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Abstract  

With increasing costs of fossil fuels and intensified environmental awareness, low 

carbon vehicles, including hybrid electric vehicles (HEVs), are becoming more 

popular for car buyers due to their lower running costs. HEVs are sensitive to the 

driving conditions under which they are used however, and real-world driving can 

be very different to the legislative test cycles. On the road there are higher speeds, 

faster accelerations and more changes in speed, plus additional factors that are not 

taken into account in laboratory tests, all leading to poorer fuel economy. Future 

trends in the automotive industry are predicted to include a large focus on 

increased hybridisation of passenger cars in the coming years, so this is an 

important current research area. The aims of this project were to determine the 

energy consumption of a HEV in real-world driving, and investigate the differences 

in this compared to other standard drive cycles, and also compared to testing in 

laboratory conditions.  

 

A second generation Toyota Prius equipped with a GPS (Global Positioning 

System) data logging system collected driving data while in use by Loughborough 

University Security over a period of 9 months. The journey data was used for the 

development of a drive cycle, the Loughborough University Urban Drive Cycle 2 

(LUUDC2), representing urban driving around the university campus and local 

town roads. It will also have a likeness to other similar driving routines.  
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Vehicle testing was carried out on a chassis dynamometer on the real-world 

LUUDC2 and other existing drive cycles for comparison, including ECE-15, 

UDDS (Urban Dynamometer Driving Schedule) and Artemis Urban. Comparisons 

were made between real-world driving test results and chassis dynamometer real-

world cycle test results. Comparison was also made with a pure electric vehicle (EV) 

that was tested in a similar way. To verify the test results and investigate the energy 

consumption inside the system, a Prius model in Autonomie vehicle simulation 

software was used.  

 

There were two main areas of results outcomes; the first of which was higher fuel 

consumption on the LUUDC2 compared to other cycles due to cycle effects, with 

the former having greater accelerations and a more transient speed profile. In a 

drive cycle acceleration effect study, for the cycle with 80% higher average 

acceleration than the other the difference in fuel consumption was about 32%, of 

which around half of this was discovered to be as a result of an increased average 

acceleration and deceleration rate. Compared to the standard ECE-15 urban drive 

cycle, fuel consumption was 20% higher on the LUUDC2.  

 

The second main area of outcomes is the factors that give greater energy 

consumption in real-world driving compared to in a laboratory and in simulations 

being determined and quantified. There was found to be a significant difference in 

fuel consumption for the HEV of over a third between on-road real-world driving 

and chassis dynamometer testing on the developed real-world cycle. Contributors 

to the difference were identified and explored further to quantify their impact. 

Firstly, validation of the drive cycle accuracy by statistical comparison to the 

original dataset using acceleration magnitude distributions highlighted that the 

cycle could be better matched. Chassis dynamometer testing of a new refined cycle 

showed that this had a significant impact, contributing approximately 16% of the 

difference to the real-world driving, bringing this gap down to 21%. This showed 

how important accurate cycle production from the data set is to give a 

representative and meaningful output. 
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Road gradient was investigated as a possible contributor to the difference. The 

Prius was driven on repeated circuits of the campus to produce a simplified real-

world driving cycle that could be directly linked with the corresponding gradients, 

which were obtained by surveying the land. This cycle was run on the chassis 

dynamometer and Autonomie was also used to simulate driving this cycle with and 

without its gradients. This study showed that gradient had a negligible contribution 

to fuel consumption of the HEV in the case of a circular route where returning to 

the start point.  

 

A main factor in the difference to real-world driving was found to be the use of 

climate control auxiliaries with associated ambient temperature. Investigation 

found this element is estimated to contribute over 15% to the difference in real-

world fuel consumption, by running the heater in low temperatures and the air 

conditioning in high temperatures. This leaves a 6% remainder made up of a 

collection of other small real-world factors. 

 

Equivalent tests carried out in simulations to those carried out on the chassis 

dynamometer gave 20% lower fuel consumption. This is accounted for by 

degradation of the test vehicle at approximately 7%, and the other part by 

inaccuracy of the simulation model. Laboratory testing of the high voltage battery 

pack found it constituted around 2% of the vehicle degradation factor, plus an 

additional 5% due to imbalance of the battery cell voltages, on top of the 7% stated 

above.  

 

From this investigation it can be concluded that the driving cycle and environment 

have a substantial impact of the energy use of a HEV. Therefore they could be 

better designed by incorporating real-world driving into the development process, 

for example by basing control strategies on real-world drive cycles. Vehicles would 

also benefit from being developed for use in a particular application to improve 

their fuel consumption. Alternatively, factors for each of the contributing elements 

of real-world driving could be included in published fuel economy figures to give 

prospective users more representative values.  
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1 Introduction 

1.1 Motivation 

It is widely known that oil reserves have a finite quantity of oil remaining which 

from the known reserves available is predicted to last another 53 years [1] if we 

continue at the current level of consumption. However demand for oil continues to 

grow from countries with growing economies, notably China and India, 

particularly in the transport sector [2] where over 75% of transport energy use is by 

road vehicles [3]. Over half of global greenhouse gas emissions (GHG) are made 

up of carbon dioxide from fossil fuel use [4], of which transport plays a significant 

part contributing 23% of world GHG emissions in 2006 [3].  

 

There has been an increased public awareness of environmental issues and aspects 

such as your “carbon footprint” are common knowledge today. Coupled with this, 

fuel prices have increased significantly over recent years, from 82.1 pence per litre 

in June 2004 rising to 130.5 pence per litre in June 2014 for unleaded petrol in the 

UK [5]. This has meant that more people are buying more fuel efficient low carbon 

vehicles and there is a large focus on this in the automotive industry. One such area 

included in this is hybrid electric vehicles (HEVs), the most popular of which to 

date is the Toyota Prius. After its introduction in 1997, sales were initially slow, 

but following the introduction of the second generation 2004 model Prius II, sales 
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increased rapidly. They passed the 3 million mark in 2013, making up just over half 

of Toyota’s total worldwide hybrid vehicle sales [6,7].  

A big issue currently is that drivers are finding that their vehicles when driven in 

the real-world are not performing as well as the manufacturers figures quote for fuel 

consumption. This is a problem particularly with HEVs due to extra sensitivity of 

their powertrain to how they are driven [8-10]. 

 

EU fleet average CO2 emissions targets are becoming much tighter from 130 g/km 

in 2015 reducing to 95 g/km in 2021 which will be phased in from 2020 [11]. This 

is driving car manufactures to design more fuel efficient vehicles. Predictions in the 

automotive industry are for an increased level of hybridisation of cars over the next 

25 years [12]. Figure 1.1 shows the UK Automotive Council’s automotive low 

carbon technology roadmap that was presented in 2013, which shows that hybrid 

vehicles have a significant contribution. 

 

 

Figure 1.1:  UK Automotive Council’s automotive low carbon technology roadmap [12] 
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1.2 Aims and Objectives 

This project aims to establish the energy consumption of a HEV under different 

driving conditions, comparing real-world driving to standard drive cycles. A real-

world drive cycle is aimed to be developed to use for carrying out laboratory testing. 

The energy use of the powertrain of a HEV should be analysed at a component 

level, and the operation of the system, including: 

 Storage – Hybrid vehicle high voltage battery 

 Electrical – Electric machines  

 Mechanical – Internal combustion engine (ICE) 

 

The objectives of this project are to: 

 Produce real-world drive cycles through data collection from a test vehicle 

 Establish differences between the real-world drive cycle and the standard 

test cycles, for example ECE-15 

 Investigate the effects of different drive cycles on HEV fuel economy 

 Use a simulation model of a Toyota Prius for component level investigation 

 Gain a greater understanding of the fuel efficiency of a HEV in real-world 

driving 

 Establish and investigate factors that affect real-world energy consumption 
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1.3 Thesis Outline 

After this introductory chapter, Chapter 2 covers a background to the research area 

with a review of literature in the field to set the context and provide understanding 

of others’ work that has already been done. Chapter 2 consists of three main parts; 

an introduction to hybrid vehicles in 2.1, discussion of drive cycles and their 

development in 2.2 to 2.3, and then vehicle testing and fuel consumption with a 

focus on HEVs in 2.4 to 2.6.  

 

Chapter 3 covers the methodology of all aspects this project, starting with the tools 

used including the test vehicles and simulation software, detailing the vehicles that 

were used and their instrumentation. In 3.2 the real-world use road testing is 

described along with the associated data processing involved. This leads into the 

drive cycle development process based on the data being presented. Sections 3.5 

and 3.6 discuss the laboratory testing on the chassis dynamometer and the resulting 

data processing. The following three sections are linked, incorporating campus 

testing on a specific route, mapping of the gradients along this route, and merging 

these together to form another drive cycle. The final section of the chapter covers 

the high voltage hybrid traction battery testing process that was carried out as part 

of the investigation of some results.  

 

Chapters 4 to 6 constitute the experimental investigations and analysis carried out 

in the project. Each of these is structured around one of the main contributions of 

this thesis. Chapter 4 investigates the effect of different drive cycles and leads into 

the effect of gradient on a HEV. It starts with an initial comparison of drive cycle 

fuel consumption results to determine the differences between different cycles and 

to compare results from the chassis dynamometer, simulation and real-world 

testing. This study highlighted all the factors to be investigated throughout the rest 

of the project, and emphasised that battery energy usage had to be accounted for 

along with the fuel consumption. Leading on from this, a more detailed drive cycle 

comparison is carried out with additional testing on the campus route and with an 

electric vehicle for comparison to the HEV. The final section brings together the 
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results that relate to the road gradient, and reinforces these with simulation results 

to determine the effect that gradient has on energy consumption of a HEV.  

 

In Chapter 5 the drive cycle effects are studied starting with looking at how 

accurately the developed drive cycle statistically matches the input dataset. From 

this it is determined that the cycle could be better matched so a replacement is 

derived, and then the statistics of it are compared to those of existing standard test 

cycles. In the last section of the chapter, a study on how the average acceleration of 

a cycle affects fuel consumption is presented.  

 

Chapter 6 details the factors that contribute to the energy consumption of a HEV. 

There are three parts; the first looks at how different battery initial state of charge 

(SOC) levels influence the fuel and battery energy use. Section 6.2 investigates 

differences seen between chassis dynamometer and simulation results. The 

simulation model accuracy and degradation of the vehicle are covered here.  In the 

third part to the chapter, factors in real-world driving are discussed. Following on 

from the earlier investigation of gradients, the use of climate control auxiliaries in 

low and high ambient temperatures is studied, followed by a brief discussion of 

other small potential factors. 

 

Finally, Chapter 7 concludes the findings of the project, with a summary of the 

results and suggested ways that the work could usefully be developed further.  
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1.4 Outline of Contributions 

In summary, the key original contributions that have come from this work are as 

follows: 

 Establishing and quantifying the key factors in the difference in fuel 

consumption between chassis dynamometer testing and real-world driving 

on the road 

 Determining the effect that gradient has on the fuel consumption for a HEV 

by using precise elevation mapping of a specific route and a test vehicle 

 Measuring the resulting improvement in fuel consumption due to 

rebalancing HEV battery cells through battery charge and discharge testing 

of all modules individually from a Prius high voltage (HV) battery pack 

 Accelerations in drive cycles 

o Deriving an alternative method of calculating acceleration periods in 

a speed-time trace which is more-representative of the vehicles’ 

dynamic behaviour than accelerations between time steps, for use in 

statistical analysis or drive cycle production 

o Using this method to produce acceleration magnitude distributions, 

and during the drive cycle development process matching those of 

the cycles to that of the driving dataset that they are derived from. 

From this, finding that drive cycles can more closely represent the 

dataset in both their statistics and energy consumption results by 

refining them in this way  

o Highlighting that a drive cycle should be matched in detail to the 

original dataset to give an output that gives accurate and meaningful 

results 
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2 Background – Literature 
Review 

In this chapter a literature review is carried out that focusses on covering the 

subject areas of hybrid vehicles, drive cycles and real-world driving to give a 

background to the work covered. 

