant blower duty cycle and minimising ambient temperature variation caused 
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by the blower switching on and off. The vehicle is then turned on and allowed to warm up 

fully, whilst being driven under a constant load. Temperature soaking is complete when the 

following conditions are met: 

 Engine coolant temperature exceeds 82°C  

 Idle oil pressure is less than 1.2 kg/cm2 

 The vehicle has been driven under moderate load for at least 15 minutes at a speed 

greater than 40km/h 

 Ambient chamber temperature has remained at the setpoint ±0.5°C for at least 10 

minutes whilst the vehicle was being driven 

At this point, the vehicle may be brought to a complete stop and testing may begin. 

8.5.3 Road Load Determination 

The road load is the total energy loss of the vehicle to aerodynamic, rolling, and drivetrain 

losses. It is described in terms of the forward velocity of the vehicle, and is derived in 

accordance with the standard SAE-J2264 (SAE Technical Standards Board 2014). There are 

two standardized methods for the calculation of road loads. The first method, specified in 

SAE-J1263 (SAE Technical Standards Board 2010) relies on coastdown tests and must be 

done on a flat, straight road with relatively constant conditions. Twenty tests are required in 

total according to the standard – ten in each direction to neutralize any environmental error. 

The second method (SAE-J2264) uses dynamometer simulated coastdown and iterative 

regression to arrive at a dynamometer approximation. The second method requires 

measurement of vehicle data such as rotating mass, total mass, and frontal area, for input into 

the quadratic regression to arrive at simulated forces at the dynamometer. If the 

measurements are incorrect, a static error is introduced. If the static error is beyond limits set 

by the standard, the dynamometer will fail the determination process and require new values 
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to be input for testing. The road load is determined once and assumed constant throughout 

testing. The general form of the equation of motion is: 

−𝑚
𝑑𝑣

𝑑𝑡
= 𝐷𝑚𝑒𝑐ℎ + 𝐷𝑎𝑒𝑟𝑜 + 𝐷𝑔𝑟𝑎𝑣,    (8.1), where 

𝐷𝑚𝑒𝑐ℎ = 𝐷𝑡𝑦𝑟𝑒 + 𝐷𝑎𝑥𝑙𝑒,𝐹 + 𝐷𝑎𝑥𝑙𝑒,𝑅   (8.2) 

𝐷𝑎𝑒𝑟𝑜 =
1

2
𝜌𝐶𝑑𝐴𝑓𝑟𝑜𝑛𝑡𝑎𝑙(𝑣 + 𝑣0)

2   (8.3) 

𝐷𝑔𝑟𝑎𝑣 = 𝑚𝑔
𝑑ℎ

𝑑𝑠
     (8.4) 

The mechanical drag component can also be modelled as a three-term polynomial. The 

equation of the model used for mechanical drag is: 

𝐷𝑚𝑒𝑐ℎ = 𝐴 + 𝐵. 𝑣 + 𝐶𝑣2    (8.5) 

The aerodynamic co-efficient of drag, 𝐶𝑑, can also be modelled as a fourth-order polynomial 

with respect to yaw angle. However, this is only in the case of on-road coastdown testing. For 

dynamometer testing 𝐶𝑑 is assumed constant. Additionally, the gravitational drag component 

𝐷𝑔𝑟𝑎𝑣 can be set to zero for dynamometer testing. Therefore, the equation of motion 

becomes: 

−𝑚
𝑑𝑣

𝑑𝑡
= 𝐴 + 𝐵. 𝑣 + 𝐶𝑣2 +

1

2
𝜌𝐶𝑑𝐴𝑓𝑟𝑜𝑛𝑡𝑎𝑙(𝑣 + 𝑣0)

2  (8.6) 

This can be reduced to a compact form by rolling the second order terms together: 

−𝑚
𝑑𝑣

𝑑𝑡
= 𝐴 + 𝐵. 𝑣 + (

2𝐶+𝜌𝐶𝑑𝐴𝑓𝑟𝑜𝑛𝑡𝑎𝑙

2
) 𝑣2   (8.7) 

 

In this way, A, B, and C (or the combined second-order expression) are expressed as 

constant, first-order, and second-order speed-force relationships, respectively. The constant 

co-efficient A is largely a function of the vehicle mass and rolling resistance. The first-order 
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co-efficient B is correlated to the rolling losses in the drivetrain while the vehicle is in 

neutral. The second-order co-efficient C is mostly the aerodynamic losses term. In most 

standards, including SAE-J2264, the first-order road load co-efficient is commonly ignored 

and can be set at zero without introducing significant error, although if measurements 

determine the co-efficient is greater than 3% of the total drag it must be included. 

The road load force is variable according to a wide range of environmental parameters. These 

parameters include the temperature of vehicle components, ambient temperature, road 

temperature, tyre temperature and inflation pressure, tested vehicle weight, humidity, air 

density and fog, prevailing winds, road surface moisture, usage of the vehicle (“breaking-

in”), types of lubrication used in driveline components, adjustment of brakes and suspension. 

Many of these parameters must be checked and adjusted prior to and after testing. These 

include vehicle weight, tyre inflation pressure, lubrication, and adjustment of brakes, and 

suspension. Others must be recorded during the test and correction factors applied in post-

processing. These include ambient temperature and wind variables. To ensure vehicle 

components are not affected by temperature gradients, standards typically require the vehicle 

to be driven for at least 30 minutes and 40km prior to testing.  

When performing dynamometer testing, many environmental parameters can be kept 

constant. For this reason, humidity, air density, wind speed and direction, and road surface 

moisture can be ignored. The vehicle is run on two cycles of the HWFET procedure for 

warm-up and test cell conditions are recorded. It is nevertheless important to ensure the test 

cell reaches the same test conditions as the RLD procedure prior to any test procedure, to 

ensure the road load is not altered. This also ensures that any road-load error is kept constant 

throughout any testing, which allows valid conclusions to be computed from testing. It is 

therefore of utmost importance to follow environmental soaking procedures prior to vehicle 

testing. 
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Figure 8.10 Iterative road load determination using SAE-J2264 routine showing the road load co-efficients 

 

One consideration unique to hybrid vehicles is the lack of a neutral gear position. Many 

hybrid vehicles, including those utilising the P3 topology, do not have a mechanical 

disconnect between the electric motor and the driven axle. Instead, the motor is actively 

controlled for zero torque to achieve an equivalent neutral gear. This can affect the RLD due 

to errors or transients in the control, which may provide slight motoring or braking force on 

the driven axle (Duoba, Bohn & Lohse-Busch 2010). There are several methods used to 

ensure this does not occur. One is a mechanical disconnection, such as the removal of a shaft. 

Another is the installation of a clutch mechanism specifically for testing purposes. The clutch 

may be a one-way dog clutch or something more complex. For the testing of KERMIT IV, 

the simplest available method was the complete de-powering of the motor controller. Because 

the electric motor does not have any permanent magnet material in its construction, the losses 
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from de-powered rotation are no greater than those experienced when the motor is energized 

but controlled for zero-torque.  

8.5.4 Datalogging Time Alignment 

For time alignment of the various data acquisition systems, a short, sharp acceleration event 

is input to the system prior to the commencement of a vehicle test. The vehicle velocity is 

then sharply reduced to zero. This allows simple alignment of the disparate data acquisition 

systems using velocity and torque traces. The data acquisition sampling rates of the systems 

vary between 2.4kHz and 10Hz. For the systems with high sampling rates, blocks of data 

were averaged down to a 10Hz rate. The slight (±0.05s) possible misalignment between the 

various data sets was not considered to be significant for the purpose of evaluating the 

continuous torque delivery performance of the drivetrain, due to the evaluation being 

dependent upon the comparison of multiple tests. Further, there was no practical means of 

reducing the time misalignment due to there being no synchronization input on the 

dynamometer data acquisition system, which itself is limited to a maximum 10Hz sampling 

rate. The time alignment method used in this study has previously been validated in (Paulina 

& McBryde, D. Matthews 2007) 

 Summary 8.6
This chapter reintroduces the design goals, which relate to the evaluation of continuous 

torque delivery and jerk reduction, improvement in acceleration performance, and improved 

fuel economy and emissions. From these, a series of four laboratory test procedures are 

derived, in addition to two supplementary tests which are used to characterize EV and battery 

pack charging performance.  

The test instrumentation package is introduced and described. The package is the complete 

list of sensors used to obtain testing results. Many of the sensors used in testing also serve 
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dual roles, being required as control inputs for the MHEV system installed on KERMIT IV. 

The software platforms used for system control, testing, and data acquisition are described in 

brief, with particular reference to the data acquisition role each platform plays in the test 

procedure. 

The laboratory infrastructure is described in detail to orient the user to the laboratory 

environment. Information is provided on the dynamometer, exhaust extraction system, 

ambient combustion gas monitoring, and cooling systems used in the test environment. 

