
DOCTOR OF PHILOSOPHY

Development and Validation of a Powertrain Simulation Model for Next Generation Mild-
Hybrid Buses

Stevens, Gary Christopher

Award date:
2019

Awarding institution:
Queen's University Belfast

Link to publication

Terms of use
All those accessing thesis content in Queen’s University Belfast Research Portal are subject to the following terms and conditions of use

            • Copyright is subject to the Copyright, Designs and Patent Act 1988, or as modified by any successor legislation
            • Copyright and moral rights for thesis content are retained by the author and/or other copyright owners
            • A copy of a thesis may be downloaded for personal non-commercial research/study without the need for permission or charge
            • Distribution or reproduction of thesis content in any format is not permitted without the permission of the copyright holder
            • When citing this work, full bibliographic details should be supplied, including the author, title, awarding institution and date of thesis

Take down policy
A thesis can be removed from the Research Portal if there has been a breach of copyright, or a similarly robust reason.
If you believe this document breaches copyright, or there is sufficient cause to take down, please contact us, citing details. Email:
openaccess@qub.ac.uk

Supplementary materials
Where possible, we endeavour to provide supplementary materials to theses. This may include video, audio and other types of files. We
endeavour to capture all content and upload as part of the Pure record for each thesis.
Note, it may not be possible in all instances to convert analogue formats to usable digital formats for some supplementary materials. We
exercise best efforts on our behalf and, in such instances, encourage the individual to consult the physical thesis for further information.

Download date: 23. May. 2023

https://pure.qub.ac.uk/en/studentTheses/52b92d33-e152-4dbc-a149-8defaa2b16ed


 

 

 

 

 

Development and Validation of a 

Powertrain Simulation Model for Next 

Generation Mild-Hybrid Buses 
 

Gary Christopher Stevens MEng 
 

 

A Thesis submitted to the School of Mechanical and 

Aerospace Engineering for the Degree of Doctor of 

Philosophy 
 

 

30 April 2019 

 



 

i 

 

Abstract/Summary 

This thesis focuses on powertrain modelling and simulation for next-generation 

mild hybrid buses. The problem area of focus for the work is in the design and 

development of a novel mild-hybrid parallel passenger bus architecture. Many 

unknowns arise from the study of this type of vehicle, in particular the difficulty in 

controlling and combining the propulsive energy delivered from multiple power 

sources. In early design stages a common solution is to develop a powertrain model 

that can capture the required characteristics to inform engineering decisions. However, 

many current powertrain models exhibit a high level of dependence between sub-

system component models through kinematic linking of powertrain speeds which 

reduces model flexibility. There are also challenges in validating these models where 

a high level of understanding of instantaneous system behavioural characteristics is 

required to evaluate the complex control systems and energy management strategies 

associated with mild hybrid powertrain operation. Therefore, the first objective of this 

thesis is to establish a flexible and intrinsically decoupled modelling architecture 

where sub-model operation is not dependant on inputs from external sub-models at 

system boundaries. The second objective is to develop a methodology suitable for the 

validation of a complete vehicle system model which captures both global and 

instantaneous behavioural characteristics. The third objective is to show that both the 

novel modelling architecture and novel validation methodology can be applied to the 

design of a next-generation parallel mild hybrid bus. These objectives have been met 

through the development of a novel vehicle modelling architecture in the MATLAB 

Simulink environment which eliminated kinematic speed linking between sub-system 

components, allowing each subsystem component to intrinsically calculate its own 
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rotational or linear speed. A novel, multi-fidelity validation algorithm has also been 

developed which captures global and instantaneous system characteristics, as well as 

assessing the presence or absence of anomalies in the simulation results. 

Combinatorial effects of signals can often produce, or mask, errors at different levels 

of fidelity within the model and a strategy to identify these is proposed. Time domain 

lead or lag behaviours were identified using a cross correlation function which to the 

authors best knowledge has not been used in this application previously. Finally, the 

validated models were used in a number of studies to assess the advantages of the mild 

hybrid vehicle architecture in comparison to the baseline micro-hybrid technology 

over a standard drive cycle.  The optimum drive ratio between the hybrid electric 

components and the main powertrain was also assessed as well as the effects of 

replacing the standard battery system with an ultracapacitor energy storage system. 

The robustness of the proposed vehicle model has been assessed through a study 

similar to a system sensitivity analysis assessing the effects of inputting the expected 

extremes of parameters on simulation results stability, with particular focus on the 

impact of vehicle mass and driver aggressiveness on vehicle performance. The mild 

hybrid system was shown to decrease fuel consumption by 10.6% for the double deck 

vehicle configurations and 10.5% for the single deck vehicle configurations from 

simulation results on an LUB drive cycle. The drive ratio between the MGU’s and 

main powertrain that resulted in the lowest overall fuel consumption over an LUB 

drive cycle was 3.1. Simulations also showed no significant improvement in vehicle 

fuel consumption through replacement of the battery system with an equivalent 

ultracapacitor system. The model robustness analysis showed that the models are 

capable of simulating when input parameters are at the extremes of their expected 

values. For the single deck vehicle configurations, the mild hybrid vehicle architecture 
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is more sensitive to mass variation than the MicroHybrid3 baseline and for the double 

deck vehicle configuration the mild hybrid vehicle is less sensitive to mass variation 

at lower acceleration rates but reverts to being more sensitive to mass variation at 

higher acceleration rates. The work in this thesis has supported engineering decisions 

and assisted with the technology demonstrator vehicles achieving low carbon emission 

bus status from the Low Carbon Vehicles Partnership. 
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Chapter 1  Introduction 

This chapter overviews the current challenges facing the global bus industry and 

how electrified powertrains, such as those found in hybrid configurations, can assist 

the transition to low emission, fuel efficient public transport systems. While 

hybridisation has been long established in the wider automotive sector, the 

development of cost-effective hybrid vehicles which can offer similar performance 

characteristics to a diesel equivalent has been comparatively slower in the bus sector.  

This introduction provides an overview of the common powertrain structures in the 

context of the bus transport sector and the advancements that have been made in 

modelling and simulation technologies which underpin these design developments. 

The scope of the current research is outlined, detailing the underlying motivation for 

the work documented in this thesis. The specific focus is on the development of a 

novel mild-hybrid electric powertrain passenger bus. This introduction argues that in 

the current market, a mild-hybrid vehicle is an ideal stepping stone towards full vehicle 

electrification. However, many unknowns exist relating to how to best implement 

vehicle control and energy management strategies to give the maximum effect in 

heavy duty vehicles. This necessitates detailed understanding of energy flows around 

the system to maximise the benefits of a mild hybrid architecture. 

1.1 Global Challenges and Public Transport 

Rapid depletion of fossil fuel supplies, climate change arising from greenhouse gas 

emission and air quality impact on public health represent three of the largest global 

challenges of modern times. It is estimated that current oil reserves will only last for 

50 years if the production levels remain the same as those in 2016 [1]. Projections for 
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climate change indicate potential increases in average global temperatures of up to 

5.8ºC by the year 2100 if nothing is done to combat greenhouse gas emissions [2]. 

Many countries have signed agreements on greenhouse gas emission reduction targets 

such as the Kyoto protocol [3] which included 192 parties committing to reduce 

greenhouse gas emissions by at least 5% below 1990 levels by the year 2012. More 

recently, the Paris agreement (2017) [4] has been adopted by 195 parties with a view 

to keep global average temperature rises below 2ºC above pre-industrial levels, and 

pursuing efforts to limit the temperature increase to 1.5ºC. Individual parties to the 

agreement are creating their own emissions reduction targets, such as the European 

Union which is aiming to cut greenhouse gas emissions by 80% of 1990 levels by the 

year 2050 [5]. Beyond climate change, air quality in cities is a major problem due to 

the health risks associated with many common pollutants. Nitrogen dioxide (NO2) and 

sulphur dioxide (SO2) can irritate the lungs, worsening symptoms of those who suffer 

from lung diseases. Particulate matter can be carried into the lungs causing 

inflammation and deterioration of heart and lung diseases. Carbon monoxide (CO) 

prevents the uptake of oxygen in the blood leading to a significant reduction in the 

supply of oxygen to the heart and other organs [6].  

Sustainable development is  key to solving the aforementioned problems, defined 

by the United Nations as ‘development which meets the needs of the present without 

compromising the ability of future generations to meet their own needs’[7]. Reducing 

reliance on carbon-based fuel sources is recognised as playing an essential part of the 

development of next generation resilient transport systems. Within the passenger bus 

transport domain, there are two primary mechanisms that could support this aim. The 

first is through the short-term displacement of personal transport with public transport 

modes by encouraging increased usage of the public transport system. The average 
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number of passengers per car for all purposes, including commuting, business and 

leisure purposes in England in 2016 was 1.5 [8]. For an average car in 2017, the 

average emissions were 0.17887 kgCO2e/km [9]. On average for a car the kgCO2e 

emissions per passenger are 0.1192 kgCO2e/km. In the same year, an average local 

city bus was found to have emissions of 0.10259 kgCO2e/km per passenger [9], 14% 

less than an average car. This shows that with an increase in the use of public transport 

there would be a significant offset in greenhouse gas emissions on a per person basis 

if combined with incentives to increase public transport use.  The second method to 

support sustainable development of the bus sector is through the longer-term 

replacement of existing vehicles with alternative propulsion technologies which either 

reduce carbon-based fuel usage or eradicate it all together. However, achieving this is 

difficult due to the lower volume of production vehicles and relatively lower research 

investment in bus specific technology due to the scale of the sector relative to that of 

the automotive industry. As an example of this imbalance in the academic domain and 

focusing on the context of the current work, Figure 1.1 shows the quantity of research 

papers published from 1955-2017 which cite the term ‘hybrid vehicle’ in comparison 

to those which cite ‘hybrid bus’ [10].   

Figure 1.1 – Journal Metrics showing papers published with terms ‘hybrid 

vehicle’ and ‘hybrid bus’ [3] 
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This lag in technology uptake in the bus domain presents opportunities to learn 

from the automotive sector, but there are still many unique challenges in the design of 

partially or fully electrified buses. 

1.2 Bus industry overview 

In 2015, 243 billion public transport journeys were made in 39 countries around 

the world. Of these journeys, passenger buses were the dominant mode of transport 

accounting for 63% of all journeys made [11]. Internationally, there are ambitions to 

ultimately reach zero emissions criteria and initiatives are in place, such as the 

International Zero-Emission Vehicle Alliance [12] lead by the International Council 

on Clean Transportation which are stimulating advances in uperpinning technology 

and policy. One route for this to be achieved is through the increased adoption of full 

electric vehicles. In a report published by ZeEUS in 2018 [13] it was estimated that 

the worldwide electric bus fleet had reached 345,000 vehicles in 2016 with China 

accounting for 99.5% of the global total. While the European market is a leading 

contributer to research and development in electric bus technologies, the Asia-Pacific 

region is home to some of the biggest producers of electric buses and batteries and 

therefore has significantly greater product availability. In Europe, the total estimated 

electric bus stock reached 1273 units in 2016, an increase of 100% over 2015. While 

low on a global scale, it is the first indication that the European market is moving 

beyond the vehicle demonstration phase into commercial development. However, the 

same report highlights that in Europe hybrid electric buses are becoming a reliable 

technology, while fully electric buses are often still viewed as an experimental 

technology. It is projected that by 2030 the urban bus market will be broken down into 

10% clean diesel, 13% diesel hybrid, 52% battery electric, 10% fuel cell and 15% 

CNG/Biogas, as illustrated in Figure 1.2 [13]. These numbers indicate a rapid growth 
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in the electric bus share of the market over the next 10 years. However, in making 

these projections a number of assumptions have been made. These include the 

assumption that the research into areas such as the reduction in cost and increase in 

energy density of battery technologies will continue to progress at a significant rate, 

that no other competing technology gains significant market penetration such as 

hydrogen (or a new competitor) and that governments will continue to invcentivize 

manufacturers to produce low emission vehicles (or components). In the interim, due 

to the  current high costs and risks for fleet operators associated with electric vehicles,  

there is potential in the market for hybrid vehicles (including mild-hybrids) to provide 

a stepping stone towards full fleet electrification during a period where operators 

cannot justify the increased risks and costs associated with moving to a full electric 

fleet. Mahmoued et al. [14] states that from data, the average cost of a conventional 

diesel bus is around 280,000USD, with hybrid electric vehicles ranging from 

410,000USD to 445,000USD and full electric buses ranging from 530,000USD to 

590,000USD. 

Figure 1.2 – European bus market technology breakdown projections [13] 
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In 2016/17, there were 4941 million passenger bus journeys made in Great Britain. 

These journeys account for 59% of the total public transport usage. However, this only 

represents around 5% of all journeys;  62% are made with personal cars [15]. Increased 

research effort and technology uptake within the UK market is needed to assist with 

the move towards more sustainable public transport systems. There are currently 

167,100 vehicles registered as buses or coaches on UK roads [16]. Buses and coaches 

differ slightly in design and operation and it is generally accepted that a coach is used 

for longer distances with less frequent stops and typically have more luxurious 

interiors. Of these, 49,600 (30%) are single deck, 24,500 (15%) are double deck and 

the remaining 91,800 (55%) are minibuses (a minibus is defined as a vehicle that 

carries between 9 and 16 passengers) [16]. Figure 1.3 illustrates this breakdown. The 

focus of this work is exclusively on the single and double deck bus markets. 

Figure 1.3 – Number of buses and coaches in operation in the UK [16] 

In 2009, the UK government introduced two incentivisation mechanisms to 

encourage increased uptake of low carbon technologies within the bus transportation 

sector – the Bus Service Operators Grant (BSOG) Low Carbon Emission Bus 

Incentive [17] and the Green Bus Fund [18]. For operators to take advantage of the 

BSOG Low Carbon Emission Bus Incentive, they are required to obtain certification 

from the Low Carbon Vehicle Partnership (LowCVP) demonstrating compliance of 
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their vehicles with accreditation standards for emissions. The LowCVP Bus Working 

Group [19] is affiliated with the UK’s leading bus operators, manufacturers, fuel 

suppliers, technology developers, passenger transport executives, Transport for 

London, the Department for Transport and many local authorities. The main effort of 

the group is to support the growth and development of the low emission, fuel efficient 

passenger bus market. The group has also informed and influenced Government fiscal 

policies to encourage the uptake of low emission bus technologies. In 2015, the 

guidelines for certification of a vehicle as a Low Emission Bus (LEB) were revised to 

account for both emissions and impact on local air quality, with vehicles obtaining this 

certification required to achieve 15% well-to-wheel greenhouse gas reduction 

compared with a Euro V diesel bus and achieve Euro VI standards in terms of all other 

emissions over a prescribed sequence of driving events (the LowCVP UK Bus Test 

Cycle) [6].  Additional top-up funding was also made available for those vehicles 

capable of operating as zero emissions for at least 2.5 km of a route.  

Demonstrating the success of these incentivisation schemes, as of 10th July 2017 

there are 5,162 Buses in operation across 38 UK cities with Low Carbon Emission 

Bus (LCEB)  Certification [20]. Of the 5,162 vehicles with LCEB status, 3,265 are 

electric hybrids, 1,583 are efficient diesels, 180 are electric, 111 are biomethane, 18 

are hydrogen fuel cell and 5 are plug-in hybrid. Figure 1.4 illustrates this breakdown. 

The most prevalent form of low carbon emission bus in the UK is the hybrid-electric 

variant, with the popularity driven by the technology readiness levels of the 

components, the cost competitiveness relative to fully electric comparators, and the 

reduced infrastructure investment requirements relative to fully electric or other 

alternative fuel sources. 
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Figure 1.4 – LCEB breakdown [20] 

Focussing on the current trend towards battery electric configurations, the current 

consensus is that the cost of a battery pack must fall below 150USD/kWh for full 

electric vehicles to become cost competitive with current internal combustion engine 

technologies [21]. The current average price of a battery pack is estimated to be around 

209USD/kWh in 2017 [22] with the 150 USD/kWh mark being projected to be met 

between 2020 and 2025. Until this threshold is reached, the hybrid-electric vehicle 

offers a competitive, relatively low risk option to bridge the gap between purely 

internal combustion engine-based vehicles and full electric vehicles. These vehicles 

are viewed as being lower risk for an operator due to the current lower cost of purchase 

and total cost of ownership, limited infrastructure re-development (although this is 

dependent on powertrain architecture), and, if a type of hybrid vehicle known as a 
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The current programme of work has been supported by industrial partner Wrightbus 

who are focussed on developing strategies for increasingly efficient next generation 

hybrid buses. Wrightbus established itself in the public service vehicle sector in 1988 

and are at the forefront of bus technology in the UK. Their product range covers 

multiple segments of the market from small and midi-sized buses through to large 

double deck and articulated vehicles [23]. Wrightbus have produced various hybrid 

and electric configuration vehicles before, most notably is the New Bus for London 

(NBfL), a series hybrid consisting of a Siemens ELFA2 electric traction motor, a 

75kWh Lithium Iron phosphate battery pack and a 4.5l Euro V Cummins iSBe internal 

combustion engine. The first New Bus for London entered service in 2012 and are still 

in service today. Figure 1.5 shows the final production version of the NBfL. However, 

despite successful vehicle developments, there are still opportunities for further 

development to meet both future emissions legislation targets and simultaneously 

satisfying customer cost expectations. 

  

Figure 1.5 – Wrightbus New Bus for London  



 

10 

 

1.3 Emissions Legislation  

Greenhouse gas (GHG) emissions can be broken down into the Kyoto ‘basket’ of 

six gases outlined in the Kyoto protocol. These are carbon dioxide, methane, nitrous 

oxide, hydrofluorocarbons, perfluorocarbons, sulphur hexafluoride [3]. Carbon 

dioxide is the dominant greenhouse gas (GHG) emission in the UK accounting for 

81% of all GHG emissions [24]. The most recent figures in the UK (2016) show that 

the transport sector accounted for 26% of all greenhouse gas emissions with an output 

of 125.8 MtCO2e, the highest of any sector [24]. This is closely followed by emissions 

from the energy sector at 25 % (120.2 MtCO2e). Work on fuel mixtures, the growth 

of renewable and sustainable energy sources and improvements in technology have all 

resulted in reductions in emissions from the energy sector, but similar reductions have 

not been achieved in the transport sector – in fact, the emissions due to transport rose 

by 2% between 2015 and 2016 whilst emissions due to the energy sector fell by 16.8% 

in the same year, emphasizing the need for stricter transportation policy and vehicle 

technology enhancements.  

For a typical diesel engine, the complete combustion of fuel would result only in 

CO2 and H2O in the combustion chambers [25]. However, air-fuel ratio, injection 

timing and combustion temperature can all contribute to the production of a number 

of other harmful products from the combustion process. These harmful products 

consist mainly of carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx) 

and particulate matter (PM). Advanced fuel injection systems, exhaust gas 

recirculation and enhanced aftertreatment systems have all received significant 

attention due to their potential to reduce these emissions [26], but it is recognised that 

electrified powertrain concepts are also a major enabler to reduce vehicle emissions 
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[27]. This has stimulated increased interest in alternative propulsion technologies to 

underpin new sustainable transport systems.  

Emissions legislation is a major driving factor for heavy-duty vehicle development. 

With Euro VI emissions legislation now in place, any new truck or bus registered from 

1st January 2014 must be equipped with a Euro VI certified engine. This legislation 

has forced manufacturers to adopt new ways of reducing their vehicle tailpipe 

emissions. Approaches to achieve this can include using advanced after-treatment 

systems (exhaust gas recirculation, diesel oxidation catalysts, selective catalytic 

reduction catalysts and diesel particulate filters being the most common methods) or 

using internal combustion engines with improved efficiency or lower engine-out 

emissions through methods such as advanced fuel injection control technologies. 

While these technologies reduce the toxic pollutants emitted by the engine, they can, 

however, reduce the engine’s thermal efficiency and hence result in an increase in CO2 

emissions. For example, exhaust gas recirculation increases the burn duration which 

reduces the fundamental cycle efficiency, while diesel particulate filters cause an in 

increase in pumping work and require additional fuel to be injected during the 

regeneration phase. Reducing fuel consumption has the added effect of reducing the 

overall carbon emissions from the vehicle as CO2 emissions are proportional to fuel 

consumption. However, this may significantly affect other GHG emissions due to 

changes in the combustion conditions, such as a leaner combustion typically producing 

higher levels of  NOx [28], [29]. Setting aside full replacement of the IC Engine with 

an alternative propulsion technology, one of the most effective mechanisms of 

reducing fuel consumption is to reduce the torque demand (load) on the engine, 

offsetting energy requirements with a secondary power source which can often be 
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replenished through a method of energy recovery such as regenerative braking. This 

is the underlying concept of the hybrid vehicle powertrain.  

1.4 Hybrid Vehicle Classification 

The focus of this project is on hybrid electric vehicle (HEV) propulsion systems for 

application in passenger bus operation. However, it should be noted that other hybrid 

systems exist, such as the Torotrak's Flybrid system [30] which uses a mechanical 

flywheel energy storage system, and hybrid pneumatic vehicles such as the one 

developed by ETH Zurich [31]. Dual fuel systems also exist where the vehicle can run 

not only on petrol or diesel but also alternative fuels such as CNG, LPG or hydrogen. 

However, while the power for propulsion comes from two sources they are not 

generally referred to as hybrids. Hybrid electric vehicles most commonly use electric 

motors which draw electricity from a battery, or another electrical energy storage 

system (ESS) such as ultracapcitors, to assist the internal combustion engine (ICE) 

with vehicle propulsion. These motors are usually also capable of running in a 

generator mode which enables them to replenish charge in the ESS through 

regenerative braking events where the motors slow the vehicle down and converts the 

kinetic energy from the motion of the vehicle to electrical energy to be stored in the 

ESS. These systems are therefore referred to as Motor Generator Units (MGU). Hybrid 

vehicles can be classified into different categories based on the component 

architecture and vehicle functionality: Start/Stop (also referred to as micro-hybrid); 

mild-hybrid; full-hybrid and plug-in hybrid. Table 1.1 details the classification system. 

While this thesis provides an overview of these systems the major focus is on the mild 

hybrid configuration. Note that although the mild hybrid is typically not designed for 

full electric operation it is possible that electric only driving can be achieved for short 

periods of time depending on the sizing of the mild hybrid electric components. 
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Table 1.1 - Classification of hybrid systems [32] 

Function 

Hybrid system 

Start/Stop 

Mild 

hybrid 

Full 

hybrid 

Plug-in 

hybrid 

Start/Stop function Yes Yes Yes Yes 

Regenerative 

Braking 

Yes Yes Yes Yes 

Electric assistance No Yes Yes Yes 

Electric driving No No Yes Yes 

Charging at socket No No No Yes 

1.5 Hybrid Powertrain Architectures 

Hybrid vehicles combine the robustness and versatility of internal combustion 

engines and the high energy density of fuels with the efficiency and performance 

benefits of electric/hydraulic transmissions which, amongst other things, enable 

regenerative braking [33]. As shown in literature [34], [35], the benefits realised from 

the use of hybrid powertrains are maximised when applied to heavy duty vehicles in 

urban environments largely due to the increased frequency of vehicle stops allowing 

start stop technology and electrical propulsion assist to significantly reduce fuel 

consumption. Following the vehicle classification, there are different categorical sub-

divisions based on the vehicle’s powertrain topology. Currently, the main drive 

structures are parallel, series and power-split. While parallel hybrid technology is the 

main focus of the current work, an overview of the dominant forms of hybrid vehicles 

are given to highlight the differences between the various architectures. In a typical 

parallel hybrid component layout, the internal combustion engine and electrifying 
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components contribute to propulsion delivery independently and hence two energy 

flow paths travel from each propulsion component in parallel towards the wheels. 

There are multiple points at which the two power sources can be combined in the 

powertrain [36] which also provides design flexibility. Figure 1.6 shows a schematic 

of a parallel hybrid powertrain where the electrical propulsion system is connected 

post-transmission, but the coupling device could easily be integrated at any point in 

the drivetrain (although different losses may be incurred depending on the location). 

The automotive industry uses the convention of P0 for a motor connected upstream of 

the engine on the crank-shaft, P1 for downstream of the engine but before the clutch, 

P2 after the clutch, P3 after the transmission and P4 relating to at the wheel. 
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Figure 1.6 - Parallel hybrid powertrain architecture adapted from [36] 

The main advantages of the parallel architecture are that in a lot of cases, the 

underlying conventional drivetrain layout can be maintained and often the 
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development costs for these vehicles is lower than other variants of hybridisation, 

where significant topology changes are needed such as in the series hybrid [36]. 

In a vehicle with a series powertrain architecture, the power sources are connected 

in electromechanical series [32]. The internal combustion engine drives an electric 

machine which functions as a generator. This on-board generator-set then provides 

energy for both the energy storage system and second electric machine which provides 

the drive to the wheels, as shown in Figure 1.7. Unlike the parallel hybrid 

configuration, as the energy for the vehicle propulsion is always derived directly from 

an electrical source, a series hybrid is always defined as a full hybrid [36]. 
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Figure 1.7 – Series hybrid powertrain architecture adapted from [36] 

Figure 1.7 shows the schematic for a typical series hybrid powertrain architecture. 

Generally, the series hybrid uses a high voltage ESS to reduce power losses due to 

increased current flows, which also allows electrical power cables of a smaller 

diameter to be used reducing cost. The DC/DC convertor is used to reduce the high 

voltage from the ESS to run vehicle accessories. 
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The third and final form of hybrid architecture is the power-split (also known as 

series-parallel) powertrain. The power from the engine is split up and transmitted to 

the wheels by two paths, combining the features of a series and parallel powertrains. 

[32]. Some of the energy from the engine is converted by an electric machine into 

electrical energy for storage, and the remainder is used to assist with vehicle 

propulsion [36]. An example of this powertrain architecture is shown in Figure 1.8.  
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Figure 1.8 – Power-split hybrid powertrain architecture adapted from [36] 

1.6 Mild vs Full Hybrid 

From Table 1.1, the primary difference between the mild and full hybrid 

configuration is the ability of the vehicle to drive solely on the electric propulsion 

system. In a mild hybrid vehicle, the electric propulsion system is typically only 

available to assist the internal combustion engine and supplement the energy required 

for vehicle propulsion. The propulsion assistance is typically achieved through power 

balancing in acceleration events between the electrical system and internal combustion 

engine, and given the more limited role of the motor, the necessary electrical storage 

is reduced, reducing the overall size, weight and cost of the additional electrical 
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powertrain components needed. With the full hybrid the total propulsive energy 

required can be provided solely through the electrical system if required.  

Burke [37] found that the fractional fuel savings were greater for a full hybrid than 

a mild hybrid in the automotive sector as would be expected (full hybrid in this 

instance characterised by the internal combustion engine and electric components 

delivering approximately equal propulsive power). A full hybrid typically has fuel 

savings of between 40% to 50% over a conventional powertrain and mild hybrids were 

found to achieve fuel savings between 30% and 40%. However, while the fuel savings 

are lower there is also an associated reduction in electric powertrain component costs 

for a mild hybrid. If these savings could be translated into the bus sector, a mild hybrid 

would be an attractive option to balance the upfront purchase cost, total cost of 

ownership and potential operational cost reduction achieved from not insignificant 

fuel savings. 

Cities are beginning to introduce ultra-low and zero emissions zones, such as 

Oxford where there is a proposal to ban petrol and diesel vehicles from the city centre 

in various phases starting with a small number of vehicle types and streets in 2020 

gradually transitioning to all vehicle types across the city centre by 2035 [38] and 

London, where from April 2019, buses operating within the congestion charge zone 

must meet Euro VI emission standards[39],[40]. Similar schemes exist not only across 

the UK, but globally. In the interim period, the mild hybrid presents an attractive 

option as a stepping stone towards full electrification, provided that the vehicle can 

meet the standards required by the various categories of emissions zones. 

While electric powertrain technologies move towards technology maturity and 

affordability, the mild hybrid architecture enables operators and customers to gain 

some of the benefits of reduced fuel consumption and emissions of hybrid 
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technologies whilst mitigating many of the risks inherent with new technologies, such 

as vehicle servicing and reliability, as well as reducing up front purchase costs. Figure 

1.9 and Figure 1.10 show the well to wheel (WTW) greenhouse gas emissions savings 

relative to Euro V diesel and the equivalent CO2 (CO2e) emissions per passenger 

kilometre for currently certified Low emission buses respectively.  

Figure 1.9 – WTW Greenhouse gas emissions savings relative to Euro V diesel 

for LEB certified Buses [43] 

Figure 1.10 - WTW CO2e emissions per passenger kilometre for LEB certified 

Buses [43] 
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The LowCVP uses WTW analyses to ensure that both vehicle tailpipe emissions 

and the emissions associated with generating a fuel or energy vector are accounted for 

[41]. Vehicle tailpipe emissions are captured during testing and well to tank (WTT) 

emissions factors are used to include the production, processing and delivery of a fuel 

or energy vector. The LowCVP uses the UK national carbon conversion factors that 

are produced annually by the Department for Business, Energy and Industrial Strategy 

[42]. While the sample size of certified vehicles is low, there are clear advantages of 

the hybrid vehicles over new diesel technologies achieving up to 50% of the WTW 

GHG savings of electric. What is particularly interesting is that the hybrid class 

contains a mix of full parallel, mild and series hybrids and all classes exhibit 

comparable benefits in terms of the WTW CO2e emissions. However, design and 

integration of these systems to achieve maximum fuel efficiency is, and will continue 

to be, a significant challenge. Modelling and simulation can assist by allowing 

engineers to perform analyses in a virtual environment, negating a large portion of 

prototyping and testing costs. 

1.7 Modelling and Simulation overview 

If a simulation model is successfully integrated into a model-based design process, 

it can streamline product development, cutting prototyping and testing costs whilst 

simultaneously directing engineering effort into the most critical areas of the product 

that influence performance. The use of a simulation model can answer engineering 

questions whilst also giving an avenue for exploration of new or untested components 

and establish their effect on the fuel usage and performance of the vehicle.  

In recent years model-based design has come to the forefront in almost all 

engineering disciplines. This is a model centred approach to the development of signal 

processing, communications, control and other dynamic systems, rather than using 
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physical prototypes [44]. In the context of this work, the model allows the user to 

determine how a change in vehicle topology or a change in component sizing will 

affect its performance.  