2.1 Hybrid Vehicles 

A hybrid vehicle is defined by the Society of Automotive Engineering (SAE) as “a 

vehicle with two or more energy storage systems both of which must provide 

propulsion power – either together or independently” [13]. The term is commonly 

used to refer to HEVs, which combine an internal combustion engine (ICE) with 

one or more electric machines.  In this report from this point forward the use of 

hybrid vehicle will be with this meaning unless detailed otherwise.  

 

Hybrid vehicles are one solution to reducing fuel consumption and CO2 emissions 

of a vehicle due to several key features that are normally utilised: 

 Downsized ICE due to the electric motor(s) supplementing propulsion 

power 

 Engine operation independent of vehicle speed, so can be ran in higher 

efficiency operating regions, for series or power-split architecture 

 Engine-off periods while stationary, during low speed driving and while 

coasting or braking 
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 Energy recovery through regenerative braking 

2.1.1 Types of Hybrid Vehicle 

A mild hybrid vehicle generally uses a small electric motor to provide some of the 

benefits of a full hybrid vehicle. Features can include auto stop-start, additional 

power assistance for acceleration and regenerative braking under deceleration. 

 

A full hybrid vehicle as defined above can be one of three main configurations as 

follows: 

Parallel Hybrid – The ICE and electric motor are connected to one transmission 

and can power the vehicle simultaneously, or each power source can provide 

power independently. The batteries are charged by a generator. 

 

Series Hybrid – The vehicle is driven only by the electric motor which is powered 

by the hybrid vehicle battery, there is no mechanical connection of the ICE to the 

final drive. The ICE operates independently of vehicle speed to charge the battery 

when required. This format is now being used for vehicles referred to as range-

extended electric vehicles (REEVs).  

 

Series-Parallel Hybrid – Also called a power-split hybrid, the power output from 

the engine and electric motor are connected to a power split device (PSD), a 

planetary gear set, to provide an infinitely variable ratio of power distribution from 

each of the two sources. The electric motor can operate as a generator to charge the 

battery, using either the ICE or brake energy recuperation. 

2.1.2 Hybrid Vehicle Control System 

 The control system is very important in a HEV as it defines the entire operating 

strategy of the powertrain. Key functions for example include managing when the 

ICE is switched on and off, the charging and discharging of the HV battery and 

power distribution. The control strategy is crucial in the energy use of a HEV’s 

drivetrain. Part of the control includes a battery management system (BMS) for the 

battery aspects, which in the Prius has a separate ECU (electronic control unit) for 

this purpose as part of the electronics located in the battery pack. The control 
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strategy can be influenced by legislative drive cycles, which is covered further in 

Section 2.2.1.  

2.1.3 Toyota Prius 

2.1.3.1 Prius Overview 

The first mass produced and most well-known hybrid vehicle is the Toyota Prius 

[14]. It was first introduced in Japan in 1997, followed by the USA and Europe in 

2000. After the launch of the completely redesigned second generation Prius II in 

2003 sales increased rapidly, hitting 1 million in 2008, 2 million in 2010 and 3 

million in 2013 [6,7].  

 

The Prius is a power-split HEV with the main components of the system including 

a petrol ICE, two motor-generators, a high voltage battery pack and an electrical 

inverter. The system is called Hybrid Synergy Drive (HSD), or THS (Toyota 

Hybrid System). The motor-generators can both operate in either direction hence 

this term. Motor-generator 1 (MG1), which is sometimes called the generator, 

generates electrical power to recharge the traction battery or drive motor-generator 

2 (MG2), and acts as the starter motor for the ICE. MG2, which is sometimes 

referred to as the electric motor, provides drive to the vehicle wheels and during 

regenerative braking charges the battery. This is achieved through the PSD which 

has a planetary gear set connecting the ICE, MG1 and MG2, and adjusts the 

amount of torque to or from each component. The PSD removes the need for a 

conventional gearbox as it acts as a continuously variable transmission (CVT). The 

planetary carrier is connected to the ICE, the ring gear is connected to MG2 which 

transfers drive power to the vehicle’s wheels, and the sun gear is connected to MG1 

which converts engine power to electrical energy. Reduction gears reduce the high 

revolution speed of MG2 to transfer power to the wheels. An AC-DC inverter 

converts between AC current from the motor-generators and DC current from the 

HV battery. The arrangement of the components in the engine bay of a Prius II can 

be seen in Figure 2.1. 
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Figure 2.1:  Prius II cutaway showing engine bay configuration [15] 

The Prius battery cooling consists of an electric fan that draws air from the cabin 

across the battery pack. The battery modules have protruding features on the side 

faces to provide an air gap between them when stacked in the pack, and the faces 

are metal to transfer the heat from the surface. Testing of a Prius I battery under 

different temperatures on drive cycles to analyse the thermal performance found 

the thermal management system to perform well controlling temperatures of the 

pack [16]. 

2.1.3.2 Prius II 

The ICE in the Prius II is a 1.5 litre inline 4-cylinder petrol spark ignition (SI) 

engine with intelligent variable valve timing (VVT-i) and operates on the high 

expansion Atkinson cycle. The intake valves are held open for a long period into 

the compression stroke allowing some of the cycle volume to be pushed back into 

the inlet manifold, effectively creating a reduction in engine displacement and 

improving fuel economy. Using the VVT-i system the engine continuously changes 

between running on the Atkinson cycle and the conventional Otto cycle for 

optimum efficiency and power when required [17].  

 

The Prius II has a 6.5 Ah nickel-metal hydride (Ni-MH) HV battery pack 

consisting of 28 modules that each contain six 1.2 V cells, giving a total rated 
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voltage of 201.6 V. This is located under the boot floor with a BMS ECU and other 

associated electronics alongside. Ni-MH batteries are used due to their relatively 

low cost and safer charging process than lithium-ion, although they have a lower 

energy density. The battery is shown in Figure 2.2 with the cover removed, viewed 

from the rear of the car. The battery ECU has a target SOC level of 60% and 

usually operates within a 20% window from this, but can go beyond this to operate 

between 40-80% SOC [18,19]. Testing of a Prius I battery pack by Kelly et al. [20] 

confirmed that the battery usage was limited to 40% of its capacity. Chassis 

dynamometer testing on several drive cycles with different initial SOCs found the 

battery was forced towards a target 56% SOC for their particular car.  

 

 

Figure 2.2:  Prius HV battery pack in situe in the car with the cover removed 

The main traction motor MG2 is a 50 kW permanent magnet motor with 400 Nm 

maximum torque [21]. A specification table for the Prius II can be seen in Table 2.1. 
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Table 2.1:  Prius II specifications. Content from Toyota GB [21] 

 

  

Type 4-cylinder in-line, high expansion cycle

Valve mechanism 16-valve DOHC VVT-i

Fuel system Electronic Fuel Injection

Fuel type 95 octane petrol (or higher)

Bore x Stroke (mm) 75.0 x 84.7

Displacement (cc) 1,497

Compression ratio 13.0:1

Max. power (bhp/rpm) 76 @ 5,000

Max. torque (Nm/rpm) 115 @ 4,000

Type Synchronous, permanent magnet

Rated voltage (V) 500

Max. power (bhp/rpm) 67 @1,200-1,540

Max. torque (Nm/rpm) 400 @ 0-1,200

Type Sealed nickel-metal hydride

Nominal voltage (V) 201.6

Modules 28 modules with 6 cells joined together

Linkage Series

Capacity Ah (hrs) 6.5 (3h)

Type Series-parallel

Torque transfer type Planetary gear unit

Combined max. power (bhp/mph) 112 / more than 52mph

Combined max. torque (Nm/mph) 478 / below 22mph

0-62mph (sec) 10.9

Max.speed (mph) 106

Combined (mpg) 65.7

Extra Urban (mpg) 67.3

Urban (mpg) 56.5

Emission Compliance Level Euro 4

CO2 (g/km) 104

Engine

Motor

Battery

Hybrid Powertrain

Performance

Fuel Consumption and Emissions
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2.1.3.3 Prius Operating Modes 

The Prius has five main operating modes that are used dependent on the driving 

conditions, as detailed below. 

 

Acceleration from stationary and driving at low speeds – Power is generated by 

the electric motor, supplied by the battery. The ICE is off so that it is not running in 

a poor-efficiency range. Figure 2.3. 

 

 

Figure 2.3:  Prius operation under acceleration from stationary and at low speed [21] 

Driving under normal conditions – Power is generated by the ICE and distributed 

by the power split device to directly drive the wheels, and also to drive the 

generator which drives the motor. The distribution of these power streams is 

controlled to give maximum efficiency at any time. Figure 2.4. 

 

 

Figure 2.4:  Prius operation under normal conditions [21] 
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Sudden acceleration – Extra power is supplied to the motor from the battery while 

the ICE adds drive to the motor. Figure 2.5. 

 

 

Figure 2.5:  Prius operation under sudden acceleration [21] 

Deceleration – The motor functions as a large capacity generator, controlling 

power to the wheels. Under regenerative braking, kinetic energy is recovered as 

electrical energy which is stored in the battery for use later. Figure 2.6. 

 

 

Figure 2.6:  Prius operation under deceleration [21] 

Battery recharging – As the battery has a target state of charge level to maintain, if 

the level becomes too low, power from the ICE to the generator recharges it. This 

can occur at the same time as other operating modes, particularly driving under 

normal conditions. Figure 2.7.  

 

 

Figure 2.7:  Prius operation under battery recharging [21] 
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2.1.3.4 Prius Developments 

In the second generation Prius II significant improvements were made to the 

vehicle over the first generation, with many to increase efficiency. The paper from 

Toyota by Muta et al. [14] details the changes made in THS II. The volume and 

weight of the Ni-MH battery pack were reduced by approximately 15% and 25% 

respectively due to reduced internal resistance which leads to an improved output 

density. The high-voltage power circuit maximum voltage was almost doubled 

from 274 V to 500 V, meaning that the current required to provide a given power is 

halved. Using an AC synchronous permanent magnet brushless motor with the 

magnets arranged into a V-shape for MG2 in THS II increased the drive torque and 

output. With the increased voltage combined with improved motor control giving 

increased output in the medium-speed range, the electric motor has around 1.5 

times more power output than the previous version, going from 33 kW to 50 kW. 

The AC synchronous MG1 is rotated at high speed to provide the required power 

to MG2, improvements including to the rotor strength have increased this from 

6,500 to 10,000 rpm (revolutions per minute). Changes were made to engine 

components and engine operating strategy to improve engine efficiency. All of 

these improvements have helped increase acceleration performance, and reduced 

fuel consumption by approximately 14%. Additionally, the air conditioning 

compressor was changed from mechanical drive to electric drive to remove the 

need for the ICE to be running during low load and stationary periods. Toyota 

state that with taking into account air conditioning use, the fuel consumption 

reduction is approximately 20% on their drive cycle.  

 

Key changes in the latest third generation Prius III included upsizing the ICE from 

1.5 l to 1.8 l capacity and adding an additional reduction gear to the transmission 

between the ring gear and the MG2 output. The upsized engine means that the 

engine speed can be run lower at high cruising speeds, improving fuel consumption, 

which Toyota quote can be about a 10% reduction [22]. The reduction gear reduces 

the final drive ratio allowing a lower PSD ring gear output speed. This enables the 

conversion between electrical and mechanical power flow to be reduced due to the 

lower MG1 generator speed converting less power, therefore reducing conversion 

losses. The benefit is experienced particularly for high speed driving [23].  
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2.1.3.5 Prius Hybrid System Efficiency 

Research into the efficiency of the hybrid system of the Prius II has been carried 

out by Staunton et al. [24] at Oak Ridge National Laboratory (ORNL) with their 

objectives being to characterise the electrical and mechanical performance, map the 

performance of the inverter to motor system over the full design speed and load 

ranges, determine the operating characteristics and quantify the efficiencies of the 

hybrid electric drive system. Vehicle level tests and subsystem level tests were 

carried out. To acquire electrical data all accessible power flow points were 

instrumented to measure voltage and current, which included between the motor-

generators, inverter and battery.  