Finally, the setup procedure developed for ensuring a homogenous test environment is 

described in detail. The setup procedure requires the configuration of hardware and software 

parameters, environmental parameters (temperature soaking), and vehicle parameters. In 

particular, a discussion of road load determination (RLD) is developed. The RLD procedure 

undertaken for the purpose of this testing differs from that prescribed in SAE J2264 primarily 

due to the absence of physical coast down (CD) testing. The purpose of CD testing in the 

intention of SAE J2264 is to ensure parity between manufacturers so that bias in emissions 

test procedures is minimised. Because the testing undertaken in the research presented herein 

relies on the comparison of a single prototype vehicle with and without an MHEV system, 

RLD may be undertaken using estimations based on manufacturer supplied values with small 

variations due to the increased mechanical losses caused by the insertion of the electric motor 

in the driveline. The validity of these estimations can to some degree be verified using 

dynamometer coast down testing. By varying applied drag according to the estimated 

quadratic losses, linear regression techniques allow the derivation of roller drag losses that 

are equivalent to RLD. If the estimated RLD is not able to be achieved under dynamometer 

coast down testing the linear regression fails to meet acceptance limits and roller drag losses 

cannot be derived. 
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Chapter 9:  Results and Discussion 

The results of laboratory testing are described in this chapter. The vehicle was subjected to 

tests without the MHEV system active, which represents the base vehicle operation. These 

tests were used as benchmarks for comparison of the performance of the vehicle with the 

MHEV system active. Three sets of tests were conducted. The first test was a steady-state 

gear change used to characterize the torque hole. A variety of gear changes were performed at 

steady conditions and used to characterize the torque hole with and without the MHEV 

system active. This test was used for a jerk and torque study. The second test was an 

acceleration test performed under road simulation conditions. This test was also used for jerk, 

in addition to fuel and emissions study. Finally, an NEDC cycle was run using the base 

vehicle configuration as well as the MHEV configuration. The NEDC cycle was used purely 

for fuel and emissions investigation. 

 

 Clutch Characterization 9.1
In order to complete controller calibration, particularly with respect to the continuous torque 

delivery, it was necessary to understand the clutch characteristics. The clutch is a single-plate 

dry clutch, 200mm in diameter and equipped with four spring elements. The friction material 

is organic and has a 35mm width. Its construction and installation are shown in Figure 9.1. 

The clutch performance is a function of the slip speed (the speed difference between the 

clutch, which is splined to the transmission input, and the friction surfaces, being the pressure 

plate and flywheel, both of which are affixed to the engine crankshaft output), and the face 

pressure, which is controlled by the clutch hydraulic system.  
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Figure 9.1 Clutch dimensions and assembly diagram (Mazda Motor Corporation 1989) 

 

The characterization of the clutch was performed using a series of stall tests. The driveline 

was braked using both service brakes and the dynamometer roller brakes to prevent any 

motion being transferred to the wheels. The clutch was then fully disengaged and the 

transmission was engaged into second gear. Even though no motion is transmitted the gear 

selection is an important consideration because torque is measured at the transmission output, 

therefore the gear must kept constant to ensure tests are comparable. The engine throttle was 

opened to a constant value corresponding to a particular no-load engine speed. To limit 

damage to the driveline the no-load speeds selected were 2000 RPM and 3000 RPM. At this 

point the clutch was slowly re-engaged, holding the driveline stopped and the throttle 

constant. The clutch line pressure, engine speed, and transmission output torque were all 

logged to enable clutch characterization. Because the driveline was held stopped, the slip 

speed in this test is equivalent to engine speed, and a correlation could be derived for clutch 

line pressure, slip speed, and torque transmissibility. This characterization is essential so that 

the calibration of motor torque start and stop commands can be completed to a high degree of 

confidence. 
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The raw test output is presented in Figure 9.2 below: 

 

Figure 9.2 Clutch stall test outputs 
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The stall tests show the engine stall torque of approximately 150N.m at the larger throttle 

opening used in tests 2 and 3, and a slightly lower stall torque of approximately 126N.m at 

the smaller throttle opening used in test 1. Test 3 is a repeat of Test 2, which was undertaken 

due to the release of the clutch in Test 2 immediately after stall. Whilst this did not affect the 

measurement, it also allows the observation of a torque bias at zero engine speed, due to the 

engine being forcibly braked during combustion.  

The slip speed at which stall begins is relatively constant at 200RPM for all tests, and is 

clearly seen in Figure 9.3. Torque in Figure 9.3 is expressed as a fraction of the stall torque 

observed in each test. There is also judder evident at high torque loads just prior to stall, from 

approximately 1000RPM slip speed. The judder appears to be relatively constant in 

frequency at about 20Hz, and can also be seen in Figure 9.3. An example of the judder is 

magnified in Figure 9.4. 

 

Figure 9.3 Slip speed against torque fraction (transmitted torque expressed as a fraction of maximum observed 
torque) 
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Figure 9.4 An example of clutch judder observed during testing 

 

The test data were collated for analysis to determine a suitable clutch line pressure calibration 

point for the engagement and disengagement of the torque-hole compensation during gear 

changes. Figure 9.5 and Figure 9.6 show the correlations between slip speed, torque and 

clutch line pressure. 

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120

To
rq

u
e 

(N
.m

) 

Sample Number (100Hz sample rate) 

Test 3 Judder 



Chapter 9: Results and Discussion 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 251 
 

 

Figure 9.5 Clutch Slip speed against Line Pressure. Self-excitation effects below 900RPM 
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Figure 9.6 Torque transmissibility shows three distinct regions of clutch engagement 

 

Figure 9.6 is useful for understanding the action of the clutch in terms of line pressure. It 

shows three clear regions. Above 40 PSI line pressure the clutch face is purely in slip. As the 

clutch pressure decreases the clutch face begins to grip and there is a period of non-linearity 

in the relationship at around 20-40 PSI. An investigation of this non-linearity could not be 

carried out because this would require a constant torque source and removal of the clutch 

assembly from the vehicle, and is beyond the scope of the thesis as presented. However, it is 

consistent with (Bostwick & Szadkowski 1998). The clutch self-excitation is very clearly 

delineated at 20 PSI line pressure, where the clutch is fully engaged and causes the engine to 

stall rapidly. 
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Based on the characterization of the clutch, in order to ensure continuous torque delivery, the 

motor is required to be engaged until the period of self-excitation is complete and slip speed 

is reduced to less than 200 RPM. This provides two functions: firstly, it applies a biasing 

torque to the driveline to reduce excitation during the torque fluctuation, and secondly, the 

control of the motor’s magnetic field acts as a passive damper for any driveline shocks and 

vibrations transmitted during this phase. On this basis, the calibration point for the torque fill 

function of the motor was set such that the function concludes when clutch line pressure 

reaches 20 PSI. The calibration point for the beginning of the event was set based on the 

clutch switch signal rather than a pressure signal. This is because the clutch disengagement 

action by the driver is significantly faster than the clutch engagement action. The clutch 

switch allows approximately 50mm of pedal travel before switching, which is sufficient to be 

sure of the driver’s intention to change gear providing the car is not creeping at low speed. 

 Torque Hole Characterization – Test 1 9.2
The characterization of the torque hole was conducted at test road speeds from 20km/h to 

60km/h in 10km/h increments. The road speed was held at no more than the target speed by 

the dynamometer, which is operated in the steady-speed mode. This allows the vehicle to 

accelerate freely below the target speed but applies load at the target speed to ensure the 

vehicle does not exceed it. The target gear change is the gear change effected once the target 

speed is achieved, and the vehicle is under load. The CV mode was tested firstly and then the 

same test was executed using MHEV mode. An example of the test profile is reproduced in 

Figure 9.7; the profile is similar in trajectory for 20, 30, 40, and 50km/h. 
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Figure 9.7 Complete test profile for 60km/h 3-4 shift torque hole characterization 

 

9.2.1 Uncontrolled Torque Hole 

The uncontrolled torque hole is presented for comparison with the controlled results 

presented in Figure 9.8. Representative data are provided for each test speed 20km/h-50km/h. 
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Figure 9.8 Torque hole for a 1-2 shift without continuous torque control 

 

The data shows the gear selection process for a 1-2 shift at 20km/h. The clutch 

disengagement begins at 1.9s with total disengagement taking approximately 0.4s. the gear 

selector is actuated at 2.4s, and the 1-2 gear selection takes 0.7s. The clutch re-engagement 

begins at 3.1s, simultaneously with the successful engagement of gear 2. There is a period of 

2s torque oscillation at approximately 4Hz, with the maximum amplitude 106Nm 

representing the full settled torque value in gear 2. Total shift time is 3.2s. 
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Figure 9.9 Torque hole for a 2-3 shift without continuous torque control 

 

The 2-3 shift at 30km/h (Figure 9.9) is markedly smoother than the 1-2 shift. There is no 

significant torque oscillation although torque settling time is of roughly the same order as the 

1-2 shift, being completed in approximately 1.7s after the beginning of clutch re-engagement. 

Shift time is 2.5s. 
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Figure 9.10 Torque hole for a 2-3 shift at 40km/h without continuous torque control 

 

The 2-3 shift at 40km/h (Figure 9.10) is relatively smooth and has no appreciable torque 

disturbance, with only a very minor overshoot evident at 4.1s-4.6s. As vehicle speed 

increases the angular momentum of the rotating elements damps torque disturbances. 
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Figure 9.11 Torque hole for a 3-4 shift without continuous torque control 

 

The 3-4 shift (Figure 9.11) is similar in nature to the 2-3 shift but there is no torque 

overshoot.  
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dynamometer controller acting to re-apply load to the vehicle. The wheel torque in each case 

also does not reach zero. This is due to the dynamometer inertia. For this reason, shaft torque 

is used for all analysis but wheel torque is also provided for completeness. It is clear from the 

characterization of the uncontrolled torque hole, that the jerk reduction functionality of 

KERMIT’s control system is more critical in lower-gear shifts due to the high level of torque 

oscillation, but the torque in-fill functionality of the control system is more critical in higher-

gear shifts. 