Vehicle models describe the physical systems of the vehicle through a logical 

sequence of mathematical equations. This enables mapping of various input 

parameters of interest to outputs such as engine fuel consumption, the speed of any 

rotating component, and the torque (applied and resistive) at any point within the 

vehicle's powertrain, enabling a detailed understanding of how the system state 

changes with respect to any given change in the inputs. Typically, these inputs relate 

to physical system characteristics (such as mass of the vehicle), and system driving 

state, normally described through a sequence of driving events known as a drive cycle. 

A number of standardised drive cycles have been developed in order to benchmark 

vehicle performance against prescribed sequences of driving events, such as the 

automotive New European Drive Cycle (NEDC), or in the case of the bus industry, 

the London Urban Bus (LUB) cycle. An example drive cycle, known as the Millbrook 

London test bus cycle (MLTB), is shown in Figure 1.11.  

Figure 1.11 – MLTB drive cycle 
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QUB has collaborated with Wrightbus on drive cycle modelling techniques for over 

10 years. The first iteration of these models was in the form of a spreadsheet model, 

created for use as a component sizing tool. It was a backward facing model which 

calculated required power demand at any instant in the drive cycle and from this 

determines required engine power and fuel consumption rate. The second iteration of 

drive cycle models was a backward facing Simulink model developed by Simpson et 

al. [45]. This model was built to assist with the development of the previously 

mentioned Routemaster new bus for London. Previous iterations of the simulation 

models have proved to be very successful and hence a desire for further advancements 

in modelling capability for the next generation of mild hybrid buses emerged where 

there are significant challenges in balancing demand across the energy sources. This 

is key to the work documented in this thesis. 

1.8 Chapter Summary 

Improving the fuel economy and security within public transport is a key challenge 

globally, leading to increased interest in technologies which reduce reliance on 

carbon-based fuels. Vehicle hybridisation, including mild-hybrid vehicles, has 

emerged as a key bridging technology acting as a stepping stone towards fully 

electrified zero emission vehicles in the current market. In order to ensure effective 

implementation of these vehicles, model-based design can be used to reduce 

development cycle time and cost for new vehicle concepts. The focus and scope of the 

current work is to assist with the design and development of a novel electric mild-

hybrid powertrain passenger bus through development and validation of a suitable 

simulation model. The model will answer questions relating to unknowns in the design 

of the vehicle architecture and its performance. The main aim of the current research 

is to develop a flexible vehicular modelling platform which will provide accurate 
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insights into the powertrain dynamics and inform future fuel-efficient mild-hybrid 

design strategies, specific to the heavy-duty bus industry. The following chapter 

headed by this introduction presents a literature review intended to inform the reader 

of the current state of the art of vehicle modelling methodologies as well as 

establishing appropriate methods for model development, before discussing the 

research objectives developed here to advance the state of the art.  
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Chapter 2  Literature Review 

This chapter intends to inform the reader of the current practices and state of the art 

of bus industry technology and the field of vehicle modelling and simulation. Current 

technologies used in the bus industry are discussed and compared. The various 

categories of simulation models which exist are also discussed, as well as their 

applicability and limitations within the scope of the current work. Simulation 

validation methods are discussed to determine appropriate methods for the validation 

of simulation models. An overview of energy management strategies relevant to the 

development of hybrid vehicles is presented. A review of suitable software packages 

is also given in an effort to establish which package would be most suitable for the 

current work. Finally, the research aims and objectives are outlined. Limits of the 

current state of understanding are also identified, highlighting the novelty in the work 

documented in this thesis.  

2.1 Review of Bus industry technology 

Technology in the bus industry generally lags that of the automotive industry due 

to the smaller market size and smaller business sizes. Bus operators can also be less 

willing to purchase vehicles that have new and unproven technology due to the high 

financial risk. Typically, operators are purchasing multiple vehicles, or even a full 

fleet, potentially resulting in a significant up-front purchase cost. As was shown in 

Figure 1.2, the typical technologies currently available in the bus sector are, clean 

diesel, diesel-hybrid, battery electric, fuel cell, and biogas. 
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2.1.1 Clean Diesel Buses 

Lower fuel consumption and emissions can be attained through refinement of the 

propulsions systems already available on current diesel vehicles which results in what 

are known as clean or efficient diesels. Some of the methods adopted have been the 

use of advanced aftertreatment systems [46] including Urea-Selective Catalytic 

Reduction [47], and advanced fuel injection systems and control [26]. However, it is 

projected that the amount of clean diesel vehicles in operation will decline over the 

next decade to around one fifth of what is currently present [13], mainly due to 

competing technologies such as diesel-hybrid vehicles being more capable to meet 

stringent emissions regulations. Examples of clean diesel buses include the Optare 

MetroCity [48] and MetroDecker [49], the Alexander Dennis Enviro 200 [50] and 

Enviro 400 [51] and the Mellor Coachcraft Strata [52]. 

2.1.2 Renewable Diesel 

Biodiesel is a renewable alternative to standard diesel. It is produced by 

esterification using vegetable oil and waste materials such as used cooking oil, fat and 

tallow from animal rendering processes and grease from waste water systems [53]. 

Vehicles will be able to use Biodiesel as a direct replacement for standard diesel, 

however, high biodiesel blends such as B100 will require the vehicle to be modified. 

A large-scale demonstration trial of biodiesel use in city buses named OPTIBIO [54], 

was carried out in out in Helsinki. Vehicle emissions testing showed reductions in 

regulated air pollution emissions including NOx and PM exhaust emissions from city 

buses using 100% biodiesel. Average emission reductions for 100% biodiesel fuel 

were 10 % for NOx, 30 % for PM, 30 % for CO and 40 % for THC. Regarding WTW 

GHG emissions, the use of biodiesel can achieve a 91% GHG emissions saving 

compared to standard diesel [55]. However, it is crucial that biodiesel is manufactured 
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to a high quality to avoid any adverse effects to the diesel engine. One issue is fuel 

filter blocking caused by biodiesel cold flow properties. Biodiesel should be tested 

against the European biodiesel standard EN/BS 14214. 

2.1.3 Hydrogen Fuel Cell Buses 

A hydrogen bus uses a hydrogen fuel cell to power an electric motor that provides 

vehicle propulsion. The fuel cell converts the chemical energy from hydrogen into 

electrical energy and releases only water vapour [53]. The hydrogen is typically stored 

in cylinders on the roof of the vehicle with the capacity of the hydrogen storage on the 

vehicle directly influencing the range of the bus. Hydrogen can be transported and 

subsequently stored on site at vehicle depots or alternatively a water electrolyser 

station can be used which enables the production of hydrogen on site. It is also possible 

to reform natural gas supplied from the grid therefore lowering transportation 

requirements however this method is still to be exploited [53]. As the only tailpipe 

emission from a hydrogen powered vehicle is water vapour, these vehicles are 

attractive options for improving air quality in cities. Examples of these vehicles 

include the Toyota FCHV-BUS [56] which uses two 80kW motors, two 90kW 

polymer electrolyte hydrogen fuel cells and a Nickel-Metal Hydride Battery, and the 

VanHool A330 Fuel Cell Europa [57] which is equipped with a 210kW Siemens 

permanent magnet motor and an on board capacity of 38.2kg hydrogen [58]. 

2.1.4 Electric Buses 

Electric buses operate using an electric motor powered by a battery for vehicle 

propulsion rather than a diesel internal combustion engine [53]. The batteries are 

generally recharged using electricity from the grid. These vehicles typically also 

integrate regenerative braking, enabling a proportion of the energy that would 



 

26 

 

otherwise have been lost when the vehicle is decelerating to be recovered back to the 

batteries and stored for later use. Electric buses are ideally suited for city centre routes 

due to their electric operating capabilities and zero tail-pipe emission operation. They  

also bring many other challenges such as limited range, trade-off between passenger 

capacity and vehicle mass (due to weight limitations imposed by legislation to avoid 

damaging roads, bridges and tunnels [59]), and charging infrastructure requirements. 

Examples of fully electric buses are the BYD K9 electric bus [60], which uses two AC 

synchronous motors with a maximum power output of 200kW (100kW x 2) and a 

324kWh iron phosphate battery pack, and various options available from Optare in 

both single and double deck configurations with energy capacities ranging from 92 to 

200 kWh and maximum power outputs of 150kW [61]. 

2.1.5 Biogas Buses 

The powertrain used in CNG or biogas buses incorporates a spark-ignition rather 

than a compression-ignition engine. This is a well proven technology with over 17 

million gas vehicles operating globally [53]. The gas is stored on board the bus usually 

in compressed cylinders similar to that of a hydrogen vehicle. Again, like a hydrogen 

powered vehicle, the range of a gas-powered bus is determined by the volume of on-

board gas storage. Gas buses suit a variety of routes including city and rural and those 

with hilly terrains. The fuel source for gas buses can be natural gas or biomethane.  

Environmental benefits of biogas buses include reduced noise emission, lower impacts 

associated with fossil fuel extraction, production and transportation due to indigenous 

waste material being use a fuel source. A gas bus can only be certified as a Low 

Emission Bus (and Low Carbon Emission), and claim the LCEB incentive, when using 

biomethane as a fuel. Like hydrogen and electric vehicles, biogas buses require 

infrastructure for refuelling. Typically this is achieved by installing a CNG refuelling 
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station at the depot which consists of gas supply, electrical supply, the gas compression 

module, high pressure storage (typically 250 to 300bar), a dispenser and a dryer [53]. 

Examples of biogas vehicles include the Scania ADL E400S which uses a 9 litre, 209 

kW spark ignition engine with a maximum torque output of 1350Nm [62], and the 

MAN Ecocity which has a maximum power output of 228kW [63]. 

2.1.6 Hybrid Buses 

Diesel-electric-hybrid vehicles draw their energy for vehicle propulsion from more 

than one source. The focus of this work is on hybrid-electric vehicles which typically 

use an electrical energy storage system such as a battery or ultracapacitor in 

conjunction with the typical diesel engine. Hybrid buses generally have a higher 

upfront purchase cost than an equivalent diesel vehicle. The difference in price for 

various hybrid architectures can vary in magnitude depending on the hybrid 

architecture and component sizes [53]. Financial savings can be gained by operating 

hybrid buses through lower fuel costs due to improved fuel economy as well as 

government incentives such as the BSOG [17]. Hybrids with reduced-sized 

powertrains, smaller batteries or mechanical flywheel energy storage systems can be 

lower in cost, although may not return the same fuel savings. The bus route profile and 

driver behaviour can influence fuel savings [53]. A study conducted by Williamson et 

al.[64] concluded that the best choice for a stop-start type diesel hybrid city bus is the 

parallel hybrid configuration, outperforming the series with a fuel economy gain of 

around 60% to 80% on the FTP, Manhattan and London transit bus test cycles. The 

study also found that the overall efficiency of the parallel hybrid architecture was 

approximately 40% to 50% higher than a comparable series architecture vehicle. 

Based on fuel prices this would result in cost savings of around $15,000 per year over 

an equivalent series architecture vehicle resulting in payback periods of around four 
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to five years for a parallel architecture. The payback time for the series would be closer 

to eight to ten years. Orbaiz et al. [33] concluded, based on a study involving four 

different hybrid bus configurations including three hybrid electric vehicles with 

NiMH, Li-ion and ultracapacitor energy storage systems and one hydraulic hybrid, 

that energy storage system power capacity is the dominating factor when establishing 

the optimum configuration of a hybrid bus operating under start-stop conditions. In 

the same study, results showed that, independent of the energy storage technology, the 

fuel economy benefits from any hybrid technology is highly dependent on the size and 

configuration of the powertrain and energy storage components. Optimised hybrid 

platforms can achieve significant fuel consumption reductions in the order of 40% to 

50% over a conventional diesel bus for hydraulic and electric hybrids respectively. 

Lithium ion batteries have emerged as the most popular battery technology for 

hybrid vehicles due to their high energy density, relatively high cycle life (in 

comparison to other chemistries) and growing power density [65], [66]. Ultra-

capacitors are also receiving increased interest due to their high power density and 

high cycle life. However, they have a relatively low energy density [33], and are 

typically being used in applications where high electrical power is needed rather than 

a large quantity of electrical energy. They can also be used in combination with 

systems with higher energy capacities to produce hybrid energy storage systems. 

Vulturescu et al. [67] investigated the implementation of a hybrid energy storage 

system using high power ultracapacitors  and a high energy NiCd battery and on a 3.5t 

urban bus. A simple energy management strategy was used, and the system was 

evaluated on two different drive cycles, LAVAL and AQA21 on a chassis 

dynamometer. The results showed that even for batteries which can accept high 

currents, the addition of the capacitors to the battery system reduces the impact on 
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battery losses due to the higher efficiency of the capacitors. However, further work is 

needed to understand the effect of removing the peak power draws on the battery 

system and whether or not this results in an increase in battery life time. 

Examples of hybrid-electric vehicles in operation in the UK include the ADL 

Enviro 400H, which uses a 4.5 litre iSBE Cummins engine with BAE Systems’ 

Hybridrive technology with a lithium ion battery pack [68], the Volvo B5LH [69], 

comprised of a Wrightbus manufactured Gemini 3 chassis and body, and a parallel 

hybrid system with an I-SAM 600 volt permanent magnet motor, 600 volt battery and 

a Volvo D5K 240 4 cylinder 5.1 litre Euro VI engine, and the aforementioned NBfL 

or new Routemaster bus for London developed by Wrightbus (Section 1.2). 

2.1.7 Industry Technology Outlook 

As manufacturers look towards producing lower cost hybrid vehicles to fill a gap 

in the market between diesel only and full electric vehicles, the mild hybrid has 

emerged as a viable bridging technology [70],[71]. 48V mild-hybrid systems are 

beginning to proliferate the automotive market. Examples of these vehicle include the 

Volkswagen Golf 1.5 TSI MHEV prototype, which uses a 48V lithium ion battery and 

a belt integrated starter generator (BISG) which can boost acceleration as well as 

perform regenerative braking [72], and the eighth generation Audi A6 which uses a 

belt alternator starter (BAS) and lithium ion battery (similar to the golf) [73]. The 

control strategy differs in the Audi as there is no acceleration assist. The BAS is used 

to provide propulsive energy when the driver lifts their foot off the accelerator pedal 

during speeds between 30 and 160km/h, allowing the vehicle to coast for up to 45 

seconds with the engine completely off [74].  Bus technology roadmaps published by 

the automotive council in collaboration with the Low Carbon Vehicle Partnership and 

Ricardo [75] show that mild hybrids are expected to be prevalent in the market until 
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2030, highlighting the use of  mild hybrid technology as a stepping stone towards full 

electrification. This emergence of mild hybrid technology as a suitable competitor to 

full vehicle electrification in the current market is largely due to the expected 

timeframe for battery technology to reach a cost level of 150 USD/kWh, between 2020 

and 2025 [22] at which point full electric vehicles will likely become more prevalent. 

Significant investment in hydrogen infrastructure is required before fuel cell vehicles 

will be able to compete with full electric and plug in hybrid alternatives. In support of 

vehicle hybridisation, it is predicted that engine and powertrain efficiency 

improvements will continue to be made.  Figure 2.1 shows the technology roadmap 

from the automotive council for bus powertrain technology [75]. Benchmarking of 

these technologies is, and remains, heavily reliant on standardised drive cycles, which 

are discussed in the next section. Note that in this context advanced thermodynamic 

cycles refer to engine cycles which can achieve higher efficiencies, approaching 

Carnot cycle efficiency limits. 
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Niche EVs
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Figure 2.1 – Bus Powertrain Technology Roadmap redrawn from [75]  
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2.2 Review of Drive cycles  

A drive cycle is a profile of the velocity trajectory (and road grade if applicable) 

for a vehicle. It is usually presented as a graph of velocity against time. Typical drive 

cycles used in the bus industry include the Manhattan bus cycle, the Braunschweig 

City Driving Cycle, the FMFET cycle, the MLTB cycle and the LUB cycle. The LUB 

cycle is shown in Figure 2.2. In the bus industry the drive cycles used are typically 

more aggressive throughout than their automotive counterparts, characterised by the 

increased frequency of acceleration-deceleration events and lack of higher speed 

regions in which the vehicle does not come to rest. 

Figure 2.2 – LUB drive cycle 

Figure 2.3 – LUB drive cycle (0 to 500 seconds) 
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The characteristics of the velocity profile ensures that the cycles are more 

representative of the real-world operation of the vehicles as a bus will typically be 

performing frequent stop-start events to collect passengers and stops at traffic lights 

in inner-city environments. Automotive driving cycles typically consist of mixed 

urban, extra-urban and motorway driving. Common drive cycles in the automotive 

industry include the NEDC cycle, the Artemis cycle, the FTP-75 cycle and more 

recently the WLTP cycle. The NEDC cycle is shown in Figure 2.4.  Comparing figures 

2.2 and 2.3 with 2.4 and 2.5 there are clear differences in the anticipated driving 

profiles. 

Figure 2.4 – NEDC drive cycle 

 

Figure 2.5 – NEDC drive cycle (0 to 500 seconds) 
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In the UK, one of the first standardised drive cycles developed for buses was the 

MLTB cycle,  created as a result of a desire to reduce pollution on a major street in 

the centre of London where high levels of particulates were of concern [76]. The cycle 

is based on the Transport for London bus Route 159 [77] and is viewed to be suitably 

representative of a typical bus journey in London. The cycle was extended to the LUB 

cycle to address previous concerns that the MLTB test cycle was too city-centric. The 

additional higher speed section appended to the start of the cycle simulates the 

conditions that a bus would face if operating on a more rural route; on hills, at higher 

speeds and for longer durations at higher speeds [78]. More recently real driving 

condition emissions tests have been introduced in the sector. These involve a real-

world simulation of a vehicle being driven on public roads and being exposed to a 

wide range of different conditions, either at a test track or on a dynamometer. 

Equipment is installed on the vehicle, such as a Portable Emissions Measurement 

System (PEMS), which collects data of the vehicle’s tailpipe emissions. This data can 

be used to verify that the legislative limits for pollutants are not exceeded during real 

world driving conditions [79]. Tolerances are given relative to laboratory levels for 

what is permissible to award a passing grade to the vehicle [80].  

Standard drive cycles are useful not only in the application of creating a 

standardised test procedure to evaluate real world vehicle configurations against, but 

also allows for modelling, simulation and subsequent validation of the models to be 

conducted with reference to standard drive cycle results for real-world test vehicles, 

reducing vehicle development time and costs.  

2.3 Simulation Model classifications 

A model can be defined in many ways. For example, ‘a model can be a simplified 

representation of a system at some particular point in time or space intended to 
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promote understanding of the real system’ [81], ‘a physical, mathematical or otherwise 

logical representation of a system, entity, phenomenon, or process’ [82], or ‘a selective 

representation of some system whose form and content are chosen based on a specific 

set of concerns’ [83]. All the definitions have one thing in common, that a model is a 

representation of a system of interest.  

As with the disparate definitions of what a model is, there are also differing 

opinions on the taxonomy of modelling approaches or philosophies. For example, in 

systems engineering, models are usually subdivided into, formal or informal, physical 

or abstract, descriptive, analytical, hybrid descriptive and analytical, or domain 

specific [84], each with their own set of criteria that determine whether or not the 

model fits into a given category. More relevant to the context of the current work, 

Faris et al. [85] states that there are five different categories into which a fuel 

consumption or emissions model will fit based on its modelling philosophy. The five 

categories described are, scale of input variable-based modelling, formulation 

approach-based modelling, type of explanatory variable-based modelling, state 

variable value-based modelling and number of dimensions based modelling. There are 

overlaps between the categories mentioned, for example it would be possible to have 

a multi-dimensional model that uses a formulation approach-based method and 

therefore the categories can become more ambiguous when the details of model 

operation are considered. The categorisation scheme used by Faris et al. [85] covers 

not only vehicle models used for the prediction of fuel consumption and emissions for 

a single vehicle, but also covers models that could be used in traffic simulations for 

full infrastructure networks as well as more detailed models for the purposes of 

analysing one aspect of the vehicle system such as the engine. Other categories 

mentioned in literature are much simpler and have a wider reach in terms of the models 
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that fit into each category. For instance, Hofman [86] states that essentially there are 

two types of models for the simulation of vehicle propulsion systems, 

experimental/empirical models and theoretical/physical models. Experimental 

modelling is determining the relationship between the variables of the real system 

through experimentation, whereas, theoretical or physical modelling is describing the 

behaviour of the system through means of mathematical equations based on the 

underlying system physics. Froberg and Nielsen [87] and Guzzella and Sciaretta [88]  

state that typically in the evaluation of longitudinal vehicle dynamics there are two 

main types of models that can be developed; forward dynamic and inverse quasi-static. 

These two classifications relate to the physical causality for which the model operates 

which is determined by the equations that are solved to determine simulation outputs 

(this subject will be further expanded in sections 2.3.1 to 2.3.3 of the literature review). 

These model types also fall under the formulation-based approach category as 

suggested by Faris et al. [85] which contains the sub categories of analytical, 

empirical, statistical and graphical modelling approaches.  

From the review of the model classification schemes it is evident that the lack of a 

consistent taxonomy for models and their philosophies or methods comes down to a 

problem of semantics i.e. people in different disciplines will use different words and 

definitions to mean the same thing and that a model will be categorised based on its 

requirements and application which are often specific to the field in which it operates. 

While there are discrepancies in the descriptions used, there is a consensus on a split 

in the nature of model causality and whether the modelling approach is based on 

empirical observations or theoretical frameworks. In summary, the main points of 

relevance to this work are that a model can have either forward or backward causality 

(i.e. be of a forward or backward facing nature), be either quasi-static or dynamic 
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depending on the methods of calculation used and be either empirical or theoretical 

depending on the modelling methods adopted.   

2.3.1 Quasi-Static Inverse Simulation 

There are currently two main approaches to the formulation-based simulation for 

vehicle modelling; quasi-static inverse simulation and forward dynamic simulation. 

Quasi-static inverse simulation, also referred to as backward facing modelling, uses 

vehicle speed and acceleration to calculate the required torque demands and associated 

shaft speed profiles backwards through the driveline to meet a given vehicle speed 

demand profile [89]. Fuel consumption and other vehicle characteristics can then be 

calculated from the instantaneous engine operational state. A typical processing 

sequence for a quasi-static inverse simulation is shown in Figure 2.6.  

Cycle Vehicle Wheel Transmission Engine

 

Figure 2.6 – Quasi-static inverse vehicle simulation strategy, redrawn from [87] 

As the quasi-static inverse model is non-causal, it can be less meaningful for 

hardware in the loop (HIL) or software in the loop (SIL) development and testing 

activities [90], and there is limited capability underlying control strategy development 

as the output is imposed on the system and the likely cause back calculated. There is 

also no scope for the assessment of driver influence on the modelled systems as there 

is no driver sub-model present. However, they tend to have faster simulation times due 

to the use of larger timesteps (often 100 times that of a forward dynamic model) as the 

models are derivative in nature, rather than integral in comparison with forward facing 

equivalent models (which will be considered next). They are typically very useful in 
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preliminary design activities, such as early powertrain component sizing and 

estimation of global characteristics such as cumulative fuel consumption. 

In Figure 2.6, the cycle block refers to the drive cycle input which is typically a 

velocity profile of speed against time. This is passed to the vehicle block as an input 

and the force required to produce the motion of the vehicle is calculated from 

Newton’s second law based on the required rate of change of the velocity in the drive 

cycle profile. The wheel model calculates an equivalent rotational speed at the wheel 

based on the linear motion of the vehicle. This speed is then typically kinematically 

passed backwards through the drivetrain to derive engine speed for a given 

transmission gearing ratio. The force calculated in the vehicle block is also passed 

backwards through the drivetrain and transformed to a torque accordingly whilst 

accounting for gearing ratios. At this point the engine operational state is known and 

fuel consumption can be calculated using a map-based approach, or any other suitable 

method.  

Damiani et al [91] used a backward facing model to improve powertrain efficiency 

through an energy breakdown analysis. The model was created in the MATLAB 

Simulink environment and contained different subsystem blocks labelled as Load, 

Gearbox, Control Logic, Engine, Electric Motor/Generator, Brakes, Fuel Tank, 

Battery and Dissipation. A conventional powertrain vehicle model was modified to 

include static stop-start capability, intelligent gearbox management, free wheel 

control, dynamic stop-start associated to the free wheel and soft start battery charging 

normally provided by the recovery of the vehicle’s kinetic energy. The benefit of each 

system was evaluated through the model and indicated a potential fuel saving of 36% 

in urban environments and 27% in extra-urban environments from the additional 

components.  
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Fiori et al. [92] created a power based backward facing simulation model. The 

purpose of the model was to determine regenerative braking efficiency as a function 

of vehicle deceleration and was applied to a Nissan Leaf EV for illustrative purposes 

due to the availability of experimental data. The model was validated using data 

collected from the Joint Research Centre (JRC) of the European Commission and the 

DOE’s Advanced Vehicle Testing Activity (AVTA) of the Idaho Nation Laboratory 

(INL) and was found to produce an average error of 5.9% on energy consumption 

relative to the empirical data used confirming the appropriateness of the backwards 

facing modelling approach. The main conclusion from the study is that the tank to 

wheel energy consumption of the Nissan Leaf EV is 82.5% lower than its conventional 

vehicle counterpart, the Nissan Versa, on typical automotive drive cycles with the 

results demonstrating that in urban driving environments there is the potential to 

recover more energy due to the occurrence of several non-aggressive braking events.  

Mitra and Murali [93] developed a backward facing model for the driveline 

optimisation of a heavy duty truck. This model was built using Visual Basic for 

Applications (VBA) in Microsoft Excel. The main purpose of the model was to 

determine the optimum choice and combination of components for a given vehicle. A 

40T tractor trailer case study was used to demonstrate the effectiveness of the model 

concluding that mileage can be improved by around 13% by selecting the most suitable 

components. However, no validation was performed and therefore the accuracy of the 

modelling approach in this instance cannot be determined, although, the backward 

facing approach was suitable for the purposes of the study.  

Simpson et al. [45] developed a backward facing model for the simulation of a 

series powertrain inner city bus. The model was built in the MATLAB Simulink 

environment and was used to predict global fuel consumption, and battery state of 
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charge (SOC) for the vehicle as well as determine the sensitivity of the vehicle to 

different drive cycles. The results show that the backward facing model configuration 

was able to accurately predict experimental results of vehicle drive motor power and 

battery SOC, however, an in-depth validation was not performed, only a graphical 

correlation check between simulated and reference test data was carried out and 

therefore the accuracy of the simulation approach in this instance cannot be concluded. 

Nam [94] demonstrated a backwards facing modelling environment called the 

Physical Emissions Rate Estimator, or PERE, to determine the fuel consumption and 

emissions of conventional and hybrid automotive vehicles. PERE is designed to 

support a separate model known as MOVES [95] developed by the United States 

Environmental Protection Agency (EPA). The main purpose of the model was to 

provide a tool to extrapolate future projections of energy and emissions for advanced 

powertrain technologies. The author states that the model performs well and it most 

cases the predictions from the model are within 10% of real-world test vehicles. 

Stobart and Chaudhari [96] used a backward facing approach to model a novel 

powerplant for passenger bus applications. The powerplant used a fuel preparation sub 

system made up of a reformer and a solid oxide fuel cell that provides a stream of 

gaseous fuel and air to the engine as well as producing electricity. The study concluded 

that the conceptual design for the powerplant has potential fuel saving benefits of over 

30% compared to standard conventional diesel vehicles. Again, the modelling 

approach is not explicitly commented on extensively however the application was for 

a preliminary study for a conceptual vehicle which again is a suitable application for 

the backward facing modelling approach. 

The prevalent use of backward facing models in literature is for component sizing 

and global vehicle characteristic prediction such as cumulative fuel consumption or 
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battery SOC over a given driving cycle. The following section will overview the 

forward dynamic modelling approach, a more computationally intensive approach but 

capable of uncovering control system issues not evident with the backward facing 

modelling approach. 

2.3.2 Forward Dynamic Simulation 

Forward dynamic simulation, also known as forward facing modelling, is based on 

the solution of a set of differential equations which represent the system state. These 

are numerically integrated to calculate the speed trajectory of the vehicle, and other 

characteristics of interest, as the simulation progresses [87]. For the typical vehicle 

configuration, if the engine operational state at any given time instance can be 

determined, then the equivalent fuel usage for that period can be calculated. Figure 2.7 

shows a typical calculation flow path for a forward dynamic simulation model. 

Cycle Engine Transmission Wheel VehicleDriver

 

Figure 2.7 – Forward dynamic simulation, redrawn from [87] 

For the forward dynamic modelling approach, the cycle input is the same as it was 

for the inverse quasi-static approach. However, due to the nature of the model a 

controller (driver) is required that will attempt to match the vehicle’s simulation output 

speed trajectory to the desired speed trajectory. This controller is referred to as a driver 

model as it performs the same function as a real-world driver, providing inputs through 

torque and braking requests to the vehicle plant model. The driver model will provide 

a torque demand input to the engine model. The engine model will then use this input 

to determine a torque to provide to the transmission model. The transmission model 

will then transform the torque through any gearing ratios and account for any losses 
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incurred. Depending on the vehicle topology, an axle model can again transform the 

torque through any differential gearing ratios and pass the output torque to the wheel 

model. The wheel model will then convert the torque input to a linear force to be 

passed to the vehicle model. Typically, a vehicle speed is calculated and kinematically 

linked through the powertrain so that the engine’s speed can be known. The feedback 

loop in Figure 2.7 from the vehicle sub-model to the driver model is required because 

the driver model needs a feedback signal to monitor its performance and adjust its 

output based on the desired velocity setpoint at the current time step.  

Almeida et al. [97] used a forward simulation approach based in GT-SUITE to 

model the accessory load influence on a complete powertrain. The model used power 

flow from the engine modulated by a driver model. The accessory loads included in 

the study were the power steering pump, cooling fans, alternator, and the air 

conditioning compressor. A number of acceleration ramps were performed in three 

sets of simulations.  The first set performed the simulation with no accessory load 

influence. The second set ran the model with poor accessory load modelling using 

their full load curves, and the third ran the model with detailed accessory load 

influence using representative utilisations of each accessory. The results showed that 

the difference between test and simulation of the model predictions were within 6% 

for fuel consumption. The influence of the power consumed by accessories on fuel 

economy was in a range between 14.3% to 20% under the considered simulation 

conditions. Higher vehicle speed lowered the effect on fuel economy. The forward 

dynamic approach was used in this instance as the author states that this type of 

simulation is most representative of real-life behaviour of a powertrain which responds 

to combined controlled inputs from the driver and has been shown to give suitable 

sensitivity to predict variations of accessory load inclusion on vehicle fuel economy. 
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Barak et al. [98] developed a powertrain simulation tool for the determination of 

vehicle energy consumption suitable for early design stages. The work describes a 

simple dynamic simulation of a vehicle powertrain that calculated the overall vehicle 

performance, fuel consumption and efficiency. The reason that a forward dynamic 

approach was selected for the development of this model is that it was intended to be 

used in hardware and software in the loop testing which requires the model to have 

forward causality. Hardware in the loop simulations were conducted using a Skoda 

Fabia 1.2 HTP 44 kW engine which showed good correlation with real-world test data. 