 

Power measurements were taken against vehicle speed, and voltage boost converter 

response measurements were taken. Motor and generator voltage measurements 

against motor speed were recorded, plus hybrid drive system power loss across 

motor speed range measurements were taken. 

 

The motor and inverter were removed and tested out of the vehicle with current, 

voltage, torque, temperatures and coolant flow measured. Findings from the 

research were that inverter efficiency was found to be as high as 99%, and motor 

efficiency was found to peak at 93-94% in the 1750-3000 rpm range at 50-150 Nm 

torque. Boost converter efficiency decreases as output voltage increases and was at 

a minimum of 96.7% when maximum boost and power is required. The inverter 

design was modified by the researchers then tested again and showed 

improvements in efficiency after the changes. 
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2.2 Drive Cycles 

A drive cycle, or driving cycle, is a speed verses time demand that represents a 

driving routine, used for testing a vehicle on. They can consist of sections of 

acceleration or deceleration, constant speeds and stationary periods. There are 

many cycles available which differ greatly; these include legislative ones for vehicle 

certification, and non-legislative ones developed by researchers or organisations for 

other uses. The reason for this is due to drive cycles being specific to certain driving 

conditions. In some cases, in addition to their designed region they are also used in 

developing countries that do not have their own drive cycle [25], such as Vietnam 

using the New European Drive Cycle (NEDC) [26]. Drive cycles are frequently 

used to drive a vehicle on to take measurements, commonly fuel consumption or 

exhaust emissions. Drive cycles are used for certification fuel economy and 

emissions testing for all production vehicles in Europe and the USA. 

2.2.1 Certification Cycles 

As all vehicles have to go through certification tests it can lead to cars for a 

particular market being engineered around the relevant drive cycle in order to 

produce beneficial fuel consumption and CO2 emissions figures that are published 

for consumers to see. Some cars are programmed for their ECUs to detect when it 

is being driven on a test cycle so that the engine management switches into a test 

mode to optimise the results. The downside of this is that the operation of a vehicle 

can be more suited to the synthetic driving cycle than real-world driving on the 

road.  

 

There are many different drive cycles available; here the most well-known ones will 

be discussed, from Europe, the USA and Japan. The data used to plot Figure 2.8 to 

Figure 2.16 in this section were obtained from the EPA [27]. 

2.2.1.1 European Certification Cycles 

Within Europe the New European Driving Cycle (NEDC) is used on a chassis 

dynamometer for legislative testing. It consists of four repeats of the ECE-15 cycle, 

also referred to as urban driving cycle (UDC), which represents urban fuel 

economy, followed by the extra-urban driving cycle (EUDC) for extra-urban fuel 
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economy. The NEDC gives the overall combined fuel economy. Fuel consumption 

is quoted for each of the two parts, and for the total combined cycle. The EU 

(European Union) cycles are linear synthetic cycles with constant rate accelerations 

and decelerations, and a large proportion of stationary time. The cycles are shown 

in Figure 2.8, Figure 2.9 and Figure 2.10, and a summary of the drive cycle 

statistics is in Table 2.2.  

 

Figure 2.8:  ECE-15 cycle 

 

 

Figure 2.9:  EUDC 
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Figure 2.10:  NEDC 

Table 2.2:  European drive cycle statistics. Data from DieselNet.com [28] 

 
 

The style of the EU cycles leads to vehicle fuel consumption results being an 

inaccurate representation of real-world driving. As far back as 1978, a study by 

Volkswagen found that the ECE cycle was not representative of European urban 

driving [29]. Data was logged in several cars in different European cities, for which 

statistics were compared to European, US and Japanese cycles. The authors 

concluded that the US FTP-72 was a better match, and proposed minor changes to 

improve it further.  

 

In order to have a worldwide standard and to try to overcome the inaccuracy of 

existing drive cycles including the NEDC, a new drive cycle is under development. 

This transient cycle is planned to replace the NEDC in Europe for type approval 

testing. The World Harmonised Light Vehicles Test Procedure (WLTP) is being 

developed by a United Nations group consisting of representatives from Europe, 

Japan and India. There are three classes of cycle to cover vehicles within different 

Statistic ECE-15 EUDC NEDC

Duration (s) 195 400 1180

Distance (km) 0.99 6.95 10.93

Idle time (s) 57 39 267

Average speed (km/h) 18.35 62.59 33.35

Maximum speed (km/h) 50 120 120

Average acceleration (m/s 2̂) 0.599 0.354 0.506

Maximum acceleration (m/s 2̂) 1.042 0.833 1.042

Drive Cycle
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power-to-mass ratio bands, and deviations of each cycle dependant on the vehicle’s 

maximum speed.  

2.2.1.2 US Certification Cycles 

The US FTP-72, or Urban Dynamometer Driving Schedule (UDDS) is a low speed 

urban drive cycle. It consists of two parts, the first lasting 505 seconds, and the 

second lasting 867 seconds. Usually the first part is run with a cold start and the 

second part with a hot start. The cycle trace is shown in Figure 2.11 and the cycle 

statistics are in Table 2.3.  

 

 

Figure 2.11:  UDDS/FTP-72 cycle 

The FTP-75, which is sometimes referred to just as FTP (Federal Test Procedure), 

is the FTP-72 cycle with an additional phase added, which is a repeat of the first 

505 second section. This time it is run with a hot start after the engine is stopped 

for 10 minutes. The cycle is shown in Figure 2.12. The FTP-75 was used for 

certification testing, and from 2000 two additional Supplemental Federal Test 

Procedures (SFTP) were used in addition. These are the US06 (Figure 2.13) for 

representing high speed more aggressive driving, and the SC03 (Figure 2.14) to 

represent the use of air conditioning.  The US cycle statistics are given in Table 2.3. 
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Figure 2.12:  FTP-75 cycle 

 

Figure 2.13:  US06 cycle 
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Figure 2.14:  SC03 cycle 

In the US, the Environmetal Protection Agency (EPA) replaced their previous fuel 

consumption and CO2 emissions regulations in 2008 with a new five-cycle test 

procedure in order to produce results that are nearer to real-world driving [30]. The 

FTP is still included in this for urban driving, run at regular and low temperatures, 

along with the US06, SC03 and HWFET (Highway Fuel Economy Test Cycle). 

The HWFET, shown in Figure 2.15, is used for the highway fuel economy test. 

 

 

Figure 2.15:  HWFET cycle 
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Table 2.3:  US drive cycle statistics. Data from DieselNet.com [28] 

 

2.2.1.3 Japanese Certification Cycles 

In Japan the 10-15 mode cycle replaced the previous 10-mode cycle in 1991 [31]. It 

was derived from the 10-mode cycle, using three 10-mode segments followed by a 

15-mode segment at the end as shown in Figure 2.16. The entire cycle features an 

additional 15-mode segment as part of the warm up before the emissions 

measurement starts.  

 

 

Figure 2.16:  10-15 Mode cycle 

Between 2005 and 2011 a new Japanese regulation test cycle representing 

congested city driving, the JC08, was gradually phased in to replace the 10-15 

Mode. It can be seen in Figure 2.17 and the cycle statistics with those of the 10-15 

mode cycle are in Table 2.4. 

 

Statistic UDDS FTP-75 US06 SC03 HWFET

Duration (s) 1372 1877 596 596 765

Distance (km) 12.07 17.77 12.80 5.80 16.45

Average speed (km/h) 31.50 34.12 77.90 34.80 77.70

Maximum speed (km/h) 91.25 91.25 129.20 88.20 96.40

Drive Cycle
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Figure 2.17:  JC08 cycle. Source DieselNet.com [28] 

Table 2.4:  Japanese drive cycle statistics. Data from DieselNet.com [28] 

 

2.2.2 Artemis Driving Cycles 

The European ARTEMIS (Assessment and Reliability of Transport Emission 

Models and Inventory Systems) project was intended to define European methods 

and tools for measuring pollutant emissions from transport. An objective of this 

was to derive a set of reference real-world drive cycles to be used within the project, 

and also in other areas to give consistency between European emissions data. 

Existing data was used for the development of three cycles, urban, rural, and 

motorway, to cover the diversity of driving conditions observed [32]. An alternative 

version of the motorway cycle with a lower maximum speed of around 130 km/h 

rather than 150 km/h was also produced for facilities with lower maximum test 

speed. All the cycles are shown below in Figure 2.18, Figure 2.19 and Figure 2.20, 

and the cycle statistics in Table 2.5. The figures were produced with data from 

INRETS [33].  

Statistic 10-15 Mode JC08

Duration (s) 660 1204

Distance (km) 4.16 8.17

Average speed (km/h) 22.7 24.4

Maximum speed (km/h) 70.0 81.6

Drive Cycle
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Figure 2.18:  Artemis Urban cycle 

 

Figure 2.19:  Artemis Road cycle 
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Figure 2.20:  Artemis Motorway cycle including 130km/h version shown with dashed line 

Table 2.5:  Artemis cycle statistics. Data from DieselNet.com and André [28,34] 

 

  

Statistic Urban Road Motorway (130) Motorway (150)

Duration (s) 920 1081 1067 1067

Distance (km) 4.47 17.27 28.74 29.55

Idle time (s) 260 33 16 16

Average speed (km/h) 17.5 57.5 97.0 99.7

Maximum speed (km/h) 58 112 132 150

Average acceleration (m/s 2̂) 0.75 0.58 0.52 0.52

Drive Cycle
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2.3 Drive Cycle Development 

2.3.1 Types of Drive Cycle 

There are two general types of drive cycle: 

1. Transient – Developed from on-road driving data, such as the US FTP 

2. Modal, or polygonal – Developed from statistics and comprised of a 

sequence of steady-state modes, such as the EU and Japanese cycles 

 

For collecting driving data to use in the production of a drive cycle, two main 

methods are used; the chase car technique, and on-board measurement [35]. In the 

chase car technique a driver would follow a selected target vehicle on a pre-defined 

route. The other method involves using instrumented test vehicles to collect data 

directly. 

 

A review of 101 drive cycles covering both light-duty and heavy-duty vehicles by 

Tong and Hung provides a good summary of the differences and the ways in which 

cycles can be developed [35]. A clear trend is shown in drive cycles developed for 

different driving conditions; with urban drive cycles generally having lower average 

speed but higher positive kinetic energy and acceleration rates. Conversely, 

motorway drive cycles have higher average speed but smaller positive kinetic 

energy and acceleration rates. There is some overlap seen between drive cycles 

developed for different driving conditions, probably due to a combination of other 

factors including vehicle type, driving environment and driver behaviour in 

different geographical areas. When comparing average acceleration to average 

speed, light-duty and heavy-duty vehicle driving patterns differ so drive cycles are 

developed for these specific vehicle types.  

 

Comparisons showed differences between drive cycles for different regions, 

comparing Europe, the USA, Australia and Asia. Motorway driving is generally 

smoother in the USA, Europe and Australia than Asian cities such as Hong Kong 

where there is low speed congested driving. Urban and suburban driving 

commonly has lower speed and features more transient changes. The differences 

between the three conditions for the Asian cities are less distinctive than for Europe, 
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the USA, and Australia, due to the generally lower speed congested driving. 

Weighted average values in relation to the drive cycle duration show in Asia 

average accelerations are higher than the others and speeds are much lower. 

2.3.2 Cycle Construction Methods 

There are two main methods of drive cycle construction: the simulation approach 

and the matching approach. The simulation method has not been used a lot 

recently; matching is much more widely used so will be focussed on here. 

2.3.2.1 Simulation Approach 

The ‘Knight’s Tour’ theory considers the driving dynamics at each second to 

generate a cycle using understanding of how a vehicle moves in a traffic stream, 

rather than matching to assessment criteria [36]. The name comes from an analogy 

with how a knight may move around a chessboard. A speed-acceleration matrix 

with related frequencies of events is used. Using an understanding of how a vehicle 

moves in traffic implies a path through the matrix using the frequency of events in 

each cell. The speed profile is generated from this, combined with probability 

distributions of starting acceleration and length of idling period to define the stops. 

The cycle does not have to meet statistics of the overall dataset, but results showed 

that it could do.  