9.2.2 Torque Fill-In 

The gear shift including the torque fill-in can be described in 3 main phases. The first is the 

slip-open phase, in which the clutch is released. The second is the torque phase, in which the 

torque control is applied. The last phase is the inertia phase, where the clutch is being 

engaged and the separate inertias are being matched. The same phases apply to the 

conventional gear shift except the torque phase, which is replaced with the synchronization 

phase because there is no torque control. Acceptable torque in-fill requires a number of target 

characteristics to be met. In the first instance, the clutch disengagement must be detected and 

the electric motor must be engaged to provide equivalent torque at the instant of 

disengagement. Therefore, start timing of the torque pulse is important. Secondly, the torque 

pulse must be halted at the appropriate time to ensure there is no torque spike delivered to the 

wheels which could result in unintended acceleration. Therefore, the end timing of the torque 

pulse must also be controlled. Thirdly, the delivered torque value throughout the pulse must 

be sufficiently scaled to provide reasonable agreement with the engine torque at the start of 

the gear change event, and must also be predicted with sufficient accuracy to minimize 

unwanted oscillation at the inertia phase. Finally, the slip speed of the clutch face should be 

minimized to reduce self-excitation which induces undesirable and uncontrolled non-linearity 

in the system.  
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Control Value Observed effect of non-conformance 
Torque Start Timing Torque peak (early) / trough (late) at gear change start 
Torque End Timing Torque peak (late) / trough (early) at gear change end 
Torque Start Value Torque step at gear change start and during gear change 
Torque End Value Torque step at gear change end 
Clutch Slip Speed Torque oscillation at gear change end 

Table XXVI Control values for the continuous torque control system 

A selection of gear shift events are presented showing fill-in characteristics, and discussed 

with reference to the control parameters and methodology. The gear shifts are representative 

of ideal torque in-fill as well as the various non-conformances. The discussion and analysis in 

0 will characterize the effect of ideal control as well as non-conforming control on jerk. 

The 20km/h 1-2 gearshift is presented in Figure 9.12. The torque in-fill control was 

successful for start value but start time was approximately 0.2s late. This is shown in the 

effective torque hole elimination at 2.5-3.3s. The vehicle speed remains relatively stable, 

varying only by 1km/h whilst the torque control is active. However, the command ends 

prematurely as shown in the battery current trace which begins to drop at 3.6s, turning off 

entirely at 4.0s, resulting in a torque hole of 0.9s duration and a resultant drop in vehicle 

speed of 6.1km/h. The torque control end conditions are deliberately triggered in the 

following cases: 

 Brake switch trigger 

 Clutch pressure below threshold 

 Battery pulse time over safe limit 

 Gear shift time over limit 

By examining the logs of this event, none of these events triggered the premature end 

command. Instead, the calculated target torque (the torque at the end of the gear shift event) 

was determined by the controller to be zero. This is due to some load sites in the engine load 

map having zero value. Effectively, the torque end value was incorrectly calculated and this 

caused end time error and engine speed being uncontrolled for the clutch re-engagement.  
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Figure 9.12 Time domain data for a 1-2 shift using continuous torque control 
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Figure 9.13 Time domain data for a 2-3 shift using continuous torque control 
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The 2-3 shift shown in Figure 9.13 shows a shift event that is similar in nature to the 1-2 shift 

shown in Figure 9.12, but achieved better end timing. The torque hole is reduced in duration 

from 1.5s to 0.4s, resulting in a speed variation of ±2km/h from the 30km/h target speed. The 

shaft torque shows a full-scale torque spike at 3.7s, immediately following the torque phase. 

This is induced by rapid clutch engagement without effective clutch slip control. The 4Hz 

torque oscillation characteristic of the uncontrolled inertia phase is seen again in this 

example. Examination of the event log shows the smaller torque hole was a result of slow 

clutch re-engagement by the driver, which induced sufficient self-excitation to cause clutch 

line pressure to drop below threshold. Because the system relies on manual actuation of gear 

selector and clutch release, there is no way to differentiate in real time between pressure 

variation caused by self-excitation and the same caused by driver action. Extra 

instrumentation could be installed to provide better confidence in the intended driver action, 

by way of determination of clutch pedal position or clutch plate position. The correlation 

between pedal position, or pedal velocity and clutch line pressure could then be used to 

determine the state of the clutch and the driver intention. This could then be used to adjust 

end timing more accurately in real time. 

The 2-3 shift at 40km/h shown in Figure 9.14 demonstrates ideal continuous torque control 

outcome. The torque hole is almost entirely eliminated. Continuous torque is fully achieved 

and there is no appreciable torque oscillation during the inertia phase. There is a minor torque 

drop of 10N.m toward the end of the shift which causes an appreciable jerk at 3.2s, but 

overall, vehicle road speed is very well controlled in comparison to the same uncontrolled 

shift. The variation from target speed is +1.8/-2.1km/h. This is reduced by 36% from the 

uncontrolled shift, which shows variation of +0/-4.1km/h. The variation is, in a large part, 

due to the test conditions which result in relatively high torque being applied to control the 
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vehicle speed at the target. When the vehicle is tested under road load conditions only, the 

output is generally smoother as the tractive load is considerably smaller. 
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Figure 9.14 Time domain data for a 2-3 shift at 40km/h using continuous torque control 
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Figure 9.15 Time domain data for a 3-4 shift at 50km/h using continuous torque control 
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Finally, the 50km/h 3-4 shift is presented in Figure 9.15. The shift achieves continuous torque 

delivery although the torque hole is not completely filled. None of the start time, start value, 

and end value parameters were accurately calculated. The output of the incorrect calculations 

results in an initial torque dip of approximately 25N.m (late start time), then a rise of 15N.m 

(low start value), followed by a fall of 20N.m (low end value) at the inertia phase. This 

results in a total torque hole reduction of 51%, with the minimum torque achieved being 

approximately 30N.m at the end of the torque phase. Nevertheless, despite the inaccurate 

control, the shift completes 1.6s faster than the equivalent uncontrolled shift and the speed 

variance is greatly reduced. 

The HIL continuous torque control verification run is shown below in Figure 9.16 (top), 

along with the torque data from the 50km/h 3-4 shift (Figure 9.16 bottom). There is good 

agreement between the two sets of data. The shift times are similar for both sets of data, with 

the HIL verification shift taking approximately 4.6s and the validation run taking 4.4s. The 

primary differences between the data relate to the start and end time. In the HIL data the start 

time 0.3s later than the experimental data. This causes the torque hole to be momentarily 

completely unfilled, whereas there is only partial loss of torque in the experimental data. 

Meanwhile the HIL data shows the continuous torque control ended prematurely resulting in 

another momentary torque gap, whereas this is less pronounced in the experimental data. The 

torque overshoot immediately following the shift completion in the experimental data is a 

result of the dynamometer controller behavior, which magnifies the inertia phase oscillation, 

and is not evident in the HIL data. 

The data show that the target of continuous torque delivery during gear changes was 

accomplished with acceptable performance, and reasonable agreement with HIL verification. 
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Figure 9.16 Simulated gear shift (top) using HIL compared against experimental data from the prototype vehicle 
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9.2.3 Jerk 

Direct sensing of jerk, although possible, is not commonplace. There does not appear to be 

any commercially available jerk sensor and there are a few publications in academic literature 

describing the construction of such a sensor. (Xueshan et al. 2008) describes the construction 

of a triaxial sensor for earthquake data collection, whilst (Fujiyoshi et al. 2002) describes a 2-

DOF micro-electromechanical system for automotive use. In the absence of direct sensing, 

acceleration data can be differentiated once to obtain jerk, or the second derivative of speed 

also yields jerk data. For an accelerometer-based study to be accurate, the vehicle being 

tested must be in motion. On a dynamometer, the vehicle is tied to ground anchors preventing 

chassis motion, therefore an accelerometer-based dynamometer study of jerk is not possible. 

In order to investigate jerk on a dynamometer, the analysis of jerk relies on the accurate 

measurement of wheel velocity. Whilst it is possible to use shaft rotational velocity instead, 

the jerk experienced in the cabin is a function of the road speed, which is subject to further 

damping due to the flexible mounting of the differential and rear subframe, as well as 

suspension mountings and tyre compliance. Because jerk is the second derivative of speed it 

is also highly susceptible to variation due to measurement noise. Therefore a very smooth 

data set is required to ensure jerk is representative. For this reason, wheel speed was used for 

the following jerk study, rather than shaft speed. The gear shift events presented in 9.2.2 have 

been used for the basis of the jerk study. 

The characteristics of the gear shifts are relatively uniform. There is a negative jerk 

coinciding with slip-open, and a positive jerk coinciding with the beginning of the inertia 

phase. These two characteristics are qualitatively constant throughout all the gear shifts 

presented. In the CV mode, during the synchronization phase, jerk is relatively uniform, 

generally characterized by a small, 1~2g/s jerk which extends for 0.2-0.3s. There is less 

uniformity in the MHEV mode, due to the variance of the continuous torque control. 
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Figure 9.17 Jerk data during the 20km/h 1-2 gear shift 
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Referring to Figure 9.17, the 1-2 CV gear change exhibits the highest absolute jerk, reaching 

5.94g/s. This is a result of the large gap between first and second gear ratios, meaning inertia 

matching is difficult to achieve smoothly. Notably, there is a positive jerk at the slip-open 

phase (2.3s) that is generally absent in other gear shifts. This positive jerk can occur when the 

throttle is released prior to the clutch being fully disengaged. The engine braking causes an 

initial deceleration and then the deceleration is reduced when the clutch becomes fully 

disengaged, resulting in a positive jerk. In this case, the MHEV shift shows no positive jerk at 

the same phase, indicating good throttle co-ordination. The negative jerk at 2.4s is also 

smaller than that of the CV. Whilst the MHEV has slightly higher jerk at the beginning of the 

inertia phase, there are fewer oscillations throughout. This suggests the MHEV continuous 

torque control may deliver better occupant comfort than the uncontrolled shift in this 

instance, despite the higher initial jerk. 

The 2-3 CV gear change in Figure 9.18 (30km/h) is a more typical representation. The 

negative jerk at slip-open (1.6s) is followed by a relatively smooth synchronization phase 

indicating the vehicle is generally under its own momentum with no driveline-induced jerk. 