This highlights the further capabilities of forward dynamic models as the hardware in 

the loop simulations would not have been possible if using a backward facing model. 

Boggavarapu et al. [99] used a forward-facing modelling approach to model ground 

vehicles for the US military. Case studies were simulated on the impact of electric 

loads and the impact of battery capacity on a series hybrid vehicle. Driver models were 

changed between the different studies to assess the change in vehicle acceleration 

when an electric load was given priority over mobility requirements. Electric loads in 

this instance represented the firing of a gun or cannon. As a backward facing model 

assumes that the vehicle model can achieve the acceleration rates dictated by the input 

cycle this assessment of variation in acceleration rates would not have been possible 

if using a backward facing modelling approach. 

Dingel et al. [100] used a forward facing approach in the assessment of how various 

hybrid powertrain solutions impact vehicle fuel economy. A simple automotive 

vehicle was used to simulate an electric hybrid system, a high-speed flywheel hybrid 

system, and a hydraulic hybrid system. Results were presented for the NEDC drive 

cycle. It was shown that by applying a global energy minimisation principle in the 

control strategy, the mean efficiency of the engine over the NEDC drive cycle was 
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increased from 0.23 to above 0.3 for all hybrid powertrain cases. This assessment of 

the application of a control strategy to each of the vehicles would be difficult to 

achieve in a backward facing model due to the inherent backwards causality. The use 

of a forward-facing approach means that the control system can be designed and 

implemented with ‘real-world’ causality and could be implemented on a vehicle more 

easily than one developed using a model with backwards causality.  

Emirler et al. [101] demonstrated a forward approach to simulate the powertrain 

dynamics for heavy duty vehicles. A user interface was also developed to improve the 

model usability. The scenarios that were simulated include drive cycle tests, 

performance tests, gradeability tests, cruise tests and coast down tests. The signal 

structure is available for use in hardware in the loop simulation which is not possible 

using a backward facing approach as it requires the model to have forwards causality. 

Figure 2.8 shows the signal flow path used in the model highlighting the kinematic 

linking of speeds through the ‘velocity flow’ signal mentioned previously.  
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Figure 2.8 – Signal flow paths highlighting torque and velocity flow direction, 

redrawn from  [101] 

Eriksson [102] used a forward approach to simulate a vehicle’s longitudinal motion 

to analyse the situations of clutch lock and release. A forward-facing approach was 
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suitable for this analysis as it allowed the user to develop a driver model which can 

give pedal position inputs to the model. These inputs were then used to control the 

clutch and vehicle systems. The resulting powertrain dynamics were assessed showing 

good correlation with real world test data for clutch engagement and disengagement.  

Assadian et al. [90] performed a study comparing the suitability of forward and 

backward facing models for use in powertrain component sizing. It was concluded that 

the use of a forward-facing model for component sizing is possible when the driver 

model is co-optimised alongside the powertrain components and that the additional 

simulation time overhead resulting from the use of a forward model could be reduced 

with ever advancing computing power. This highlights that the same analyses that 

backward facing models are typically used for (component sizing in this instance) can 

still be carried out through use of a forward-facing model with use of a suitable driver 

model. 

In a backward facing model, there is no need for a driver model as the drive cycle 

is used directly to calculate engine speed and torque requirements. In a forward-facing 

model a driver controller is required as there needs to be a way to modulate the engine 

torque output to ensure matching between the vehicle’s actual speed and the desired 

speed from the drive cycle input. A study conducted by Zheng et al. [103] concluded 

that there are four main types of driver; Aggressive (Unsteady), Conservative 

(Careful), Professional (Smooth) and Experienced (Fast). The different types of driver 

will display different behaviours characterised by increased or decreased acceleration 

and deceleration rates. This is the main influencing factor that the driver has over the 

fuel consumption of a given vehicle. A study conducted by Rajan et al. [104] using 

data from three real world drivers with a range of driving styles showed that there is a 

significant difference in the specific energy consumption between the different 
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drivers, as detailed in Table 2.1. Driver 1 is highly efficient steady and anticipative, 

Driver 2 is representative of an average driver with average aggressiveness and Driver 

3 is highly inefficient, aggressive and reactive. Specific energy consumption is used 

to account for not only the fuel used but also the energy from the hybrid electric 

components for vehicle propulsion. The results showed that driver style can 

significantly affect the energy consumption of a hybrid vehicle. Minimum energy 

consumption is achieved by a steady efficient driver and maximum energy 

consumption is achieved by an aggressive inefficient driver for city driving.  

Table 2.1 - Specific energy (Wh/km) comparison of drivers  [104] 

A study conducted by Neubauer and Wood [105] also showed that driver 

aggressiveness has the potential to decrease fuel economy by as much as 50%, or 

increase it by up to 20%. The results were found through running a series of 

conventional vehicles and advanced hybrid vehicles through real world representative 

drive cycles. Because of this it is necessary to have an accurate driver model as an 

ineffective driver model will significantly affect the results of any simulations that are 

performed and cause issues for model validation. Vagg et al. [106] demonstrated that 

if driver behaviour is continuously monitored and the driver is provided with audible 

and visual feedback deterring aggressive driving styles, then real world fuel savings 

across vehicle fleets of up to 12% can be achieved. The author also states that there is 

a significant potential for the feedback system used in the study to be implemented in 

Driver Driver 1  Driver 2  Driver 3  

City Driving 155-186 193-194 164-194 

Highway/Motorway Driving 146 205 144 
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hybrid electric vehicles where the driver may be encouraged to adapt his or her driving 

style in order to harvest more energy through regenerative braking. 

Many early driver models are based on what is termed a ‘car-following model’. 

These models are based on the premise that on road drivers will attempt to maintain a 

safe distance from the vehicle in front [107]. Numerous car following models exist 

such as the Gazis-Herman-Rothary models, safety distance or collision avoidance 

models, linear (Helly) models and fuzzy logic based models [108]. However, in recent 

years Proportional-Integral-Derivitive (PID) controllers have been more widespread 

in their use due to their ease of implementation and simple structure [109]. However, 

in the context of the current work a PID controller is not intended to replicate human 

behaviour as such, but to provide a human-replacement to control the vehicle model 

and hence, real world driver behavioural characteristics will not attempt to be 

accounted for within the driver model except those that improve model prediction 

accuracy. 

A PID driver model controller typically has two inputs, desired vehicle speed and 

actual vehicle speed. From these an error signal is produced based on the difference 

between the two inputs. A feedback loop will constantly feed the vehicle’s actual 

speed back into the driver model allowing it to compute the error signal and therefore 

the controller output at each simulation timestep. The general equation for a parallel 

PID controller is shown in Equation 2.1. 

𝑦(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0

+ 𝐾𝑑

𝑑

𝑑𝑡
𝑒(𝑡) Equation 2.1 

 where y(t) is the controller output as a function of time, Kp is the proportional gain 

coefficient, e(t) is the error signal calculated from the difference between the desired 

and actual velocity, Ki is the integral gain coefficient and Kd is the derivative gain 

coefficient. There is also a series PID controller described by Equation 2.2. 
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𝑦(𝑡) = 𝐾𝑝 (𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0

+ 𝐾𝑑

𝑑

𝑑𝑡
𝑒(𝑡)) Equation 2.2 

Additional features can be included in a PID controller such as anti-windup control 

to avoid the integration parameter causing large errors in controller output, gain 

scheduling which allows the user to vary any of the gains based on a third controller 

input, and the ability to limit the output of the controller to within certain thresholds. 

Eriksson [102] created a driver model as a simple PI controller (i.e. a PID controller 

without derivative compensation) for use in a vehicle model that was to simulate clutch 

lock and release. The Driver model was manually tuned to suit the needs of the specific 

application. Figure 2.9 shows the driver model used by Eriksson. The driver was 

provided with signals of reference speed, actual vehicle speed, a clutch signal and a 

gear signal. The output of the controller was maintained within the range from 1 to -

1, where 1 represents maximum acceleration and -1 represents maximum braking. The 

author states that there are 3 things that the model is capable of doing which reflects 

how a real driver behaves. The first is that the driver cannot press the accelerator pedal 

and the brake pedal simultaneously. This is achieved using the minimum and 

maximum selectors on the outputs.Secondly, when the driver pushes the clutch down, 

it also decreases the accelerator pedal, achieved by the multiplication on the 

accelerator pedal output. Finally, when a new gear is in place and the clutch is 

engaged, the setting from the last gear is removed, achieved by resetting the integral 

block in the model. The complete vehicle system (including the driver) was validated 

in two ways. Firstly, a full load acceleration was completed and secondly the vehicle 

model was simulated on a European Drive Cycle. The driver model contains no 

predictive element and is therefore not aware of upcoming events, and hence when the 

clutch was released, and although the driver let off the accelerator pedal, the engine 

speed drastically overshot.  
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Figure 2.9 - Simple Non-Linear Driver Model redrawn from [102] 

MATLAB Simulink has inbuilt Autopilot blocks in its aerospace block-set. These 

are single input single output (SISO) blocks which behave similarly to a driver model 

for road going vehicles. Shown below in Figure 2.10 is the first autopilot model called 

the ‘Tustin Pilot Model’. This model is based on a paper published by Tustin [110] 

and represents human behaviour. Input 1 is the desired set point value (in this case 

termed the x comparator), Input 2 is the actual value. The error between the two is 

then calculated, a transport delay is then implemented which accounts for biological 

and mechanical response times, a gain is then applied as with any error-based 

controller, and finally the signal is put through a transfer function to give an output, u. 

The paper written by Tustin was based on an analysis carried out on the laying of a 

gun sight on a target through manually controlled power operation.  
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Figure 2.10 - Tustin Pilot Model redrawn from [111] 

The study yielded an equation for a basic approximate relationship between the 

input from a human specimen to a manually controlled but mechanically powered 

system as interpreted by MathWorks as a transfer function shown in Equation 2.3 

[111]. 

 𝑢(𝑠)

𝑒(𝑠)
=  

𝐾𝑝(1 + 𝑇𝑠)

𝑠
 𝑒−𝜏𝑠 

Equation 2.3 

Equation 2.3 can be broken down into its constituent parts. The variable Kp is 

present as the gain block.  (1+Ts)/s is present as the transfer function block. Finally, 

the exponential term e-τs is the transport delay applied to the error signal. The second 

autopilot model within Simulink is called the Crossover Pilot Model. The crossover 

model takes into account the combined dynamics of the human pilot and the aircraft 

[112]. Within the crossover model there is a separate subsystem called the Pilot 

Transfer Function or Pilot Integrator. This is included because depending on the nature 

of the controlled element and the type of desired control this block may vary. This is 

due to the combination of the pilot and aircraft dynamics. The final Simulink Pilot 

Model is the Precision Pilot Model [113]. This block is an extension of the crossover 

pilot model which also accounts for the neuromuscular dynamics of the pilot. Each of 

the autopilot models are essentially modified versions of proportional controllers as 

each contains a gain block which takes an input of error between a plant response and 

desired set-point. However, the modifications that account for human driver 
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behaviours such as neuro-muscular lag and reaction times could prove useful in a 

driver model for ground vehicle applications in collision avoidance scenarios. 

Some more advanced Driver models have been developed that are able to simulate 

the decision-making process that the human brain goes through during a driving event. 

These are termed ‘Artificial Neural Network’ (ANN) based driver models. One such 

model is that developed by Prakash et al. [114]. The driver model in this case had to 

be trained to adapt to different drive cycles by feeding it different data sets but once it 

had been effectively trained it was able to match real world driver pedal position traces 

closely, an improvement of up to 60% compared to a standard PID controller. Pandey 

[115] describes the development of a driver model based on a neural fuzzy inference 

system which acts as an interface between neural networks and fuzzy logic. The 

accelerator pedal was modelled individually for each gear as a function of vehicle 

velocity and vehicle acceleration. The brake pedal was modelled as a function of 

vehicle velocity and vehicle deceleration. Gear position was modelled as a function of 

vehicle velocity and vehicle acceleration also and finally the clutch status was 

modelled as a function of vehicle velocity, engine speed and gear. In the study co-

simulation was performed with the vehicle plant model being developed in AVL cruise 

and the driver model, DoE tester and control software being modelled in the MATLAB 

Simulink environment. The paper compares traditional model-based development 

with a new Virtual test environment (VTE). The purpose of the VTE was to determine 

the impact of driver function and logic at the earliest possible stage in the development 

cycle. This requires a robust plant model as well as a good driver model to reduce 

system disturbances. The test environment was validated, and a function was 

developed to reduce fuel economy during transient operation. Fuel economy was 

ultimately improved for the real-world vehicle by 6%. 
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In summary, the driver model acts as a controller in a forward-facing vehicle model 

to provide drive cycle tracking capabilities. Contemporary forward-facing vehicle 

models typically use a version of a PID controller (although some studies are looking 

at more advanced versions using machine learning techniques) as this gives the best 

balance between ease of implementation and modification to various driving styles. 

From the review of the forward dynamic modelling approach it is evident that the 

forward-facing approach is most appropriate in the assessment of driver influence on 

vehicle response and for control system development due to the nature of the causality 

inherent in the forward-facing approach. However, forward dynamic models have 

been shown to have simulation times which are an order of magnitude larger than their 

quasi-static counterparts [90]. This is mainly due to the integration-based nature of the 

operation of these models, meaning that they need to be simulated with much smaller 

simulation time steps. Forward dynamic models are also capable of component sizing 

but due to their computational expense this is typically avoided and backwards facing 

models are appropriate for this application. 

2.3.3 Inverse Dynamic Simulation  

Inverse dynamic simulation combines elements of both the quasi-static inverse and 

the forward dynamic modelling approaches previously discussed.  A full forward 

model is first created and a system inversion is performed using a method such as that 

presented by Devasia et al. [116] which is applicable to non-linear systems. This 

inversion process reduces the complexity of the system model, and hence reduces 

simulation run time. However, the model must be capable of being written in state 

space format for the inversion process. The first step in the inversion process is finding 

the relative degree of the system by determining how many times the output must be 

differentiated before the input appears explicitly in the equations. The second step is 



 

52 

 

to transform the system to an equivalent linear system through a coordinate change. 

The third step is to compute the required input and corresponding state trajectories for 

a certain desired output. Figure 2.11 shows the calculation flow path for inverse 

dynamic simulation. Note that there is still a requirement for a driver model, like in a 

forward dynamic simulation. However, in this case the driver interacts with the cycle 

imposed on the model and not with the engine model. The driver aggressiveness can 

then be tuned based on the parameters used in a smoothing function present within the 

driver sub model. For instance in the work presented by Froberg [89] this is achieved 

through computing the desired trajectory as the convolution of the drive cycle input.  

Cycle Vehicle Wheel Transmission EngineDriver

 

Figure 2.11 – Inverse dynamic simulation, redrawn from [87] 

In the inversion method used by Froberg [89], the smoothing function will also 

ensure that the cycle is continually differentiable (as required by the inversion 

process). However, if the smoothing function is too aggressive it may remove some of 

the peaks or troughs of the cycle input which can affect the simulation results of the 

model. This is more relevant for bus model applications where more aggressive drive 

cycles are necessary for realistic drive profiles. It was also shown that the forward 

dynamic and inverse dynamic modelling approaches give comparable fuel 

consumption predictions when applied to a simple automotive vehicle model, but the 

inverse dynamic simulation has quicker simulation speeds. Hofman et al. [86] 

compared the three different modelling approaches (forward dynamic, backward 

quasi-static and inverse dynamic). The maximum relative difference in fuel 

consumption for the three simulation methods was 3.9% on the tested drive cycles in 

application to a simple vehicle model consisting of a naturally aspirated engine and a 
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stiff drivetrain. This shows that the inverse dynamic approach produces suitably 

accurate results in the same range as the forward and backward facing approaches. 

However, similar to a backward facing model, changing the configuration or 

parameters in the simulation does not influence cycle tracking behaviour which 

removes the potential for assessing the influence of driver aggressiveness on vehicle 

performance characteristics. Hofman also states that the inverse dynamic simulation 

method is not based on a modular approach and is therefore only suitable for individual 

vehicle models. This method may therefore limit the flexibility of the model, which 

can be a crucial element of the simulation process if rapid vehicle model topology 

changes are required or virtual testing of new and unproven components. 

2.4 Modelling flexibility 

Some of the work in the following section has been previously published by the 

author in the SAE International Journal of Engines in a paper titled ‘Development of 

a vehicle model architecture to improve modelling flexibility’[117]. 

A suitable and intuitive method to achieve modelling flexibility, i.e. ensuring that 

the model can be reconfigured to simulate various vehicle topologies, is to implement 

models in a modular format. Hofman et al.[86] states that vehicle simulation platforms 

are usually based on a modular modelling approach. They consist of a set of powertrain 

component models each simulated as a standalone sub-system, which exchange 

information with other subsystems through connectors. Emirler et al.[101] also uses a 

modular structure and states that this methodology allows multiple users to develop 

various sub-models simultaneously subsequently reducing total model development 

time. The modular model presented by Evers et al.[118] was used to develop a multi-

body dynamics model for a heavy-duty commercial vehicle. The model was developed 

using MATLAB SimMechcanics which is the multi-body toolbox in the 



 

54 

 

MATLAB/Simulink environment. Validation of the model demonstrated it was 

possible to closely replicate suspension characteristics relative to real world vehicle 

test data when using a modular modelling methodology. 

Rubin and Moskwa [119] presented a modular powertrain system model for a high 

mobility multi-wheeled vehicle. The tool was designed to provide engineers with the 

capability to investigate the effects of component selection and system configuration 

on vehicle performance. The work focused on the modelling and simulation of a 

Torsen differential and an automatic transmission. The modularity allows for 

components to be swapped in and out of the model enabling vehicle topology changes 

to be simulated with ease. However, it is stated that to enable this, the sub-system 

models must have standardised inputs and outputs, i.e. a standardised signal 

architecture. 

The model developed by Dingel et al.[100] also uses a modular modelling 

environment developed by IAV called VeLoDyn [120]. The software is forward 

facing, modular and uses a standardised signal architecture for sub-system component 

models. In the study, different hybrid vehicle configurations were tested on standard 

homologation driving cycles including NEDC, FTP75, US highway and Artemis. Due 

to the modular nature of the software, 5 different vehicle configurations were tested 

by interchanging components. The vehicle configurations considered included hybrid-

electric systems, a high-speed flywheel hybrid system and a hydraulic hybrid system. 

Three different hybrid electric configurations were tested with varying battery 

capacities and motor generator unit power output. The results showed that the system 

that offered the best fuel economy improvement over a standard base vehicle was the 

high-speed flywheel system, which was attributed to the high system efficiency and 

high-power capabilities. The author states that due to the forward-facing nature, 
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modularity and high flexibility of the software, it can be used to perform not only 

concept studies and algorithm development, but also HIL/MIL/SIL simulations. To 

perform analyses of different hybrid systems in a short time frame, the modular and 

adaptive nature of the software was crucial since it offered the possibility of 

implementing newly developed hybrid model blocks into the existing powertrain 

structure with little effort. This shows the advantages that a modular modelling format 

can have for the comparison of a variety of competing technologies and vehicle 

topologies in terms of short model development times.  

Many of the commercially available packages offer a modular based development 

environment. These include, but are not limited, to AVL CRUISE [121], GT SUITE 

[122] and Siemens AME-SIM [123]. One of the most significant advantages of a 

modular approach is the ability to adapt and substitute subsystem component models 

within the architecture while limiting the redevelopment expense incurred. Libraries 

of components can also be created and shared amongst different users which cuts 

model development time, such as in references [99] and [118]. However, the downside 

of the modular approach is that each component must be made in a standard manner 

and pass standardised signals to facilitate the interchangeability. 

A robust modular Vehicle Model Architecture (VMA) which is suitable in 

application to nearly all road vehicles is described by Belton et al. [124]. The top-level 

subsystems were established based on a logical decomposition of the vehicle 

components into constituent sub-systems, components and parts. At the highest level, 

the subsystems are the driver, environment, electrical, auxiliaries, powerplant, 

transmission, driveline, chassis, braking, steering, vehicle system controller (VSC) 

and bus (bus in this instance relating to a signal bus). MATLAB/Simulink was used 

to develop the VMA, as shown in Figure 2.12. Each model subsystem shown contains 
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various layers which describe the interactions between the system elements. The top 

layer (Layer 1, as shown) connects each subsystem through the main signal bus 

(shown in the diagram as the main bus). This is denoted as Layer 1.  Within each of 

the subsystems, Layer 2 describes how each of the required signals is transmitted from 

the signal bus into each component, and how feedback is transmitted back. Layer 3 

then describes local subsystem controller and plant behaviour. 

Driver Environment

Electrical PowerplantPowerplant Driveline Brakes VSC

Auxiliaries Transmission Chassis Steering

Bus

Main Bus

 

Figure 2.12 – Top level vehicle model architecture showing critical subsystems 

and signal bus connections, redrawn from [124] 

The main signal bus feeds into a controller block for each subsystem which 

subsequently feeds into the plant block. The controller block interfaces with the local 

plant by passing signals relating to physical quantities. The plant block then relays 

information back to the controller block and the main signal bus. The signal 

architecture for Layer 3 is illustrated in Figure 2.13. Figure 2.14 shows how an IC 

engine and automatic transmission with a torque convertor would be implemented in 

this model architecture. The engine inertia and gross engine torque from the engine 

model are passed to the torque convertor model block. The impeller speed is then 

passed from the transmission subsystem back to the engine where it becomes the 
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engine speed input for the engine model [124]. This kinematic linking of sub-system 

speeds inherently means that these two subsystems are tightly coupled to one another 

as the engine model has a strong level of dependence on the subsystem downstream 

of it, which can reduce flexibility in the development of vehicle architectures. 
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Figure 2.13 – Simulink Implementation of VMA level 3 redrawn from [124] 
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Figure 2.14 – Engine and automatic transmission torque convertor signal paths 

redrawn from [124] 

Further investigation was conducted on a similar model by Mason et al. [125]. Both 

compliant and non-compliant models were investigated. The non-compliant version, 

a schematic of which is shown in Figure 2.15, uses the approach of cumulative torque 

and cumulative inertia. These signals are carried to the end of the drive train system 

where the signals are terminated, and a speed parameter calculated. This speed signal 
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is passed backwards through the powertrain and transformed through gearing ratios 

accordingly to determine all other drivetrain component speeds in a similar manner to 

that of Belton et al. [124] and Emirler [101] illustrated in Figure 2.8 .  
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Figure 2.15 – Modular sub models showing cumulative torque and inertia paths 

redrawn from [117] 

In each of the modular model architectures described the sub-systems involved 

have a level of dependency on those surrounding them due to the kinematic speed 

links between them. If the speed signal could be removed, with the speed of each 

component calculated intrinsically, this would decouple the subsystems and improve 

the model flexibility and robustness. However, a torque balance needs to be performed 

on each of the rotating masses to enable the calculation of rotational speed. This would 

allow subsystem components to be modelled and simulated in isolation from one 

another as each sub model would have the ability to calculate its own rotational or 

linear speed. This enhances the capabilities of the modelling architecture by allowing 

simulations such as engine dynamometer tests to be performed with the engine sub 

model in isolation. Subsequently, the same engine model could be used in a full 
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vehicle simulation with no modifications. Following suitable model development, the 

user must also ensure that the model is appropriately representative of the real-life 

behaviour of the vehicle. This is typically achieved in a process known as validation. 

2.5 Simulation validation methods 

Some of the work in the following section has been published by the author in the 

Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile 

Engineering in a paper titled ‘Multi-fidelity validation algorithm for next generation 

hybrid electric vehicle system design’. 

In the passenger bus sector, the complexity of the vehicle development process has 

increased significantly over the last decade as rapidly evolving customer demands for 

ever more fuel-efficient configurations is matched in pace with increasingly stringent 

legislative requirements. Key to the success of these development processes is a well-

developed and validated simulation model. However, there is still no commonly 

accepted verification and/or validation process adopted within the vehicle modelling 

domain, and practices reported in literature can range from highly simplistic to 

extremely complex [126]–[130]. Furthermore, while various standards (or guidelines) 

have been developed in some domains (for instance [131], [132]), there is no 

harmonised framework for validation of a model when a strong understanding of the 

underlying system dynamics is critical. This need for detailed understanding of the 

system performance has become increasingly prevalent in the vehicle engineering 

domain in recent years with the advent of hybrid and fully electric vehicle 

configurations, particularly in cases where the simulation results will directly 

influence the development of energy management strategies. For the hybrid-electric 

vehicles studied here, this detailed understanding of the underlying system dynamics 

and energy management strategy is necessary in order to maximise the fuel saving 
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potential for the vehicle whilst maintaining a high level of confidence in the overall 

energy storage system performance.  

Specific to vehicle powertrain modelling, the verification and validation process is 

usually iterative in nature, with the verification processes determining that the model 

is functioning correctly with respect to laws of physics i.e. conservation of energy, 

momentum, mass etc. Typically, the model verification process should also ensure that 

implemented control systems are functioning correctly with respect to their underlying 

mathematical logic. The subsequent validation procedure will generally take this one 

step further to ensure that the model is suitably representative of the ‘real-life’ system. 

The diagram shown in Figure 2.16 illustrates a simplified version of the generalised 

modelling process as presented by Sargent [133]. Central to this process is the notion 

of the ‘data validity’. In most vehicle engineering applications, validation data sets are 

elicited through experimentation or testing of real components but can be heavily 

dependent on the user having a good understanding of the type, nature and rate of data 

acquisition required to achieve a high-quality validation of their model.  

The typical objectives of validation studies range from ascertaining the suitability 

of the vehicle model for providing accurate insight into fuel consumption 

characteristics through to evaluation of acceleration performance or other 

characteristics of interest, ultimately providing an assessment of the credibility of the 

simulation for a specified use [134]. These characteristics tend to either be ‘global’, 

for example, total fuel consumption or average velocity/acceleration rates over a 

specified drive cycle, or ‘local’ when a specific vehicle behavioural characteristic is 

of interest, such as instantaneous power demand during a driving event. There has 

been an extensive range of both local and global model validity measures developed 

through numerous studies which can be implemented. For example, qualitative ‘Face 
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Validity’ is achieved by an expert user who can ‘validate’ the model based on their 

knowledge of how the real system operates under given conditions [135]–[141]. 

Data Validity

Problem entity (system)

Conceptual modelComputerised model

Computer 

programming and 

implementation

Experimentation Analysis and modelling

Conceptual model 

validation
Operational validation

Computerised model 

verification
 

Figure 2.16 - Simplified version of the modelling process, redrawn from [133] 

More advanced quantitative statistical techniques can range from evaluation of 

percentage error and root mean square errors between simulation and experimental 

results for given characteristics [91], [92], [115], [142], [143] through to more 

comprehensive evaluation of signal correlation, such as use of the ‘R-Squared’ method 

as shown by Wang and Rakha [144]. These single metric approaches have also been 

extended to multi-step validation procedures, for instance in the approach of Klemmer 

et al. [145] where a two stage method for validation of a vehicle model based on a 

signal correlation (SC), a correlation rating (CR) and a validation coverage rating (VC) 

was presented. However, while there have been a range of methods which can quantify 
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measures of the model validity, most are still highly subjective and performed ‘one 

signal at a time’. While removing subjectivity entirely from the validation process 

would be extremely difficult to achieve, it would be desirable to remove subjective 

input as far as possible. Despite the range of methods and techniques which have been 

proposed, there is still a lack of work in the public domain relating to validation of full 

powertrain simulation models.  This may, in part, be due to the expense in acquiring 

suitable experimental validation data for these activities, and a result of the complexity 

in interpreting the vast array of signals within the system.  

2.6 Overview of Energy Management Strategies  

In a non-hybrid vehicle, the driver dictates the instantaneous power delivery by 

pressing the brake and accelerator pedals. These inputs are interpreted by low-level 

controllers. In a hybrid vehicle there are multiple power sources available meaning 

that it is necessary to introduce an additional control layer, the energy management 

strategy, to choose the power split ratio between the different energy sources [146]. 

The potential of Hybrid electric vehicles can only be fully exploited through use of a 

suitable energy management strategy. Millo et al. [146] states that in general hybrid 

powertrain control strategies can be split into three main categories; global 

optimisation strategies, local optimisation strategies and heuristic strategies. Global 

optimisation strategies require a priori knowledge of the drive cycle and an optimal 

control solution is found over the given cycle. Local optimisation strategies are based 

on the instantaneous minimisation of a pre-defined cost function (such as fuel 

consumption). Heuristic strategies are based on a set of predefined rules which are 

implemented into a hardware controller on the vehicle.  

Zhang et al. [147] performed a comprehensive review of the types of energy 

management strategies based on bibliometrics. Four main categories were discussed; 
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deterministic rule-based strategies, fuzzy rule-based strategies, real time optimisation 

strategies and global optimisation strategies. These categories are similar to those 

presented by Millo et al. [146] with the sub category of heuristic strategies being 

subdivided into deterministic and fuzzy based strategies. Deterministic strategies are 

computationally efficient and easy to implement, however, they require extensive 

calibration and tuning of control parameters, they do not guarantee an optimal solution 

and are non-portable to other vehicles. Fuzzy rule-based strategies have good 

robustness to measurement noise and component variability, low computational 

expense similar to deterministic strategies, and are also easy to implement. The 

disadvantages of fuzzy rule-based strategies are that they cannot guarantee an optimal 

control solution, the fuzzy rules and membership functions require calibration and are 

also non-portable. Real time optimisation-based strategies have the potential to be 

implemented on HEV’s and can obtain a sub-optimal solution, though they cannot 

obtain a global optimal solution and are difficult to be implemented in current vehicle 

controllers. Global optimisation strategies can obtain an optimal solution for a given 

drive cycle and require no calibration. However, these strategies are the most 

computationally expensive and cannot be directly implemented. These strategies can 

also identify the maximum potential performance of a specific HEV and can be used 

to test the effectiveness of other energy management strategies. They can also help 

with the derivation of implementable rules for rule-based energy management 

strategies.  