 

The ‘Knight’s Tour’ approach has also been applied in the matching approach to 

define how driving conditions and modes follow each other [37,38]. 

2.3.2.1.1 Cycles Developed Using Simulation Approach 

The Perth driving cycle was developed based on the ‘Knights Tour’ concept [36]. 

An interesting finding from this study was that the rate of acceleration from one 

second to the next tends to zero, implying that there is a strong inclination for a 

vehicle to maintain constant acceleration or deceleration rates. 

  



2 Background – Literature Review 

 

29 

 

2.3.2.2 Matching Approach 

Regularly assessment criteria are used and measured against the total driving 

dataset. A drive cycle produced with the matching method can constitute a single 

logged trip or a sequence of microtrips that are considered to be the most 

representative of the dataset. A microtrip is the speed data between two 

consecutive stops. An advantage of segment matching approaches is checking the 

statistical agreement with the dataset. On the other hand a disadvantage is that the 

criteria may tend to include microtrips with statistics closer to targets, rather than 

trips with extreme driving behaviour in, meaning that this can get excluded. 

 

Trip-based cycle construction is a simple method where multiple test runs of the 

route are carried out to collect speed-time data and the one that best matches the 

target statistics is chosen. For the UDDS [39] the run that had the time closest to 

the average was chosen and then shortened to make it closer to the average journey 

length for the area, by removing segments whilst maintaining statistics for the drive 

cycle. Another example of using the trip-based method is the FTP75. With this 

method there are no artificial manipulations so it gives reasonable 

representativeness when there are enough samples to choose from. Driving 

characteristics recorded in other runs are not included so some important driving 

behaviour may not be incorporated in the drive cycle. 

 

Microtrip based cycle construction produces a more representative cycle and has 

additional flexibility. Variations of the method allow for cycles for specific 

purposes to be produced such as for a region, a specific route or facility-based. 

Different variations of this approach are the most frequently used for developing a 

drive cycle. The data is split into microtrips or data segments, which can be defined 

as the speed data between set points, classified by statistical methods or partitioned 

by length or type. 

 

The simplest way to develop a drive cycle is to select random microtrips, or find 

microtrips that incrementally improve the match to the target statistics. One 

example is the Unified cycle (LA92), which used a ‘quasi-random’ approach, 

selecting microtrips that incrementally improved the sample speed/acceleration 
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frequency distribution (SAFD) [37]. An SAFD is a distribution showing the 

frequency of acceleration rates at a given speed, which is usually displayed as a 3D 

surface plot. Other examples that use microtrips include the Indian Pune drive 

cycle [40], Hong Kong cycle [31], Chennai bus cycle [41], Bangkok cycle [25] and 

Vietnam cycles [26].   

 

Alternatively, to ensure data representing each driving condition is included, the 

microtrips are first grouped by driving condition. A pre-defined number of 

microtrips are selected from each group in accordance with the succession 

probability. Different variations of this approach are the most frequently used. The 

Heavy Heavy-Duty Diesel Truck (HHDDT) cycle randomly selected microtrips 

and combined them to form sub-cycles for each operating mode, then joined them 

together to form the final cycle [42]. Another example is the Artemis cycles [32]. 

The Edinburgh cycle was produced using the TRAFIX (TRAffic Flow IndeX) 

method, which generates speed codes for driving segments. The speed at each 

second is identified and assigned to the relevant pre-defined speed interval. The 

codes are then compared to codes for the whole dataset [43].  

2.3.2.2.1 Modal Segmentation Method 

The modal data segmentation method assumes driving consists of a sequence of 

different driving modes in order to include emission sensitive driving characteristics 

in the derived cycle. A drive cycle is modelled using Markov theory where the 

occurrence of a modal event is dependent on the previous modal event [37,38]. The 

dataset is split into sections that are grouped into modal groups, and then a 

transition probability matrix is developed and used along with an SAFD to select 

sections from the groups to construct the drive cycle. Further improvement to this 

method has been made by considering the intensity and duration of vehicle speed 

and acceleration events [38]. 

2.3.2.2.2 Cycles Developed Using Matching Approach 

The following are descriptions of the development processes for a selection of drive 

cycles using different methods. 
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EPA Urban Dynamometer Driving Schedule (UDDS)  

Kruse and Huls [39] 

A complete test trip was chosen with the most representative speed-time profile. 

The development process was as follows: 

 6 drivers drove the same route once each with their speed recorded 

 5 of the 6 speed traces were very similar, from these the one with the time 

closest to the average was chosen 

 A shorter trip length was wanted to be closer to the average trip length for 

the region 

 The speed profile was split into segments between idle points (effectively 

microtrips), the maximum speed, average speed, time and distance were 

calculated for each and profiles that were alike were grouped 

 In any of these groups 1 in 3 profiles were deleted 

 For the long continuous motorway profile, sections were cut out whilst 

maintaining the average speed of the segment  

 Cycle parameters for the shortened cycle were compared to the complete 

route 

 Several combinations were tried before the final version was found 

 The original sequence that the segments were recorded in was maintained 

 The target number of idle periods was used in the profile section selection 

process 

 The average number of idle periods in all the road runs was multiplied by 

the proportion of the shortened route distance to the complete route 

distance to obtain the expected number of idle periods 

 To distribute the idle time, all idle periods recorded during all trips were 

ordered by duration, split into the same number of groups as the number of 

idle periods, and the average of each group calculated 

 The sum of these average times was too large so they were all slightly 

shortened to produce the idle periods used in the cycle 

 The idle periods were distributed between the driving segments using the 

original recorded trip as a guide 
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Unified Cycle (LA92) 

Lin and Niemeier [37] 

The Unified Cycle was designed to address the lack of high speed and high 

accelerations in the FTP. The development process was as follows: 

 Based on the LA92 data collected by the chase car technique on roads in 

Los Angeles in 1992 

 The data was divided into microtrips; there was a total of 833 of them 

 The first “seed” microtrip was selected at random 

 Subsequent microtrip selection was by a “quasi-random” approach, it is not 

completely random as the microtrips were selected to incrementally 

improve the match to an SAFD plot 

 After a microtrip was selected it was removed from the set 

 The process was repeated until a pre-determined cycle time was met, of 

approximately 20 minutes 

 18,000 cycles were produced in total 

 The final cycle matched the SAFD of the dataset within 22% of the sum of 

the differences 

 The Unified Cycle average speed, maximum speed and maximum 

acceleration are 13-15% lower than the dataset, and there is 4.6% more idle 

time 

 SAFD plots showed the cycle has 2.5% more occurrences of speeds and 

accelerations close to zero that the sample data, the difference in other areas 

is less than 0.8% 

 

Heavy Heavy-Duty Diesel Truck (HHDDT) 

Gautam et al. [42] 

Randomly selected microtrips were combined to form sub-cycles for each operating 

mode then joined to form the final cycle. The development process was as follows: 

 Trips and microtrips were used as defining parameters and for statistical 

evaluation, with a trip being an ignition key-on to key-off event 

 Microtrips were defined as a “stop-to-stop” including the preceding idle 

period 
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 Four operating speed modes were identified – Idle, Creep, Transient & 

Cruise 

 For the Idle Mode no processing was required to create a representative test 

mode 

 For the Creep and Transient Modes, microtrips were selected randomly 

through an iterative process to construct candidate cycles that matched 

target parameters, with the one that best met the criteria selected 

 Average speed, stops per mile and total kinetic energy were the measures 

used 

 Microtrips were appended until the desired cycle time duration was met 

 A different approach was used for Cruise mode due to their long trip 

durations 

 The cruise trips consisted of a variety of intermediate speed operation so 

individual trip statistics were compared to the targets 

 This gave good matches to the targets so a single trip was used in the cycle 

that was representative of the total dataset for the Cruise mode 

 An Idle Mode was added at the beginning of the cycle to represent “idle 

trips” where the engine was started but the vehicle does not travel any 

distance 

 The developed cycle was too aggressive to be used on a chassis 

dynamometer due to excessively high accelerations and decelerations, so a 

filtering method was applied to reduce high frequency speed fluctuations, 

and also limit deceleration rates 

 

Edinburgh Driving Cycle (EDC) 

Esteves-Booth et al. [43] 

The TRAFIX (TRAffic Flow IndeX) method which generated speed codes for 

driving segments and compared them to the whole dataset was used. The 

development process was as follows: 

 6 routes were driven at 4 different times of day on all 7 days 

 There were 840 measured datasets  

 The full range of speed was grouped by 5 groups 
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 TRAFIX generates a code for each measured dataset, in which it identifies 

the speed at each second and assigns it to the relevant speed interval 

 Codes are also generated for acceleration rates 

 Statistical analysis of the codes is used to produce the drive cycle 

 Method validity based on the speed at a moment in time is of minor 

importance in calculating the total emissions, the important factors are the 

speed and acceleration in total in the time period  

 After analysis of patterns seen, data was grouped into 3 groups: weekdays, 

Saturdays and Sundays 

 Outlier analysis was used to confirm it was statistically correct to combine 

the weekdays into one group 

 72 codes were obtained – For each of the 6 routes, for each of the 4 times of 

day and each of the 3 day groups 

 Weighted averages in proportion to recorded traffic flows on the specific 

routes were used to produce the final code 

 The EDC was plotted by comparing the cycle code against the codes for 

each individual route, finding a close match 

 Comparison was made to ECE-15 urban cycle – Average speed, time and 

distance are closely matched, but operating modes differ significantly due to 

ECE-15 being artificially formed, whereas realistic transient patterns form 

the EDC 
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Artemis Driving Cycles 

André [32] 

For the Artemis cycles that were discussed earlier in Section 2.2.2, existing data 

was used to develop the urban, rural, and motorway cycles. The development 

process was as follows:  

 Data from the DRIVE-MODEM1 and HYZEM2 projects was used, which 

came from 77 vehicles monitored for a total of 88,000 km and 2200 hours of 

driving  

 Equal sized segments of driving data were defined  

 Segments were grouped by driving conditions according to speed and 

acceleration statistics 

 12 typical driving conditions were identified 

 Drive cycles were derived by combining a sequence of driving segments 

based on observed probabilities of successive driving sections 

2.3.3 Assessment Criteria 

To verify if a drive cycle is representative of the dataset on which it is based, or of 

particular driving conditions, assessment criteria are usually used to compare 

against and match to. Statistics of the input data provides targets for the same 

measures on the produced cycle to match. How close they should match will be 

defined by the developers of the cycle, possibly as a range from the target or by 

producing a series of candidate cycles and choosing the best from them. They also 

determine the assessment statistics used and these can vary in what is used and 

how many are.  

 

The most frequently used criteria in the cycles assessed by Tong and Hung in [35] 

are average speed, idle time, acceleration parameters and SAFDs, as these have an 

important influence on vehicle emissions estimation [38,44]. In modal distributions, 

vehicle operating modes are commonly defined as idling, acceleration, cruising and 

deceleration. Continuous low speed creeping mode which describes vehicle motion 

                                                 
1 MODEM (Modelling of Emissions and Fuel Consumption in Urban Areas): A research project 

within the DRIVE (Dedicated Road Infrastructure for Vehicle Safety in Europe) initiative 
2  HYZEM: European Development of Hybrid Vehicle Technology approaching efficient Zero 
Emission Mobility 
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in congested traffic with frequent stop-and-start is commonly ignored in the 

literature. This operating mode has a significant effect on emissions so is important 

to be included in cycles based on urban and congested environments. 

 

The methods using succession probabilities use fewer criteria than the matching 

approach which is in line with the principles behind them. Using a 

speed/acceleration distribution could implicitly reflect the effect of speed and 

acceleration based criteria. 

 

A summary of the assessment criteria used in a number of existing drive cycles can 

be seen in Table 2.6. 

Table 2.6:  Summary of assessment criteria used in drive cycle production. Reproduced with content 
from Tong and Hung [35] 
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2.3.4 Drive Cycle Length 

The literature does not show a common approach to defining the length of cycle, or 

have detailed studies on it. The microtrip based matching method usually chooses 

a pre-defined number of microtrips to use which loses control of the cycle duration 

[31]. Some studies controlled the cycle duration when selecting microtrips, eg. 