The inertia phase is characterized by an initial jerk of similar magnitude to that observed at 

slip-open, The inertia phase settles in approximately three cycles. Compared against the 

MHEV shift, the slip-open jerk is substantially reduced. However, the torque control induces 

jerk during the torque phase, which is similar in magnitude to the initial, slip-open jerk. This 

is due to transitioning from start to end torque values. The inertia phase settles in one cycle 

with very minor torque overshoot, however the intial jerk is quite high. 
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Figure 9.18 Jerk data during the 30km/h 2-3 gear shift 
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Figure 9.19 Jerk data during the 40km/h 2-3 gear shift 
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The 2-3 MHEV gear change shown in Figure 9.19 delivered excellent torque hole reduction, 

resulting in almost full-scale torque being delivered throughout most of the gear shift. 

However, jerk results during the shift were not ideal. The slip-open jerk was almost 

eliminated (<1g/s) but a large positive jerk accompanied the beginning of the torque phase, 

where the CV shift was relatively smooth. Likewise, at the start of the inertia phase, another 

jerk of 5.69g/s is induced. This is due to a slight overlap between the continuous torque 

control and the clutch actuation, resulting in torque summation through the driveline causing 

a small acceleration overshoot.  

The 3-4 shift in Figure 9.20 exhibits similar characteristics to that shown in Figure 9.19. The 

negative jerk associated with the slip-open phase is markedly reduced compared to the CV 

shift. The positive jerk associated with inertia phase is also reduced in contrast to the CV 

shift. However, whilst this is ultimately the goal of the jerk reduction, there is also a large 

negative jerk evident at the inertia phase of this shift that does not appear in others. This 

negative jerk appears to be a result of engine speed discontinuity forcing the driveline to 

accelerate the engine during the inertia phase. This is typically caused by the momentary 

closing of the engine throttle.  
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Figure 9.20 Jerk data during the 50km/h 3-4 gear shift 
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Initial Phase Jerk Results - Summary 
 20km/h 

1-2 shift 
30km/h 
2-3 shift 

40km/h 
2-3 shift 

50km/h 
3-4 shift 

Release Engage Release Engage Release Engage Release Engage 
CV (g/s) -2.63 5.94 -3.53 3.68 -3.45 1.58 -2.46 2.88 
MHEV (g/s) -2.46 6.34 -1.86 5.86 -1.52 5.69 -1.95 2.66 
Difference (%) -6.5% +6.7% -47.3% +59.2% -55.9% +360% -20.7% -7.6% 

Table XXVII Jerk results in summary 

 

The summary results for steady-state jerk are provided in Table XXVII. In terms of jerk 

reduction, the control was successful in reducing the jerk resulting from the slip-open phase. 

However, in almost all cases, the jerk arising out of the inertia phase proved to be higher 

when using the torque in-fill in MHEV mode than without. Out of the presented shift events 

in this section, only the 50km/h shift demonstrated a reduced jerk in both control directions, 

although the positive jerk at the inertia phase was likely not evident due to low engine speed, 

which instead introduced a negative jerk. Conversely, all shifts demonstrated reduced jerk in 

the negative direction associated with the slip-open phase.  

 Dynamic Performance (Acceleration) – Test 2 9.3
The acceleration of the vehicle was tested at part-throttle, using a 30% throttle input. The test 

methodology was selected primarily to verify simulated performance of the same test, as well 

as to investigate the effect of the mild hybrid system for jerk reduction under acceleration, in 

addition to the steady-state testing conducted in 9.2. The test is intended to describe a gentle 

acceleration onto an arterial road. The acceleration measurement was conducted between 

7km/h and 80km/h. The non-zero start condition was selected for better repeatability, as there 

is a high level of variability arising from a start from rest, particularly on a dynamometer. The 

selection of 7km/h was corresponding to the vehicle speed in first gear at idle, with the clutch 

fully engaged. This setup resulted in highly repeatable test conditions. Two tests are shown in 

Figure 9.21, taken approximately one month apart. They show the test is highly repeatable, 
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with less than 1% deviation. The acceleration is benchmarked against the base vehicle, and 

the simulated MHEV and base vehicle. 

 

Figure 9.21 Experimental acceleration data compared with simulation data 

 

The simulated base vehicle recorded a time of 32.9s to 80km/h at 30% throttle. The same 

conditions using the MHEV in simulation recorded 31.9s. In contrast, the prototype recorded 

27.0s and 23.9s, with and without the MHEV system respectively. Whilst otherwise similar, 

the primary reason for the large variation between simulation and experimental data is the 4-5 

gear shift in the simulation, which is executed at approximately 55km/h. However, the 

experimental data is of sufficient quality to investigate jerk under acceleration. 

9.3.1 Jerk under acceleration 

Predominantly, the data in acceleration reflects the same findings as those found under steady 

state. That is, the initial jerk caused by the slip-open phase is generally reduced. The second 

jerk caused by the inertia phase is either marginally higher, in the case of the 1-2 shift, 

substantially the same. Results are shown in Figure 9.22. 
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Figure 9.22 Jerk data for shifts 1-2, 2-3, 3-4 for both the MHEV and the CV 
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 Fuel and Emissions – Test 3 9.4
Fuel and emissions testing was conducted using the base vehicle as a benchmark to compare 

against the MHEV. The testing consisted of a single pass of the New European Driving Cycle 

(NEDC), which comprised the first test, as well as an acceleration test of the type presented 

in 9.3. For each test, emissions and fuel consumption information was collected. 

The NEDC cycle (Figure 9.23) covers a distance of 10.931km with a total time of 1180 

seconds. The cycle is composed of four identical segments representing urban driving 

conditions, followed by an extra-urban segment with a top speed of 120km/h. The average 

speed of the NEDC is 43.1km/h, exclusive of idle time, which is 267 seconds out of the 1180 

seconds total. 

 

Figure 9.23 Acquired speed data for the NEDC cycle 

 

The testing was conducted with variations from the prescribed standard to account for test 

facility limitations. The emissions sampling used a Horiba MEXA-584L 5-gas analyser rather 
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than constant volume sampling which directly measures pollutants in grams. The MEXA-

584L provides gas concentrations in parts per million or percentages, and these are then 

converted to weights using the molar mass of the particular gas component as well as 

information about engine speed and volumetric efficiency, which is derived from the mass air 

flow sensor installed on the vehicle. 

The fuel consumption was not read directly due to the absence of a mass flow meter. Instead, 

fuel injection signals were read to determine injector duty cycle. The flow rate of the injectors 

could then be used to determine fuel volume injected, and a fuel density of 0.75kg/L was 

assumed to determine fuel weight. This method of fuel calculation assumes that ΔP across the 

injector remains relatively constant. This assumption is subject to fuel rail pressure 

fluctuations as well as intake manifold pressure fluctuations. Because the NEDC is a low-

load cycle the intake manifold pressure is mostly stable and therefore the assumption can be 

used without a significant loss of accuracy. 

A larger margin of error was allowed in the test rules, as compared to the standard margin. 

This accounted for the lack of experience of the test driver to allow the test to be completed 

successfully within a satisfactory time. 

Finally, the test was conducted after the vehicle had been thoroughly warmed up on the 

dynamometer. This removes any variation resulting from cold-start conditions which would 

be detrimental in this study. Typically, the NEDC is run from cold after soaking a vehicle for 

several hours. 

The results of the testing are presented in summary in Table XXVIII and Table XXIX. 
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Acceleration 11km/h-80km/h – CV vs MHEV 
 Fuel 

Consumption 
(L) 

Carbon 
Monoxide 
(grams) 

Hydrocarbon 
(grams) 

Carbon 
Dioxide 
(grams) 

Nitric Oxide 
(grams) 

Conventional 
Vehicle 

0.065 9.668 0.58 100 4.05 

Mild Hybrid 0.058 7.054 
 

0.46 103 1.99 

Difference -10.8% -27.1 -21.7 +3% -50.9% 
Table XXVIII Summary fuel and emissions results from the acceleration test 

 

NEDC – CV vs MHEV 
 Fuel 

Consumption 
(L) 

Carbon 
Monoxide 
(grams) 

Hydrocarbon 
(grams) 

Carbon 
Dioxide 
(grams) 

Nitric Oxide 
(grams) 

Conventional 
Vehicle 

1.046 98.81 3.64 2568 33.55 

Mild Hybrid 0.850 116.24 6.23 1932 25.60 
Difference -18.8% +17.6% +71.1% -24.8% -23.7% 

Table XXIX Summary fuel and emissions results from the NEDC test 
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9.4.1 NEDC - Fuel 

 
Figure 9.24 Cumulative fuel consumption from the NEDC test shows the effect of engine stop-start on FE 

 
As shown in Figure 9.24, the base vehicle recorded fuel consumption of 1.046 litres under the 

NEDC, compared to 850 millilitres used by the MHEV prototype. The result was a little 

better than expected, but this can, in part be attributed to the regenerative function of the 

controller being inoperable during the testing. Nevertheless, because the NEDC is a relatively 

short, low-load cycle, there is little opportunity to deplete the battery sufficiently to require 

engine loading to recharge. The fuel consumption of the MHEV prototype also agrees well 

with the simulation result, which predicted 0.836 litres of fuel consumption. 

The primary source of improved fuel efficiency in comparison to the base vehicle was the 

stop-start function of the CV, which eliminated fuel use during all 267s of the idle time. 

Although the low-speed creep was also a contributor to the fuel economy of the MHEV, 
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because the NEDC cycle is generally low-load, the contribution to fuel saving did not 

outweigh that of the stop-start.  