Currently the most widespread energy management strategies are deterministic 

rule-based strategies, with fuzzy rule based becoming more prevalent. Optimisation 

based strategies are currently being used in prototype vehicles to test their 

effectiveness and robustness. Liu [36] gives examples of the typical heuristic rules that 
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would be implemented in a deterministic energy management strategy in the early 

development phase for an automotive application. These are: 

 

Rule 1: Low power demand and low vehicle speed use the electric motor only 

Rule 2: Use both the electric motor and internal combustion engine in high 

power demand states 

Rule 3: During stable driving conditions (such as on a highway) use the internal 

combustion engine only 

Rule 4: Use the internal combustion engine for driving and/or powering the 

electric motor to charge the battery depending on battery SOC state 

Rule 5: Maximise regenerative braking 

Rule 6: Optimise the overall efficiency of the entire vehicle system by 

adjusting the output power of the electric motor 

 

An example of the power split for a typical deterministic based energy management 

strategy in an automotive parallel HEV application can be seen in Figure 2.17. Similar 

rules will apply in bus and heavy-duty vehicle applications however the power 

requirements will be significantly higher than the automotive example given. Note that 

the rules stated by Liu [36] contradict those of the earlier example given of the eighth 

generation Audi A6 [73] which states that the electric propulsion is only used during 

coasting scenarios. This demonstrates that the conclusions for optimal control strategy 

implementation have not reached a general consensus and may be different in different 

applications. 
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Figure 2.17 – Rule based power split for deterministic energy management 

strategy, redrawn from [36] 

2.7 Review of Software Packages 

There are many software packages available for vehicle modelling, such as AVL 

Cruise [121], GT-Suite [122] and LMS Imagine.Lab Amesim [123]. AVL CRUISE is 

developed using a forward-facing calculation methodology and is one of the largest 

vehicle powertrain simulation platforms available. However, it lacks the ability to test 

individual components in isolation, a full vehicle model must be built before any 

simulation runs can be completed and the user is confined to the signal architecture 

defined by AVL. If any advanced control systems or models that are required, are not 

available in the predefined library, modelling in another package is possible for co-

simulation but means that the user requires access to a separate development package. 

NREL developed and distributed the ADVISOR toolset [148], which uses a hybrid 

forward-backward modelling approach where the calculations are carried out in the 

standard backward facing manner and component limits are transmitted forwards 

through the model. Some users reported limited flexibility with the environment, and 

there can be problems with model reconfiguration due to the heavy reliance on a 

backward facing approach [149]. Alternative approaches available use a power flow 

methodology, rather than torque flow, such as PSAT (Power Systems Analysis 

Toolbox) which was developed for use in electrical power systems design and analysis 
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[150]. This however also introduces significant coupling onto each of the subsystems 

in the model, similar to the problems discussed in section 2.4.  

The Advanced Light-Duty Powertrain and Hybrid analysis (ALPHA) tool was 

created by the United States EPA to estimate greenhouse gas emissions from light duty 

vehicle sources. It is a forward facing full vehicle simulator capable of simulating 

various vehicles and powertrain technologies [151]. Libraries are used to store 

standard components however only one transmission type is modelled limiting the 

applications of the software. No heavy-duty engines are modelled, and the only drive 

cycles included are automotive showing that the simulation package is highly targeted 

at the automotive sector. The results from the model are calculated on a drive cycle 

average basis, emphasizing that the simulation package is only designed to assist with 

generic mid-term evaluation of light duty vehicle standards [151]. Kargul et al. [152] 

used the ALPHA model to estimate the CO2 reductions that are possible from grouping 

combinations of present and future powertrain and vehicle technologies.  The main 

purpose of the work was to easily illustrate and communicate potential pathways 

available for manufacturers to evolve their vehicle systems through successively 

adding CO2 reduction technologies.  

The MATLAB Simulink modelling environment developed by the MathWorks 

[153] is a graphical modelling environment built on the MATLAB code language. 

Various models have been developed in a wide range of applications using Simulink 

due to its flexibility in user development of custom sub systems and inter-operation 

with other simulation packages [154], [155], [156], [157], [158]. The MathWorks also 

has a bespoke environment named Simscape for development of vehicle modelling 

tools [159]. However, the underlying functions of these predefined components are 

difficult to modify and therefore reduce modelling flexibility. Many of the previously 



 

67 

 

mentioned modelling packages are built on MATLAB and Simulink such as PSAT 

and ADVISOR highlighting its suitability in the development of modelling software, 

especially for the purposes of vehicle simulation.  

2.8 Research Objectives 

Following the literature review, a set of research objectives have been identified in 

order to progress the state of the art in parallel mild-hybrid bus development. These 

objectives are as follows: 

1. Develop a model that can predict energy consumption for a novel next 

generation mild-hybrid bus; 

2. Develop the model in a manner that results in a high degree of flexibility 

and adaptability to novel vehicle architectures and non-standard vehicle 

topologies; 

3. Develop a new model validation technique that ensures instantaneous 

behavioural characteristics are included in the validation procedure as well 

as global characteristics 

4. Ensure that the model is capable of assisting with control system and energy 

management strategy development and testing for a next generation mild 

hybrid bus system; 

5. Use the model for performing analyses and informing engineering design 

decisions on next generation mild-hybrid bus architectures. 

2.9  Chapter Summary 

The preceding review of literature has served to identify two key areas which serve 

as the basis for this work to address current problems relating to the design and 

development of novel mild-hybrid bus architectures. The first is the lack of flexibility 
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with current vehicle models, due to the kinematic linking of sub system speeds 

between components, motivated by a need for rapid model reconfiguration and testing 

of unproven components and vehicle architectures. The second is the need for a 

detailed validation process which not only elicits how a model behaves with reference 

to recorded test data on a cycle average or global basis; but also captures the 

instantaneous or local system dynamics. This is motivated by a necessity for the 

understanding of these dynamics to assist with successful control system development. 

The following chapter describes the development and validation of the baseline 

vehicle model which serves to demonstrate the modelling methodology and validation 

procedures used, on top of which the hybrid vehicle model is created.  
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Chapter 3  Baseline Vehicle Model 

Development and Validation 

The following chapter details the model development process and the analytical 

approaches that underpin each of the sub-models used in the proposed vehicle model. 

The MATLAB Simulink modelling environment was selected for the development of 

the vehicle simulation models due to the user customisability of sub-models and 

control over model development. The coupling and decoupling of subsystems with 

mixed fidelities is discussed to demonstrate how enhanced model flexibility is 

achieved. The modelling methodology presented in this chapter can be found in a 

standalone publication titled ‘Development of a vehicle model architecture to improve 

modelling flexibility’ published by the author in the Society of Automotive Engineers 

International Journal of Engines [117]. An introduction to the baseline vehicle is given 

with a table of specifications. A methodology overview is given to explain the 

rationale behind the vehicle model architecture (VMA) that is proposed, including 

how various sub-systems operate independently and together as a whole. A detailed 

description of each of the subsystems created is presented including any assumptions 

that were made. Validation of the base line vehicle models is also given using standard 

validation approaches, as well as using a novel validation approach which is suitable 

for hybrid-vehicle development. The novel validation algorithm has also been 

published in the Proceedings of the Institution of Mechanical Engineers Part D: 

Journal of Automobile Engineering in a paper titled ‘Multi-fidelity validation 

algorithm for next generation hybrid electric vehicle system design’. 
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3.1 Introduction to MicroHybrid3 

The baseline vehicle modelled was the Wrightbus MicroHybrid3 (MH3). This is a 

standard diesel powertrain with electrified ancillaries including electric power assisted 

steering (ePAS), electric air compressor (eAIR), electric cooling fans (eFAN) and 3 

smart alternators, as well as automatic engine stop start capability. A schematic of the 

baseline vehicle can be seen in Figure 3.1. This vehicle is available in either single 

deck referred to as Streetlite, or double deck, referred to as Streetdeck. The physical 

differences between the two vehicle types are mass, frontal area, power output of the 

internal combustion engine, and axle drive ratios. The specifications for the baseline 

vehicle configurations are presented in Table 3.1 (Note that the drive ratio presented 

for first gear is the range of possible drive ratios available from the torque converter, 

however the transmission will lock into a mechanical second gear when a drive ratio 

of 1.43 is reached). It was important to model this baseline vehicle configuration as 

the mild-hybrid is built on this architecture.  

 

Engine Transmission

Wheel

Wheel

Axle

Vehicle
Driver

 

Figure 3.1 – Baseline vehicle schematic 
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Table 3.1 – Baseline Vehicle specifications 

Parameter Value Units 

Vehicle Mass (Streetlite/Streetdeck) 10109/13319 kg 

Engine Power (Streetlite/Streetdeck) 155/170 kW 

Reference Engine Torque (Streetlite/Streetdeck) 944/994 Nm 

Engine Inertia 0.9 kgm2 

Transmission input shaft inertia 0.769 kgm2 

Transmission output shaft inertia 0.427 kgm2 

Axle input shaft inertia 1 kgm2 

Axle output shaft inertia 1 kgm2 

Wheel Inertia 60 (x4) kgm2 

Transmission 1st gear ratio (Torque Convertor) 5.9 – 0.8  - 

Transmission 2nd gear ratio 1.43 - 

Transmission 3rd gear ratio 1 - 

Transmission 4th gear ratio 0.7 - 

Axle drive ratio (Streetlite/Streetdeck) 5.83/7.38 - 

Vehicle Body Frontal area (Streetlite/Streetdeck) 7.31/11.08 m2 

Coefficient of Drag (Streetlite/Streetdeck) 0.6 to 0.8 - 

Air density 1.2 kg/m3 

Coefficient of Rolling Resistance 0.007 - 

Tyre Rolling Radius (Streetlite/Streetdeck) 0.402/0.474 m 

 

The 24V electric system was not modelled as during typical vehicle testing these 

systems are either inactive or have a negligible effect on vehicle fuel consumption. 

The data sets used for vehicle validation come from tests where these systems were 



 

72 

 

inactive and therefore it would not be possible to validate the 24V system model. 

These systems may need modelled in future as the test requirements for low carbon 

vehicle certification are being amended to account for auxiliary loads. 

3.2 Methodology overview 

The proposed VMA methodology is first explained using simple examples for 

mathematical clarity. Note that full derivations for all the equations can be found in 

Appendix 1 to show any omitted mathematical steps. The intended purpose for the 

model developed within this work is: 

1. for use as a system level design tool; 

2. a tool that can assess the effect of a vehicle topology or parameter change on 

fuel consumption; 

3.  a diagnostic and prognostic tool to assess vehicle issues;  

From the modelling requirements and the results of the literature review, 

specifically the need for the model to assist with control system development and for 

the modelling architecture to be reconfigurable with minimal redevelopment, it was 

decided that the most suitable modelling approach would be to develop a modular, 

forward facing model with a combination of first principles based and empirical based 

sub models, depending on the functionality of each sub model. Compliance within the 

system has been neglected and all connections are assumed to be rigid, reducing the 

degrees of freedom of the system. The drive cycle analyses performed typically last 

around 40 to 50 minutes based on typical bus driving profiles, and therefore vibrations 

within the powertrain did not have a significant effect on the overall results. Newton’s 

Second Law is used to calculate the velocity trajectory for the vehicle. The velocity of 

the vehicle at any instant can be found through an integration of the acceleration as 

shown in Equation 3.1: 



 

73 

 

 

𝑣 = ∫
∑ 𝐹𝑥

𝑚
𝑑𝑡

𝑡𝑒𝑛𝑑

𝑡0

 Equation 3.1 

where v is the velocity in ms-1, Fx is the force in N along the axis of vehicle motion, 

m is the mass in kg, t0 is the starting time for the evaluation of the integral and tend is 

the end time for the evaluation of the integral. In this case, the mass includes the effect 

of the inertia of all the powertrain components.  ∑ 𝐹𝑥   from Equation 3.1 includes the 

applied force at the wheels, a function of the torque produced at the engine, and all the 

resistive forces on the vehicle including aerodynamic drag, rolling resistance and 

forces arising from travelling up or down gradients along the direction of motion of 

the vehicle. Due to the modular modelling approach adopted, each component 

subsystem has its own inertia/mass captured within it. The reduced mass moment of 

inertia for the system is calculated for each point in the powertrain with respect to that 

point. This means that not only can each component model operate independently, but 

they can also function as an integrated system without any modifications to the 

subsystem structure or input/output (I/O) signals. Sub-system variables change 

depending on the type of upstream or downstream component in terms of torque flow 

in the model (upstream and downstream directions being defined by torque flow from 

the engine to the wheels). Speed is not imposed onto any component, but is 

intrinsically calculated, by performing a torque balance on each rotating mass, which 

increases the complexity of the calculations performed within each sub-model but 

addresses the issues highlighted in section 2.4 of the literature review. The rotational 

speed of any component is derived through integration of the resultant torque applied 

to the component and the reduced mass moment of inertia for the system with respect 

to that component, as shown in Equation 3.2: 



 

74 

 

 

𝜔 = ∫
∑ 𝑇

𝐼
𝑑𝑡

𝑡𝑒𝑛𝑑

𝑡0

 Equation 3.2 

where T is torque in Nm, I is the rotational inertia of the component in kgm2 and ω 

is the angular velocity of the component in rads-1. For a single rotating mass, there is 

only one inertial term to consider; the inertia of the component itself. However, if two 

masses (I1 and I2) are rotating together at identical speed, then the equation which 

describes the motion of the system can be written as shown in Equation 3.3: 

𝑇𝑎𝑝𝑝 − 𝑇𝑟𝑒𝑠 = 𝐼1�̇� + 𝐼2�̇� = (𝐼1 + 𝐼2)�̇� Equation 3.3 

where Tapp is the applied torque on the component in Nm, Tres is the resistive torque 

on the component in Nm and �̇� is the rate of change of angular velocity or angular 

acceleration described by 
𝑑𝜔

𝑑𝑡
. The term (I1 + I2) represents the reduced mass moment 

of inertia for the system. For systems which contain gearing ratios between rotating 

components, the inertia of upstream components must be multiplied by the square of 

the gearing ratio when being passed downstream, and vice versa, the inertia of 

downstream components must be divided by the square of the gear ratio when being 

passed upstream. An example of a simple gear train system is shown for clarification 

in Figure 3.2.  The system in Figure 3.2 can be described using two equations. One is 

formulated with respect the rotating shaft A (Equation 3.4), and the other is with 

respect to rotating shaft B (Equation 3.5). Note that the torque terms are also 

transformed when passing through gearing ratios accordingly by either multiplying or 

dividing by the gearing ratio: 

 
𝑇𝑎𝑝𝑝 −

𝑇𝑟𝑒𝑠

𝐺
= (𝐼1 + 𝐼2 +

𝐼3

𝐺2
) �̇�𝐴 Equation 3.4 

 
𝑇𝑎𝑝𝑝𝐺 − 𝑇𝑟𝑒𝑠((𝐼1 + 𝐼2)𝐺2 + 𝐼3)�̇�𝐵 Equation 3.5 
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where G is the gearing ratio between the two shafts, calculated as 
𝑟3

𝑟2
 where 𝑟3 is the 

radius of the output mass and 𝑟2 is the radius of the input mass. Note that in this 

example Shaft A is upstream of Shaft B in terms of torque flow.  

Tapp
I1 I2

I3

r1 r2

r3

Tres

Shaft A

Shaft B

DownstreamUpstream

 

Figure 3.2 - Simple gear train diagram showing rotating masses, rigid 

connections, critical dimensions and applied and resistive torques 

This method allows for independent determination of the rotational speeds of both 

shafts via integration of the angular accelerations. The next step is to determine how 

to account for the vehicle mass in rotational inertia terms, and vice versa. Referring to 

the previous example, it is assumed that the gear train shown in Figure 3.2 is the 

powertrain of a vehicle which must accelerate the vehicle mass linearly (Inertia I3 is 

effectively acting as a wheel). Vehicle mass is accounted for by multiplying by the 

square of the wheel radius when passing the mass upstream. Subsequently, this is 

combined with any other algebraic gearing ratio transformations which results in 

Equations 3.6, 3.7 and 3.8. To calculate the vehicle’s linear acceleration (Equation 

3.8), the powertrain inertia is divided by the square of the wheel radius in the opposite 

manner the how the vehicle mass is accounted for in the rotational domain for the 

powertrain: 
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𝑇𝑎𝑝𝑝 −

𝐹𝑟𝑒𝑠𝑟3

𝐺
= ((

𝑚𝑟3
2 + 𝐼3

𝐺2
) + 𝐼1 + 𝐼2) �̇�𝐴 Equation 3.6 

 𝑇𝑎𝑝𝑝𝐺 − 𝐹𝑟𝑒𝑠𝑟3 = (𝐼3 + 𝑚𝑟3
2 + (𝐼1 + 𝐼2)𝐺2)�̇�𝐵 

Equation 3.7 

 
𝑇𝑎𝑝𝑝𝐺

𝑟3
− 𝐹𝑟𝑒𝑠 = ((

((𝐼1 + 𝐼2)𝐺2 + 𝐼3)

𝑟3
2

) + 𝑚) 𝑎 Equation 3.8 

Equation 3.6 is the system equation written with respect to Shaft A of Figure 3.2, 

Equation 3.7 is the system equation written with respect to Shaft B and Equation 3.8 

is the system equation written with respect to the vehicle, which describes linear 

motion for the vehicle (Equations 3.6 and 3.7 describe rotational motion for the two 

Shafts A and B respectively). These equations allow for independent determination of 

rotational speeds and vehicle speeds. This is the principle behind the mathematical 

decoupling of the subsystems within the vehicle model. The model signal architectures 

presented previously required the feedback of a rotational speed signal from the 

downstream component. The methodology proposed in this thesis passes torque and 

resistive torque signals between subsystems of the architecture, as well as calculating 

a reduced mass moment of inertia for the system at each point. Differential equations 

solve for the speed intrinsically within each subsystem. Although this increases the 

complexity of the calculations performed within sub-system models, it ultimately 

means that should a downstream component be removed, the rotational speed of the 

upstream component is still known. There is no need for the speed calculations to be 

‘closed’ by a terminating system through an applied boundary on the system. This 

increases the model flexibility by allowing components to be added, or removed, as 

required without the need for any global level modifications to the system. For 

example, in Equation 3.7 which describes the rotational motion for Shaft A, by 

removing both downstream components the equation reduces to Equation 3.3  without 
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the need for any further modifications. Once the system components are identified and 

modelled, the rotational speed of the shafts or the vehicle velocity can be calculated 

for any component in the system, as shown in Equations 3.9, 3.10 and 3.11. 

 

𝜔𝐴 = ∫
𝑇𝑎𝑝𝑝 −

𝐹𝑟𝑒𝑠𝑟3

𝐺

(𝑚𝑟3
2 +

𝐼3

𝐺2 + 𝐼1 + 𝐼2)
𝑑𝑡 Equation 3.9 

 
𝜔𝐵 = ∫

𝑇𝑎𝑝𝑝𝐺 − 𝐹𝑟𝑒𝑠𝑟3

(𝑚𝑟3
2 + 𝐼3 + (𝐼1 + 𝐼2)𝐺2)

𝑑𝑡 Equation 3.10 

 

𝑣 = ∫

𝑇𝑎𝑝𝑝𝐺
𝑟3

− 𝐹𝑟𝑒𝑠

(𝑚 + (
𝐼3 + (𝐼1 + 𝐼2)𝐺2

𝑟3
2 ))

𝑑𝑡 
Equation 3.11 

Figure 3.3 depicts the new model signal paths where in place of the more traditional 

torque flow/speed flow paths, applied torque and resistive torque pathways are 

identified instead.  

Engine Transmission

Wheel

Wheel

Axle

Applied Torque Flow

Resistive Torque Flow

 

Figure 3.3 - Signal flow paths highlighting applied torque and resistive torque 

flow direction 
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3.3 Model Implementation 

The Vehicle Model Architecture developed in this work has been implemented 

within the MATLAB Simulink modelling environment. The vehicle and powertrain 

are decomposed into constituent sub-systems and components, with the signal 

architecture presented in Figure 3.4 applied to each element: 

TorqueFromUpstream

InertiaFromUpstream

TorqueFromDownstream

InertiaFromDownstream

Control Input

TorqueToDownstream

InertiaToDownstream

TorqueToUpstream

InertiaToUpstream

Control Feedback

 

As with other VMA’s discussed in section 2.4 the proposed VMA uses a 

standardised signal architecture for each subsystem component, however the proposed 

architecture is not affected if any of the inputs are equal to zero. The 

TorqueFromUpstream signal is the torque applied to the component by the component 

in the upstream direction and is equivalent to the Tapp parameter. The 

InertiaFromUpstream signal is the reduced mass moment of inertia of all the upstream 

components. The TorqueFromDownstream signal is the resistive torque on the 

component from the component in the downstream direction and is equivalent to the 

Tres parameter. The InertiaFromDownstream signal is the reduced mass moment of 

inertia of all of the downstream components. The Control Input signal is the generic 

input port for all the control signals that the specific component requires. The 

Figure 3.4-Subsystem signal architecture of I/O 
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TorqueToDownstream signal is the torque applied by the component to any 

component immediately downstream.  The InertiaToDownstream signal is the reduced 

mass moment of inertia that is passed to the component immediately downstream. The 

TorqueToUpstream signal is the resistive torque that is passed to the component 

immediately upstream. The InertiaToUpstream signal is the reduced mass moment of 

inertia that is passed to the component immediately upstream. Note that all torques 

and inertias must be transformed accordingly through any gearing ratios within the 

subsystem. The component inertia is included with the inertia input signals and passed 

in the appropriate direction as the inertia output signals for use by other components. 

Any torque losses to be modelled within the component are applied to the torque input 

signals. The Simulink implementation of a simple shaft model is shown in Figure 3.5. 

There is no control input to this model and the shaft’s rotational speed is the control 

feedback. No internal losses are shown. A schematic is also shown in Figure 3.6 

depicting how two component subsystems are connected.  

Figure 3.5- Simulink Block Signal Paths and equation implementation shown 

inside sub-system 
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Each block has the same signal inputs and outputs as that shown in Figure 3.4. Any 

signal with the notation…ToUpstream as a suffix means that the signal must travel to 

the upstream component. Similarly, any signal with the suffix …ToDownstream 

means that that signal must travel to the downstream component.  Each block has the 

same signal inputs and outputs as that shown in Figure 3.4. Any signal with the 

notation…ToUpstream as a suffix means that the signal must travel to the upstream 

component. Similarly, any signal with the suffix …ToDownstream means that that 

signal must travel to the downstream component.   

TorqueFromUpstream

InertiaFromUpstream

TorqueFromDownstream

InertiaFromDownstream

Control Input

TorqueToDownstream

InertiaToDownstream

TorqueToUpstream

InertiaToUpstream

Control Feedback

TorqueFromUpstream

InertiaFromUpstream

TorqueFromDownstream

InertiaFromDownstream

Control Input

TorqueToDownstream

InertiaToDownstream

TorqueToUpstream

InertiaToUpstream

Control Feedback

Signals from 

downstream

Signals to 

upstream

Signals to 

downstream

Signals from 

upstream

Component 1

Component 2

 

Figure 3.6- Two connected component sub systems 
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Each block has the same signal inputs and outputs as that shown in Figure 3.4. Any 

signal with the notation…ToUpstream as a suffix means that the signal must travel to 

the upstream component. Similarly, any signal with the suffix …ToDownstream 

means that that signal must travel to the downstream component. The only exception 

to this is when a system is the terminating component in the powertrain (i.e. first or 

last sub-system), or the component is being simulated in isolation. System losses are 

subtracted from the applied torque path and added to the resistive torque path; at any 

point within the system, the applied torque on any component is the cumulative effect 

of the upstream applied torque minus any losses due to the upstream components, and 

downstream includes resistive torques plus any losses due to the downstream 

components.  

As the highest sampling rate available from the vehicle Controller Area Network 

(CAN) during vehicle testing is 100Hz this was also selected as the default sampling 

rate for the vehicle simulation. Any data that was not logged at 100Hz during vehicle 

testing (largely limited to signals with low rates of change and therefore higher 

frequency sampling would be inappropriate) was up-sampled during pre-processing to 

ensure compatibility with simulation sampling rates. 

3.4 Driver Model 

From the review of driver modelling approaches in section 2.3.2, it was concluded that 

the most suitable approach was to implement a PID controller driver model. The top 

level of the PID controller implemented in this work is shown in Figure 3.7. Gain 

scheduling has been implemented within the driver model based on a ‘Driver Look 

Ahead’ strategy. This was implemented using exact replica of the desired drive cycle 

which is advanced in the time domain by a defined number of time steps. 0.5 seconds 

or 50 timesteps was found to give suitable look ahead characteristics that gave a 
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representative effect of a real-world driver being able to judge pedal aggressiveness 

for upcoming manoeuvres. 

Figure 3.7 – Driver model Simulink implementation 

This generates a new input into the PID controller for the proportional gain. The 

signal conditioning block contains a smoothing function based on a moving average 

to improve the output from the PID relative to real world driver behaviour by reducing 

signal noise. Figure 3.8 shows the sub-system of the PID controller block. The 

integrator has an external reset enabled which is activated by a change in sign of the 

input error signal i.e. switching from an acceleration to a deceleration event or vice 

versa.  

 

Figure 3.8 – PID controller Simulink implementation 
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Gain scheduling based on driver look ahead error 
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This mitigates integrator windup, where the integral of the error continues to 

increase beyond the saturation limits which can cause erratic PID controller behaviour 

and large overshoots in controller outputs before the system stabilises. 

Several driver tuning methods are available such as the Ziegler-Nichols method 

[160] and the MATLAB PID auto tuner [161]. However, both methods were found to 

be unsuitable for use in the current work. The Ziegler-Nichols method produced a 

response that was overly sensitive i.e. the rate of change of pedal positions was 

excessively high relative to realistic driver behaviours. The MATLAB PID auto tuner 

response was not sensitive enough for the kind of transient characteristics encountered 

in a typical bus drive cycle, particularly given the emphasis on capturing transient 

behaviour for control system development in this work. A simple, iterative approach 

was finally implemented, similar to the Zeigler Nichols method but limiting the high 

gain values which produced the observed instabilities in the response. An 

understanding of the effect of the variation on each of the gain parameters was first 

established. The proportional response, in this case, depends only on the difference 

between the target speed (set-point) and actual speed (process variable) [162]. In 

general, increasing the proportional gain increases the speed of the driver model 

system response. However, excessively large proportional gains can cause erratic 

system operation and oscillations in controller output. The integral component of the 

controller sums the error over time [162]. The integral response will continually 

increase over time unless there is no error, so the effect is to drive the steady-state 

error to zero. As a result, integrator wind up can occur which causes large errors in 

controller output. This was accounted for by resetting the integral gain when the sign 

of the error input changes. Typically, this occurs at the start of individual acceleration 

and deceleration events and therefore the history of the controller output does not 
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affect its response for the next driving event. The derivative response is proportional 

to the rate of change of the process variable [162]. The derivative response is highly 

sensitive to noise in the input signals and as such it was found that the use of this gain 

caused undesirable output characteristics, therefore, the derivative gain in the 

controller was set to zero.  

3.5 Engine Model 

The engine modelled is a twin turbo charged 5.1 litre Euro VI certified Daimler 

unit. The same engine is installed in both the single and double deck vehicle 

configurations. The single deck variant has a peak output power of 155kW and the 

double deck variant produces 170kW.  The crankshaft is modelled as a simple shaft 

applied and resistive torques acting on it. Crankshaft speed is based on the integral of 

the torque balance across the shaft and the reduced mass moment of inertia calculated 

at the crankshaft with respect to time, as previously described in Section 3.2. The 

accelerator pedal position is converted to a driver demand torque. In the actual vehicle 

control system, the driver demand torque is a modified version of the APP based on 

pedal feel curves and hysteresis functions. However, in the model the driver demand 

torque is an exact mapping of the APP from the driver model output. The engine 

control unit follows the SAE J1939 [163] standard, which dictates how engine control 

systems for heavy duty vehicles should be implemented. Figure 3.9 shows the control 

schematic redrawn from the J1939 document.  
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Figure 3.9 – J1939 engine control standard redrawn from [163] 

The cruise control and power take off (PTO) governor blocks are non-functional as 

they are not required in the vehicle model. The road speed governor puts a maximum 

speed limit on the vehicle which, if met, results in the engine being de-rated 

accordingly. The idle governor is implemented in the model as a lookup table which 

requests torque to maintain the engine at the desired idle speed, in this case around 

670 RPM. There is also a modifier in the idle governor block which can deactivate it 

during stop-start events to prevent the idle governor requesting torque when the engine 

is inactive. The full load governor block contains the torque curves for the engine. The 

pumping torque, which captures pumping and frictional losses within the engine, is 

also implemented here as the engine control requires torque to be in indicated torque 

values rather than brake torque. Pumping torque is added to the brake torque curves to 

give the Actual Engine Percent torque output as a percentage of the engine reference 

torque. The engine protection block is inactive in the model. The final input block in 

the engine control unit is a second implementation of the pumping torque curves. This 

is later subtracted from the actual engine percent torque for the engine crank shaft to 
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ensure that the correct brake torque is used in shaft speed calculations. Figure 3.10 

shows the steady state and lug up torque curves for the 170kW engine variant. To 

capture the transient operational characteristics of the engine, engine lug up curves 

derived from supplier data were used to simulate the engine torque output 

characteristics during transient conditions as the dynamics of the boost system would 

require a much higher fidelity engine model. During rapid increases in engine load, the 

boost generated by the compressor lags behind its steady state pressure due to the inertia 

of the rotating components. Consequently, the mass flow rate of air into the engine is also 

lower than the steady state level. In such circumstances, the fuel flow rate must also be 

reduced in order to limit particulate generation.  Within the engine model subsystem, a 

controller was implemented to use the lug up curve torque at given engine speeds when 

the transmission was in first gear operation as transient events are mainly encountered 

during first gear acceleration events from stationary. The steady state torque curve was 

implemented in all other gears as the majority of vehicle driving events are full load 

accelerations. Engine speed is calculated based on the brake torque output applied to 

the crankshaft. Fuel consumption is determined from a brake specific fuel 

consumption (BSFC) map derived from supplier data, shown in Figure 3.11. However, 

to avoid extrapolated BSFC tending to infinity at zero torque (and therefore zero 

power), the BSFC map was converted to a fuel consumption map by multiplying each 

point by the equivalent power to convert from units of BSFC (g/kWhr) to units of fuel 

consumption (g/hr) shown in Figure 3.12. In general, the BSFC varies with both engine 

speed and load. For example, friction losses increase as the engine speed increases and 

heat loss to the cylinder walls increases as engine speed slows down due to more time 

being available in each cycle for heat transfer. Also, In the vertical direction, as friction 

losses are essentially constant at a given engine speed, as the engine provides more brake 
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torque output the friction losses become a smaller percentage of the total fuel energy and 

hence BSFC reduces as engine load/torque output increases. 