Artemis, mainly based on common practices or experience of a reasonable cycle 

length. Cycles were derived with lengths close to the average trip length, or similar 

to that of other drive cycles. Some other studies determined cycle length based on 

cost of carrying out chassis dynamometer testing [38,45]. In these cases the length 

or duration may not give sufficient representativeness. Cycles should be long 

enough to give representativeness of the local driving characteristics [25]. 
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2.4 Drive Cycle Testing 

2.4.1 Chassis Dynamometer Testing 

Chassis dynamometers are commonly used to carry out vehicle testing in 

controlled laboratory conditions. The driven wheels of the test vehicle are 

positioned on rollers connected to the dynamometer, which are programmed with 

a road load model for the particular vehicle to be tested. The vehicle can then be 

driven through drive cycles displayed to the driver on a screen, or by using an 

automated robot driver, to take measurements of interest. 

 

Dynamometers can be 2WD (2 wheel drive) which the front or rear wheels sit on 

as necessary, or 4WD (4 wheel drive) with rollers for both axles. For testing a HEV 

with regenerative braking on a 2WD chassis dynamometer it could be thought that 

this may have an effect on the regenerative operation due to the rear wheels being 

stationary. It was confirmed in Duoba et al. [46] that using a 2WD dynamometer 

does not have an effect on the regenerative braking though so fuel consumption 

results are not affected. 

2.4.2 Drive Cycle Fuel Consumption 

Many tests have been done with different types of vehicles to compare fuel 

consumption differences between drive cycles, or between different vehicles on the 

same drive cycle. Burton et al. [47] found when comparing a hybrid heavy-duty 

truck to a conventional diesel one that the difference in fuel consumption between 

the two vehicles differed significantly between different drive cycles tested. For two 

of the cycles the HEV was 25-31% lower, but in another it was 4% higher. 

 

Drive cycles can also be carried out on-road to represent specific journeys or routes. 

Li et al. [48] investigated the effect of two driving routes with different traffic 

conditions in Leeds, one in a quiet area with little traffic that they named WP, and 

another in a busy area with more road traffic influence called HPL. The WP route 

had a lower average speed than the HPL route, and higher average acceleration 

and deceleration. The time spent accelerating or decelerating was also higher and 

the cruising time was lower. The WP route had no idle time and the HPL had a 
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small amount of idle time consisting 2.9% of the duration. In comparison to the 

ECE-15 they both had higher average accelerations, maximum accelerations, 

higher acceleration and deceleration time, and significantly less idle time than the 

28.6% in the ECE-15. An ICE car with a 2.0 SI engine was driven on the two 

routes with the resulting fuel consumption being 60% higher on the WP route 

which the authors associated to having more acceleration time.  There was found 

to be less variation in repeated test runs for the WP cycle than the HPL, indicating 

more variables such as traffic and pedestrian crossings were interfering.  

 

Transient driving modes (accelerations and decelerations) have been proven to 

consume a greater amount of fuel than steady-speeds [49], so are a significant 

factor in the fuel consumption of a drive cycle. 

2.4.3 Prius II Drive Cycle Testing Comparisons 

The Toyota Prius performs best for fuel economy in driving that consists of low to 

medium speeds so that the electric drive can be used, and also with periods of 

deceleration, to benefit from regenerative braking and engine-off time. From 

Lenaers’ [50] testing of the Prius II on different driving routes, rural driving was 

found to have the lowest fuel consumption, followed by urban driving, and then 

motorway. Similar size conventionally powered cars were tested in comparison 

which included a Peugeot 307 1.6 petrol and 1.6 HDI diesel. The Prius delivered 

better fuel economy on all driving routes, except on the motorway driving where 

the diesel performed 6.2% better. The average fuel consumption of the diesel was 

only 7.6% higher than the 5.53 l/100km recorded for the Prius, and the petrol’s fuel 

consumption was found to be much higher with a 49% increase. 

 

The fuel economy and emissions of two HEVs, a Toyota Prius II and Honda Civic 

IMA, were tested by Fontaras et al. [51]. The NEDC, plus the ECE-15 and EUDC 

sections separately, and Artemis driving cycles were tested. The Civic IMA is a 

mild hybrid so allowed comparison between levels of hybridisation. The Prius II 

gave better fuel economy than the Civic IMA, particularly on the urban cycles, 

which supports the effect of the hybridisation levels of the two cars. The results 

were used for comparison with average speed-dependant emission factors of 
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conventional vehicles from existing data. Both cars showed lower fuel 

consumption than conventional petrol cars, and for mean speeds below 90 km/h 

also were better than conventional diesel. For urban driving at around 20 km/h the 

Prius fuel consumption was 50% and 60% lower than conventional diesel and 

petrol cars respectively. Additionally, the full hybrid fuel consumption was 40% 

less than the mild hybrid. This difference becomes smaller as the mean speed 

increases, and above 60 km/h they are almost the same. The Prius reaches the fuel 

consumption level of the conventional petrol and diesel cars at 120 km/h and 95 

km/h respectively.  

 

Battery and ICE operation in the Prius was monitored for steady state driving at 

three speeds, 35 km/h, 50 km/h and 60 km/h. A repeating operational cycle was 

observed for the engine-on periods for which the duration increases, and ratio of 

electrical and ICE drive changes with vehicle speed. In Kelly et al. [20], on the FTP 

drive cycle the amount of battery energy used for driving was nearly 10% of the 

fuel energy used by the ICE. 

 

Sharer et al. [52] investigated the effect of a drive cycle aggressiveness and speed on 

a HEVs fuel consumption sensitivity using a Prius II in comparison with a 

conventionally powered Ford Focus. In this they scaled the UDDS and HWFET 

drive cycles to produce versions with differing acceleration rates and speeds. A 

measure of fuel consumption sensitivity was defined and calculated for results for 

each vehicle. The sensitivity for the Prius was higher than the Focus on both cycles, 

with a significant difference on the UDDS, and a smaller difference on the 

HWFET. For the Prius the sensitivity was higher on the UDDS than the HWFET. 

The main reason explaining this was that on the UDDS the engine is used more 

often as the cycle becomes more aggressive, therefore increasing energy losses 

which gives more variation. For the Focus there is less sensitivity due to increasing 

load giving increased engine efficiency, counteracting the increase in consumption. 

With the Prius however, this effect is not seen because the operating strategy of its 

engine is already efficient so less improvement is seen as load increases. Another 

reason was due to energy recuperation. Looking at regenerative energy sensitivity 
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to vehicle load, it was much higher for the UDDS, this means the energy captured 

by regenerative braking increases faster on the UDDS than the HWFET. 

2.4.4 Effect of Drive Cycle Conclusions 

In summary, the drive cycle has a very significant impact on the energy 

consumption of a vehicle, and also on how much the energy consumption of a 

HEV differs to that of a conventional ICE vehicle. Testing has found acceleration, 

in both count and magnitude, to be an important factor affecting energy 

consumption of a cycle. The sensitivity of a Prius’ fuel consumption to 

aggressiveness of a cycle has been found to be greater than that of a conventional 

car.  

 

The Prius performs best for fuel consumption in lower speed driving with coasting 

and deceleration periods, particularly on rural roads followed second by urban 

areas. In this environment the full hybrid Prius has been found to perform more 

economically than mild hybrid and also conventional petrol and diesel competitors. 

For a Prius the engine-on time is increased with vehicle speed.  
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2.5 Real-World Driving 

2.5.1 Real-World Fuel Consumption 

As discussed earlier, fuel consumption in real-world driving can be very different to 

published official figures for vehicles. An example of a study in existing literature 

of higher fuel consumption in real-world driving compared to legislative tests can 

be seen in Zhang et al. [53].  

 

The difference has increased quickly in recent years. In Mock et al. [54-56] data 

from several sources around Europe of real-world driving is collated and analysed 

to look at how the difference between legislative test results and real-world driving 

fuel consumption and CO2 emissions  varies with time. A clear trend of an 

increasing gap is seen, as shown in Figure 2.21, with the difference in emissions 

being about 8% in 2001, increasing to approximately 25% in 2011, and quickly 

rising further to 38% in 2013. This increase was particularly noticeable from 2007, 

which corresponds with when EU CO2 regulations for new cars were introduced, 

and when some EU countries introduced CO2-based vehicle taxation. The reasons 

given to explain the increase are: 

 Increase in technologies such as auto stop-start, that show a higher benefit 

in certification tests than real-world driving 

 Increased exploitation of permitted variation in test procedure regulations 

for improved results, such as for inertia bands used for dynamometer testing 

 Increased standard fitment and use of air conditioning in cars 
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Figure 2.21:  Increasing gap between manufacturers’ CO2 emissions and real-world driving. Source 

the ICCT [56] 

2.5.2 HEV Real-World Fuel Consumption 

In Zahabi et al. [57] during real-world driving HEVs performed better than 

conventional petrol vehicles by 28%, particularly at low urban speeds, while for 

motorway driving they were similar. Ambient temperature was found to have a 

larger impact on HEVs than conventional cars with a 26% fuel consumption 

increase in winter compared to spring due to reduced battery performance at low 

temperatures. Again, this was especially at low speeds. A 2% increase from spring 

to summer was explained by the increase in temperature being beneficial for the 

battery and therefore improving fuel consumption, but increased use of air 

conditioning at the same time reducing fuel consumption. 

 

Howey et al. [58] measured the energy consumption of 51 fuel efficient vehicles 

over a 57 mile urban and extra-urban route. They found that of the three categories 

of vehicles tested, the hybrid vehicles on average had energy consumption higher 

than the electric vehicles and lower than the conventional ICE vehicles.  
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In Karner and Francfort [59], two Prius II’s tested over 160,000 miles each in fleet 

use real-world driving averaged fuel consumption of 44.4 MPG US, which is only 

3.5% below the quoted 46 MPG US fuel consumption [60]. 

 

In six months use of real-world testing of heavy-duty trucks Burton et al. [47] 

concluded that the hybrid truck had 15-17% better fuel economy than the 

conventional truck tested. 
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2.6 Effects on Real-World Fuel Consumption 

2.6.1 State of Charge Level  

The state of charge of the HV battery in a HEV at the start of a test will always 

have a huge effect on the fuel consumption or emissions results recorded. With a 

high initial SOC the vehicle will utilise the electrical power for driving, with less 

ICE use so therefore less fuel used. On the other hand, if the initial SOC is low the 

ICE will have to be used more for driving power and for recharging the battery 

leading to higher fuel use. The effect of different battery SOC levels on fuel 

consumption was investigated in Duarte et al. [61]. On-road testing of a Prius III 

was carried out under varying driving conditions, and the data analysed using the 

vehicle specific power (VSP) method. This gives the estimated power per unit mass 

required to drive the vehicle at a given moment in time, using vehicle dynamics 

and road gradient. The results can then be grouped into bands or modes of driving 

behaviour. The estimated fuel consumption of the NEDC was calculated using the 

on-road fuel consumption measured in each VSP mode, in combination with a 

distribution of time spent in each VSP mode for the drive cycle. The results showed 

that as SOC level was increased the ICE off time was increased, leading to lower 

fuel consumption. Compared to the average of the results, fuel consumption when 

at between 40-50% SOC was 57% higher, at 50-60% SOC was 10% higher, at 60-70% 

was 3% lower, and at 70-80% was 38% lower. These results obtained here are very 

much dependant on the control system philosophy.  