 

Figure 9.25 Instantaneous fuel consumption data for the NEDC test shows the principal differences at stop-start 
and initial acceleration 

 

It can also be seen in Figure 9.25 that the torque-fill function did not significantly affect fuel 

consumption in the NEDC. This indicates that the main benefit of the torque-fill function in 

terms of fuel consumption is in reducing the time taken by the vehicle to reach cruising speed 

and reducing deceleration during gear shifts which cause an increase in fuel consumption in 

the next acceleration event. Because both of these effects are minimised in the NEDC due to 

its strict speed profile, the benefit of the torque-fill function is also minimized. 
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9.4.2 NEDC – Emissions 

The emissions results were mixed. Whilst CO2 and  NOx were both reduced (Figure 9.28 and 

Figure 9.29), CO and HC both increased (Figure 9.26 and Figure 9.27). This is broadly 

consistent with findings in (Yu, Dong & Li 2008) and (Merkisz et al. 2011), who find that 

under certain circumstances in vehicles fitted with stop-start systems, levels of HC and CO 

can increase. The cause of the increase in HC is principally the use of ignition-cut systems to 

turn off the engine rather than fuel-cut, which reduces HC. The secondary cause of the 

increase in HC is the catalyser efficiency, which drops when exhaust volume and engine load 

are lower. This is also the primary reason for the increase in CO. 

 

 

Figure 9.26 Hydrocarbon emissions are highest during engine transient events such as start-up, gear changes, 
and overrun after the high-speed cycle 
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Figure 9.27 CO emissions were higher under MHEV operation 

 

The CO and HC emissions are largely “emissions-event” driven. That is, they are 

characterized by relatively low levels for much of the driving conditions, but under certain 

conditions, disproportionately large emissions are released. These conditions are the transient 

engine start and stop conditions, as well as the long in-gear deceleration from high speed 

following the extra-urban section of the cycle.  

In contrast, CO2 is very strongly correlated with engine operation speed, and NOx with engine 

thermal state. Reducing engine load and operation time through electrification has a direct 

effect on the emissions quanta, and the results in Figure 9.28 demonstrate the effect. The 

correlation of CO2 with engine speed is shown in Figure 9.30. 
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Figure 9.28 Carbon Dioxide emissions followed engine speed, and thus were significantly reduced under 
MHEV operation 

 

 

Figure 9.29 Nitric Oxide emissions were somewhat lower under MHEV operation due to reduced engine 
thermal state 
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Figure 9.30 Correlation of carbon dioxide output and engine speed 

9.4.3 Acceleration – Fuel 

The acceleration test was conducted using the base vehicle as a benchmark, and then 

engaging the MHEV system, which, for the particular run, only provided torque-fill 

functionality. Therefore, other than difference in driver input, the sole difference is the use of 

torque in-fill for gear changes. The total fuel consumption was reduced by 7mL using 

continuous torque control, resulting in consumption of 58mL (Figure 9.31). 

 

Figure 9.31 Cumulative fuel consumption for the acceleration test 
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Figure 9.32 Difference in fuel consumption as a function of time shows the effect of gear changes on the overall 
fuel economy 

 

The majority of the gains are made during the gear changes (Figure 9.32), whereas in-gear 

gains are also made, but at a lower rate. The total electrical energy consumed during the run 

was 10.2Wh. This demonstrates the energy efficiency of the continuous torque control 

system. 

9.4.4 Acceleration – Emissions 

Emissions results were generally positive. The CO and HC levels are related to the transient 

throttle states associated with gear changes. The three peaks in the traces (Figure 9.33) 

coincide with each gear change 1-2, 2-3, 3-4. Because the throttle is controlled open during 

gear changes in the MHEV, the transients are reduced compared to the CV and therefore 

results are generally improved.   
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Figure 9.33 Carbon Monoxide (top) and Hydrocarbon (bottom) emissions for the acceleration run 

 

In contrast, CO2 and NOx (Figure 9.34) are associated with engine speed and thermal state, 

respectively. The CO2 result for the MHEV is 3% worse than the CV, and this reflects the 

partial-open of the throttle which is required to control engine speed for clutch re-

engagement. The NOx result is likely due to the better control of the road speed, resulting in a 

lower average engine load over the acceleration test. 
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Figure 9.34 Carbon Dioxide (top) and Nitric Oxide (bottom) emissions for the acceleration run 
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torque to zero. Torque hole amplitude was reduced in all cases but could not be completely 

eliminated. Further work is required in calibration to improve this aspect. The torque and 

speed output is broadly reflective of similar results obtained in the literature, particularly 

those shown in (Baraszu & Cikanek 2002; Horn et al. 2002; Zhang et al. 2010)  

The performance of the system with respect to jerk was somewhat less successful. The two 

main jerk events associated with gear changes are the slip-open jerk and the inertia jerk, 

caused respectively by clutch release and clutch engagement. The first jerk event was, in 

most cases, reduced due to the continuous torque control, but the second jerk event was 

increased. Additionally, there was some added vibration introduced during the torque phase 

of the gear shift due to the torque fill-in, although this was largely insignificant. The 

reduction of jerk at the inertia phase is difficult to control due to the unpredictable nature of 

the clutch re-engagement inputs by the driver, and the non-linear correlation between clutch 

hydraulic line pressure and position. It may be possible to improve the jerk output but is 

unlikely without additional sensing, such as a clutch pedal position sensor or clutch plate 

position sensor. Jerk results generally agree with those found in (Zhang et al. 2010), both in 

the nature of jerk peaks and also in the jerk observed during the torque (or synchronization) 

phase of the gear shift. 

The fuel and emissions performance was demonstrated to be generally positive. There were 

considerable fuel economy gains in both the NEDC and acceleration tests, and the NEDC 

emissions were improved in terms of CO2 and NOx, although hydrocarbons and CO were 

both poorer. This is consistent with other results reported in the literature and with further 

work the emissions results can be improved across the board. The acceleration emissions 

were improved in all areas with the exception of CO2, which was 3% higher.   
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Chapter 10:  Conclusions 

This thesis presented the development of a novel P3 mild hybrid powertrain topology. The 

topology has been created using a low-cost base vehicle with the intention of exploring the 

potential for hybridization to improve driveability and emissions performance. The impetus 

behind the investigation is the need to improve vehicle fleet electrification on a global level, 

which requires innovative solutions using low-cost automotive hardware to develop 

attractive, high-performance, low-emissions solutions for developing markets. The technical 

objectives of the investigation were, specifically, the development of a prototype vehicle for 

experimental validation of the P3 topology, use of the prototype vehicle to validate the 

continuous torque delivery (gear shifting torque-in-fill) function of the EPS, and the 

validation of emissions and dynamic modelling previously completed. 

By creating a mild hybrid based around a low-power powertrain equipped with a manual 

transmission, we are able to complement the key strengths of the manual transmission, being 

its simplicity, efficiency, and cost, with the key strengths of the P3 topology – notably, its 

ability to provide continuous torque delivery during gear shifts, the ability to provide tractive 

effort independently of the engine, and the ability to regenerate electricity during braking. 

The use of a manual transmission is particularly well-suited to many developing markets 

where, in contrast to developed markets, manual vehicles can account for over 90% of 

vehicle fleets.  

Solutions for developing markets must be financially attainable in order to succeed in these 

environments, as well as being mechanically robust and minimising mechanical differences 

compared to conventional ICE vehicles to ensure they can be maintained by local technicians 

who may not have access to training on more complex hybrid topologies.  
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Careful optimization of the powertrain topology and size has resulted in a robust, familiar, 

and reasonably-sized system. Sizing study has resulted in a unique, fairly low system voltage 

of 96V, which is higher than many micro-hybrid topologies that use 48V standards, but 

significantly lower than the 230-650V systems used in full hybrid vehicles. The 96V traction 

battery drives 10kW/30kW peak AC induction motor according to a rule-based controller that 

considers the load case and battery state of charge in determining the mode of operation. The 

battery size is also optimized, and although the prototype battery is 1.44kWh in size, it has 

the potential to be reduced to 0.768kWh without any loss in functionality. The P3 topology, 

whilst not as simple as a P0 or P1, offers good functionality and cost-effectiveness. 

The control methodology developed was tested under laboratory conditions. The control was 

tested for its ability to supply continuous torque delivery during gear changes, quantification 

of the torque hole elimination, vehicle acceleration testing, jerk control, fuel, and emissions 

performance. 

The system was successful in achieving continuous torque delivery during gear changes and 

therefore this design objective was met. Continuous torque delivery can be achieved under 

most conditions, but a single failure was observed due to engine mapping errors which 

resulted in zero being calculated for end torque value. This failure is not an algorithmic error, 

but rather a numerical parameter input error. The controller is programmed to abort 

continuous torque delivery in a number of other, non-failure cases such as brake application 

or clutch threshold limits. 

The complete elimination of the torque hole during gear changes was not consistently 

demonstrated using the current control methodology. Rather, partial reductions of the full-

scale torque hole were achieved for all gear shift events. The full-scale torque fill-in value 

was shown to be achieved approximately 1 second after the gear shift initiates, which 

corresponds to a delay of approximately 0.3-0.6s after the minimum drive torque is measured 
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at the transmission output. The torque holes were typically reduced of the order of 75%-95% 

of full-scale value. As a result of the continuous torque delivery, vehicle speed was well-

controlled in comparison to uncontrolled gear shifts.  

The reduction of jerk was partially achieved. There are two main jerks associated with the 

gear shift. The first jerk is a result of the clutch release, and is in the negative direction. The 

second jerk is generally in the positive direction, and is associated with clutch engagement. 