Figure 3.10 – 170kW Engine torque curves from supplier data  

Figure 3.11 – BSFC map from supplier data 
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Figure 3.12 – Fuel consumption map 

Cumulative fuel consumption across the driving event is calculated through 

numerical integration of instantaneous fuel consumption at each time step, as 

described by Equation 3.12.  

Where FCcum is the cumulative fuel consumption either in grams or millilitres, 

FCinst is the instantaneous fuel consumption measured in g/s or ml/s and dt is the 

simulation time-step. An assumed specific gravity of the fuel 0.8325 was used as this 

is the average value for diesel specific gravity according to the European Centre for 

standardisation in European Standard EN590 [164]. The specific gravity is used to 

convert the fuel consumption in g to ml for direct comparison with logged vehicle data 

for model validation purposes, which is recorded volumetrically. 

The engine model also contains additional functions which can be enabled or 

disabled, depending on the desired simulation conditions which include average power 

 

𝐹𝐶𝑐𝑢𝑚 = ∑ 𝐹𝐶𝑖𝑛𝑠𝑡𝑑𝑡

𝑡

𝑡0

 Equation 3.12 
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losses to auxiliaries, engine stop-start capability and engine de-rate for when the 

hybrid system is active, which is discussed further in section 4.7.3. The model also 

has built in fuel cut on deceleration to reflect the same system on the vehicle. Figure 

3.13 shows a graph extracted from logged data showing the deceleration fuel cut. The 

only time that fuel is injected into the engine during deceleration is if the engine speed 

drops into the speed threshold that is controlled by the idle governor as shown in 

Figure 3.14. Fuel is then injected to maintain engine speed at idle. Figure 3.13 shows 

the deceleration fuel cut for the system whilst Figure 3.14 highlights that the only 

injection of fuel arises when the engine speed falls within the threshold controlled by 

the idle governor. 

 

Figure 3.13 – Data Log showing deceleration fuel cut 

 

Figure 3.14 – Data log showing engine fuelling spike from idle governor control 

Fuel Injection spike 

Fuel Injection spike 
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Modifying functions on top of the baseline BSFC map could potentially increase 

fuel consumption due to events such as fuel injection if the exhaust aftertreatment 

temperature drops below what is required for optimal aftertreatment system operation. 

If there is a fuel cut present, then the engine is acting as a pump, pushing fresh air 

through the exhaust system cooling it down and an injection of fuel which would be 

combusted would assist in increasing the exhaust gas temperature maintaining the 

correct aftertreatment temperature. To mitigate this potential issue, the BSFC map 

used in the model was compared to data that was extracted from logged vehicle data. 

The vehicle BSFC map was recreated from the test data by using logged torque, speed 

and fuel consumption. This was converted to BSFC and plotted. Figure 3.15 shows a 

comparison of the map used in the model to a map that was extracted and recreated 

from logged vehicle test data. 

Figure 3.15 – Comparison of model and vehicle test BSFC maps 

Red curve shows 

expected BSFC curve 

from model 
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The two maps (Model and Vehicle) show good general qualitative matching and 

shape characteristics. However, as can be seen in the Y-Z projections for each map the 

curve in the vehicle BSFC map is of a much lower radius. The potential impact of this 

on the model is that the instantaneous fuel consumption prediction characteristics are 

erroneous, however in later sections the validation of the model will show that the fuel 

consumption results achieve a suitable level of accuracy. 

3.6 Transmission model 

The transmission is a 4 speed Voith DIWA.6 automatic transmission. This is a 

complex component consisting of 6 clutch packs, 5 shafts (4 bi-directional), a torque 

converter which doubles as a retarder, a lubrication pump and a control system to 

ensure correct shift patterns. Figure 3.16 shows a cross-sectional diagram of the 

transmission. Torques and speeds must be handled correctly by the transmission model 

and losses must be accounted for. 

 

 

 

 

 

 

 

 

 

Figure 3.16 – Voith DIWA.6 transmission [165] 
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As the internal dynamics and kinematics of the planetary gear sets (direction of 

rotation of individual planet, sun and ring gear sets) are not critical to the current 

function of the model the method used to model the transmission is an abstraction of 

the actual dynamics of the system. The various planetary gear sets were simplified to 

simple mechanical advantage systems, ignoring the effects arising from the rotations 

of the various components of the planetary gearsets. This was a suitable assumption 

as there is currently no requirement for the internal operation of the transmission to be 

modelled.  A schematic diagram for the transmission system as implemented in the 

model is shown in Figure 3.17. An example of the operational characteristics of the 

transmission is shown in Figure 3.18.  
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Figure 3.17 – Transmission model schematic 
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Figure 3.18 – Plot showing engine speed, transmission speed and selected gear 

 

The engine speed saw tooth profile is shown alongside the corresponding gear 

shifts, as well as the transmission output shaft speed. The gearing ratio in third gear is 

one and hence engine and transmission output shaft speeds are equal. The gear 

dynamics blocks are where the torque and inertia transformations take place for each 

gearing ratio. Torques are either multiplied or divided by the selected gear ratio 

depending on whether it is an applied or resistive torque. Inertias are either multiplied 

or divided by the square of the gear ratio depending on whether the inertia is being 

passed downstream or upstream of the component of interest in the drivetrain. To 

account for losses in each gear, a set of up lookup tables were created from supplier 

data which map torque loss to input speed and input torque, as shown in Figure 3.19. 

This torque loss is added to the torque passed to the upstream directions and subtracted 

from the torque passed in the downstream direction, as per the rationale of the 

modelling architecture. 
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Figure 3.19 – Transmission torque loss map, 2nd gear 

A torque convertor model was used to simulate the hydrodynamic first gear of the 

Voith transmission. It is based on standard torque convertor dynamics, as shown in 

equations 3.13 and 3.14: 

 
𝑇𝑖𝑚𝑝 = (

𝑁𝑖𝑛

𝐶𝐹
)

2

 Equation 3.13 

 
𝑇𝑡𝑢𝑟 = 𝑇𝑖𝑚𝑝𝑇𝐶 Equation 3.14 

where Timp is the impeller torque, Nin is the input shaft speed, CF is the capacity 

factor in Nm/RPM2, Ttur is the turbine torque and TC is the torque ratio across the 

convertor. Values for the capacity factor and the torque ratio were taken from supplier 

data and converted to lookup tables with desired speed ratio Nin/Nout as the input. The 

data maps speed ratio to both capacity factor and torque ratio, as shown in Figure 3.20. 
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Figure 3.20 – Torque convertor capacity factor (Nm/RPM2) and torque ratio (-) 

against speed ratio (-) 

The torque convertor in the transmission doubles as a retarder during braking. The 

retarder is modelled using a lookup table constructed from supplier data. The 1-D 

lookup table maps retarder braking torque to transmission output shaft speed, as seen 

in Figure 3.21, where the braking torque applied to the system is a function of brake 

pedal position and transmission output shaft speed. The braking torque is subtracted 

from the applied torque travelling in the downstream direction and added to the 

resistive torque travelling in the upstream direction, as per the VMA protocol. 

Figure 3.21 – Transmission retarder braking torque curve 
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3.6.1 Clutch Model 

There are numerous clutch modelling approaches presented in literature [102], 

[166]–[169] with the inclusion of the clutch shaft dynamics into the clutch model the 

most common approach. However, in order to maintain a modular structure, the clutch 

was implemented as a sub model which only handles the simulation of clutch torque 

with separate shafts on either side (one in the upstream and one in the downstream 

directions) to represent the input and output shafts of the gearbox. Typically, a clutch 

is modelled with two states and a set of conditions for switching between them. The 

states are locked and unlocked as needed. Equations 3.15 to 3.17 describe the 

equations of motion for clutch dynamics for a simple system of two rotating masses 

coupled via a clutch. 

 
𝑇𝑎𝑝𝑝 − 𝑇𝑐𝑙 = 𝐼1�̇�1 Equation 3.15 

 
𝑇𝑐𝑙 − 𝑇𝑟𝑒𝑠 = 𝐼2�̇�2 Equation 3.16 

 
𝑇𝑎𝑝𝑝 − 𝑇𝑟𝑒𝑠 = (𝐼1 + 𝐼2)�̇�𝑠𝑦𝑠 Equation 3.17 

The clutch torque, Tcl, is usually calculated as a function of clutch diameter, plate 

pressure and the coefficient of friction of the clutch material. As none of these 

parameters were known, a maximum clutch torque was assumed and tuned using 

experimental validation data sets derived from vehicle trials accordingly until the 

results produced by the model were acceptable. Equation 3.18 shows the calculation 

for the clutch torque used in the model: 

𝑇𝑐𝑙 = 𝑢𝑐𝑙𝑇𝑐𝑙𝑚𝑎𝑥 tanh(𝜀(𝜔𝑖𝑛 − 𝜔𝑜𝑢𝑡))    Equation 3.18 

Where ucl is the clutch logic signal from the transmission control unit, Tclmax is the 

maximum available clutch torque in N and ε is the hyperbolic tangent tuning 
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coefficient. The hyperbolic tangent function is present to assist with smoothing of the 

clutch state changes and to prevent rapid changes in clutch state producing instabilities 

and oscillations in the simulation results. Some models use a sign function instead of 

a hyperbolic tangent [170]. However, for this application is was found that a 

hyperbolic tangent tuned to be closely centred around zero avoided oscillations and 

gave acceptable accuracy relative to experimental vehicle data sets. Examples of the 

hyperbolic tangent function with varying values for the tuning coefficient, C, are 

shown in Figure 3.22. 

Figure 3.22 – Hyperbolic tangent function with arbitrary variable x 

Figure 3.23 shows an example of operation of the clutch models; the blue line 

represents a mass with an inertia of 1kgm2 rotating with an initial angular velocity of 

1000 RPM. A ramped torque is applied to the input mass starting at a value of 50Nm 

at a time of t = 1s and increasing linearly to a value of 200Nm at t = 9s and is then 

removed.  The orange line represents mass with an inertia of 1kgm2 rotating with an 

initial angular velocity of 500 RPM. At time t = 1.99 seconds clutch engagement 

begins and ramps from 0 to 1 in 0.1 seconds. The clutch locks shortly after engagement 

finishes and the two shafts which have matched speeds by the point of locking rotate 

as a single system until the clutch is disengaged at t = 8 seconds, after which the output 
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mass continues at a constant speed and the input mass continues to increase in speed 

until the applied torque is removed at t = 9 seconds. Note that there is no resistive 

torque applied to the system in this example.  

The clutch model was used three times in the transmission subsystem to replicate 

the 3 input clutch packs that are used shown in Figure 3.16. Each clutch was associated 

with a gear transformation block which handles the torque and inertia transformations. 

Figure 3.23 – Clutch model operation example 

The main drawback with modelling the clutch using the method outlined is that due 

to the input and output shaft speed calculations being handled by two separate 

subsystems, when the clutch state is locked the speeds do not always match exactly. 

However, this difference in shaft speeds is low, typically being less than 50RPM. The 

error arises because of the numerical integration being performed over a timestep after 

which the clutch has been established as locked, which means that the shafts 

accelerations are opposing one another resulting in a slight crossover of speeds which 

is only removed on clutch disengagement. 

Start of Clutch Engagement 

End of Clutch Engagement 

Clutch Disengagement 
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3.6.2 Transmission Control Unit 

The transmission control system was implemented in Stateflow [171], which is 

specifically designed for the implementation of discrete logic control systems. The 

Stateflow diagram for the transmission control logic is shown in Figure 3.24, and has 

been replicated from supplier data.  The Gear parameter represents the selected gear 

for the transmission. The EK, DK and SK parameters represent the states for each of 

the clutch packs, 1 being engaged and 0 being disengaged. 

Figure 3.24 – Transmission control Stateflow diagram 

TB represents the turbine brake which is present to activate the retarder mode of 

the torque convertor in the transmission. The Automatic Neutral Shift (ANS) block 

state is entered when the Forward Neutral Reverse (FNR) logic signal is 0. This is 

dictated by when the APP is 0 and the vehicle velocity is less than 5km/h. For all other 

conditions the Forward active state block is used. The APP, transmission output shaft 

speed and a kickdown signal provide the main control logic inputs for the 

transmission. The kickdown signal is used to determine if a lower gear is required to 

achieve desired acceleration rates. Based on the accelerator pedal position input, a 
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second Stateflow machine is used to determine a pedal level, as shown in  Figure 3.25. 

The pedal level is used with the speed and accelerations for the transmission output 

shaft to produce a gear shift signal for shifting up and down through the gears. These 

signals are designated as G12, G23, G34, G43, G32 and G21, where G12 is the signal 

to shift from first to second gear etc. The gear selection signals are then fed into the 

main control strategy (Figure 3.24) where signals to engage or disengage the three 

clutch packs are output. 

Figure 3.25 – Accelerator pedal levels for transmission control strategy 

These clutches are designated as the EK, DK and SK clutch where the EK clutch 

engages second gear, DK engages third gear and SK engages fourth gear. The clutch 

signals are rate limited to avoid simulation instabilities and passed to the clutch model 

to engage the desired gear. A ‘TransShiftInProcess’ signal is also output from the 

control unit and fed into the engine model to provide a means of cutting engine torque 

during gear shifts, avoiding large engine speed increases during gear shifts.  
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3.7 Axle Model 

The axle model contains the final drive ratio in the powertrain. It is modelled in a 

similar manner to that of the transmission where two shafts are coupled via a single 

gearing ratio. The only difference is the omission of a clutch to couple and decouple 

the shafts. Like the transmission model, the gear dynamics block is where the torque 

and inertia transformations take place. Torques are either multiplied or divided by the 

gear ratio depending on whether it is an applied or resistive torque. Inertias are either 

multiplied or divided by the square of the gear ratio depending on whether the inertia 

is being passed downstream or upstream.  Figure 3.26 shows a schematic diagram of 

the axle model. 

Input Shaft Output Shaft

Final drive 

ratio gear 

dynamics

 

Figure 3.26 – Axle Model Schematic 

3.8 Wheel Model 

The wheel model serves to convert parameters from a rotational reference frame to 

a linear reference frame, and vice versa. Rolling resistance for the tyres is neglected 

in this section as it is accounted for in the vehicle body modelling, discussed in section 

3.9. Equation 3.19 shows the equation used in the wheel model.  

𝑇𝑎𝑝𝑝 − 𝑇𝑏𝑟𝑎𝑘𝑒 − 𝑇𝑟𝑒𝑠 = (𝐼𝑤ℎ𝑒𝑒𝑙 + 𝐼𝑢𝑝 + 𝑚𝑣𝑒ℎ𝑅𝑅2)�̇�𝑤ℎ𝑒𝑒𝑙 Equation 3.19 

where RR is the rolling radius of the wheel expressed in metres. 

The friction brakes are modelled as a retarding torque based on brake pedal position 

from driver input. Some friction brake models will be of a higher fidelity, capturing 
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brake pedal position and converting this to brake line pressure and subsequently 

converting this to a frictional force and then retarding torque at the wheel. However, 

as friction brakes themselves are not a central focus of the current work, the system 

was modelled as a simple retarding torque applied to the wheel. The sign (+ve or -ve) 

of the wheel speed signal is used to prevent simulation instabilities around zero 

velocity values. The friction brake model implemented is described by Equation 3.20. 

𝑇𝑏𝑟𝑎𝑘𝑒 = 𝐵𝑃𝑃. 𝑇𝑏𝑟𝑎𝑘𝑒𝑚𝑎𝑥 . 𝑠𝑔𝑛(𝜔𝑤ℎ𝑒𝑒𝑙) Equation 3.20 

where Tbrake is the braking torque output from the brake system, BPP is the brake 

pedal position signal Tbrakemax is the maximum braking torque available and ωwheel is 

the angular velocity of the wheels assuming no wheel slip. 

3.9 Vehicle Body Model 

The vehicle body model is based on Newtons Second Law of Motion. The 

rotational powertrain inertia is converted to an equivalent mass in the linear domain 

and added to the vehicle mass. The vehicle body model is provided with the tractive 

force from the wheel model, and the resultant force on the vehicle is calculated by 

subtracting the active resistive forces in that time step (such as rolling resistance, drag 

and gradient) from this tractive force. Equations 3.21 to 3.25 show the standard 

equations used to model the forces on the vehicle and calculate the subsequent vehicle 

velocity:  

𝐹𝑤ℎ𝑒𝑒𝑙 = 𝐹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + 𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑔𝑟𝑎𝑑𝑒 + 𝑚𝑒𝑞𝑎 Equation 3.21 

𝐹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 = 𝑘𝑟𝑚𝑣𝑔 cos 𝜃 Equation 3.22 

𝐹𝑎𝑒𝑟𝑜 =
1

2
𝜌𝐶𝑑𝐴𝑓𝑣2 Equation 3.23 
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𝐹𝑔𝑟𝑎𝑑𝑒 = 𝑚𝑣𝑔 sin 𝜃 Equation 3.24 

𝑣 = ∫
𝐹𝑤ℎ − (𝑘𝑟𝑚𝑣𝑔 cos 𝜃 +

1
2 𝜌𝐶𝑑𝐴𝑓𝑣2 + 𝑚𝑣𝑔 sin 𝜃)

𝑚𝑒𝑞

𝑡

𝑡0

𝑑𝑡 Equation 3.25 

where Fwheel is the resultant force at the wheel in N, Frolling is the rolling resistance 

force on the vehicle in N, Faero is the aerodynamic drag force on the vehicle in N, Fgrade 

is the force resulting from the effects of gravity when the vehicle is climbing or 

descending a gradient in N, meq is the equivalent mass of the vehicle when accounting 

for the inertia of rotating components in kg, a is the vehicle acceleration in m/s2, kr is 

the effective rolling resistance coefficient, mv is the static vehicle mass in kg, g is 

acceleration due to gravity in m/s2, 𝜃 is the road incline angle, ρ is the density of the 

air in kg/m3, Cd is the coefficient of drag for the vehicle, Af is the frontal area of the 

vehicle in m2, and v is the vehicle velocity in m/s. The model can also use resistive 

forces provided as a polynomial function derived from coast-down analysis. A coast 

down polynomial curve will capture losses in the drivetrain that would not be captured 

by the standard resistive force equations. These losses could be incorporated into the 

model by including functions for each loss into the relevant sub component such as 

bearing losses and gear interaction losses from the differential in the axle model. The 

coast down curve provides an easy function which can capture these, provided tests 

can be performed on the real-world vehicle. The use of coast down curves can negate 

the need for assumptions for a range of mechanical and aerodynamic loss sources but 

means that the user does not necessarily have a detailed understanding of the 

breakdown of the contributions to the overall resistive force on the vehicle. 

To generate a coast down polynomial, a ‘coast down’ test is performed on the 

vehicle. The vehicle is accelerated to a desired speed and the transmission is switched 

to neutral to allow the vehicle to ‘coast down’ to rest. During this coast down, the 
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vehicle velocity is logged against time. Provided the mass of the vehicle is known, the 

resistive force on the vehicle can be calculated at each time step from Newtons Second 

Law (Equation 1.37): 

 
𝐹 = 𝑚𝑒𝑞

𝑑𝑣

𝑑𝑡
 Equation 3.26 

The equivalent mass, meq, accounts for the rotating inertia of the drive train 

components after the transmission which will also have a contribution to the coast 

down tests. The resistive force is proportional to the square of the velocity at higher 

speeds due to the drag component being dominant. Hence, a second order polynomial 

fit is usually sufficient to express the relationship between resistive force and vehicle 

velocity. The coast down curves account for unknown characteristics such as losses 

due to wheel bearings, alongside the global resistive forces. Coast-down data was 

available for the both Streetlite and Streetdeck vehicle configurations. To perform the 

test the vehicles are accelerated up to a desired speed, usually around 100km/h. The 

transmission is then switched to neutral and the vehicle is allowed to decelerate and 

come to rest without the driver applying any additional braking force. The polynomial 

extracted for the single-deck vehicle in this instance is shown in Equation 3.27 and the 

polynomial for the double deck is shown in Equation 3.28. 

 
𝐹res = 0.62𝑣2 + 67.29𝑣 + 595.1 Equation 3.27 

 
𝐹𝑟𝑒𝑠 = 3𝑣2 + 37.2𝑣 + 1219.4 Equation 3.28 

where Fres is the resistive force (N) and v is the vehicle velocity (m/s). The same coast 

down curves were used for both baseline and hybrid configurations because when 

vehicle tests were being performed to extract validation data the mild-hybrid system 

was present on the vehicle but was inactive, therefore, the test masses for the two 

vehicle configurations, baseline and hybrid, were the same. This also means that the 
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resistive forces from the hybrid components are still present and therefore the same 

coast down polynomials can be used for both baseline and hybrid vehicle 

configurations.  

3.10  Baseline Vehicle Model Standard Validation 

A standard validation was first performed to establish the quality of the simulation 

results in terms of global characteristics. The first validation step performed was a face 

validity check to establish whether extreme behavioural abnormalities were present in 

the result plots. Examples are shown in Figure 3.27 and Figure 3.28 of the drive cycle 

velocity profiles for both the Streetlite MH3 and Streetdeck MH3 vehicle 

configurations with the simulation velocity profile superimposed. The maximum 

difference in velocity from reference to simulation data is approximately 3 km/h for 

both vehicle models. Note that other results were also checked for face validity and 

the velocity is only shown here for conciseness. 

 

Figure 3.27 – StreetLite MH3 LUB velocity profile 
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Figure 3.28 – StreetDeck MH3 LUB velocity profile 

Typical quantitative methods of checking simulation quality were then used to 

assess the model’s performance for the objective of fuel consumption prediction. The 

metrics chosen were the error at the end of the simulation, the mean absolute error 

(MAE), the root mean square error (RMS) and the standard deviation of the error. 

These results are detailed in Table 3.2 and Table 3.3 for the Streetlite and Streetdeck 

baseline vehicles respectively. The results indicate that the models have good global 

fuel consumption prediction characteristics, however, the method used of only 

assessing a small subset of metrics is not suitable when a detailed understanding of the 

underlying instantaneous system characteristics is required, such as in a scenario 

where multiple power sources are available like in the mild hybrid configuration.  
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Table 3.2 - StreetLite MH3 LUB global fuel consumption validation results 

Table 3.3 - StreetDeck MH3 LUB global fuel consumption validation results 

3.11 Baseline Vehicle Model Detailed Validation 

The following sections present an algorithm for the validation of dynamic system 

models developed because of the requirement for a higher fidelity understanding of 

the underlying system dynamics to give confidence in the simulation results enabling 

the model to be used for energy management strategy development. Note that prior to 

the commencement of the following validation procedure the vehicle models were 

verified to ensure proper control logic operation, that the rotational speeds of 

components in the drivetrain were correct accounting for gear ratios, relative to the 

vehicle velocity, and that torque losses across the transmission were accounted for 

appropriately. The validation methodology is presented first and is then applied to the 

validation of the baseline vehicle model.  

Metric Result 

Error at end of simulation 21.45ml (0.5% of 4290ml total) 

MAE 18.14ml 

RMS 23.07ml 

Error Standard Deviation 14.40ml 

Metric Result 

Error at end of simulation 141.76ml (2.6% of 5452.3ml total) 

MAE 42.52ml 

RMS 56.10ml 

Error Standard Deviation 40.65ml 
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3.11.1 Selection of Validation Signals 

A signal (or signals) within the vehicle is identified as the ‘objective signal(s)’. This 

objective signal is decomposed through the model to produce a set of validation signals 

which is denoted as Γi, where i = {1,2,3…n}, i represents each signal set and n is the 

total number of sets identified within the model. For a vehicle simulation, these 

objective signals are typically global characteristics of the vehicle, such as cumulative 

fuel consumption. Each objective signal is subsequently decomposed through a signal 

identification process to establish several validation signals for the model which relate 

directly to the validation objective. These signals are labelled as 𝛾𝑖,𝑗,𝑘, where i denotes 

membership to the parent Γi signal set, j denotes the depth or level of decomposition 

of the signal relative to the objective parent signal, and k denotes the position of the 

validation signal within its own decomposition level. A generic validation signal set 

is shown in Figure 3.29 to illustrate the notation system.  

Γi γ i,1,1 (Objective signal)

γ i,2,1 

γ i,3,1 

γ i,4,1 

γ i,5,1 

γ i,4,2 

ith set of 

validation 

signals

Individual 

validation 

signals within set 

Signal 

decomposition

 

Figure 3.29 – Objective signal decomposition into validation signal set 

Note that an individual signal may belong to more than one validation signal set, 

and that the objective signal is also the first signal in the validation set, 𝛾𝑖,1,1. Each of 

these validation signals is typically non-complex and continuously varying with 
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respect to time, displaying appreciable changes in magnitude across the time range of 

interest. As an example of this process in application to the baseline vehicle fuel 

consumption model, cumulative fuel consumption (FCcum), is selected as the objective 

signal, 𝛾1,1,1 and is assigned to the first signal set, Γ1, as shown in Figure 3.30. 

Cumulative fuel consumption is calculated through the integration of the instantaneous 

fuel consumption (FCinst), as shown in Equation 3.29, over the driving event of interest 

spanning a time range t = t0 to tend.   

Continuing the decomposition process, instantaneous fuel consumption is a 

function of instantaneous engine rotational speed (Neng) and engine torque (Teng) as 

shown in Equation 3.30. 

Engine speed is therefore added to the set as 𝛾1,3,1 and engine torque is added to the 

same set as 𝛾1,3,2. This process continues for each objective signal in turn until no 

further depth of decomposition can be achieved. A second set was included which 

contained only the vehicle velocity, v, as this was also deemed important to the 

assessment of model validity, as including this signal in the process ensures that the 

simulation and real-world vehicle are performing the same drive cycle. Figure 3.30 

shows the identified validation signal sets. Each of the validation signals is evaluated 

against a set of behavioural characteristics, Λ, where each discrete behavioural 

characteristic is denoted as 𝜆𝑖,𝑗,𝑘,𝑞 . Here, i, j, and k relate to the position of each signal 

within the decomposition sequence and q = {1,2,3…n} is an identifier for the metric 

that is used to quantify each behavioural characteristic. 

 
dtFCFC

endt

t

instcum ==

0

1,1,1  Equation 3.29 

 ),(1,2,1 engenginst TNfFC ==  Equation 3.30 
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Γ1 γ 1,1,1 (Objective signal) = FCcum

γ 1,2,1 = FCinst

γ 1,3,1 = Neng γ 1,3,2 = Teng

1st set of 

validation 

signals

Individual 

validation 

signals within set 

Signal 

decomposition

Γ2 

2nd set of 

validation 

signals

Individual 

validation 

signals within set 

γ 2,1,1 = v

 

Figure 3.30 – Validation signal sets 

A set of seven behavioural characteristics (n = 7) are proposed here which have 

been identified as capturing all the necessary facets of the system behaviours to 

provide sufficient confidence in the model validation. These behavioural 

characteristics are shown in Table 3.4. 

Table 3.4 – Validation behaviour set 

Behaviour Description 

𝜆𝑖,𝑗,𝑘,1 Time Domain Lead/Lag Behaviour 

𝜆𝑖,𝑗,𝑘,2 First Order Derivative 

𝜆𝑖,𝑗,𝑘,3 Mean Absolute Error (MAE) 

𝜆𝑖,𝑗,𝑘,4 Root Mean Square Error (RMS) 

𝜆𝑖,𝑗,𝑘,5 maerms EEE −=
 

𝜆𝑖,𝑗,𝑘,6 Standard Deviation of Error Distribution 

𝜆𝑖,𝑗,𝑘,7 Inter-layer Emergent Behaviour 
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Each behavioural characteristic applied to the baseline vehicle model is explored 

in more detail in the following sections. It is assumed that prior to any mathematical 

evaluation, a visual inspection of the qualitative characteristics of the validation sets 

would have been undertaken. This allows for abnormalities in the simulation results 

to be identified before initiating the formal validation process. Irregularities such as 

excessive peaks in power or torque in the simulation data that do not exist in the 

reference data can be identified and appropriate model refinements introduced before 

proceeding to formal quantitative validation.   While each of the behaviours are 

discussed individually, the calculation process is automated within the vehicle model 

and there is limited user interaction required. 

3.11.2 Time domain leads/lags and signal correlation  

The first behavioural characteristic to be evaluated is the time domain lead/lag 

denoted as 𝝀𝒊,𝒋,𝒌,𝟏. This was evaluated through use of a correlation analysis. The signal 

correlation can be assessed using a cross correlation function which shifts a signal of 

interest by a given amount in the time domain (τ) and compares the extent of overlap 

to a fixed reference signal (in this instance ‘reference’ will always refer to real vehicle 

test data). The value of τ is then adjusted iteratively and comparisons made between 

the simulation and reference signals for each given value of τ. The strongest correlation 

occurs at the point where the overlap between the two signals is maximised, referred 

to as a correlation peak. By identifying the necessary time shift that needs to be applied 

to the signal of interest to achieve maximum signal correlation, lead and lag phasing 

errors can be identified and necessary model adjustments made to remove the error, if 

desired. Cross correlation for continuous functions is described by Equation 3.31. 
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 Equation 3.31 

where f and g are arbitrary functions to be cross correlated, f*(t) denotes the complex 

conjugate of f(t) (for functions with no imaginary components this is equal to the 

function itself), and τ is the time shift value. The results from the cross-correlation 

function have been normalised so that the autocorrelation of the two signals (the cross 

correlation of a signal with itself) at zero seconds lead or lag results in a value of one. 

Therefore, a cross-correlation result is better if the correlation is closer to one and the 

corresponding time lead or lag is close to zero. As an example of this, the vehicle 

velocity cross-cross correlation plot is shown in Figure 3.31 – Velocity cross 

correlation plot . 