2.6.2 Road Gradient 

Gradient is one of the main factors not accounted for in dynamometer testing that 

occurs in real-world driving and can effect fuel consumption. Li et al. [62] tested a 

petrol 1.8 litre ICE car on a 700 metre length of urban road in Leeds that has a 4.7% 

gradient in both directions, and compared it to a flat road. Compared to the flat 

road, the fuel consumption was found to be 18% lower on the downhill, and the 

uphill was 3.5 times greater. On a round trip going downhill and uphill the average 

fuel consumption was just over double that of the flat road, showing that fuel 

consumption can be significantly increased by driving on hilly roads.  
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There is very limited existing work in this area related to HEVs. In a very recent 

study from 2014, Wood et al. [63] investigated the contribution of road gradient to 

energy consumption by linking elevation profiles from a United States Geological 

Survey digital elevation model to GPS speed traces from over 6000 vehicles in the 

US. Drive cycles were produced that simulations were run on, with and without 

the gradients applied. Models included a mid-size conventional petrol car and a 

mid-size HEV. The tests were grouped based on geographical area. The 

conventional vehicle experienced a 25% to 73% larger increase in fuel consumption 

due to gradients than the HEV. For the conventional vehicle increases ranged from 

0.2% to 4.1%, and for the HEV 0.1% to 3.0%. Analysis was also carried out based 

on individual trips with their average gradients, which showed double digit 

percentage increases and decreases in fuel consumption for both powertrain types. 

Again, the HEV was less sensitive to road gradient than the conventional model, 

expected to be due to the HEV being able capture energy on the downhill parts.  

2.6.3 Ambient Temperature and Auxiliaries Effect 

The use of auxiliaries, particularly air conditioning, is known to add to fuel 

consumption and in HEVs can have a more pronounced effect due to causing 

changes in the operation between their electrical and mechanical systems. In 

Karner and Francfort [59], 11 HEVs were tested with and without air conditioning 

and the results showed increases in fuel consumption with air conditioning in the 

range of 15 to 28%. The fuel consumption for the Prius II tested had a 22% 

increase.  

 

El Khoury and Clodic [64] tested a Prius II and recorded fuel consumption of 3.6 

l/100km on the NEDC. At 28°C they tested with the air conditioning on set at a 

controlled temperature of 20°C, and also set to the maximum cooling temperature 

and air flow setting “Max Cold”. They found that the fuel consumption was 

increased by 0.7 l/100km, a 19.4% increase in the first case and in the second case 

this difference doubled to 1.4 l/100km and 38.9%. 

 

Another study in Christenson et al. [65] used a dramatic temperature difference of -

18°C compared to 20°C to look at the effect of ambient temperature. In this it was 
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found that cold temperature had a more detrimental effect on hybrid vehicles than 

conventional petrol vehicles. There was over 100% increase in fuel consumption on 

the UDDS at the lower temperature, showing that the Prius is very sensitive to 

ambient temperature. The engine operation is one reason contributing to this, on 

the New York City Cycle the engine-off time went from 66% to 20% with the 

reduced temperature. 

2.6.4 Battery Degradation 

One concern of the public with HEVs, particularly so a few years ago, is how long 

the batteries would last. From consumers’ experience of mobile phone and laptop 

computer batteries severely deteriorating in performance or failing completely in 

just a few years, there was the perception of this happening with hybrid vehicle 

batteries with a large expense.  

 

Testing of two Prius I battery packs was carried out in Karner and Francfort [59], 

after 160,000 miles use in the cars. Their capacities were measured as 2.5 Ah and 

2.6 Ah, an average 61% reduction. Charge and discharge pulse current tests were 

carried out to check the capability of the battery pack to meet the short high load 

demands experienced in typical driving. Ten second pulses were applied at 10% 

SOC decrements starting from 90%, with the lower the battery is able to go the 

better it is at meeting the power demands. The batteries tested were all able to 

absorb the charge pulses without reaching their voltage limits, implying that the 

battery’s ability to absorb energy from regenerative braking was not reduced. For 

the discharge pulses there was variation in the two Prius I batteries tested with the 

limit of one being 60% and the other 10%. This shows that the degradation of the 

batteries can vary, possibly due to different usage patterns of the vehicles. 

 

The US Department of Energy Advanced Vehicle Testing Activity Programme has 

carried out battery tests on packs in several Toyota Prii after they have been in use 

for 160,000 miles of real-world driving. Reports have been published with the 

results for two Prius II and two Prius III vehicles that were tested [66-69]. For the 

Prius II batteries, one was measured at 5.34 Ah average capacity and 1130 Wh 

average energy capacity, and the other at 5.25 Ah and 1090 Wh. These results 
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show a 17.8% and 19.2% reduction in capacity for the two battery packs against the 

rated capacity. The Prius III batteries were also tested at the start of the testing to 

establish the actual original battery performance, to use for comparing the end of 

test results against. For the first car the measured capacity went from 6.24 Ah to 

4.99 Ah, a 20.0% decrease, and the measured energy capacity went from 1340 Wh 

to 1040 Wh, a 22.4% decrease. The results for the second car were from 6.09 Ah at 

start of test (SOT) and 4.94 Ah at end of test (EOT), a reduction of 18.9%, and 

1310 Wh at SOT and 1050 Wh at EOT, a 19.8% reduction. These results show 

quite consistent degradations of battery capacity across all of the vehicles tested 

which could be indicative that the driving patterns of the vehicles were similar.  
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2.7 Vehicle Simulation Software 

Many vehicle simulation software packages are available, and they can be 

categorised into two main types: forward simulation and backward simulation. 

With forward simulation the operating strategy and power flows in the system are 

used to produce the output effect, which is velocity in a vehicle. A backward 

simulation on the other hand uses the drive cycle and works in the reverse direction 

to derive the required energy input to match the speed. Backward simulations have 

fast runtimes but they cannot accurately simulate power-split hybrid architectures 

due to the different energy paths to the wheels that exist. With a conventional 

vehicle a certain vehicle speed and gear ratio will relate to a specific engine speed, 

which is the principle that backward simulations use, whereas this is not true for 

power-split HEVs. 

 

Possible software that was considered that could have been employed includes 

AVL CRUISE, Argonne National Laboratory’s Autonomie or ADVISOR 

(Advanced Vehicle Simulator). CRUISE models are comprised of separate 

components that can be modified or interchanged independently. Advanced 

powertrains including electric and hybrid are incorporated making it suitable, 

although it would require a vehicle model to be built and validated. There are 

detailed analysis tools including graphical energy and power flow display which 

would be a useful benefit for energy analysis, and reports can be generated in the 

post-processing. CRUISE which is a forward simulation package also has the 

benefit of interfacing with other AVL software such as BOOST or FIRE if required. 

 

ADVISOR is a systems analysis tool developed by the U.S. Department of Energy 

(DOE) and the National Renewable Energy Laboratory (NREL). It is a model 

based on MATLAB and Simulink that can be used for conventional and hybrid 

vehicles. For a drive cycle it calculates predicted torque, speed, voltage, current and 

power passed from one component to another. Its key use is for making changes to 

components or adding or replacing them to analyse the effects of doing so. A 

combination of backward and forward simulation is used. Backward simulation is 

used for high level requirements while forward simulation is used to modify 
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individual component control commands to minimise the error between the driver 

demand and the response of the system. 

 

The U.S. DOE Argonne National Laboratory’s Autonomie is a tool for automotive 

control system design, simulation and analysis. It is developed from its predecessor, 

Powertrain System Analysis Toolbox (PSAT). Autonomie is mathematically-based 

forward simulation software based on MATLAB, with MATLAB data and 

configuration files and models built in Simulink. Vehicle models are built from 

individual components either from those built-in or by importing others. It uses a 

plug-and-play architecture with the flexibility to import models and components 

from other software packages. A driver model is included to give inputs in the form 

of accelerator and brake inputs to the vehicle model which then responds to these. 

Vehicle energy use and performance can be evaluated.  

 

The Autonomie software was chosen due to having an in-built 2004 model year 

Toyota Prius vehicle model, and the forward simulation approach is suited to the 

power-split HEV powertrain that is used here. Having an existing model saved 

many hours of work that would be involved if a model had to be built. Obtaining 

all the necessary operating maps and efficiency maps for a production vehicle 

would be very difficult and probably not possible in some cases without testing 

individual components to generate the data. This is beyond the budget constraints 

of this project, therefore meaning that estimations and assumptions would have to 

be incorporated thereby bringing inaccuracy into the model. On the other hand 

there is confidence in the model provided in Autonomie as it has been developed 

by teams that have tested the powertrain components, and validated the model 

against a physical vehicle at Argonne National Laboratory.   
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3 Methodology 

This chapter describes the methodology used in all aspects of investigations carried 

out within this project. This includes the test vehicles and their data logging 

instrumentation that was used for the experimental testing, and the software used 

for vehicle simulations and for drive cycle development. The testing processes are 

covered along with the associated data processing that is involved, including 

vehicle tests on the road and in the laboratory, and the Prius HV battery testing. 

The drive cycle development process is detailed, and included within this is the 

surveying of one of the drive cycle routes to incorporate gradients.  

3.1 Test Vehicles 

3.1.1 Toyota Prius 

The primary test vehicle used for this research project is a 2004 model second 

generation Toyota Prius. Details of this vehicle can be seen in Chapter 1. The 

original idea for this research project was to remove the powertrain from a hybrid 

vehicle and set it up in a laboratory on a test rig. As the body shell was not required, 

an accident damaged salvage car was purchased which had rear end damage that 

did not intrude on any powertrain or mechanical components of the car. It was 

then determined that the specialist technical labour required, the available budget 

and timeframe involved meant it was not viable for this project. As the vehicle had 
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already been obtained it was repaired to be used as a mobile test vehicle for use on 

the road or chassis dynamometer. The initial phase of repairs involved the 

minimum required to be made road legal but still with some cosmetic damage. 

When the test plan was confirmed for the vehicle to be used in service with 

Loughborough University Security more comprehensive repairs were carried out so 

that the vehicle looked presentable. At this point vinyl signwriting and graphics 

were designed and applied to the car as shown in Figure 3.1.  

 

 

Figure 3.1:  Toyota Prius test car with signwriting applied 

3.1.1.1 Toyota Prius Instrumentation 

The Prius is equipped with added sensors and data logging equipment that were 

installed for monitoring the vehicle during testing. A schematic diagram of the 

instrumentation, of which the contents will be discussed in this section, is shown in 

Figure 3.2. The outline represents the car with the front to the left, in which the 

items are located in the approximate position that they are installed in the car. In 

this diagram blue lines represent power connections and orange lines represent 

signal or data connections. Connections to the left hand side of items are inputs 

and connections on the right hand side are outputs.  
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Figure 3.2:  Prius instrumentation schematic diagram 

An ICP DAS GT-540 GPS data logger is installed with an ICP DAS M-7017 

analogue input module connected with 8 inputs. This logger was chosen as it met 

the key criteria required which included: 

 1 Hz logging frequency 

 0-5 V Voltage input signal 

 GPS 

 4+ Analogue inputs 

 Functionality to send the data by email using a GPRS connection 

 Cost within the limited budget available 

 

The function to remotely send the data was wanted so that when the vehicle was in 

use it did not require regular access with a computer to download the data in 

person. Once the data collection had started it became apparent that this function 

was not required though as the inbuilt 2GB memory on the micro SD card could 

store enough data for downloads to be only carried out every 2 to 3 weeks.  

 

Key         = Power 
         = Signal/Data  
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Figure 3.3:  HV battery electronics with Isaac current and voltage sensors installed 

Sensors produced by Isaac installed on the high voltage battery pack are connected 

to the data logging system, as shown in Figure 3.3. A SENVDC-251 250v voltage 

sensor and SENADC-301 +/-300A current transducer measured the voltage and 

current in and out of the battery respectively. These sensors were specified based on 

the same ones already being installed in a similar departmental hybrid test vehicle. 

Later, as discussed in Chapter 4, a lower current range LEM HAIS 50P current 

transducer was also installed. This is a low cost PCB-mounted sensor that we 

produced the necessary circuit board for to output a 0-5 V signal to connect into the 

existing system.  