Secondary jerks may follow the clutch engagement if the system inertias are not matched at 

the time of engagement. The clutch release jerk was consistently reduced whilst the 

continuous torque control was active. However, generally, the system returned poorer jerk 

outcomes for the clutch engagement than could be obtained using the IC engine alone. This 

suggests the system control is not sufficiently developed to determine accurate control values 

for the end conditions of the shift. One factor that contributes to this is the self-excitation of 

the clutch plate, which causes pressure variation in the clutch hydraulic line. Because the 

system relies on line pressure for an estimation of the clutch state, the self-excitation can 

cause premature or delayed abort conditions. However, the predominant factor that 

contributes to the engagement jerk is the human actuation of the clutch pedal. Different feed 

rates of the clutch pedal can cause pressure variations for the same position, and this makes it 

difficult to accurately predict the end condition. The use of a secondary sensor such as a 

clutch pedal position sensor or a direct measurement of clutch plate position would simplify 

the control of engagement jerk, enhancing the system performance. Nevertheless, control 

issues aside, the hardware incorporated into the system has been shown to be sufficiently 

capable of controlling jerk. 

The hybrid system demonstrated favourable results in terms of vehicle acceleration. The  

application of continuous torque during gear shifts resulted in significantly improved part-

throttle acceleration. Although full-load acceleration testing was not performed, it is expected 
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that the benefits of the hybrid system would diminish as acceleration load increases due to the 

decreased electric drive fraction. This is consistent with the design goal of the mild hybrid 

powertrain, which is intended to improve driveability rather than outright performance. On a 

30% part-throttle acceleration, the hybrid vehicle reached 80km/h 3.1 seconds faster than the 

conventional base vehicle. This was achieved due solely to the continuous torque delivery 

during the gear changes. Velocity changes during gear shifts were also much better controlled 

than in the base vehicle. 

The fuel consumption and emissions of the mild hybrid vehicle were benchmarked against 

the conventional base vehicle. The benchmarking considered four gas components – carbon 

monoxide, hydrocarbon, carbon dioxide, and nitric oxide. Fuel consumption was also 

recorded and benchmarked. The benchmarking was conducted for two test cases – in the first 

instance, the NEDC cycle was selected, and in the second instance, the 30% throttle 

acceleration to 80km/h. The NEDC cycle returned excellent fuel consumption correlation 

with simulated results. The MHEV obtained fuel consumption of 0.850L over the cycle 

against a simulated 0.836L. The CV simulation was somewhat less true to experimental 

results. The CV returned 1.046L in experimental conditions, compared to 0.857L in 

simulation. The emissions results demonstrated considerable benefits in carbon dioxide and 

nitric oxide emissions, although hydrocarbon and carbon monoxide emissions suffered as a 

result of the stop-start function of the controller. In the acceleration emissions benchmark, 

there were consistent and dramatic improvements in all emissions components with the 

exception of carbon dioxide, which was 3% poorer. This result was not unexpected as the 

detrimental effect of engine stop-start on other emissions components was absent during this 

test. 

Tailpipe emissions are a primary source of global air pollution. The treatment, regulation, and 

reduction of tailpipe emissions has been a focus of national environmental regulation 
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agencies since at least the 1960’s. Typically, reductions in tailpipe emissions have been 

driven through increasingly stringent regulation adopted at the national and regional level. 

European and North American standards have become de facto global standards, as most 

developed nations broadly adopt the same regulations. Meeting these standards is costly, both 

in terms of R&D investment as well as cost-to-manufacture as emissions hardware becomes 

increasingly complex. This drives the cost of new vehicles up. In most developed countries, 

the cost of new vehicles is relatively affordable even factoring in increased costs associated 

with meeting standards such as emissions and collision safety. Therefore, developed 

countries with mature automotive markets and relatively steady rates of motorization tend 

also to be the countries that drive global automotive standards. Due to relative affordability, 

national vehicle fleets remain relatively modern, averaging approximately 10 years in age as 

consumers turn over vehicles that no longer meet requirements or in-service standards. These 

countries are economically capable of sustaining relatively advanced regulation. 

In contrast, there are many developing countries reliant on a steady flow of used vehicles 

from developed economies for motorization. Many of these countries are also serviced by tier 

2 regional automotive OEMs that supply developing markets with new vehicles 

manufactured under license from, often, decades-old designs. By buying manufacturing 

rights to vehicles that are no longer compliant in developed countries, manufacturers can save 

on R&D but also, crucially, can only supply to markets that are less regulated. Many of these 

countries are experiencing increasing demand for motorization as they develop toward 

affluence, but the cost of a new vehicle compliant with the most modern standards may still 

be unaffordable to the bulk of the population. Meanwhile, the flow of older vehicles from 

developed regions has the effect of increasing regional air pollution. For many of these 

countries, national tailpipe emissions regulations are either non-existent or decades behind 

the state-of-the-art. Adoption of modern regulations would be an unsustainable option, 
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dramatically raising the cost of new vehicles and locking much of the population out of 

vehicle ownership and the national productivity benefits that autonomy brings. A market-

based approach to the issue is required in order to increase fleet electrification, reduce 

emissions, and support increasing motorization. The research project delivered and described 

in this thesis has addressed this need, by: developing a low-cost, low-emissions prototype 

vehicle; developing and testing a control scheme for the vehicle, and; developing and testing 

a novel featureset that aims to improve the functionality of manual transmissions through 

electrification for improved driveability. 

  Contributions 10.1
The contributions to the automotive research community through this project are as follows: 

A prototype P3 mild hybrid vehicle using a manual transmission was constructed for the 

purpose of experimental validation of modelling and simulation of the same. Whilst there are 

studies that have been published based on a P3 topology, they invariably utilise AMT or 

specific variations of electrified transmissions. The development and description of the 

vehicle prototype appears to be unique in the literature. Chapter 4 described the backward-

looking modelling process which yielded initial design. Chapter 5 described the simulation 

and forward-looking modelling. Chapter 6 contains the description of the prototype as built. 

The real time controller for the prototype vehicle was developed, and its development is 

described in Chapter 7. The real time controller was tested and control values calibrated in 

line with the simulated controller presented by (Awadallah 2018), and the continuous torque 

control was described in detail. 

The prototype vehicle was used for the experimental validation of simulations of the post-

transmission hybrid. The experiments validated the continuous torque delivery functionality 

of the topology, noting that speed fluctuations were well-controlled, and torque could be 

continuously delivered throughout gear shift events. The experiments determined that further 
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control optimization is required for jerk reduction. Whilst jerk was reduced when the clutch 

was released, in most cases jerk was increased when the clutch was re-engaged, despite the 

continuous torque delivery. The work serves as a basis for future development of jerk 

controllers in automotive applications. 

The prototype vehicle was used for the experimental validation of fuel consumption and 

emissions simulations. The experimental validation shows good agreement with simulated 

fuel consumption. The emissions results, based on a test under the NEDC cycle, differ 

somewhat from simulated results, particularly in that HC and CO values are increased over 

the cycle compared to the base, internal combustion-only, vehicle. However, these findings 

are consistent with other published literature, including (Fontaras, Pistikopoulos & Samaras 

2008; Ji et al. 2013). The increase in HC can be attributed to the increased rate of incomplete 

combustion arising from engine transients during start-stop activity. The increase in CO can 

be attributed to poorer catalyser efficiency, as a result of the cooler core temperature arising 

from reduced exhaust gas volume.  

The use of mild-hybridization has been discussed as a method for improvement of fleet 

electrification rates in developing countries. The contextual analysis has provided 

consideration to the need for market-based solutions to tailpipe emissions problems where 

there are roadblocks to the implementation of regulatory controls. The vehicle trade flows 

and their effect on global emissions patterns have been discussed within the framework of the 

academic literature, and a qualitative analysis of the wider external considerations has been 

presented. 

  Future Research Directions 10.2
The MHEV powertrain presented in this thesis has shown the proof of concept is valid. 

However, there are many opportunities for further improvement and development of the 

powertrain. These opportunities include: the conversion of the manual transmission to an 
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automated manual transmission; the deletion of synchronizers and use of closed-loop speed 

control and dog-clutches for gear selection; the optimization of the traction battery, including 

the development of an ultracapacitor or ultracapacitor/battery hybrid secondary energy 

storage device; the redevelopment or simulation of the vehicle using a switched-reluctance 

motor instead of the AC induction motor used in this iteration, investigation of optimization 

of the rule-based controller so that the heuristic control methodology can be further refined; 

development of an active jerk controller that does not rely on the passive damping present in 

the motor’s magnetic flux, and; development of a closed-loop engine speed controller to 

improve engine/transmission synchronization settling time. 

The conversion of the manual transmission to an automated manual transmission has been 

demonstrated previously by (Gavgani et al. 2015). However, in that context the application 

was a high-powered performance vehicle and the transmission and hybrid power unit were 

combined using a unique hybrid coupling. Conversion of the MT to AMT would require an 

electrohydraulic servo actuator for the clutch and a 2-axis electromechanical actuator for gear 

selection. Control of the AMT is relatively straightforward and there are many methods 

described in the literature (Glielmo et al. 2006; Wang et al. 2018). The use of an AMT 

eliminates the need for predictive control in the continuous torque delivery algorithm. Rather, 

the target torque is always known because the target gear is selected by the controller rather 

than the driver. This also provides enhanced driver response because the driver’s torque 

request (throttle pedal position) can be followed at all times during the gear shift event. In the 

current configuration, this is not possible because the driver must reduce throttle input to zero 

in order to initiate gear selection. Naturally, the AMT hardware adds cost to the base vehicle 

and this is not a favourable outcome for the low-cost nature of the MHEV powertrain. 