Figure 3.31 – Velocity cross correlation plot  

Correlation Peak 
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For the example here, the velocity cross correlation plot shows that the peak of the 

function is at 0.99931 at -0.23 seconds (note that the minus indicates a time lag i.e. the 

simulated signal lags the reference signal). This is interpreted as a 99.931% correlation 

rating at a time lag of 0.23 seconds. The correlation at 0 seconds time lag for the same 

velocity signal was found to be 0.99903 or 99.903%. The cross-correlation rating of 

0.99903 for vehicle velocity now gives a value for the first behavioural characteristic 

metric for the first signal in the second set, λ2,1,1,1= 0.99903. As there is a small 

percentage difference between the correlation rating at -0.23s and 0s time lag, this 

illustrates that there is a negligible effect from the phasing delay between the 

simulation results and real vehicle test results; this helps to identify those errors arising 

from time-delays rather than any mathematical anomalies as shown in Figure 3.32.  

Figure 3.32 – Example of time domain lag producing errors 

3.11.3 First order derivatives  

The numerical first order derivative (𝑑𝛾𝑖,𝑗,𝑘/𝑑𝑡) of each of signal (simulated and 

reference) is then calculated to determine their respective rates of change at each 

instance in time and to ascertain comparisons in directionality for signal movement 

(positive/negative rates of change). This behavioural characteristic is denoted as 

Lag Causing Errors 
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𝝀𝒊,𝒋,𝒌,𝟐. For a signal comprising of n samples, the first order derivative is calculated for 

each sample (i) in the closed interval i= [2, end-1] using the preceding sample (𝑖 − 1) 

and the proceeding sample (𝑖 + 1), where ‘end’ is the last sample point in the vector, 

described by Equation 3.32. 

where y is the magnitude of the given signal and t is the time. The first and last 

sample points are set to zero for this method. However, provided that the time step 

used in the simulations is small, the error introduced is negligible. Once the first order 

derivatives are calculated, the time dependent directionality of each derivative for the 

simulation and the reference data is directly compared and a logical vector of true or 

false values returned (true when the directionalities match, and false otherwise). The 

fraction of the simulation sample steps where there is directionality matching can then 

be found providing a value for λ𝑖,𝑗,𝑘,2. Figure 3.33 shows a section of the 1st derivative 

plot for the instantaneous fuel consumption signal for the hybrid vehicle configuration, 

highlighting signal directionality match and mismatch.  

Figure 3.33 - Sample of instantaneous fuel consumption signal showing 

directionality match and mismatch 
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For the case of the instantaneous fuel consumption signal the directionality match 

fraction was 0.6818. If the phasing error from the first step was accounted for, this 

matching would be increased to 0.70161 - by considering these metrics in this fashion 

it ensures that subtleties in the behaviour such as this are revealed. While it is difficult 

to achieve a high level of directionality match on signals with high sampling 

frequencies, it is undesirable to smooth the data as some of the important time 

dependent characteristics in the results would be lost. The value of 0.6818 is now 

assigned to the second behavioural characteristic for the second signal in the first set, 

λ1,2,1,2.  

3.11.4 Mean absolute error, RMS error and ΔE 

At this stage the user can now assess the magnitude of the errors between the 

simulated and reference signals using a metric derived from the mean absolute error 

(MAE) and root mean square error (RMS). Typically, only the MAE and RMS 

characteristics are evaluated in most reported validation processes. However, it was 

identified that these two measures may not accurately capture the system dynamics 

unless reviewed in the correct context. In this work, the absolute difference between 

the RMS and MAE errors was used to establish the severity of any anomalies that exist 

between the reference and the simulated data, which is typically what the user hopes 

to achieve from this type of error analysis. Equations for mean absolute error, root 

mean square error and the difference between these two error metrics, referred to as 

ΔE, are shown in Equations Equation 3.33, Equation 3.34 and Equation 3.35 

respectively. 
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maerms EEE −=  Equation 3.35 

where yref,i is the value of the reference signal at the ith time step, ysim,i is the value 

of the simulated signal at the ith time step and N is the total number of time steps. These 

behavioural characteristics are denoted as 𝝀𝒊,𝒋,𝒌,𝟑, 𝝀𝒊,𝒋,𝒌,𝟒 and 𝝀𝒊,𝒋,𝒌,𝟓. By evaluating ΔE, 

the user can establish not only how well the two data sets match in terms of time 

domain error average values, but also extract a metric for describing the presence (or 

absence) of anomalies within the results. Figure 3.34 shows a generic example of 

reference data and two different sets of simulation results.  

Figure 3.34 - Example of anomalous and non-anomalous signals 

For Simulation 1 MAERMS EE   and therefore from Equation 3.35, ΔE should be 

relatively close to zero. The user can infer from this that there are scarce extreme 

anomalies within the results even though errors are still present. On the other hand, if 

the same calculations are performed for simulation 2 it will be found that 

Spike 
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MAERMS EE   and therefore ΔE will be significant. This is caused by the anomalous 

‘spike’ that occurs in the results for simulation 2. The user can then infer from the 

results from this process that significant anomalies exist, even if overall trends in data 

are similar. When applied to the vehicle simulation, the results in Table 3.5 were 

obtained (only velocity and instantaneous fuel consumption are presented for 

conciseness).  

Table 3.5 - Mean, Root Mean Square and ΔE Error Calculations 

 

 

 

 

 

For the velocity signal, the ΔE is small relative to the scale of the signal at 0.5% of 

the full range of the signal. It can be inferred that as the value of ΔE is small (relative 

to the scale of the signal) that the extent of anomalies in the signal is low. If the 

instantaneous fuel consumption signal is considered, the value of ΔE of 0.51883 g/s 

would also appear to be quite small. However, this represents 4.5% of the full range 

of the signal, almost a full order of magnitude larger than observed in the velocity 

signal. Therefore, relative to the size of the signal, there are more anomalies present 

within the simulation of the instantaneous fuel consumption for the vehicle model than 

there are in the vehicle velocity signal. To ensure that these values are viewed in the 

correct context, these results are further normalised.  For the results of MAE, RMS 

Metric Velocity (km/h) FCinst (g/s) 

 𝐸𝑀𝐴𝐸(λi,j,k,3) 0.6035 0.5611 

 𝐸𝑅𝑀𝑆(λi,j,k,4) 1.0679 1.0800 

 ΔE(λi,j,k,5) 0.4644 0.5188 
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and ΔE errors the normalisations were conducted as follows in Equation 3.36, 

Equation 3.37 and Equation 3.38, and subsequently assigned to λi,j,k,3, λi,j,k,4 and 

λi,j,k,5. 

where yref,max and yref,min are the maximum and minimum values of the reference 

signal corresponding the simulated signal for which the error metric was calculated.  

3.11.5 Standard deviation, Error distribution and 

Cumulative distribution function 

For each signal in turn, the standard deviation, denoted as  𝝀𝒊,𝒋,𝒌,𝟔 , and cumulative 

distribution of errors in the simulation are calculated. In this case the error was 

calculated as yref - ysim. This enables the error distribution to contain negative as well 

as positive values. Again, for demonstration purposes, the instantaneous fuel 

consumption signal is considered. The histogram has an approximate Gaussian, or 

normal, distribution around the mean as shown in Figure 3.35. The ideal shape for 

these two plots would be for the histogram to have all its values around zero and the 

cumulative distribution function to have a normalised cumulative count of zero until 

an error value of zero is reached, and then instantaneously step to a normalised 

cumulative count value of one. 
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Figure 3.35 - Instantaneous fuel consumption error histogram and cumulative 

distribution function 

For the example given of the instantaneous fuel consumption the standard deviation 

as calculated using Equation 3.39 gives a result of 1.0781g/s. 
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where A is the variable vector made up of N sample points and μ is the sample 

mean. Again, a normalisation must be performed to make the standard deviation 

results suitable for comparison. Here the normalisation is calculated as shown in 

Equation 3.40. 

3.11.6 Inter-layer emergent behaviour identification  

The penultimate step of the validation procedure is to identify the emergent 

behaviour that may (or may not) arise as a result of any combinatorial processes of 

signals and the propagation through the model to higher levels. This is achieved by 

looking at the errors of a lower level signal and then comparing to the signal at the 

level directly above, and subsequently assessing how the error has propagated i.e. 
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determining whether errors have become larger because of mathematical combination 

or smaller due to the ‘averaging out’ of characteristics or effects, which is undesirable. 

The inter layer emergent behaviour characteristic is denoted as 𝝀𝒊,𝒋,𝒌,𝟕. The lowest 

signals within each set i.e. the signals at the lowest level of decomposition will not 

have a result for this behavioural characteristic associated with them because there is 

no layer below these for which to assess any emergent behaviour. This inter-layer 

behaviour will be quantified by assessing the average of the behavioural 

characteristics for a signal at level j+1, performing the same average for a signal at 

level j and then assessing the difference between the two. This process is generalised 

in Equation 3.41. 

where Q is the total number of behavioural characteristics preceding the inter-layer 

emergent behaviour characteristic. kn is the subset of signals of k, where n denotes the 

number of signals in this subset. kn is used due to the possibility that at any level of 

signal decomposition, j, multiple signals could exist and therefore the average should 

be computed for all the characteristics for all the signals at that level. To show an 

example of this, the emergent behaviour is analysed between layers 2 and 3 of the 

cumulative fuel consumption signal set i.e. between engine torque and speed at level 

3 and instantaneous fuel consumption at level 2. Table 3.6 shows the results from the 

calculation from each of the previously evaluated behavioural characteristics from 

these signals and the results from Equation 3.41 assigned to the last behavioural 

characteristic; λi,j,k,7. 

Table 3.6 - Example of inter layer emergent behaviour characteristics 
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This propagation of errors throughout the model can be clearly seen in Table 3.6.  

For instance, the value of λi,j,k,7 drops moving up through the system levels through 

the model, indicating an escalation of the accumulated error. If at any point within the 

signal decomposition hierarchy the value for λi,j,k,7 is higher than the signal(s) at the 

level below, this means that there has been an ‘averaging out’ effect where two or 

more incorrect signals have combined to produce a higher level signal that has (by 

chance) a more ‘correct’ value in relation to the reference results. 

3.11.7 Global validation metric 

While each of the previous steps provides an important insight into the various 

quality measures of the system, it is proposed here that these measures can be 

combined to form a global validation metric, in which each of the previous metrics is 

nested. This metric serves to summarise the validation characteristics of the model 

relative to the defined behavioural set and provide a global measure of the simulation 

quality. The global validation metric is calculated as shown in Equation 3.42. 

Where I is the total number of signal sets, J is the total number of decomposition 

levels within a respective set, K is the total number of signals at a given level of 

 Signal  𝝀𝒊,𝒋,𝒌,𝟏  𝝀𝒊,𝒋,𝒌,𝟐  𝝀𝒊,𝒋,𝒌,𝟑  𝝀𝒊,𝒋,𝒌,𝟒  𝝀𝒊,𝒋,𝒌,𝟓 𝝀𝒊,𝒋,𝒌,𝟔 𝝀𝒊,𝒋,𝒌,𝟕 

𝜸𝟏,𝟐,𝟏 FCinst 0.89222 0.6818 0.94293 0.89017 0.94724 0.89037 0.98015 

𝜸𝟏,𝟑,𝟐 Teng 0.90433 0.61222 0.91731 0.85698 0.93967 0.85703 1 

𝜸𝟏,𝟑,𝟏 Neng 0.96077 0.61245 0.90673 0.85285 0.94612 0.85387 1 

𝛷 =
1

∑ ∑ ∑ 𝛼𝑖,𝑗,𝑘
𝐾
𝑘=1

𝐽
𝑗=1

𝐼
𝑖=1

{∑ ∑ ∑ 𝛼𝑖,𝑗,𝑘

𝐾

𝑘=1

(
1

∑ 𝛽𝑞
𝑄
𝑞=1

∑ 𝛽𝑞𝜆𝑖,𝑗,𝑘,𝑞

𝑄

𝑞=1

)

𝐽
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𝐼
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Equation 3.42 
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decomposition within a set, αi,j,k is the weighting factor applied to signal i,j,k, Q is the 

total number of behavioural characteristics, and βq is the weighting factor applied to 

the qth validation metric. Each signal is weighted relative to the importance of the 

individual signal to the validation, α, and relative behavioural characteristic, β. It is at 

this point in the process that some subjectivity is inevitable as the user must decide 

how to weight each signal and metric. Again, an example of a fraction of the 

powertrain signals is shown in Table 3.7, with each of the behavioural characteristics 

calculated.   

Table 3.7 - Results from behavioural characteristic analysis 

If the global validation metric is calculated using the results in Table 3.7 and 

Equation 3.42, the overall validation metric for the simulation with given conditions, 

Φ, is 0.9275. This number is representative of each of the behavioural characteristics 

as each is nested within the global validation metric, weighted by what the user has 

interpreted to be of higher importance for the model’s application.  

Set Signal Name α 𝝀𝒊,𝒋,𝒌,𝟏  𝝀𝒊,𝒋,𝒌,𝟐  𝝀𝒊,𝒋,𝒌,𝟑  𝝀𝒊,𝒋,𝒌,𝟒  𝝀𝒊,𝒋,𝒌,𝟓 𝝀𝒊,𝒋,𝒌,𝟔 𝝀𝒊,𝒋,𝒌,𝟕 

β   - 1 1 1 1 1 1 1 

Γ1 𝛾1,1,1 FCcum 1 0.99989 0.8615 0.98428 0.97936 0.99508 0.98662 0.92123 

 𝛾1,2,1 FCinst 0.7 0.88149 0.6818 0.94293 0.89017 0.94724 0.89037 0.97939 

 𝛾1,3,2 Teng 0.5 0.88833 0.58423 0.91731 0.85698 0.93967 0.85703 1 

 𝛾1,3,1 Neng 0.5 0.95837 0.59177 0.90673 0.85285 0.94612 0.85387 1 

Γ2 𝛾2,1,1 v 1 0.99903 0.93321 0.98761 0.97807 0.99046 0.97949 1 

Global Validation Metric Value (Φ) 0.9275 
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3.11.8 Validation Results 

The validation results shown were produced using the validation procedure 

previously outlined. Fuel consumption plots and tables of validation results are shown 

for both single and double deck vehicle models respectively. The drive cycle used for 

the validation for both vehicles was the LUB cycle. This cycle was selected based on 

availability of good quality reference data sets.  This cycle is also used for the low 

emission bus certification process. Figure 3.36 shows the Cumulative Fuel 

consumption plot for the StreetLite Microhybrid3 model. Table 3.8 shows the 

validation results for the MicroHybrid3 StreetLite model. Figure 3.37 shows the 

Cumulative Fuel consumption plot for the StreetDeck Microhybrid3 model. Table 3.9 

shows the validation results for the MicroHybrid3 StreetDeck model. The fuel 

consumption plots show good visual matching of fuel consumption over the drive 

cycle for both Streetlite and Streetdeck vehicle configurations. The tables of validation 

results also indicate that the models are producing good behavioural characteristics 

from their results as illustrated by the global validation metric achieving a value of 

0.9471 for Streetlite MH3 and 0.9431 for Streetdeck MH3. However, some 

characteristics could be improved such as the directionality match for the 

instantaneous fuel consumption, engine speed and engine torque. This can be 

identified as these are the lowest values in the table, for example, 

𝛾1,3,2 achieves validation values of 0.57139 in the Streetlite results and 0.57013 in the 

Streetdeck results which identifies areas for improvement in the model. 
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Figure 3.36 – Microhybrid3 StreetLite cumulative fuel consumption on an LUB 

drive cycle 

Table 3.8 – MicroHybrid3 StreetLite Validation Results 

Set Signal Name α 𝝀𝒊,𝒋,𝒌,𝟏  𝝀𝒊,𝒋,𝒌,𝟐  𝝀𝒊,𝒋,𝒌,𝟑  𝝀𝒊,𝒋,𝒌,𝟒  𝝀𝒊,𝒋,𝒌,𝟓 𝝀𝒊,𝒋,𝒌,𝟔 𝝀𝒊,𝒋,𝒌,𝟕 

β   - 1 1 1 1 1 1 1 

Γ1 𝛾1,1,1 FCcum 1 0.99997 0.91950 0.99576 0.99462 0.99885 0.99664 0.93594 

 𝛾1,2,1 FCinst 0.7 0.95956 0.69060 0.96603 0.93812 0.97209 0.93812 0.97579 

 𝛾1,3,2 Teng 0.5 0.95856 0.57139 0.94581 0.90752 0.96171 0.90761 1 

 𝛾1,3,1 Neng 0.5 0.97323 0.68908 0.90822 0.87501 0.96679 0.87610 1 

Γ2 𝛾2,1,1 v 1 0.99974 0.94564 0.99166 0.98817 0.99651 0.98943 1 

Global Validation Metric Value (Φ) 0.9471 



 

125 

 

 

Figure 3.37 - Microhybrid3 StreetDeck cumulative fuel consumption on an LUB 

drive cycle 

Table 3.9 - Microhybrid3 StreetDeck Validation Results 

Set Signal Name α 𝝀𝒊,𝒋,𝒌,𝟏  𝝀𝒊,𝒋,𝒌,𝟐  𝝀𝒊,𝒋,𝒌,𝟑  𝝀𝒊,𝒋,𝒌,𝟒  𝝀𝒊,𝒋,𝒌,𝟓 𝝀𝒊,𝒋,𝒌,𝟔 𝝀𝒊,𝒋,𝒌,𝟕 

β   - 1 1 1 1 1 1 1 

Γ1 𝛾1,1,1 FCcum 1 0.99998 0.90127 0.99202 0.98947 0.99745 0.99237 0.92805 

 𝛾1,2,1 FCinst 0.7 0.95156 0.66467 0.95436 0.91701 0.96264 0.91713 0.98778 

 𝛾1,3,2 Teng 0.5 0.95194 0.57013 0.93710 0.98969 0.95259 0.88982 1 

 𝛾1,3,1 Neng 0.5 0.97772 0.69068 0.93235 0.89034 0.95799 0.89046 1 

Γ2 𝛾2,1,1 v 1 0.99967 0.94998 0.99079 0.98694 0.99614 0.98833 1 

Global Validation Metric Value (Φ) 0.9431 
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3.12 Chapter Summary 

The preceding sections gave an overview of the methodology that was used in this 

work to develop the vehicle model architecture as well as showing how it was 

implemented in the MATLAB/Simulink environment for the MicroHybrid3 baseline 

vehicle model. Detailed descriptions of each of the sub-models developed were given 

to show the underlying workings of each component and how they were 

mathematically represented within the model.  A standard validation was performed 

which highlighted the need for a more thorough validation process. A novel validation 

procedure was subsequently introduced which is capable of assessing not only the 

global behavioural characteristics for the vehicle model but also the instantaneous 

characteristics for an objective signal within the model. This is crucial where a detailed 

understanding of the instantaneous system characteristics is required for engineering 

operations such as energy management strategy development. As the baseline models, 

benchmarks and validation approaches have now been established for the micro-

hybrid vehicle architecture, the following chapter presents the mild-hybrid vehicle 

architecture referred to as the Wrightbus NextGenHEV. 
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Chapter 4  NextGenHEV Model 

Development and Validation 

This chapter details the development of the NextGenHEV simulation model. An 

overview of the NextGenHEV system is given, which is built on the previously 

described baseline MicroHybrid3 vehicle architecture. System testing is described 

which served to characterise the electric components of the powertrain and extract data 

in a manner that would be suitable for model integration. Each of the models for the 

electrifying components are described as well as how they are integrated into the 

baseline vehicle model to give the NextGenHEV model. The hybrid control unit is 

also discussed which illustrates the operation of the proposed energy management 

strategy. Validation results for the model are also presented using both a standard 

validation procedure and the novel procedure previously outlined in section 3.11.  A 

general HEV system performance analysis is also presented relative to the baseline 

vehicle to assess the effectiveness of the mild hybrid system along with some 

applications in which the model was used to inform engineering decisions. 

4.1 NextGenHEV System overview 

The NextGenHEV system is built on the baseline Wrightbus MicroHybrid3 

architecture, based on a parallel mild-hybrid configuration (however as previously 

mentioned the system is also capable of short periods of fully electric propulsion). The 

parallel hybrid configuration is more complex than a series hybrid due to the 

introduction of a power split between the electrical and mechanical systems. There is 

added complexity of managing the power flow from both electrical and mechanical 

systems simultaneously and determining the proportion of propulsive power that 
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should come from each system at any point during a drive cycle. This drives the need 

for detailed forward facing models and additional confidence in the validation 

approaches adopted. The vehicle developed here can be classified as a post-

transmission parallel mild-hybrid. Figure 4.1 shows a simplified schematic of the 

proposed Wrightbus NextGenHEV vehicle architecture.  

Engine Transmission

Wheel

Wheel
ESS Inverter

Inverter MGU

MGU

Belt Drive 

System

Axle

Powertrain 

Control 

Module
 

Figure 4.1 – Wrightbus NextGenHEV powertrain architecture  

Two motor generator units have been coupled into the main powertrain through use 

of a belt drive system. The system uses carbon fibre reinforced belts which run on 

toothed pulleys on both MGUs and the output shaft of the transmission. The two 

MGUs are each electrically connected to an inverter and both inverters are connected 

to a single energy storage system. The control strategy determines when positive or 

negative torque (MGU assist or regen) is required. The development of this 

configuration is significantly more challenging than that of the well understood 

baseline MH3 powertrain, with significant emphasis on maximising the efficiency of 

the MGU assist and regen events to maximise the overall fuel economy.  To do this 

effectively, there is a need for detailed understanding of the instantaneous dynamics 
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of the system and modelling strategies which can uncover this level of detail. A 

flowchart of the hybrid vehicle model is shown in Figure 4.2 which depicts the 

calculation flow paths, control signal paths and electrical, chemical and mechanical 

energy flow paths which have been established through this research program.  
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Figure 4.2 – Hybrid vehicle model flow chart 



 

130 

 

Table 4.1 shows the system specifications for the electrifying components of the 

hybrid powertrain. Note that the baseline MH3 powertrain remains the same and the 

specifications listed in Table 3.1 still apply. 

Table 4.1 – Hybrid system general specifications 

4.2 Hybrid System Testing and Characterisation 

A series of tests were conducted in the engine dynamometer lab at QUB to 

characterise the performance of the hybrid electric system components and generate 

underpinning data suitable for model integration. Tests were performed to characterise 

the full MGU-Inverter-Battery system for actual full load power and torque, as well 

as efficiency and current draw from the battery DC link at any combination of 

electrical system torque demand and MGU speed. These tests were performed to 

generate simulation model datasets rather than using supplier provided data due to a 

lack of data covering the full operating conditions of the MGU. A single MGU and 

inverter were used with the battery for the purposes of the tests. 

4.2.1 Testing Setup and Procedure 

The MGU was coupled to the engine dynamometer via a toothed flange and a 

typical dynamometer driveshaft. Figure 4.3 shows a schematic of the experimental 

Parameter Value Units 

Max MGU Power 32 (x2) kW 

Max MGU Torque 150 (x2) Nm 

Battery Voltage (Nominal) 96 V 

Battery Capacity 3.84 kWh 
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setup and Figure 4.4 shows the actual experimental setup. Table 4.2 shows the test 

specifications and Table 4.3 shows the test matrix developed for the testing.  
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Figure 4.3 – Hybrid system characterisation test setup schematic 

 

Figure 4.4 – Hybrid system characterisation test setup 
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Table 4.2 – Hybrid system characterisation test specifications 

Item Supplier Specifications 

Dynamometer Schenke 

Speed Range = 0-10020 RPM 

Max Torque = 307.7 Nm 

Max Power = 145 kW 

MGU Schaubmuller 

Speed Range = 0-10000 RPM 

Max Torque = 145 Nm 

Rated Power = 32 kW 

Inverter Schwarzmuller 

Max Current = 715Arms 

Nominal Voltage = 96 Vdc 

Battery Microvast 

Nominal Voltage = 96V  

Max Current = 700A <10s 

Nominal Capacity = 40Ah 

Data Logger Dewesoft Max Acquisition frequency = 100Hz  

 

Table 4.3 – Hybrid system characterisation test matrix 

Test Speed Torque Request SOC Voltage 

Friction Test 0:100:10000 N/A ≈ 80% ≈ 105.5V 

Full Load Torque 

curves 

400:200:10000 {
150

−150
 ≈ 80% ≈ 105.5V 

Efficiency 

Characterisation 

400:200:10000 {
5: 5: 150

−5: −5 − 150
 ≈ 80% ≈ 105.5V 



 

133 

 

Due to the manufacture of the MGU, the main bearing required a sideload. A side-

loading mechanism was designed using a tensioner mechanism scavenged from 

prototype vehicle parts and added to the test-bed. This is illustrated in Figure 4.5.  

Figure 4.5 – Bearing tensioner setup 

The first test that was conducted was a motoring test to determine the friction torque 

from the MGU and belt setup. The MGU was brought to the desired speed setpoints 

(illustrated in Table 4.3)  using the dynamometer in motoring mode. Input torque was 

measured from the dynamometer generating a representative friction curve, as shown 

Figure 4.6, demonstrating that the test was behaving as anticipated.  

 

Figure 4.6 – MGU friction torque curve 
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The second test conducted was to determine full load torque curves for the full 

speed range of the motor in both torque assist and torque absorbing mode. The 

dynamometer was used to bring the speed to the desired setpoint (illustrated in Table 

4.3) and maintain it at that speed until the torque readings on the dynamometer series 

3000 controller stabilised and a reading could be taken. The torque demand from the 

MGU was then set to the maximum value for both positive torque (assist) and negative 

torque (regen) values. Due to the system being connected to the battery, it was 

necessary to alternate the system between assist and absorb modes to ensure that no 

state of charge limits for the battery were reached preventing control system 

characteristics affecting the tests. The torque demand was then switched to the 

maximum negative torque i.e. generating mode. The speed was held constant and the 

maximum negative torque reading recorded.  The full load torque curves extracted 

from the tests are shown in Figure 4.7. Note that these tests were limited to 8000 RPM 

due to instabilities in the test apparatus at higher rotational speeds to prevent system 

failures. 

 

Figure 4.7 – Motor-generator unit torque curves 
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The third set of tests were performed to generate an efficiency map for the system 

and to generate a map of the current draw in the battery DC link for any combination 

of torque demand and MGU rotational speed. This test was performed using the same 

method that was used for the full load torque curves, but instead of requesting 

maximum torque in either assist or regen mode, torque was requested in 5 Nm 

increments whilst alternating between positive and negative torque requests. Readings 

of torque and speed were recorded alongside the current on the DC link. Efficiency 

was determined for assist mode by dividing the product of voltage and current on the 

DC link by the output torque and speed of the motor generator unit (recorded from the 

dynamometer), as shown in Equation 4.1.  

 
𝜂𝑠𝑦𝑠 =

𝑉. 𝑖

𝑇. 𝜔
 Equation 4.1 

where 𝜂𝑠𝑦𝑠 is the system efficiency, V is the DC link voltage, i is the DC link 

current, T is the torque as measured by the dynamometer and ω is the speed measured 

by the dynamometer converted from RPM to rads-1. Note that this method accounts 

for the losses in the electrical components as the system efficiency is calculated across 

the whole system and not each component individually. For regen mode, the reciprocal 

of the previous equation was used to determine system efficiency as shown in Equation 

4.2. 

 
𝜂𝑠𝑦𝑠 =

𝑉. 𝑖

𝑇. 𝜔
 Equation 4.2 

Efficiency of the system was calculated for every tested speed and torque point and 

the subsequent efficiency map for the system is shown in Figure 4.8. Note that the 

efficiency values shown in Figure 4.8 are the efficiencies for the complete MGU-

inverter-battery system, and similar to the previous test, values were only extracted up 
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to 8000 RPM. Also note that the efficiency map is plotted for the system on the vehicle 

which uses two MGUs hence the torque output on the efficiency plot is double that 

extracted from the tests. 

 

Figure 4.8 – Hybrid system efficiency map 

4.2.2 Results and parameter mapping 

From the results of the tests, lookup maps were produced for the system Simulink 

model. These included a map of DC link current draw against torque demand and 

speed for both positive and negative torques, as well as a torque output against torque 

demand and speed for both positive and negative torque requests from the control 

system. Figure 4.9 shows the map produced to model the MGU torque output as a 

function of torque demand and MGU rotational speed for positive torque requests 

(assist torque). Figure 4.10 shows the map produced to model the MGU torque output 

as a function of torque demand and MGU rotational speed for negative torque requests 

(regen torque). 
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Figure 4.9 – Map of motor generator unit torque output as a function of torque 

demand and rotational speed for positive torque requests 

Figure 4.10 - Map of motor generator unit torque output as a function of torque 

demand and rotational speed for negative torque requests 

Peak torque hold 

Peak torque hold 
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 The MGU torque output increases linearly with torque demand, as would be 

expected. For modelling purposes, and to avoid undesirable behaviour around the peak 

torque conditions, it was decided to hold the peak torque value for each speed step in 

the maps constant for higher demand torques. This avoided the torque dropping rapidly 

to zero if the demand was higher than what could be delivered at any given speed. 

Preliminary simulations using the lookup tables indicated excessive drops in torque 

output around the maximum torque level for a given speed. Figure 4.11 shows the map 

of the current flow in the DC link between the inverter and the battery as a function of 

torque demand and MGU rotational speed for positive (assist) torque requests. Figure 

4.12 shows the map produced to model the current flow in the DC link between the 

inverter and the battery as a function of torque demand and MGU rotational speed for 

negative (regen) torque requests. In the same manner as before, peak currents at each 

speed point were held constant to avoid large drops in simulated currents around these 

values. 

Figure 4.11 – Map of DC link current draw as a function of torque demand and 

rotational speed for positive torque requests 

Peak current hold 
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Figure 4.12 - Map of DC link current draw as a function of torque demand and 

rotational speed for negative torque requests 

4.3 Motor Generator Unit Model 

The Motor Generator Units (MGU) are modelled empirically using the maps 

illustrated in Figure 4.9 and Figure 4.10. By doing so, the torque demand input signal 

from the hybrid control unit is converted to a torque output from the MGUs. This 

torque is then applied to a shaft model which calculates the shaft speed as per the 

modelling rationale. The motors used are bespoke Schaubmuller induction motors.  