 

In order to measure fuel consumption, quick-release inline fuel connections were 

installed in the vehicle cabin to connect a fuel flow meter. A Corrsys Datron DFL 

1x-5bar fuel flow meter was temporarily installed during chassis dynamometer 

testing.  
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Figure 3.4:  Data logger, input module and 12V supply distribution box installed in glovebox 

The instrumentation system was installed unobtrusively in the vehicle keeping the 

appearance tidy and like that of a standard car. This is to avoid drivers changing 

the way they drive, which they may have done if they had a constant reminder that 

it is a research test vehicle, and to prevent any damage to or tampering with the 

installation. The data logger and analogue input module were installed in the 

glovebox in the dashboard, as shown in Figure 3.4, as there was sufficient space 

here and it is close to a switched 12 V supply. The Prius has a 12 V power supply 

point in the centre console compartment so a feed was split from this and led under 

the dashboard into the glovebox to power the data acquisition (DAQ) system. This 

is powered on and off with the vehicle ignition. A distribution box provides 12 V 

supplies to the data logger and input module, and to each of the sensors in the HV 

battery pack along wires traced along the side of the car on the path of the vehicle’s 

existing wiring loom under the trim. Signal wires were laid in the same way from 

the front to rear of the vehicle connecting the sensors to the analogue input module. 

The current drawn from the DAQ system is milliamps so will have negligible effect 

on the vehicle energy use. The interior of the Prius partially disassembled during 

the instrumentation installation can be seen in Figure 3.5.  
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Figure 3.5:  Prius during instrumentation installation 

Later it was noticed with another test vehicle that occasionally data would not be 

logged. This was determined to be due to at the ignition-on point the vehicle would 

sometimes draw enough current that it would pull its 12 V battery supply down to 

below the 10 V minimum required to power the data logger. This meant that the 

logger would not switch on so would not record any data until the next time the 

ignition had been cycled. To resolve this, a small backup battery unit was produced 

to power the DAQ system to ensure that it always had enough voltage to operate. 

This was connected to the switched 12 V supply so that when the ignition is 

switched on it becomes live and powers the DAQ system. Whilst the vehicle is 

running it is charged, and when the ignition is switched off a 30 second delay timer 

keeps the supply on to ensure that the data logging is not cut off too abruptly at the 

end. This unit was installed in a corner compartment under the boot floor with the 

switched 12 V supply re-routed to pass into this backup unit before the distribution 

box in the glove box, as shown in Figure 3.2. 
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To monitor the battery SOC an OBDLink MX reader to monitor and record CAN 

(Controller Area Network) data was used, linked by Bluetooth to an Android tablet 

computer. This OBDII reader was chosen due to it being high speed with good 

reliability reported, and having a power saving function that means it can be left 

plugged into the cars’ diagnostic port permanently without draining the 12V battery. 

On the tablet the Torque Pro application was used with custom parameter IDs 

(PIDs) imported specifically for the Prius II that were obtained from a Prius online 

forum [70]. This meant that that many extra signals were available including 

battery SOC, battery current, voltages for pairs of battery modules, and 

MG1/MG2 motor speeds. 

3.1.2 Smart Electric Drive 

A pure electric vehicle (EV) was tested as a comparison to the HEV to compare the 

energy consumption for the two different types of low carbon vehicle powertrains. 

A 2010 model Smart ForTwo electric drive was used for this purpose. The Smart is a 

significantly smaller and lighter car than the Prius but was chosen due to 

accessibility of an instrumented test vehicle. To compensate for the extra weight, 

results can be normalised by mass to enable more equal comparison of the vehicles.  

 

The car tested was one of the pre-series production evaluation models with a Zytek 

developed powertrain, shown in Figure 3.6.  
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Figure 3.6:  Smart electric drive 

This pure electric vehicle has a 30 kW electric motor which operates usually up to 

20 kW with a kick down boost function to the full 30 kW for up to 2 minutes when 

the accelerator pedal is fully applied. The battery is a 16.5 kWh lithium-ion pack 

that gives a quoted range on the NEDC of 84 miles, and from first-hand experience 

gives 60 to 70 miles in real-world driving. Maximum speed is electronically limited 

to 100 km/h (62 mph) to conserve battery range. There is regenerative braking 

energy recovery when the vehicle is coasting or braking. The battery is charged 

from a mains electricity 13 amp supply using an on-board 3 kW charger. Charging 

takes approximately 8 hours for a full charge from 0-100% of the available battery 

capacity or 4 hours for a “quick-charge” from 20-80%. A specification summary is 

shown in Table 3.1.  

Table 3.1:  Smart electric drive specification 

 

Battery type Lithium-ion

Battery capacity (Ah) 16.5

Motor power (kW) 30

Range on NEDC (km / mi) 135 / 84

Maximum speed (km/h / mph) 100 / 62

Battery

Motor

Energy Consumption

Performance
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3.1.2.1 Smart Electric Drive Instrumentation 

For data acquisition a Racelogic VBOX II Lite with a CAN02 module was 

connected to the vehicle’s CAN system. Many channels are available through this 

system such as currents and voltages at different points in the system, vehicle speed 

and ignition key on/off. The VBOX can be set to log at 1 Hz or higher frequency if 

desired. 
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3.2 Vehicle Simulation 

Autonomie was used for vehicle simulations as discussed in Section 2.7, with 

version v1210 used. The purpose for using simulations was for comparison and 

validation of physical vehicle test results, and for investigating operation inside the 

vehicle powertrain at a component level for the purposes of explaining vehicle test 

results obtained. 

3.2.1 Autonomie Operation 

Autonomie can be used for carrying out drive cycle tests as well as performance 

tests. Speed against time drive cycles can be run using inbuilt cycles or by 

importing your own to use, as was necessary in this project. Each time a simulation 

is run Autonomie builds the vehicle model from its constituent components then 

runs the programmed simulation, or multiple simulations, using that model.  

 

As mentioned earlier, the Autonomie software was chosen due to it containing an 

inbuilt second generation Toyota Prius vehicle model that could be used and 

modified during this project. The overall powertrain model layout can be seen in 

Figure 3.7. Outside of this model there are also models for the vehicle powertrain 

controller, a driver and the environment.  

 

 

Figure 3.7:  Autonomie model of Prius II powertrain 
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Each component within the vehicle model has its own model consisting of 

Simulink models, operating maps, efficiency maps, calculations and data. These 

can have more than one component, for example as shown in Figure 3.8 the HV 

battery has blocks for a controller and the plant. There are various levels to a model 

made up of sub-models, the top level plant model is shown in Figure 3.9, showing 

the input and output variables to it. The deeper level battery cell model is shown in 

Figure 3.10; it consists of blocks for each function with their inputs and outputs. 

 

 

Figure 3.8:  Autonomie HV battery model block diagram 

 

Figure 3.9:  Autonomie HV battery plant model 
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Figure 3.10:  Autonomie HV battery cell model 
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In the following subsections the vehicle model and each of the component models 

are described and their equations given. 

3.2.1.1 Vehicle Model 

In the vehicle model a form of the standard equation for longitudinal dynamics,     

F = ma, is utilised, with the forces including aerodynamic drag and the force of 

gravity to overcome when climbing a gradient. The force provided by the 

powertrain and the vehicle losses are used to calculate the actual vehicle speed for 

the output. The equations are:  

 
𝑣 = ∫

𝐹𝑖𝑛 − 𝐹𝑙𝑜𝑠𝑠

𝑚𝑠𝑡𝑎𝑡𝑖𝑐 + 𝑚𝑑𝑦𝑛𝑎𝑚𝑖𝑐
 (3.1) 

 
𝐹𝑙𝑜𝑠𝑠 =

1

2
𝜌𝐶𝑑𝐴𝑓𝑣2 + 𝑚𝑔 sin 𝛼 (3.2) 

3.2.1.2 Engine Model 

A requested torque is provided by the powertrain controller to the engine model 

which provides the torque if it is within normal operating conditions. The fuel rate 

and emissions associated with the torque and speed are determined, and 

temperature correction factors are incorporated.  

 

The model output is engine torque and its equations are as follows: 

 𝑇𝑒𝑛𝑔 = (1 − 𝑃𝑊𝑀)𝑇𝑐𝑡 + 𝑃𝑊𝑀 ∗ 𝑇𝑤𝑜𝑡 (3.3) 

 𝐹𝑢𝑒𝑙𝑟𝑎𝑡𝑒[𝑘𝑔/𝑠] = 𝑓(𝑇, 𝜔) (3.4) 

 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠[𝑘𝑔/𝑠] = 𝑓(𝑇, 𝜔) (3.5) 

The constraint is: 

 𝑇𝑚𝑎𝑥 = 𝑓(𝜔) (3.6) 

 

Hot and cold engine maps are used, and when during a warm up period a factor is 

used for the cold conditions based on engine block temperature.  

 𝐶𝑜𝑙𝑑 = 𝐾𝑡𝑒𝑚𝑝 ∗ 𝐻𝑜𝑡 (3.7) 

 𝐾𝑡𝑒𝑚𝑝 = 1 + (1 −
𝑒𝑛𝑔𝑚𝑎𝑝𝑐𝑜𝑙𝑑

𝑒𝑛𝑔𝑚𝑎𝑝ℎ𝑜𝑡
) (

𝜏ℎ𝑜𝑡 − 𝜏𝑒𝑛𝑔𝑏𝑙𝑜𝑐𝑘

𝜏ℎ𝑜𝑡 − 𝜏𝑐𝑜𝑙𝑑
) (3.8) 
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The model is based on the theory that a proportion of the fuel energy is used to 

warm-up the engine and this is balanced by the heat loss from the engine which is 

proportional to the warm-up state of the engine. 

 
𝐾𝑡𝑒𝑚𝑝 = ∫ (

𝑓𝑢𝑒𝑙𝑟𝑎𝑡𝑒

𝑓𝑢𝑒𝑙𝑟𝑎𝑡𝑒𝑚𝑎𝑥
∗

1

𝑡𝑤𝑎𝑟𝑚𝑢𝑝
−

𝐾𝑡𝑒𝑚𝑝𝑛−1

𝑡𝑐𝑜𝑜𝑙𝑑𝑜𝑤𝑛
) (3.9) 

3.2.1.3 Exhaust Model 

The catalyst temperature is computed using an asymmetric first order linear model 

and exhaust emissions are calculated using efficiency maps. The equations for 

these are as follows:  

 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑐𝑎𝑡 = (1 − 𝐸𝑓𝑓)𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑛𝑔 (3.10) 

 𝐸𝑓𝑓 = 𝑓(𝜏𝑐𝑎𝑡, 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜) (3.11) 

 
𝜏𝑐𝑎𝑡 = ∫ [

1

𝜏ℎ𝑜𝑡
𝑃𝑊𝑀𝑒𝑛𝑔(𝜏ℎ𝑜𝑡 − 𝜏𝑐𝑎𝑡) +

1

𝜏𝑐𝑜𝑙𝑑
(1 − 𝑃𝑊𝑀𝑒𝑛𝑔)(𝜏ℎ𝑜𝑡 − 𝜏𝑐𝑎𝑡)] (3.12) 

 
𝐶𝑂2 =

44

12
[𝐹𝐶𝑅𝑒𝑛𝑔(𝑓𝑢𝑒𝑙𝑟𝑎𝑡𝑒 − 𝐻𝐶) −

12

28
𝐶𝑂] (3.13) 

3.2.1.4 Electric Motor and Generator Model 

The motor controller provides the demanded torque from the powertrain controller. 