One way to offset the cost of the AMT is the through the removal of synchronizer cones in 

the transmission. Synchronizer cones are required to bring the speed differential between the 
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input and output shafts to zero. However, with closed-loop speed control of both the engine 

and the motor, it is possible to replace their function with an electronic equivalent or an 

alternative device such as the harpoon-shift synchronizer. (Mo, Walker & Zhang 2019) have 

presented one potential option. There are many control methods available to perform this 

function however, it is recommended that a dynamic master/slave model is adopted, wherein 

for large speed discrepancies the engine speed is commanded as a function of the motor 

speed, allowing vehicle speed to be maintained in line with the driver input, but as the 

discrepancy falls to zero, the relationship may be switched, causing the motor to be 

commanded in line with engine speed. This is due to the much finer speed control possible 

using the electric motor, and is likely to result in the lowest engagement time and greatest 

driver feedback. 

The optimization of the traction battery is obvious. The battery cells selected in this project 

were only chosen due to their availability, rather than their suitability. As a result the traction 

battery is much larger than necessary to ensure safe discharge rates. The inclusion of 

ultracapacitors or a more optimized pack, such as the A123 nanophosphate cells discussed in 

4.4.6 would allow the current limit to be raised significantly. The overall cost would be minor 

but would result in complete torque hole elimination, rather than the reductions that were 

achievable under the current setup. 

Likewise, the replacement of the AC induction motor with a suitable switched-reluctance 

drive is recommended for the same reason – the induction motor selected was appropriate, 

suitable, and available. However, if an SRM with similar specifications were commercially 

available it would have likely represented a better choice due to higher efficiency and 

exceedingly low losses in the on-axis application. 

The final three future research directions are all related to the control methodology. A 

heuristic rule-based controller was chosen in this application due to the speed of development 



Chapter 10: Conclusions 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 301 
 

and deployment. Whilst the controller is logical and agrees well with similar disclosures in 

the literature, there is nevertheless scope to improve its functionality by performing 

computational optimization. The control values used to move from one state to the next were 

selected through experience and experimentation, and whilst the state-flow structure itself is 

likely to be optimal for the current MHEV topology, the trigger values are likely not. The 

implementation of active jerk control was outside the scope of this thesis and was not 

considered in the current project. Instead, the passive damping available through the motor 

and the constant bias torque was utilised to reduce jerk. Finally, the implementation of open-

loop engine speed control in the current project delivered sufficiently effective results. Open-

loop control is common in the literature and is well-supported as a methodology for speed 

synchronization. Nevertheless, the conversion of that control to closed-loop would be likely 

to improve settling time. This is inconsequential in the current research due to the human 

input required to initiate a gear change event, but particularly if an AMT is developed, 

closed-loop engine speed control would be likely to deliver shorter gear selection time, and if 

the synchronizerless transmission is developed, then closed loop control is essential. 
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 APPENDICES 

 : Vehicle parameters Appendix A

KERMIT IV Vehicle global specifications 

Component Parameter Units 

Vehicle 

Mass 1100 kg 
Frontal area 3 m2 
Drag coefficient 0.34 
Distance from CG to front axle 0.9 m 
Distance from CG to rear axle 1.3 m 
CG height 0.5 m 
Air density 1.2 kg/m3 
Gravitational acceleration 9.81 m/s2 

Tire rolling radius 0.312 m 
Rolling resistance coefficient 0.015 
Mass as hybrid 1200 kg 

Engine 

Type Spark-Ignition 
Maximum power 85 kW 
Speed at maximum power 6250 rpm 
Maximum speed 7200 rpm 
Idling speed 900 rpm 
Cylinders 4 
Swept volume 1.6 L / 1598 cc 

Gear ratio 

Type Manual, 5 forward 1 reverse, fully synchronised 
First  3.136 
Second  1.888 
Third  1.330 
Fourth  1.000 
Fifth 0.814 
Final drive ratio 4.300 

Clutch Type single dry-plate clutch 
Friction coefficient 0.3 (estimated) 

Motor 
(MHEV 
only) 
  

Model HPEVS AC-9 
Type AC Induction 
Voltage 96 V 
Maximum power output 10 kW/30kW pk. 
Torque 20 N.m 
Maximum torque 94N.m 

Battery 
Type LiFePO4 40152s 
Capacity 1.44kW/15A.h 
Discharge/Charge rate 15C / 10C 
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 : Model Parameters Appendix B
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 : Sensor and Actuator Datasheets and Calibration Data Appendix C
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Injector Volume Flow Rate: 0.212L/min 

Encoder to Road Speed Conversion: 𝐸𝑛𝑐𝑜𝑑𝑒𝑟 𝑆𝑝𝑒𝑒𝑑
38.704

= 𝑅𝑜𝑎𝑑 𝑆𝑝𝑒𝑒𝑑 
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Throttle Position Control Parameters
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Motor Controller Parameters 

       Menu 1 Menu 2 Menu 3 Menu 4 Menu 5 Value Unit 

Program 
      

 
User Settings 

    
  

Speed Settings 
   

   
Forward Speed 2000 rpm 

   
Reverse Speed 2000 rpm 

   
Econo Speed 200 rpm 

  
Accel Rates 

   
   

Normal Accel Rate 0.1 Seconds 

   
Econo Accel Rate 0.1 Seconds 

  
Throttle Settings 

   
   

Throttle Type 3 
 

   
Deadband 0.5 Volt 

   
Throttle Max 4.5 Volt 

   
Mapped Throttle 35 % 

  

Brake Pedal 
Settings 

   
   

Brake Type 0 
 

   
Brake Deadband 1 Volt 

   
Brake Max 3.5 Volt 

   
Regen Brake Light Threshold 40 Ampere 

  
Current Limits 

   
   

Normal Neutral Braking 15 % 

   
Econo Neutral Braking 20 % 

   
Shift Neutral Braking 7 % 

   
Normal Drive Current Limit 100 % 

   
Econo Drive Current Limit 60 % 

   
Brake Current Limit 10 % 

  

Idle 
Setup 

    
   

Idle Enable Off 
 

   
Clutch Start Enable Off 

 
   

Idle Speed 500 rpm 

   
Idle Torque 5 % 

   
Creep Torque 0 % 

  
Motor Tuning 

   
   

Motor Type 9 
 

   
Base Speed 2000 rpm 

   
Field Weakening 100 % 

   
Econo Field Weakening 50 % 

   
Weakening Rate 20 % 

  
Main Contactor 

   
   

Main Contactor Voltage 48 Volt 

   
Main Holding % 40 % 

  
Display Menu Items 
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Auto Scroll Off 

 
   

Scroll Delay Time 7 Seconds 

   
Display SOC On 

 
   

Display Motor RPM On 
 

   
Display Battery Amps On 

 
   

Display Voltage On 
 

   
Display Motor Temp On 

 
   

Display Controller Temp On 
 

   
Display Minimum Voltage On 

 
   

Display Maximum Current On 
 

  
BMS 

    
   

BMS Installed On 
 

   
User Undervoltage 70 % 

   
Maximum Cell Voltage 3.5 Volt 

  
Dual Drive 

   
   

Dual Drive Mode Off 
 

   
Response Timeout 500 ms 

  
Misc 

    
   

Max Output Frequency 266 Hz 

   
Prg Mode Step Timer 5 Seconds 

   
Generic CAN Message ID Dec 1537 

 

 

Control Mode 
Select 

  
2 

 
 

0 - Speed Mode Express 
   

  
Max Speed 

 
2000 rpm 

  
Kp 

  
40 % 

  
Ki 

  
30 % 

  
Accel Rate 

 
2.5 Seconds 

  
Decel Rate 

 
7 Seconds 

  
Brake Rate 

 
2 Seconds 

  
Pump Enable 

 
Off 

 
 

1 - Speed Mode 
    

  
Speed Controller 

   
   

Max Speed 1000 rpm 

   
Kp 

 
30 % 

   
Ki LS 

 
30 % 

   
Ki HS 

 
30 % 

   
Vel Feedforward 

  
    

Kvff 0 Ampere 

    
Build Rate 1 Seconds 

    
Release Rate 0.4 Seconds 

   
Acc Feedforward 

  
    

Kaff 0 Ampere 

    
Kbff 0 Ampere 

    
Build Rate 1 Seconds 

    
Release Rate 0.4 Seconds 

  
Response 

    
   

Full Accel Rate HS 0.1 Seconds 
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Full Accel Rate LS 5 Seconds 

   
Low Accel Rate 0.1 Seconds 

   
Neutral Decel Rate HS 10 Seconds 

   
Neutral Decel Rate LS 14 Seconds 

   
Full Brake Rate HS 1 Seconds 

   
Full Brake Rate LS 2 Seconds 

   
Low Brake Rate 5 Seconds 

   
Fine Tuning 

  
    

Partial Decel Rate 30 Seconds 

    
HS (High Speed) 70 % 

    
LS (Low Speed) 30 % 

    
Reversal Soften 20 % 

    
Max Speed Accel 1 Seconds 

    
Max Speed Decel 10 Seconds 

  
Restraint 

    
   

Restraint Forward 50 % 

   
Restraint Back 50 % 

   
Soft Stop Speed 0 rpm 

   
Position Hold 

  
    

Position Hold Enable Off 
 

    

Position Hold Timeout 
Time 0 Seconds 

    
Kp 10 % 

    
Kd 15 % 

    
Set Speed Settling Time 3013 ms 

    
Set Speed Threshold 30 rpm 

    
Entry Rate 50 % 

    
Exit Rollback Reduction 50 % 

  
Pump Enable 

 
Off 

 
 

2 - Torque Mode 
    

  
Speed Limiter 

   
   

Max Speed 2000 rpm 

   
Kp 

 
40 % 

   
Ki 

 
30 % 

   
Kd 

 
20 % 

  
Response 

    
   