4.4   Inverter Model 

The inverter model takes the input of MGU torque demand coming from the Hybrid 

control unit and outputs a current draw based on a combination of this and MGU Speed 

from the previously generated maps, as well as accounting for charge and discharge 

limits at the given conditions taken from supplier data. While this is a simplification 

Peak current hold 
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of the actual operation of an inverter, it was necessary to avoid the complications of 

modelling inverter switching characteristics and the three phase electrical connections 

to the induction motors. The current draw is then passed to the battery model. 

4.5  Battery model 

The energy storage system (ESS) modelled was the Microvast Lithium Titanate 

(LTO) battery pack. The battery system specifications are shown in Table 4.4. 

 

Table 4.4 – Detailed Battery Specifications 

Item Parameter 

Nominal Voltage 96V 

Operating Voltage 76V-115V 

Nominal Capacity 3.84kWh (40Ah) 

System Configuration 4p42s 

Cell Type LpTO 

Continuous Charging Current at 25degC 160A 

Max Charging Current at 25degC 700A < 10s 

Continuous Discharging Current at 25degC 160A 

Max Discharging Current at 25degC 700A < 10s 

Charging and Discharging efficiency at 25degC >95% 

SOC operating range 30-70% 

Mass (including Silicone oil) <200kg 
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 The system was modelled as a single cell model scaled up to have the same 

capacity as the full pack, and was built around the coulomb counting methodology as 

shown in Equation 4.3: 

 
𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡0) +

1

𝐶
∫ 𝑖𝑑𝑡

𝑡

𝑡0

 Equation 4.3 

SOC(t) is the state of charge at time t, expressed as a percentage, SOC(t0) is the 

state of charge at the initialisation of the simulation when t = 0 also expressed as a 

percentage, C is the capacity of the battery measured in amp∙s (amp-seconds) or 

coulombs, C, and I is the instantaneous current flow into or out of the system in amps. 

The battery model was isolated for verification testing and a recorded reference current 

trace from a real-world vehicle test was used as the input to the battery model. The 

simulated SOC was compared to the reference SOC from the same test results that the 

current trace was extracted from. The results are shown in Figure 4.13.  

 

Figure 4.13 – Simulated battery SOC versus recorded battery SOC for battery 

model in isolation 

At various points in test there is an instantaneous drop in the recorded SOC. This 

is due to an SOC recalculation from the physical battery management system, the 

conditions of which are not fully understood and the rationale for the recalculation is 
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protected by the battery supplier. To mitigate the effects of the SOC recalculation, 

these events were identified based on a rate of change of SOC that was too high for 

the system to achieve from actual current draw and a modification was applied to 

correctly output the charge flux on the battery. This ensures that the energy flux into 

and out of the battery is reflected in the simulations as the SOC recalculation does not 

represent a flow of energy only a reinterpretation of battery state. This procedure was 

used to correct all SOC traces for validation purposes. The battery model was 

implemented by taking the current draw signal from the inverter model and using this 

with the numerical equivalent of Equation 4.3 to calculate the SOC at the current time 

step. 

4.6 MGU belt drive system model 

The powertrain belt drive system consists of toothed pulley wheels and toothed 

belts which couple the two MGUs into the main driveline. This model transfers the 

torque and inertia through the gearing ratio according to the VMA. A CAD 

representation of the system is shown in Figure 4.14. 

 Figure 4.14 – CAD image of Transmission showing MGU belt drive system 

Transmission 

output 

MGU 1 shaft 

MGU 2 shaft 

Transmission 

oil cooler 

Belt tensioner 

Belt tensioner 

Toothed belt 



 

143 

 

Equations 4.4 to 4.6 show how the torque and inertia transformations for the system 

are handled. Note that in the development of these equations it was assumed that the 

ratio, G, is the same for both MGUs and therefore the equations of motion for the two 

MGUs are identical.  

𝑇𝑢𝑝 + 𝑇1𝐺 + 𝑇2𝐺 − 𝑇𝑑𝑜𝑤𝑛 =  [(𝐼1 + 𝐼2)𝐺2 + 𝐼𝑢𝑝 + 𝐼𝑑𝑜𝑤𝑛]𝜔�̇� Equation 4.4 

𝑇1 + 𝑇2 +
𝑇𝑢𝑝

𝐺
−

𝑇𝑑𝑜𝑤𝑛

𝐺
=  [(𝐼𝑢𝑝 + 𝐼𝑑𝑜𝑤𝑛)

1

𝐺2
+ 𝐼1 + 𝐼2] 𝜔�̇� Equation 4.5 

𝑇2 + 𝑇1 +
𝑇𝑢𝑝

𝐺
−

𝑇𝑑𝑜𝑤𝑛

𝐺
=  [(𝐼𝑢𝑝 + 𝐼𝑑𝑜𝑤𝑛)

1

𝐺2
+ 𝐼1 + 𝐼2] 𝜔�̇� Equation 4.6 

4.7  Hybrid Control Unit model 

The powertrain control module energy management strategy has been iteratively 

developed alongside the control system developed for the test vehicle. The energy 

management strategy is implemented in a Kibes platform [172] using Logi-CAD 

software [173]. Design and optimisation of the energy management strategy is outside 

the scope of this project but due to the nature of the project it is required for the models 

developed to produce suitable results. The main areas of interest that pertain to the 

operation of the model are discussed here to give the reader an understanding of the 

operation of the energy management strategy. The core parts of the strategy which are 

of concern are the positive torque request section, which dictates when the MGUs are 

used to assist with vehicle propulsion, and the negative torque request section which 

specifies when the MGUs absorb torque from the drivetrain and recover kinetic energy 

from the vehicle to be stored in the energy storage system. A third section which 

enables the engine to de-rate during torque assist is also used to prevent an increase in 

vehicle velocity beyond what is desired and ensure that load is removed from the 

engine rather than increasing vehicle acceleration rates.   
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4.7.1 Positive Torque Request 

The positive torque request from the control system is based on accelerator pedal 

position, the transmission selected gear, the vehicle speed, the accelerator pedal low 

idle switch, the transmission torque convertor ratio and the battery SOC. The principle 

operation of the positive torque request command is to send a signal to the inverter to 

demand positive torque i.e. a driving or assisting torque from the motor. The system 

operates by taking the accelerator pedal position, and, depending on the SOC of the 

battery, it will proportion the amount of demand linearly with pedal position whilst in 

first gear provided that the vehicle speed is above zero. When SOC is high, more 

positive torque is requested, and when SOC is low, less positive torque is requested 

within the thresholds set in the control parameters. This effectively maintains the 

battery state of charge between an upper and lower limit. Figure 4.15 shows the 

implementation of the positive torque request system. 

 

 

Figure 4.15 – Positive torque request control system 
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4.7.2 Negative Torque Request 

The negative torque request signal is a function of vehicle speed, transmission 

current gear, engine speed, transmission selected gear, battery SOC engine demand 

torque, driver demand percent torque, brake pedal position and the accelerator pedal 

low idle switch. The principle operation of the negative torque request is to send a 

signal to the inverter to demand negative torque i.e. absorbing or retarding torque from 

the motor. The system has two main states of operation. The first is lift off regen when 

neither the accelerator pedal or brake pedal are depressed. In this scenario, the control 

system demands a regen torque of 19% (identified through iterative testing on the 

vehicle). The second scenario is when the brake pedal is pressed. Once the brake pedal 

is pressed the control system then linearly increases the amount of regen demand 

torque with pedal position starting from the amount requested during lift off regen 

escalating from 19% to 100%. Again, the battery SOC is considered. When the SOC 

is high less regen is requested, and conversely when SOC is low more regen is 

requested. Figure 4.16 shows the implementation of the negative torque request 

system. Brake blending between the different systems also plays a significant role in 

the development of the negative torque request section. There are five main methods 

by which the vehicle can reduce its velocity. These are engine braking, the foundation 

or friction brakes, the retarder in the transmission, resistive forces (such as drag and 

rolling resistance) and the motor generator units now provide an extra source of 

retardation. Careful consideration must be given to each system to avoid bad vehicle 

drivability or in a worst-case scenario dangerous driving manoeuvres.  
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Figure 4.16 – Negative torque request control system 

4.7.3 Engine De-rate 

The purpose of the engine de-rate calculation is to determine how much the engine 

should be ‘de-rated’ by to result in the same torque at the gearbox output for a given 

demand torque input from the driver. Figure 4.17 shows a simple example of a 

normalised torque at the gearbox output for the case of IC engine only, the hybrid 

system with no de-rate, and the hybrid system with the de-rate calculation active. The 

example shown shows an arbitrary value of 50% ERT (Engine Reference Torque) 

being provided by the MGU’s. 

The use of the engine de-rate effectively balances the system torque demand from 

the two propulsive systems. If an engine de-rate calculation is not applied in the 

system, then the torque at the transmission output would be much higher than required 

and would increase vehicle acceleration rates rather than the desired removal of load 

from the IC engine. The engine is de-rated by an amount equivalent to the torque that 

the motors are producing at the output shaft of the transmission to overcome this. 
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Figure 4.17 – Transmission torque output with and without engine de-rate active  

The SAE J1939 standard has the protocol built in for engine de-rate for purposes, 

such as derating engine torque during gear shifting to eliminate spikes in engine speed 

because of clutch slip. The engine de-rate signal is calculated through use of Equation 

4.7. 

𝐷𝑒𝑟𝑎𝑡𝑒 𝑇𝑜𝑟𝑞𝑢𝑒 = 𝐸𝐷𝑇 −
[
(𝑇𝑀𝐺𝑈1 + 𝑇𝑀𝐺𝑈2)𝑅𝑇𝑀𝐺𝑈𝐺𝑀𝐺𝑈

𝑇𝐶. 𝐺𝑡𝑟𝑎𝑛𝑠
]

𝐸𝑅𝑇
 

Equation 4.7 

where the Derate Torque is the engine demand torque signal being calculated after 

the torque contribution from the electric motors is accounted for, EDT is the engine 

demand torque, TMGU1 and TMGU2 are the output torques from each MGU respectively, 

RTMGU is the reference torque of the MGUs, E is the drive ratio between the motors 

and the output shaft of the transmission, TC is the torque convertor torque ratio, G is 

the transmission gearing ratio and ERT is the engine reference torque. 
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4.8 NextGenHEV Model Standard Validation 

Again, a standard validation was performed initially to establish the simulation 

results quality in terms of global characteristics. A face validity check was used to 

establish whether extreme behavioural abnormalities were present in the result plots. 

Examples are shown in Figure 4.18  and Figure 4.19 of the drive cycle velocity profiles 

for the hybrid vehicle configuration with the simulation velocity profile superimposed. 

The maximum difference in velocity from reference to simulation data was 

approximately 1.5 km/h for both vehicle models. Note that other results were also 

checked for face validity and the velocity only is shown here for conciseness. Typical 

quantitative methods of checking simulation quality were again used to assess the 

model’s performance for the objective of fuel consumption prediction. These results 

are detailed in Table 4.5 and Table 4.6. 

 

Figure 4.18 - StreetLite HEV LUB velocity profile 
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Figure 4.19 - StreetDeck HEV LUB velocity profile 

Although these metrics indicate good global fuel consumption prediction from the 

simulations, there is no indication of the performance of the model in terms of 

instantaneous characteristics and the effectiveness of the control strategy and hence 

the novel algorithm described in section 3.11 was again used to further validate the 

model at a detailed level. The validation of instantaneous system characteristics is of 

the upmost importance in this work as the real-world vehicle has been developed 

simultaneously with the work documented in this thesis. The model has assisted with 

energy management strategy development at test facilities such as Millbrook proving 

grounds, which required a suitable level of instantaneous behavioural characteristic 

prediction accuracy. Note that due to the increased complexity of the mild-hybrid 

model over the micro-hybrid baseline there is a slightly larger error in in the standard 

validation metrics however the results are still acceptable for vehicle fuel consumption 

simulation purposes. 
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Table 4.5 - StreetLite HEV LUB global fuel consumption validation results 

 

 

 

 

 

 

Table 4.6 - StreetDeck HEV LUB global fuel consumption validation results 

4.9 NextGenHEV Model Detailed Validation  

The same modelling validation approach was adopted to validate the NextGenHEV 

model that was used for the MicroHybrid3 model in section 3.11. The only difference 

between the two approaches was that for the NextGenHEV system there were 

additional signals included to account for the validation of the hybrid system. The 

objective signal for the extra set was identified as battery SOC. This was decomposed 

using the same signal identification process into battery current, and subsequently 

MGU torque and speed. 

Metric Result 

Error at end of simulation 108.23ml (2.76%) 

MAE 86.69ml 

RMS 90.68ml 

Error Standard Deviation 26.64ml 

Metric Result 

Error at end of simulation 53.43ml (1.14%) 

MAE 35.29ml 

RMS 41.76ml 

Error Standard Deviation 39.35ml 
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4.9.1 Validation Results 

The drive cycle used for this validation was the LUB cycle. Fuel consumption plots 

are shown for both single and double deck vehicle models respectively in  Figure 4.20 

and Figure 4.22 . Corresponding tables of validation results are shown in Table 4.7 

and Table 4.8. The SOC plots for the battery for both vehicle configurations are also 

shown in Figure 4.21 and Figure 4.23 respectively. Table 4.7 shows the validation 

results for the StreetLite hybrid configuration and Table 4.8 shows the validation 

results for the StreetDeck hybrid configuration. Signals added for the HEV validation 

are highlighted. The fuel consumption plots show good general face validity for fuel 

consumption over the entirety of drive cycle. The SOC plot also shows acceptable face 

validity characteristics. However, these could be improved by fine tuning of control 

system parameters and driver model behaviour which have been identified to have 

significant influence on the HEV vehicle configuration discussed further in Chapter 5 

. However, there are drawbacks to over tuning the model. Finer tuning of the driver 

model could result in the model being overly specific for this drive cycle and vehicle 

configuration. If the parameters in the PID controller element of the driver were tuned 

to suit a given drive cycle which was inherently aggressive, and the model was 

subsequently used to simulate a non-aggressive drive cycle, then the results may not 

be accurate. The same is true for the opposite situation if the PID parameters were 

tuned to suit a non-aggressive cycle then when the model was used to simulate an 

aggressive cycle the simulation results may be erroneous. Over-tuning of the driver 

model parameters could also result in instabilities in the simulation results due to the 

nature of the PID control method used. These issues of over-tuning inherently 

contradict the flexibility of the modelling approach and the purpose of the validation 

procedure.  
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 Figure 4.20 - NextGenHEV StreetLite cumulative fuel consumption on an LUB 

cycle 

Figure 4.21 - NextGenHEV StreetLite SOC on an LUB cycle 

 Figure 4.22 - NextGenHEV StreetDeck cumulative fuel consumption on an LUB 

cycle 

2.76% 

1.14% 
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Figure 4.23 - NextGenHEV StreetDeck SOC on an LUB cycle 

Table 4.7 - NextGenHEV StreetLite validation results on an LUB cycle 

Set Signal Name α 𝛌𝐢,𝐣,𝐤,𝟏  𝛌𝐢,𝐣,𝐤,𝟐  𝛌𝐢,𝐣,𝐤,𝟑  𝛌𝐢,𝐣,𝐤,𝟒  𝛌𝐢,𝐣,𝐤,𝟓 𝛌𝐢,𝐣,𝐤,𝟔 𝛌𝐢,𝐣,𝐤,𝟕 

β   - 1 1 1 1 1 1 1 

Γ1 𝛾1,1,1 FCcum 1 0.9999 0.9087 0.97791 0.9769 0.99899 0.99321 0.91638 

 𝛾1,2,1 FCinst 0.7 0.92878 0.66712 0.9552 0.91909 0.96389 0.91917 0.9803 

 𝛾1,3,2 Teng 0.5 0.93002 0.59728 0.92846 0.88487 0.9564 0.88506 1 

 𝛾1,3,1 Neng 0.5 0.96893 0.66231 0.91525 0.88558 0.97032 0.88561 1 

Γ2 𝛾2,1,1 v 1 0.99875 0.97683 0.99067 0.98122 0.99055 0.98123 1 

Γ3 𝛾3,1,1 SOC 1 0.9996 0.75901 0.73645 0.70663 0.97018 0.81465 0.97916 

 𝛾3,2,1 Bcur 0.7 0.54638 0.65617 0.94252 0.88629 0.94376 0.88634 1.0732 

 𝛾3,3,2 TMGU 0.5 0.65893 0.68861 0.93578 0.87188 0.93611 0.87226 1 

 𝛾3,3,1 NMGU 0.5 0.99814 0.78377 0.96091 0.94855 0.98764 0.95879 1 

Global Validation Metric Value (Φ) 0.9103 
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Table 4.8 - NextGenHEV StreetDeck validation results on an LUB cycle 

The tables of validation results indicate that the models are producing good 

behavioural characteristics from their results as illustrated by the global validation 

metric achieving a value of 0.9103 for Streetlite HEV and 0.9118 for Streetdeck HEV. 

Similar to the MH3 validation results, the time domain derivative matching of signals 

produces the lowest validation scores highlighted by the λi,j,k,2 column. This again 

identifies that the rate of change of the signals would be the first area that should be 

targeted for model refinements, in particular the engine torque and speed.  

Set Signal Name Α 𝛌𝐢,𝐣,𝐤,𝟏  𝛌𝐢,𝐣,𝐤,𝟐  𝛌𝐢,𝐣,𝐤,𝟑  𝛌𝐢,𝐣,𝐤,𝟒  𝛌𝐢,𝐣,𝐤,𝟓 𝛌𝐢,𝐣,𝐤,𝟔 𝛌𝐢,𝐣,𝐤,𝟕 

β   - 1 1 1 1 1 1 1 

Γ1 𝛾1,1,1 FCcum 1 0.99993 0.85441 0.99247 0.99109 0.99862 0.99161 0.90094 

 𝛾1,2,1 FCinst 0.7 0.91209 0.60995 0.94551 0.90391 0.9584 0.90393 0.98757 

 𝛾1,3,2 Teng 0.5 0.91547 0.50962 0.91629 0.86453 0.94825 0.86508 1 

 𝛾1,3,1 Neng 0.5 0.97167 0.65397 0.93244 0.89112 0.95868 0.89127 1 

Γ2 𝛾2,1,1 v 1 0.9995 0.95113 0.99178 0.9868 0.99502 0.98705 1 

Γ3 𝛾3,1,1 SOC 1 0.99941 0.78794 0.84154 0.81107 0.96952 0.81119 0.94018 

 𝛾3,2,1 Bcur 0.7 0.59865 0.65175 0.93486 0.87045 0.9356 0.87046 1.0849 

 𝛾3,3,2 TMGU 0.5 0.71721 0.66275 0.93591 0.87307 0.93716 0.87329 1 

 𝛾3,3,1 NMGU 0.5 0.9991 0.79312 0.989 0.98357 0.99457 0.9836 1 

Global Validation Metric Value (Φ) 0.9118 
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4.10 Mild-Hybrid System Performance Analysis 

The results for the baseline and hybrid configurations for both Streetdeck and 

Streetlite were used to assess the benefit of the hybrid system. The objective of the 

hybrid system is ultimately to lower fuel consumption by offsetting load on the engine 

during acceleration events by use of an electric motor. The simulations showed a 

reduction in overall fuel consumption on the LUB drive cycle of 446.7ml (10.5%) for 

the Streetlite configuration and 548.8ml (10.6%) for the Streetdeck configuration 

through use of the mild hybrid system. This is illustrated in Figure 4.24. For the 

Streetlite HEV the average simulated fuel economy over the LUB cycle is 23.11 

l/100km. The value quoted on the test certificate for this vehicle is 22.88 l/100km 

[174] illustrating 1% underprediction in cycle average fuel economy. For the 

Streetdeck vehicle configuration the average simulated fuel economy over the LUB 

cycle is 28.39 l/100km and the value quoted on the LEB certificate is 27.45 l/100km 

[175] illustrating a 3.4% under prediction in cycle average fuel economy. The SOC 

plots for the Streetlite and Streetdeck hybrid configurations are shown in Figure 4.25. 

As part of the certification tests for these vehicles to be classified as meeting low 

carbon emission bus standards, the energy required in kWh to recharge the battery to 

the SOC at the start of the test run must be recorded at the wall meter upstream of the 

vehicle charger. The energy consumed is then divided by the distance travelled over 

the test. The resulting energy input (kilowatt-hours per kilometre) is then given a CO2 

well-to-tank factor determined from the generation mix appropriate to the supply for 

the given test year. This generation value is added to the CO2 results determined 

directly from the test [176]. The cycle is repeated 3 times and an average of the three 

tests taken. For the tests to be valid the total CO2 emissions must be within 5% across 

all three tests [176]. 
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Figure 4.24 – Comparison of Vehicle configuration fuel consumptions on an LUB 

drive cycle 

The usable range of the battery is between 30 and 70% which is scaled to give SOC 

values between 0 and 100% in the logged vehicle data for both testing and simulations. 

For the Streetlite vehicle configuration, the starting SOC was 53.2% and the final SOC 

was 52%. Based on a battery capacity of 3.84kWh (40Ah) this equates to 

approximately 0.018 kWh. For the Streetdeck vehicle configuration the starting SOC 

was 63.2% and the final SOC was 55.4%. This equates to approximately 0.120 kWh. 

The SOC plots show a larger overall change in the battery SOC for the Streetdeck 

HEV configuration compared to the Streetlite HEV. The same control logic was 

implemented for both vehicle configurations highlighting the flexibility in the control 

logic that it is not specific to an individual vehicle. The fuel consumption 

improvements from using the mild hybrid system were comparable for both vehicle 

configurations but the way in which the fuel consumption is offset through use of the 

battery is different, which is dictated by the control logic. There was a larger overall 

548.8ml (10.6%) 

446.7ml (10.5%) 
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change in the battery SOC for the Streetdeck vehicle configuration than for the 

Streetlite. Converting the difference in in SOC changes between the two simulations 

of 6.6% (7.8%-1.2%) to an equivalent fuel consumption may show that the difference 

in SOC changes can account for the larger decrease in fuel consumption of the 

Streetdeck. Converting the 6.6% SOC change difference for the battery of 3.84kWh is 

equivalent to 0.101kWh accounting for the 30 to 70% usable SOC range scaling. 

Assuming an efficiency of 83% extracted from the hybrid system characterisation map 

(Figure 4.8) means that there was an extra 0.08383kWh of energy applied to the 

transmission output over the cycle by the Streetdeck hybrid system. Converting this 

energy to an equivalent fuel energy input by assuming an average transmission 

efficiency of around 70% for first gear operation when the hybrid system is mostly 

active (due to the torque convertor) and an engine thermal efficiency of 40% results 

in an extra energy input from the fuel of 0.299kWh. Converting this to a volumetric 

fuel consumption equates to around 28ml of fuel (assuming a diesel calorific value of 

45.5 MJ/kg and density of 832.2 kg/m3). This could potentially account for some the 

increased fuel consumption reduction on the StreetDeck vehicle. If the same drive 

cycles were conducted again on the real-world vehicles with more refined charge 

sustaining strategies, then this would eliminate the effect of SOC variation between 

the vehicle configurations on the fuel consumption results. 
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Figure 4.25 - Comparison of Streetlite HEV and Streetdeck HEV battery SOC’s 

on an LUB drive cycle 

4.11 MGU belt drive system ratio optimisation 

The following study was conducted to establish whether an increase or decrease in 

the MGU drive ratio on the current HEV system would have a positive effect on the 

systems overall fuel consumption characteristics. Figure 4.26 shows a schematic for 

the belt drive system where the drive ratio is defined as the ratio of the diameter of the 

transmission output shaft pulley to the diameter of each of the MGU shaft pulleys, 

described by Equation 4.8. 

 
𝐷𝑟𝑖𝑣𝑒 𝑅𝑎𝑡𝑖𝑜 =  

𝑑1

𝑑2
 Equation 4.8 

There were five ratios selected based on availability of pulley wheel ratios from 

suppliers, packaging constraints and tooth number on each of the pulleys. The analysis 

was conducted on the LUB cycle with the StreetDeck vehicle configuration. The 

approximate peak vehicle velocity in the LUB cycle is 67km/h. This velocity limited 

the maximum drive ratio to 4.5 due to the 10,000rpm speed limitation on the MGU. 

ΔSOC = 7.8% 

ΔSOC = 1.2% 
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The initial prototype ratio of 2.432 was used as a baseline. Figure 4.27 shows the 

cumulative fuel consumption results for each of the simulation runs on the LUB drive 

cycle. Figure 4.28 shows the SOC plots for the same simulations. The MGU mode of 

operation was identical for the different ratios and only the mechanical ratio was 

changed for each of the simulations. 

 

 

 

Figure 4.26 – Schematic of belt drive system 

 

 

 

Figure 4.27 – Streetdeck HEV Cumulative Fuel consumption on an LUB cycle 

using different MGU drive ratios 

Transmission output shaft pulley 

MGU 1 Shaft pulley MGU 2 Shaft pulley 
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Figure 4.28 – Streetdeck SOC results on an LUB cycle using different MGU drive 

ratios 

From the analysis, it was apparent that the best drive ratio for fuel consumption 

minimisation was 3 as this gives the lowest overall fuel consumption in the results, 

ignoring other factors such as number of cycles on the battery and depth of discharge 

on the battery over the cycle. The difference in fuel consumption by moving from a 

ratio of 2.432 to 3 was 52ml or 1.1% from the original baseline. The SOC finished at 

1.42% lower when a ratio of 3 was used in comparison to the baseline. The offset in 

fuel consumption could be accounted for by the drop in SOC. The resolution of the 

ratios was subsequently refined around 3 to see if there were any finer gains to be 

made. Figure 4.29 shows the cumulative fuel consumption results with increased 

resolution around a ratio of 3. Figure 4.30 shows the SOC results for the same refined 

drive ratio simulations. The results from the refined drive ratio study showed that the 

lowest fuel consumption was achieved with a drive ratio of 3.1. A further saving of 

27ml (0.6%) was achieved by using a ratio of 3.1 in comparison to a ratio of 3. The 

SOC in this instance finished 0.23% lower when using a ratio of 3.1 compared to a 

ratio of 3. The final ratio that was selected to be used on the vehicle was 3.17 due to 

availability of pulleys with a suitable ratio from suppliers. Figure 4.31 shows the 
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simulated MGU operational map for drive ratios of 3.17 and the original ratio of 2.432. 

Also shown in the figure is the theoretical torque and power curves for the MGU’s. 

These were created based on rated power and torque characteristics as well as a speed 

range of 0 to 10,000 RPM. Access to the higher speed constant power region through 

use of the higher 3.17 ratio is highlighted. 

 

Figure 4.29 -Streetdeck HEV Cumulative Fuel consumption on an LUB cycle 

using refined MGU drive ratios 

 

Figure 4.30 – Streetdeck SOC results on an LUB cycle using refined MGU drive 

ratios 
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Figure 4.31 – MGU operation and theoretical torque and power curves 

4.12 Ultracapacitor system study 

Due to their increasing popularity, the effects of replacing the battery with an 

ultracapacitor system was investigated. The study was carried out to assess whether 

an ultracapacitor would capture and deliver energy at higher rates than an equivalent 

battery pack and to assess the flexibility of the modelling architecture in terms of its 

‘plug and play’ capabilities. Furthermore, as an ultracapacitor pack does not require 

any liquid cooling, unlike the battery pack, there are potential savings on component 

costs, reduced risk of plumbing leaks and energy savings as there would be no liquid 

pump required. Table 4.9 details the specifications for the individual ultracapacitor 

packs that were used to make up the full ultracapacitor system tested. 

 

 

High Speed constant 

power region 
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Table 4.9 – Ultracapacitor pack specifications 

 

 

 

 

 

 

 

The ultracapacitor was modelled as an ideal capacitor scaled up to the desired 

capacity. The ideal capacitor equation is shown in Equation 4.9. The SOC is calculated 

based on the proportion of voltage left within the ultracapacitor model as shown in 

Equation 4.10. The voltage terms in Equation 4.10 are squared because the energy in 

a capacitor can be calculated from 
1

2
𝐶𝑉2 and therefore for the same capacitor at 

different voltages the remaining energy can be found by comparing the ratio of the 

square of the current voltage to the maximum voltage, which is equivalent to the SOC. 

 
𝑖 = 𝐶

𝑑𝑣

𝑑𝑡
 Equation 4.9 

 
𝑆𝑂𝐶 =

𝑉𝑐
2

𝑉𝑚𝑎𝑥
2 Equation 4.10 

where C is the capacity of the system measured in Farads, Vc is the voltage at the 

current time step and Vmax is the maximum voltage for the system. The ideal capacitor 

assumption has the limitation of not capturing transient capacitor effects for charge 

and discharge curve characteristics. However, as no test data was available to validate 

this model the ideal assumption was deemed acceptable. The ultracapacitor model was 

inserted into the model in place of the battery pack. Simulations were conducted with 

both the battery pack and a number of different ultracapacitor system configurations, 

Item Parameter 

Nominal Voltage 51V 

Maximum Stored Energy 63.9Wh 

Rated Capacitance 177F 

Maximum peak current (1s) 2881A 

Mass 15.8kg 
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detailed in Table 4.10. The individual ultracapacitor packs were combined to give a 

resulting ultracapacitor system with the required voltage and varying system 

capacities. A single module consists of two packs connected in series to give a nominal 

voltage of 102V. Several modules were then simulated by varying the capacitance of 

the system. Figure 4.32 shows the cumulative fuel consumption results for the various 

ultracapacitor system configurations. Figure 4.33 shows the SOC results for the 

different system configurations. The ultracapacitor pack with six modules delivered a 

marginally lower fuel consumption than the equivalent battery configuration, saving 

approximately 3ml of fuel on the LUB cycle. This suggests that there is no significant 

advantage in using the ultracapacitor system in terms of fuel consumption alone. 

 

Table 4.10 – Ultracapacitor module number and capacitances 

 

 

 

 

 

 

 

 

 

 

 

 

Number of Modules Capacitance (F) 

1 89 

2 178 

3 267 

4 356 

5 445 

6 534 

7 623 

8 712 
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Figure 4.32 – Cumulative fuel consumption results for different ultracapacitor 

system configurations 

 

Figure 4.33 – SOC results for different ultracapacitor system configurations 

The only change that was made to the model was the removal of the current limits 

as the ultracapacitor system can give out and receive currents that far exceed those of 

the battery. However, the current draw was still based on the currents extracted from 

the MGU testing. Because of this it would be necessary to either perform a set of tests 
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with the ultracapacitor system in place and create new empirical maps for use in the 

model or create a more detailed hybrid system model that would allow for the current 

draw to be calculated rather than imposed on the system. It can be inferred that an 

ultracapacitor system with a suitable capacity can still achieve similar fuel 

consumption performance as the equivalent battery system, but the removal of the 

silicone oil cooling system also saves some weight and complexity therefore making 

the ultracapacitor system an attractive option which is currently under further 

investigation. From this analysis it was ascertained that the model’s flexibility in terms 

of ‘plug and play’ was confirmed. The model was easily reconfigured to accept an 

ultracapacitor model in place of a battery and simulations were conducted with no 

issues. 