Accel Rate 0.1 Seconds 

   
Accel Release Rate 0.4 Seconds 

   
Brake Rate 2.5 Seconds 

   
Brake Release Rate 0.4 Seconds 

   
Neutral Braking 15 % 

   
Neutral Taper Speed 1000 rpm 

   
Forward Full Restraint Speed 2000 rpm 

   
Back Full Restraint Speed 2000 rpm 

   
Fine Tuning 

  
    

Creep Torque 0 % 

    
Brake Full Creep Cancel 50 % 

    
Creep Build Rate 0.1 Seconds 



Chapter 10: Conclusions 

 
Powertrain Electrification for Jerk Reduction and Continuous Torque Delivery 311 
 

    
Creep Release Rate 3 Seconds 

    
Gear Soften 10 % 

    
Brake Taper Speed 1000 rpm 

    
Reversal Soften 20 % 

    
Max Speed Decel 5 Seconds 

 
Current Limits 

    
  

Drive Current Limit 
 

100 % 

  
Regen Current Limit 

 
100 % 

  
Brake Current Limit 

 
10 % 

  
EMR Current Limit 

 
100 % 

  
Interlock Brake Current Limit 100 % 

  
Power Limiting Map 

   
   

PL Nominal Speed 1500 rpm 

   
Delta Speed 500 rpm 

   
Drive Limiting Map 

  
    

Nominal 100 % 

    
Plus Delta 100 % 

    
Plus 2xDelta 100 % 

    
Plus 4xDelta 100 % 

    
Plus 8xDelta 100 % 

   
Regen Limiting Map 

  
    

Nominal 100 % 

    
Plus Delta 100 % 

    
Plus 2xDelta 100 % 

    
Plus 4xDelta 100 % 

    
Plus 8xDelta 100 % 

 
Throttle 

     
  

Throttle Type 
 

2 
 

  
Forward Deadband 

 
0.5 Volt 

  
Forward Map 

 
35 % 

  
Forward Max 

 
4.5 Volt 

  
Forward Offset 

 
0 % 

  
Reverse Deadband 

 
0.5 Volt 

  
Reverse Map 

 
35 % 

  
Reverse Max 

 
4.5 Volt 

  
Reverse Offset 

 
0 % 

  
Throttle Filter 

 
10 Hz 

  
HPD SRO Type 

 
0 

 
  

Sequencing Delay 
 

0.1 Seconds 

  
VCL Throttle Enable 

 
Off 

 
 

Brake 
     

  
Brake Pedal Enable 

 
Off 

 
  

Brake Type 
 

5 
 

  
Brake Deadband 

 
1 Volt 

  
Brake Map 

 
50 % 

  
Brake Max 

 
3.5 Volt 

  
Brake Offset 

 
0 % 

  
Brake Filter 

 
2 Hz 
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VCL Brake Enable 

 
Off 

 
 

EM Brake Control 
    

  
Brake Type 

 
0 

 
  

Pull In Voltage 
 

0 % 

  
Holding Voltage 

 
0 % 

  
Battery Voltage Compensated On 

 
  

Set EM Brake On Fault On 
 

  

Set Speed 
Threshold 

 
30 rpm 

  
Release Delay 

 
50 ms 

  
Set Speed Settling Time 3013 ms 

  
Torque Preload Delay 200 ms 

  
Torque Preload Enable On 

 
  

Torque Preload Cancel Delay 0 Seconds 

  
EM Brake Fault Motor Revs 4 

 
 

Drivers 
     

  
Main Contactor 

   
   

Main Enable On 
 

   
Main Interlock Type 0 

 
   

Pull In Voltage 48 % 

   
Holding Voltage 19 % 

   
Battery Voltage Compensated On 

 
   

Interlock Type 0 
 

   
Open Delay 0.1 Seconds 

   
Weld Check Enable On 

 
   

Main DNC Check Enable On 
 

   
Main DNC Runtime Threshold 0 Volt 

   
Precharge Enable On 

 
   

Precharge Time 1 Seconds 

   
Precharge Drop Threshold 3 Volt 

  
Proportional Driver 

   

   

PD 
Enable 

 
Off 

 
   

Hyd Lower Enable Off 
 

   
PD Max Current 2 Ampere 

   
PD Min Current 0.05 Ampere 

   
PD Dither % 0 % 

   
PD Dither Period 16 ms 

   
PD Kp 

 
10 % 

   
PD Ki 

 
10 % 

  
Driver 3 

    
   

Pull In Voltage 0 % 

   
Holding Voltage 0 % 

  
Fault Checking 

   
   

Driver 1 Checks Enable On 
 

   
Driver 2 Checks Enable Off 

 
   

Driver 3 Checks Enable Off 
 

   
Driver 4 Checks Enable Off 
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PD Checks Enable Off 

 
   

External Supply Max 200 mAmpere 

   
External Supply Min 0 mAmpere 

  
PWM Frequency 

 
200 Hz 

 
Motor 

     
  

Typical Max Speed 
 

4000 rpm 

  
Swap Encoder Direction Off 

 
  

Swap Two Phases 
 

Off 
 

  
Encoder Steps 

 
64 

 
  

Encoder Fault Setup 
   

   
Fault Detection Enable On 

 
   

Encoder Pulse Fault Detect Time 0.5 Seconds 

   
Fault Stall Time 5 Seconds 

   
LOS Upon Encoder Fault On 

 
   

LOS Max Speed 800 rpm 

   
LOS Max Current 400 Ampere 

   
LOS Max Mod Depth 50 % 

   
LOS Accel Rate 7 Seconds 

   
LOS Decel Rate 3 Seconds 

  
Temperature Control 

  
   

Sensor Enable On 
 

   
Sensor Type 3 

 
   

Sensor Offset 0 deg C 

   
Braking Thermal Cutback Enable Off 

 
   

Temperature Hot 120 deg C 

   
Temperature Max 140 deg C 

   
MotorTemp LOS Max Speed 800 rpm 

 
Battery 

     
  

Nominal Voltage 
 

96 Volt 

  
Kp UV 

  
2.5 % 

  
Ki UV 

  
1 % 

  
User Overvoltage 

 
125 % 

  
User Undervoltage 

 
70 % 

  
Reset Volts Per Cell 

 
2.09 Volt 

  
Full Volts Per Cell 

 
2.04 Volt 

  
Empty Volts Per Cell 

 
1.73 Volt 

  
Discharge Time 

 
34 Minutes 

  
BDI Reset Percent 

 
75 % 

  
Insulation Resistance Fault Threshold 0 kOhm 

 
Dual Drive 

    
  

Dual Motor Enable 
 

Off 
 

  
i:Dual Motor Slave 

 
Off 

 
  

CAN Node ID Other 
 

2 
 

  
LOS Max Speed 

 
800 rpm 

  
Master 

    
   

Steer Angle Max (deg) 90 
 

   
Turn Accel Rate 5 Seconds 

   
Critical Angle (deg) 70 
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Max Turn Speed 30 % 

   
Inner Wheel Speed -100 % 

   
Steer Type 5 

 
   

Steer Pot Min 0.5 Volt 

   
Steer Pot Zero 2.5 Volt 

   
Steer Pot Max 4.5 Volt 

   
VCL Steer Enable Off 

 
  

Slave 
    

   
Turn Accel Rate 5 Seconds 

   
Critical Angle (deg) 70 

 
   

Steer Fault Min 0.25 Volt 

   
Steer Fault Max 4.75 Volt 

  
Turn Feedforward 

   
   

Turn Accel Rate 5 Seconds 

   

Turn 
Kvff 

 
0 Ampere 

   
Turn ff Build Rate 1 Seconds 

   
Turn ff Release Rate 0.4 Seconds 

 
Vehicle 

     
  

Metric Units 
 

Off 
 

  
Speed to RPM 

 
80 

 
  

Capture Speed 1 
 

2895 rpm 

  
Capture Speed 2 

 
4500 rpm 

  
Capture Distance 1 

 
22 

 
  

Capture Distance 2 
 

100 
 

  
Capture Distance 3 

 
150 

 
 

Emergency Reverse 
    

  
EMR Enable 

 
Off 

 

  

EMR 
Type 

  
0 

 
  

EMR Dir Interlock 
 

Off 
 

  
EMR Time Limit 

 
3 Seconds 

  
EMR Speed 

 
1000 rpm 

  
EMR Accel Rate 

 
0.1 Seconds 

  
EMR Decel Rate 

 
0.1 Seconds 

 
Interlock Braking 

    
  

Enable 
  

Off 
 

  
Decel Rate HS 

 
1.5 Seconds 

  
Decel Rate LS 

 
2 Seconds 

  
Interlock Brake Timeout 5 Seconds 

 
CAN Interface 

    
  

CANopen Interlock 
 

Off 
 

  
CAN Node ID 1 

 
1 

 
  

CAN Node ID 2 
 

1 
 

  
CAN Node ID 3 

 
1 

 
  

CAN Node ID 4 
 

1 
 

  
Supervisor Node ID 

 
70 

 
  

Baud Rate 
 

1 
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Heartbeat Rate 

 
100 ms 

  

PDO Timeout 
Period 

 
200 ms 

  
Emergency Message Rate 16 ms 

  
Suppress CANopen Init 0 

 
 

Motor Control Tuning 
   

  
IM Motor Characterization Tests 

 
   

Test Enable 0 
 

   
Test Throttle 0 

 
   

Motor Poles 4 
 

   
Max Test Speed 1040 rpm 

   
Max Test Current 50 % 

   
SlipGain 

 
3.3 

 
  

Field Weakening Control 
  

   
FW Base Speed 2000 rpm 

   
Field Weakening Drive 100 % 

   
Field Weakening Regen 100 % 

   
Weakening Rate Drive 20 % 

   
Min Field Current 0 Ampere 

  
Motor Type 

 
0 

 
 

Reset Controller 
  

0 
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