4.13 Effect of engine downsizing and MGU upsizing 

A parametric study was conducted to assess the effect that downsizing the engine 

and upsizing the MGUs would have on system performance, characterised by a change 

in fuel consumption. This was achieved by adding a scaling coefficient to the torque 

outputs of the engine and MGUs to simulate engine and MGU up or downsizing. As 

the rotational speeds of the systems remain constant, the torque scaling coefficients 

also equate to a scale in the power outputs of each component. The StreetDeck 

NextGenHEV model was simulated over an MLTB drive cycle with engine and MGU 

scaling coefficients ranging from 0.5 to 2. Figure 4.34 shows cumulative fuel 

consumption results for a total of 64 simulations.  
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Figure 4.34 – Parametric study of Engine and MGU up/downsizing 

The results show that in general increasing the size of the motor would cause a 

reduction in fuel consumption. Interestingly, increasing the size of the engine does not 

have a similar effect. With increasing engine sizes past a scaling coefficient of 0.8 

there is no significant increase in the fuel consumed. This is most likely due to a 

change in driver model behaviour in these simulations where less torque is being 

requested from the driver as more torque is available from the engine. For the 

downsized engine, the amount of torque output will remain the same however the 

drivers torque demand percentage will be higher. For the larger engine the same is true 

that the torque output from the engine will remain the same however the drivers torque 

demand percentage will become increasingly lower as the engine size is increased. 

The results showed that decreasing the engine size to 0.6 of its baseline size and 

increasing the MGU size to 2 times that of their baseline size there was a fuel saving 

of approximately 174ml (approx. 6%). 

Lowest fuel 

consumption point 
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4.14 Chapter Summary 

Details of the modelling of the hybrid system components were given as well as 

the methods used to implement these as models in the MATLAB Simulink 

environment. An overview of the hybrid control unit was given to explain how the 

energy management strategy on the vehicle operates including the engine de-rate 

function which ensures engine load offsetting rather than an increase in vehicle 

acceleration rates. Validation results for Streetlite and Streetdeck vehicle 

configurations were presented as well as a general hybrid system performance 

analysis. Applications in which the model assisted with engineering decisions were 

also discussed. The first study on MGU drive ratio optimisation concluded that the 

ratio which achieved the lowest fuel consumption on an LUB drive cycle was 3.1. The 

ultracapacitor system study concluded that there was no significant fuel consumption 

benefits from replacement of the battery with an equivalent ultracapacitor system. 

However, it was noted that the ultracapacitor system does not require liquid cooling 

and therefore the power required for the liquid cooling of the battery would be 

removed as well as some mass savings. The effect of varying the size of the MGU and 

IC engine in terms of power output was assessed and showed that to achieve the lowest 

fuel consumption it was desirable to increase the size of the MGU’s and decrease the 

size of the engine, as would be expected. The following chapter critiques the research 

documented in this thesis as well as the outcomes and implications in both academic 

and industrial contexts.  
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Chapter 5   Discussion 

This chapter discusses the outcomes and implications from the research 

documented in this Thesis. The implications of the research are described in terms of 

both academic and industrial impact. The chapter concludes by making 

recommendations for further research. 

5.1 Modelling Methodology 

The proposed vehicle model architecture improves modelling flexibility by 

standardizing and replicating the real physical coupling between model subsystems. 

This allows for rapid reconfiguration of the model as well as testing and validation of 

individual component subsystems in isolation. It was shown that the proposed 

modelling methodology is suitable for the simulation of vehicle dynamics closely 

matching real world driving data through a suitable validation process. The new VMA 

can also include complex components such as clutches and torque convertors, 

accurately accounting for coupling and decoupling within the powertrain system. The 

use of the Simulink environment rather than a commercial package also benefits the 

user/developer by giving extra freedom in model development that other commercial 

packages may not give. The NextGenHEV model executes with a run time of 

approximately 587.6 seconds on an LUB drive cycle. The real cycle time is 

approximately 3148 seconds meaning that the model runs at around 1/5th of real time 

(the simulations have a run time equal to 18.7% of the real-world cycle). Note that the 

simulations were conducted on a computer with an Intel Core i7 5600U CPU @ 

2.6GHz with a 3.2GHz turbo boost and 16GB of RAM and a simulation time step of 

0.01s (100Hz) was used. 
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The decoupling of subsystems by removing the kinematic speed linking of 

components which is present in current vehicle models, such as those presented by 

Emirler et al. [101] and Belton et al. [124], allows for the independent simulation of 

vehicle sub-system components. As an example of this the hybrid components were 

isolated and simulated with a user specified MGU demand input. The results are 

shown in Figure 5.1. The same process can be implemented for other component 

models including simulation of the engine or transmission in isolation if required. 

 

Figure 5.1 – Hybrid components simulation results when isolated from the main 

powertrain  

Use of the novel modelling architecture has therefore increased the potential 

applications of the model. Sub system components can be tested and/or validated using 

reference test data on an individual component basis, even when isolated from the rest 
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of the vehicle model system. This allows the user to concentrate on one subsection of 

the model to either improve its fidelity or validate it in isolation. The new sub-model 

iteration can then be reintegrated into the full vehicle model with no adverse effects, 

provided that the standardised signal architecture is adhered to. 

5.1.1 Engine model 

The engine modelling methodology used was unable to accurately capture transient 

engine operational characteristics due to the use of steady state torque curves and 

BSFC maps. Engine lug up curves derived from supplier tests were implemented to 

attempt to mitigate this. However, the assumption that was made was to use the lug up 

curve during first gear operation and the steady state torque curve in all other gears. 

This is not fully representative of the real-world operation of an internal combustion 

engine but for the purposes of the current work was deemed acceptable as the model 

produced good validation results. 

5.1.2 Transmission model 

The simplifying assumptions used in the development of the transmission model 

proved to be suitable for the current applications of the model. However, should more 

detailed understanding of the operation of the system be required for future vehicles 

then the need arises for higher fidelity model of this system which captures the 

underlying dynamics and kinematics of the planetary gear sets of the transmission. 

The clutch modelling methodology proved to be successful within a small 

tolerance. However, issues are present with speed matching of the rotating systems in 

the upstream and downstream directions of the clutch system. This is due to the input 

and output shaft speed calculations being handled by two separate subsystems. The 

difference in speeds is typically low, usually less than 50RPM but depends on the 
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acceleration rates of the upstream and downstream shafts. The error arises because of 

the numerical integration of the shaft speeds on either side of the clutch system being 

performed over a timestep after which the clutch has been established as locked. This 

means that the shaft accelerations are opposing one another resulting in a slight 

crossover of speeds which is only removed on clutch disengagement. This is an 

inherent problem due to the nature of implementation of the clutch model. To 

successfully remove this error the clutch modelling methodology would need to be 

revised. Figure 5.2 shows an example of this where the difference in shaft speeds is 

approximately 35 RPM. 

Figure 5.2 – Example of shaft speed crossover due to clutch model operation 

5.1.3 Use of coast down polynomials 

Use of the coast down polynomials as a replacement for the classical equation-

based method of capturing resistive forces on the vehicle was used to lower the 

modelling and tuning effort required to ensure accurate resistive force prediction in 

the model. This method was implemented and proved to be suitably accurate. 

However, the user will be unsure of the specific breakdown of the resistive force into 

its constituent parts, mainly rolling resistance, aerodynamic and gradient forces. This 

35RPM 
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will potentially affect the use of the model for applications which are attempting to 

identify the source of resistive forces in an effort to lower them. The advantage of the 

coast down polynomials is that they capture effects that the classical equation-based 

method does not such as bearing losses. Hence there is a trade-off between modelling 

effort and results accuracy which is dependent on the modelling and simulation 

objectives and currently identification of the breakdown of resistive forces was not an 

objective of the current research. The coast down curve may also vary with vehicle 

mass and as the coast down tests were performed with the specified vehicle test 

weights, the coast down polynomials extracted may not be accurate when the vehicle 

mass in the simulation is varied.  

5.1.4 Hybrid Component models 

Modelling of hybrid components using the map-based approach rather than first 

principles simplifies the modelling process at the expense of performing testing and 

characterisation. However, it ensures that system efficiency is correctly captured. This 

again is a trade-off between modelling effort and modelling and simulation objectives. 

Should the need arise for accurate understanding of hybrid system electrical operation 

such as inverter switching characteristics, then it may be necessary to remodel these 

systems from first principles, but again this was not an objective for the current 

research and therefore the map-based approach was deemed suitable. A drawback of 

the modelling method for the hybrid components is that when the battery ESS was 

replaced with an Ultracapacitor ESS, the use of current prediction profiles extracted 

from the dynamometer testing may not be a suitable representation of real world 

ultracapacitor results. Also, because the control system was not modified to take 

advantage of the extra performance potential of the ultracapacitor system, this could 
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mean that if a suitable control system was developed the simulation results may be 

much more promising for this type of ESS. 

5.2 Model Validation 

The design of the next generation hybrid vehicles presents challenges when 

attempting to understand many of the subtilties in the underlying energy flow patterns, 

as the volume of data available can often obscure whether the mathematical model 

generated accurately represents real-life vehicle performance. As concerns about 

energy management and emissions have come to the forefront, these detailed 

validation procedures have become necessary in order to design robust control 

strategies which can maximise the energy consumption efficiency. While it is a 

comparatively trivial task to validate global vehicle characteristics, such as total fuel 

consumption, it is a monumental undertaking to compare and understand the accuracy 

with which the full range of vehicle behaviours are being accurately captured for these 

new generations of hybrid vehicles.    

A multi-fidelity validation algorithm was developed and tested on both the baseline 

and NextGenHEV models. To support the development of highly efficient vehicle 

control strategies which can efficiently minimise energy consumption, it is first 

necessary to have a well validated model which can be easily refined with a high level 

of confidence, where all underlying energy flow paths and system dynamics are being 

suitably captured.  To this end, seven critical signal behaviours were identified which 

should be evaluated in the vehicle validation process, which are capable of fully 

representing not only the full range of likely errors associated with the vehicle model, 

but also helping to identify the root cause. A global validation metric has been 

proposed and tested, which provides an abstract representation of the model validation 
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quality, taking into consideration all relevant global and local characteristics, nested 

into a single value.   

By approaching the validation in this manner, the subjectivity which is typically 

inherent in many published validation approaches is delayed until as late as possible, 

removing the potential for unintentional bias.  Through the combination of a global 

metric and visual representation of the full range of model behaviours baselined 

against the physical system, the quality of representation of the underlying system 

dynamics across all levels of the model is more transparent, and it is also possible to 

use these metrics and visualisations to more effectively understand the effects of any 

post-validation changes to the system on the model quality. The validation algorithm 

introduced the core set of behaviours that any advanced vehicle powertrain should be 

evaluated against, which not only gives a measure of the magnitude of any error within 

the model, but aids in identifying the likely source of those errors.  For example, the 

cross correlation presented can identify time domain phasing errors, which would not 

naturally be obvious in standard error evaluations.  These behavioural profiles for all 

of the signals in the vehicle architecture provides the necessary additional insight 

needed to understand what aspects of the model require modification and/or 

refinement post-validation. In Figure 5.3, the various behavioural characteristics for 

the validation process are shown.  For each signal in the system, the x-axis gives the 

assigned ‘validation value’ for each signal in the system, the y-axis provides the 

weighting assigned to that signal/behaviour combination (α x β), and the relative radii 

of each glyph indicates the position within the hierarchy (largest – Level 1, smallest, 

Level 3).   The glyph fill indicates the behaviour ‘type’ (𝜆𝑖,𝑗,𝑘,1 to 𝜆𝑖,𝑗,𝑘,7). 
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Figure 5.3 – Visual representation of validation behavioural results 

The key aspect of Figure 5.3 is the quick and easy identification of outliers (and 

hence the undesirable behaviours within the vehicle model), which may be obscured 

otherwise.  In the case above, it is easy to see that across the model, there is a strong 

level of correlation with nearly all signal/behaviour combinations across the full extent 

of the system (evidenced by the clustering in the top righthand corner), but there are 

issues at lower levels with the first order derivative matching (𝜆𝑖,𝑗,𝑘,2) at the lower 

system levels which may require some additional investigation (bottom left).  By 

presenting this information in an intuitive manner, along with all the appropriate data 

sets, it assists the engineer with making informed decisions about the suitability of the 

vehicle model for control system development/refinement. By presenting the 

behavioural characteristic as a bubble plot, outliers can be quickly identified assisting 

in the rapid identification of areas of poor correlation in the system and the likely 

underlying source. 
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5.3 Model Robustness Analysis 

An analysis was conducted to assess the robustness of the model to changes in 

various input parameters. This ensures that the model can execute when input 

parameter values are at their expected extremes. The parameters selected for the 

analysis and the corresponding ranges for variation within the study are detailed in 

Table 5.1. The method used to assess model robustness was similar to that of a system 

sensitivity analysis. A Latin Hypercube design of experiments was used to ensure full 

design space coverage but with less computational expense than a full factorial 

method. The same control system was used for each simulation run. The first 500 

seconds of the LUB cycle were used for the cycle input rather than the full drive cycle 

to lower the required computing time. Streetlite and Streetdeck NextGenHEV models 

were used to capture both the MH3 powertrain and hybrid components. 1000 

simulations were conducted for each vehicle configuration the results of which are 

shown in Figure 5.4 and Figure 5.5. The model successfully completed all simulation 

runs showing that the model is capable of executing with a wide range of input 

parameter variation. The results show that the models for both vehicles behaved as 

expected with vehicle mass, MGU scale and resistive forces being the dominant 

factors affecting fuel consumption characterised through higher gradients of the linear 

regressions for each set of results.  
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Table 5.1 – Parameters included in model robustness analysis 

 

 

Parameter Range Units 

Engine Crankshaft Inertia 0.8 – 1 kgm2 

Transmission input shaft Inertia 0.7 – 0.8 kgm2 

Transmission output shaft inertia 0.4 – 0.5 kgm2 

Axle input shaft inertia 0.9 – 1.1 kgm2 

Axle output shaft inertia 0.9 – 1.1 kgm2 

Wheel Inertia 50 – 70 kgm2 

Vehicle Mass (Streetlite) 8000 - 16000 kg 

Vehicle Mass (Streetdeck) 10000 – 20000  kg 

Resistive Force Coefficient 0.9 – 1.1 (-) 

Initial SOC 30 - 70 % 

Battery Capacity scale 0.5 - 5 (-) 

Engine Scale 0.5 – 1.1 (-) 

Motor Scale 0.5 – 2  (-) 

Fuel specific gravity 0.8 – 0.85 (-) 
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Figure 5.4 – Streetlite HEV robustness analysis response profiles 

The resistive force coefficient is a scaling factor that was applied to the resistive 

forces in the vehicle model. An increase in the resistive force coefficient resulted in a 

marginal increase in fuel consumption but did not have as much of an effect as the 

vehicle mass. The engine scale and battery capacity scale have a small effect on fuel 

consumption characterised by low gradient regression lines. Powertrain component 

inertia showed no significant correlation to fuel consumption illustrated by the linear 

regression lines being relatively flat, although these were tested within relatively small 

ranges in comparison to the vehicle mass.  
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Figure 5.5 – Streetdeck HEV robustness analysis response profiles 

A flaw with the simulations performed in the robustness analysis is that due to the 

large variations in some of the parameters in the model, different distances were 

travelled by the vehicle for different simulation runs. This means that any change in 

fuel consumption cannot always be solely attributed to the individual parameter that 

was varied but may also be a function of the extra distance driven. This was addressed 

by using a driver model which, through a different form of look ahead function 

adjusted the driving cycle accordingly by scaling the upcoming simulation velocity 
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profile up or down based on the difference in distances travelled at the current 

timestep. This results in differences in the velocity profile that is driven, however, 

even during certification tests vehicles are not able to exactly reproduce the drive 

cycles and are given tolerance bands to stay within. The variation in distance from the 

robustness analysis was found to be 615m for the Streetlite HEV and 510m for the 

Streetdeck HEV. Figure 5.6 shows the distance covered by the Streetlite HEV and 

Figure 5.7 shows the corresponding velocity profile. Note the bold red line is the input 

drive cycle profile.  

Figure 5.6 – Distance covered in Robustness Analysis 

 

Figure 5.7 – Velocity profiles from Robustness Analysis 
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After replacing the driver model with the distance correcting driver model the same 

simulations were conducted again using the same DoE values and models. The new 

distance results for the Streetlite HEV are shown in Figure 5.8 and the corresponding 

velocity profiles in Figure 5.9. These simulations showed approximately an 80m 

difference in distance travelled for both vehicle configurations. Note that this does not 

affect the results from previous simulations. 

Figure 5.8 - Distance covered in Robustness Analysis using distance correcting 

driver model 

 

Figure 5.9 - Velocity profiles from Robustness Analysis using distance correcting 

driver model 
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5.4 System sensitivities to mass and driver 

aggressiveness 

From the results of the system robustness analysis it was apparent that mass was 

the dominating factor for vehicle fuel consumption. This is of concern in the bus sector 

as the mass of the vehicle will change significantly over the course of a journey due 

to passengers embarking and disembarking the vehicle. Driver aggressiveness is also 

of concern as literature has pointed out that driver aggressiveness can decrease vehicle 

fuel consumption by up to 50% or increase it by as much as 20% [105]. A set of 

simulations were conducted to capture the effect that varying vehicle masses would 

have for different levels of driver aggressiveness. Driver aggressiveness was 

categorised into three main categories, soft, medium and high aggressiveness. This 

was implemented in the simulation by inputting cycles of various acceleration rates 

into the model. For each of the acceleration rates the mass was varied between unladen 

and fully laden (8640kg to 13408kg for Streetlite and 11000kg to 18000kg for 

Streetdeck) using a Latin hypercube design of experiments to ensure full design space 

coverage. Figure 5.10 shows the three separate input velocity ramps and the 

corresponding velocities achieved as a function of time. Figure 5.12 shows the same 

results plotted as a function of distance travelled in the simulations. Figure 5.12 and 

Figure 5.13 show the three sets of cumulative fuel consumption results from each of 

the simulations both plotted as functions of time and distance respectively.  There is a 

noticeably flatter rate of increase in vehicle fuel consumption in the first 20 seconds 

of the simulations for the HEV’s. This is due to the propulsion assist from the hybrid 

electric system. The numeric results from the simulations are presented in Table 5.2. 
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Figure 5.10 – Vehicle velocity simulation results for three different ramp input 

acceleration rates as a function of time 

 

Figure 5.11 – Vehicle velocity simulation results for three different ramp input 

acceleration rates as a function of distance travelled 
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Figure 5.12 – Vehicle fuel consumption simulation results for three different ramp 

input acceleration rates as a function of time 

Figure 5.13 – Vehicle fuel consumption simulation results for three different ramp 

input acceleration rates as a function of distance travelled 
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Table 5.2 – Numeric results for driver aggressiveness and vehicle mass sensitivity 

study 

The variation between the maximum and minimum fuel consumptions for each set 

of results is a function of the vehicle mass. For the Streetlite vehicle configuration the 

HEV is more sensitive to mass than the MH3 characterised by higher variations 

between the maximum and minimum fuel consumptions for all the acceleration ramp 

inputs tested (6.6ml or 23.4% difference in variation worst case for the 0 to 50km/h 

ramp input). For the Streetdeck vehicle configuration the HEV was less sensitive to 

mass variation for the first two acceleration ramp inputs (0.39ml or 3.5% less for the 

0 to 30km/h acceleration and 7.52ml or 22.7% less for the 0 to 50 km/h acceleration),  

Vehicle 

Acceleration 

ramp 

Max fuel 

cons. (ml) 

Min fuel 

cons. (ml) 

Variation (ml) 

Streetlite MH3 0 to 30km/h 53.08 43.04 10.04 

 0 to 50km/h 114.02 85.8 28.22 

 0 to 70km/h 172.06 137.11 34.95 

Streetlite HEV 0 to 30km/h 52.19 39.2 12.99 

 0 to 50km/h 115.22 80.4 34.82 

 0 to 70km/h 167.35 128.31 39.04 

Streetdeck MH3 0 to 30km/h 66.62 51.35 15.27 

 0 to 50km/h 139.1 104.42 34.68 

 0 to 70km/h 191.27 167.58 23.69 

Streetdeck HEV 0 to 30km/h 57.23 42.35 14.88 

 0 to 50km/h 127.86 100.7 27.16 

 0 to 70km/h 181.43 156.19 25.24 
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but the variation was higher for the last acceleration ramp input (1.55ml or 6.5% 

higher) showing that for lower velocities the Streetdeck HEV is less sensitive to 

variations in vehicle mass. This is most likely a result of the plateauing of vehicle 

velocity during the highest acceleration ramp input for all masses tested due to the top 

speed of the vehicle being achieved. To assess the sensitivity to driver aggressiveness, 

the maximum fuel consumptions for each of the simulation sets was used. The 

difference between the maximum fuel consumption for the 0 to 30km/h and the 0 to 

70km/h was calculated. For the Streetlite MH3 vehicle configuration the difference 

between the maximum fuel consumptions was 118.98ml and for the Streetlite HEV 

the difference was 115.16ml showing that the HEV is only marginally less sensitive 

to driver aggressiveness. For the Streetdeck MH3 vehicle configuration the maximum 

difference was 124.65ml and for the Streetdeck HEV was 124.2ml which shows that 

there is no significant change in the vehicles sensitivity to driver aggressiveness when 

using the mild hybrid system.  

5.5 Research Impact 

The key areas from the research undertaken that have had an industrial impact are 

firstly in the development of the NextGenHEV vehicle. The model has allowed for 

preliminary tests of prototypes to be conducted prior to testing. This has ultimately led 

to the vehicles receiving low carbon vehicle status from the LowCVP in both single 

and double deck configurations on 23rd August 2016 and 5th September 2016 

respectively [174], [175]. More recently the ultracapacitor vehicle configuration has 

also achieved low carbon vehicle status however the certificates for this vehicle are 

not yet available. Simulations of varying the drive ratio between the hybrid electric 

components and the main powertrain described in section 4.11 has also ensured that 

the full potential of the system is being utilised over the expected driving scenarios 
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encountered by the vehicle in service. Prototype vehicles are now in service as of late 

2018. 

Areas of academic impact include the development of the flexible vehicle 

modelling architecture [117] that can be applied to various vehicle configurations not 

limited to hybrids or heavy-duty vehicles but that is also applicable to automotive or 

even military vehicles if desired. The novel validation algorithm also provides a 

method of validating dynamic systems to a high level of fidelity where a detailed 

understanding of the instantaneous system characteristics is of interest. This algorithm 

again is not only suitable to the validation of vehicle models but can be applied to any 

dynamic system, including electrical and mechanical systems, as the process has been 

genericised so that the signal decomposition can be performed regardless of the 

modelling and simulation objectives or the system in question. The robustness analysis 

in section 5.3 also showed that the model can run simulations at the expected 

extremities of input parameters and will give suitable results for guiding the 

engineering decision making process. 

5.6 Recommendations for Further Research 

Recommendations for further research include: 

• Higher fidelity engine model capable of simulating transient characteristics 

resulting from turbo charger lag as well as a combustion model facilitating 

accurate prediction of engine out emissions 

• Exhaust aftertreatment model capable of simulating emissions conversion 

resulting in accurate tailpipe emissions simulation 

• Fully validated ultracapacitor sub model to ensure accurate simulation 

results for the vehicle configuration using an ultracapacitor 
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• Accurate modelling of the 24V auxiliary system will be required for future 

certification testing as auxiliary systems will be required to run at a level 

representative of real-world behaviour 

• Extend model to have thermal prediction capabilities for integration with 

further research on engine bay and thermal aftertreatment systems as well 

as energy storage system thermal research 

• Coast down tests should be performed for a range of vehicle masses to 

establish the effect that this parameter has on the vehicle resistive forces  

• The model should be validated on other drive cycles including real world 

cycles extracted from real world driving routes (data loggers are currently 

installed on vehicles which have gone into service in the 8 weeks prior to 

the time of writing however it was not possible to include this as part of the 

research documented in this thesis) 

5.7 Chapter Summary 

This chapter critiqued the modelling methodology detailing drawbacks in some of 

the sub model implementations. The validation of the models was also discussed as 

well as the robustness of the model to variations in input parameters. The model 

robustness analysis showed that the model was capable of producing suitable 

simulation results even when input parameters were at their expected extreme values.  

The system sensitivities to mass and driver aggressiveness were also analysed. This 

study showed that for the Streetlite vehicle configuration the HEV is more sensitive to 

mass variations and the Streetdeck HEV is less sensitive to mass variations for lower 

acceleration rates. The academic and industrial impact of the research undertaken was 

also discussed finishing with recommendations for future research. 
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Chapter 6  Conclusions 

The following conclusions have been made from the work detailed in the previous 

chapters: 

1) The mild hybrid system present on the NextGenHEV vehicle models was 

shown to decrease fuel consumption by 10.6% for the Streetdeck HEV and 

10.5% for the Streetlite HEV. 

2) Through use of the novel vehicle modelling architecture presented, the models 

flexibility has been improved demonstrated by the replacement of the battery 

ESS with an ultracapacitor ESS and simulations of the hybrid system 

components when isolated from the main powertrain. 

3) Using a standard validation procedure, the four models developed showed the 

following errors at the end of an LUB drive cycle simulation for cumulative 

fuel consumption: 

a. Streetlite MH3 – 0.5% 

b. Streetdeck MH3 – 2.6% 

c. Streetlite HEV – 2.76% 

d. Streetdeck HEV – 1.14% 

4) Using the novel validation algorithm presented showed that the vehicle models 

achieved global validation ratings of: 

a. Streetlite MH3 – 0.9471 (94.71%) 

b. Streetdeck MH3 – 0.9431 (94.31%) 

c. Streetlite HEV – 0.9103 (91.03%) 

d. Streetdeck HEV – 0.9118 (91.18%) 
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5)  The highlighted areas of improvement from the novel validation algorithm 

were the derivative matching of signals, particularly signals such as engine 

speed and torque which would be expected without a transient engine model. 

6) Over an LUB cycle the drive ratio between the MGU’s and main powertrain 

that resulted in the lowest overall fuel consumption was 3.1. The difference in 

fuel consumption by moving from a ratio of 2.432 to 3 was 52ml or 1.1% from 

the original baseline. A further saving of 27ml (0.6%) was achieved by using a 

ratio of 3.1 in comparison to a ratio of 3. 

7) Simulations showed no significant improvement in vehicle fuel consumption 

through replacement of the battery system with an equivalent ultracapacitor 

system, however there are other benefits such as the removal of the requirement 

for a liquid cooling system which can help with component packaging. 

8) Simulations showed that by maximising MGU size and minimising engine size, 

the lowest overall fuel consumption was achieved on an MLTB drive cycle. 

The results showed that decreasing the engine size to 0.6 of its baseline size and 

increasing the MGU size to 2 times that of their baseline size there was a fuel 

saving of approximately 174ml (approx. 6%). 

9) The model robustness analysis showed that the models are capable of 

simulating when input parameters are at the extremes of their expected values. 

10) For the Streetlite vehicle configuration the HEV is more sensitive to mass 

variation than the MH3 (6.6ml or 23.4% increase in fuel consumption variation 

from the conducted tests at worst case for the 0 to 50km/h ramp input).  

11) For the Streetdeck vehicle configuration the HEV is less sensitive to mass 

variation at lower acceleration rates (0.39ml or 3.5% less for the 0 to 30km/h 

acceleration and 7.52ml or 22.7% less for the 0 to 50 km/h acceleration),  but 
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reverts to being more sensitive to mass variation at higher acceleration rates 

(1.55ml or 6.5% higher fuel consumption for the HEV). 

12) The Streetlite HEV configuration is only marginally less sensitive to driver 

aggressiveness than the MH3 baseline vehicle (3.82ml or 3.2% difference 

between the maximum fuel consumptions on the three acceleration ramp inputs 

tested). The Streetdeck vehicle showed no significant change in the vehicles 

sensitivity to driver aggressiveness when using the mild hybrid system (0.45ml 

or 0.36% difference between the maximum fuel consumptions on the three 

acceleration ramp inputs tested which was deemed insignificant).  
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Appendix 1 – Derivation of modelling 

mathematics 

Single rotating mass 

Tapp
I1

 

Equation of motion (neglecting stiffness and damping): 

ITT resistiveapplied =−
 

 

Two coupled rotating masses 

Equation of motion (neglecting stiffness and damping): 

Tres

Tapp
I1 I2
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Two coupled rotating masses geared to a third mass 

Tapp
I1 I2

I3

r1 r2

r3

Shaft A

Shaft B

Tres

 

Equations of motion for shaft A (neglecting stiffness and damping): 

Aapplied IIFrT )( 212 +=−
 

Equations of motion for shaft B (neglecting stiffness and damping): 

Bresistive ITFr 33 =−
 

Making F the subject of each and combining: 
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Substituting for ω̇𝐴 and ω̇𝐵 : 
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Two coupled rotating masses geared to a third mass acting 

as a wheel accelerating a vehicle body mass  

Tapp
I1 I2

I3

r1 r2

r3

Shaft A

Shaft B

Vehicle with mass, m

Fresistive

 

Equations of motion for shaft A (neglecting stiffness and damping): 

Aapplied IIFrT 212 +=−
 

Equations of motion for shaft B (neglecting stiffness and damping): 

Bresistive ITFr 33 =−
 

where: 
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Vehicle body equation of motion: 
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Then: 

Btractive mrF 3=
 

And from equal and opposite forces: 

3rFT tractiveresistive =

 

Hence: 

Btractive IrFFr 333 =−
 

Including vehicle mass: 
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Including upstream Inertias: 
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Rearranging for accelerations: 
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Integrating for rotational speeds and vehicle velocity: 
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Two clutch coupled rotating masses geared to a third 

mass acting as a wheel accelerating a vehicle body mass  
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Clutch disengaged: 
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Appendix 2 – Model Screenshots 

  

 

 

 

 

 

 

 

 