The effect of losses and rotor inertia are taken into account when calculating the 

current corresponding to the produced torque. The temperature is taken into 

account by limiting the time allowed to run above continuous torque. The model 

outputs are torque and current, the equations are: 

 𝑇𝑜𝑢𝑡 = 𝑃𝑊𝑀 ∗ 𝑇𝑚𝑎𝑥 (3.14) 

 
𝐼 =

𝑃𝑚𝑒𝑐ℎ − 𝑃𝑙𝑜𝑠𝑠

𝑉
 (3.15) 

 𝑃𝑙𝑜𝑠𝑠 = 𝑓(𝜔, 𝑇) (3.16) 

The constraints are: 

 𝑇𝑚𝑎𝑥 = 𝑚𝑖𝑛[−𝐾𝑡𝑒𝑚𝑝 ∗ 𝑇𝑚𝑎𝑥 𝑝𝑒𝑎𝑘 + 𝐾𝑡𝑒𝑚𝑝

∗ 𝑇𝑚𝑎𝑥 𝑐𝑜𝑛𝑡 ,  𝑇𝑚𝑎𝑥 𝑎𝑙𝑙𝑜𝑤𝑒𝑑 𝑏𝑦 𝐼𝑚𝑎𝑥 𝑎𝑡 𝑎𝑐𝑡𝑢𝑎𝑙 𝑉] 
(3.17) 

 
𝐾𝑡𝑒𝑚𝑝 = ∫

1

𝑡𝑚𝑎𝑥 𝑎𝑡 𝑜𝑣𝑒𝑟𝑡𝑜𝑟𝑞𝑢𝑒
(1 −

𝑇𝑎𝑐𝑡

𝑇𝑚𝑎𝑥 𝑐𝑜𝑛𝑡
) (3.18) 
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The generator controller includes the effects of losses, inertia, the generator’s speed-

dependant torque capability, and the controller’s current limit. Power losses are 

modelled by a 2D lookup table indexed by rotor speed and input torque. The 

model outputs are current and rotational speed for which the equations are:  

 
𝐼 =

𝑃

𝑉
 (3.19) 

 
𝜔 = ∫

𝑇 − 𝑇𝑙𝑜𝑠𝑠

∑ 𝐽
 (3.20) 

The constraint for continuous and peak torque in propelling and regenerative 

conditions is: 

 𝑇𝑚𝑎𝑥 = 𝑓(𝜔) (3.21) 

3.2.1.5 Battery Model 

The battery pack is modelled as a charge reservoir and an equivalent circuit with 

parameters that are a function of the remaining charge in the reservoir. The 

equivalent circuit accounts for the circuit parameters of the battery pack as though 

it is a perfect open circuit voltage source in series with an internal resistance. The 

model output is voltage and its equations are: 

 𝑉 = 𝑁𝑜𝑐𝑒𝑙𝑙𝑠(𝑉𝑂𝐶 − 𝐼 ∗ 𝑅𝑖𝑛𝑡) (3.22) 

 𝑉𝑂𝐶 = 𝑓(𝑆𝑂𝐶 , 𝜏) (3.23) 

 𝑅𝑖𝑛𝑡 = 𝑓(𝑆𝑂𝐶 , 𝜏) (3.24) 

 
𝜏 = ∫

𝑄𝑒𝑠𝑠 𝑔𝑒𝑛 − 𝑄𝑒𝑠𝑠 𝑐𝑎𝑠𝑒

𝑚 ∗ 𝐶𝑝
 (3.25) 

 
𝑆𝑂𝐶𝑎𝑏𝑠 = 𝐴ℎ𝑚𝑎𝑥 − ∫

𝐼 ∗ 𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑒𝑓𝑓.

3600
 (3.26) 

 𝐴ℎ𝑚𝑎𝑥 = 𝑓(𝜏) (3.27) 

 
𝑆𝑂𝐶𝑢𝑠𝑏 =

𝑆𝑂𝐶𝑎𝑏𝑠 − 𝑆𝑂𝐶𝑚𝑖𝑛

𝑆𝑂𝐶𝑚𝑎𝑥 − 𝑆𝑂𝐶𝑚𝑖𝑛
 (3.28) 

The constraints of the battery model are: 

 
𝑃𝑚𝑎𝑥 𝑑𝑖𝑠 = 𝑚𝑖𝑛 [

𝑉𝑂𝐶
2

4 ∗ 𝑅𝑖𝑛𝑡
,
(𝑉𝑂𝐶 − 𝑉𝑚𝑖𝑛)𝑉𝑚𝑖𝑛

𝑅𝑖𝑛𝑡
] (3.29) 

 
𝑃𝑚𝑎𝑥 𝑐ℎ𝑔 =

(𝑉𝑚𝑎𝑥 − 𝑉𝑂𝐶)𝑉𝑚𝑎𝑥

𝑅𝑖𝑛𝑡
 (3.30) 
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3.2.1.6 Gearbox and Final Drive Models 

The gearbox model allows the torque multiplication and speed division based on 

the ratio command from the powertrain controller. The losses are taken into 

account using torque losses. The model outputs are torques and rotational speeds. 

The equations are: 

 𝑇𝑜𝑢𝑡 = 𝑅𝑎𝑡𝑖𝑜(𝑇𝑖𝑛 − 𝑇𝑙𝑜𝑠𝑠) (3.31) 

 𝑇𝑙𝑜𝑠𝑠 = 𝑓(𝑇𝑖𝑛, 𝜔𝑖𝑛, 𝑅𝑎𝑡𝑖𝑜) (3.32) 

 𝜔𝑖𝑛 = 𝑅𝑎𝑡𝑖𝑜 ∗ 𝜔𝑜𝑢𝑡 (3.33) 

 𝐽𝑜𝑢𝑡 = (𝐽𝑖𝑛 + 𝐽𝑡𝑥𝑠ℎ𝑎𝑓𝑡 1
) 𝑅𝑎𝑡𝑖𝑜2 + 𝐽𝑡𝑥𝑠ℎ𝑎𝑓𝑡 2

 (3.34) 

For neutral conditions: 

 
𝜔𝑖𝑛 = ∫

𝑇𝑖𝑛 − 𝑇𝑙𝑜𝑠𝑠

𝐽𝑖𝑛
 (3.35) 

 𝐽𝑜𝑢𝑡 = 𝐽𝑡𝑥𝑠ℎ𝑎𝑓𝑡 2
 (3.36) 

 

The final drive model’s function is to apply a fixed reduction ratio to torque and 

speed by taking into account the losses. Outputs are torque, rotational speed and 

inertia. The equations are: 

 𝑇𝑜𝑢𝑡 = 𝑅𝑎𝑡𝑖𝑜(𝑇𝑖𝑛 − 𝑇𝑙𝑜𝑠𝑠) (3.37) 

 𝑇𝑙𝑜𝑠𝑠 = 𝑓(𝑇𝑖𝑛, 𝜔𝑖𝑛) (3.38) 

 𝜔𝑖𝑛 = 𝑅𝑎𝑡𝑖𝑜 ∗ 𝑇𝑜𝑢𝑡 (3.39) 

 𝐽𝑜𝑢𝑡 = 𝐽𝑖𝑛 ∗ 𝑅𝑎𝑡𝑖𝑜2 + 𝐽𝑐𝑜𝑚𝑝𝑜 (3.40) 

3.2.1.7 Accessories Models 

The mechanical accessories model takes into account the mechanical losses 

associated with the powertrain. The torque losses are subtracted from the engine 

torque. The outputs are rotational speed and torque for which the equations are: 

 𝜔𝑖𝑛 = 𝜔𝑜𝑢𝑡 (3.41) 

 
𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 −

𝑃𝑎𝑐𝑐 ∗ 𝐸𝑛𝑔𝑜𝑛 ∗ (𝜔𝑒𝑛𝑔 > 𝜔𝑖𝑑𝑙𝑒)

𝜔𝑖𝑛
 (3.42) 
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The electrical accessories model takes into account the electrical losses associated 

with the powertrain. The current losses are subtracted from the energy storage. The 

outputs are voltage and current which have the following equations: 

 𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 (3.43) 

 
𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛 −

𝑃𝑎𝑐𝑐

𝑉𝑖𝑛
 (3.44) 

3.2.1.8 Wheel Model 

The wheel model converts rotational energy into linear, converting ω into v, and T 

into F, which are the two outputs. The losses due to mechanical brakes and tyre 

friction are accounted for, and the equations are: 

 
𝐹 =

𝑇

𝑟𝑤ℎ𝑒𝑒𝑙
 (3.45) 

 𝑇 = 𝑇𝑖𝑛 − 𝑇𝑏𝑟𝑎𝑘𝑒 ∗ 𝑃𝑊𝑀 (3.46) 

 𝑣 =
𝜔

𝑟𝑤ℎ𝑒𝑒𝑙
 (3.47) 

 
𝑚𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =

∑ 𝐽 + 𝐽𝑤ℎ𝑒𝑒𝑙

𝑟𝑤ℎ𝑒𝑒𝑙
2  (3.48) 

3.2.2 Simulation Tests 

In this project a variety of drive cycles were tested in the simulations including 

existing cycles and newly developed cycles, so drive cycles had to be imported into 

the software. Although the UDDS and Artemis Urban cycles are built into 

Autonomie, all cycles that were used were imported to ensure complete 

consistency with those used for chassis dynamometer testing. To import drive 

cycles requires some formatting of the speed-time trace in MATLAB to generate 

the necessary files. This includes assigning to variables the time, speed in m/s, 

gradient if applicable, ignition key-on array, and a cycle name, which are then 

saved into a .mat file. The import cycle function can then be used to load and save 

the cycle into the software for use.  

 

The built-in Prius model was used for carrying out drive cycle simulation tests. 

Initially the only changes to the model included setting the mass to 1375 kg which 

was the measured weight of our test vehicle, and the initial SOC to 60% which is 

the vehicle’s target charge level that it will typically operate at [19]. The original 
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settings for these are 1449 kg and 70% respectively. Further changes were later 

made to the model, which are described in the relevant following sections. 

 

A conventional diesel vehicle model similar to a Citroën Berlingo 1.6 HDI was also 

used for a basic comparison study to the HEV. For this a model was built using 

inbuilt components by choosing ones closest to the specification of the Berlingo. 

Default parameter values such as the engine capacity, maximum power, maximum 

torque, frontal area, wheel and tyre size, etc. were changed to the values for the 

Berlingo.  
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3.3 Real-World Vehicle Road Testing 

The main on-road real-world testing was carried out by the Loughborough 

University Security department. The Toyota Prius was put into use as one of their 

regular patrol vehicles for nine months and was driven on a daily basis across three 

shifts that covered 24 hours a day. This usage meant that a lot of miles were 

covered and therefore a large amount of data could be collected. The driving was 

mainly around the university campus and some use was in the local area, so the 

driving was all urban. This testing is relevant to various other usages within an 

urban environment with similar driving patterns, for example a delivery vehicle or 

commuting.  

 

During the test period Security kept log sheets with the vehicle’s mileage whenever 

it was used and when any fuel was added, which would be used to work out the 

average fuel consumption. Corresponding CO2 emissions were estimated using the 

carbon content of the fuel and the amount of fuel used.  

3.3.1 Security Driving Fuel Records Analysis 

From the vehicle mileage and fuel records for the 9 months test period the data was 

split into sections as close to one month duration as possible using selected 

refuelling points as the separators. This was so that the average fuel consumption 

over each month could be calculated using all the refuelling data for between these 

points. A table was constructed with the mileage at the start and end point of each 

month and the amount of fuel added during this period. From this the monthly fuel 

consumptions could be calculated and the overall consumption for the whole 

period. It should be noted that from the vehicle logs it was not possible to 

distinguish precisely when during a day’s use the vehicle was refuelled so there 

may be a small amount of error in the monthly total mileages and fuel 

consumptions due to accounting for the miles covered on the day of the start of a 

new month. For consistency in the data processing, all refuelling logs against the 

first vehicle use of the day were assumed to be carried out at the start of a day, and 

all refuelling logs against the last vehicle use of the day were assumed to be carried 

out at the end of a day.  
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3.3.2 Driving Data Processing 

GPS data logged while the Prius was in use was processed to develop a drive cycle 

representative of urban driving. The raw CSV (comma-separated values) data files 

from the data logger were generated with poor formatting with all the GPS data 

stored in the same column, so an Excel macro was produced to format the data 

into a usable form. An example of the raw data is shown in Appendix 1. The 

macro splits the GPS data into separate columns in order to use the speed from it. 

For the rows that the GPS status is active, the speed, which is logged in knots, is 

converted to km/h. Similarly the time is separated from the date, and then the time 

and speed columns are copied and pasted into a new workbook which is saved. A 

sample of some output data can be seen in Appendix 2 (a).  

 

A MATLAB programme was written, using MATLAB R2010a, to process these 

CSV files and output them in the two-column format required for use in the Cenex 

Fleet Carbon Reduction Tool (FCRT) software, which will be discussed in 

Section 3.4. An example of the output data is shown in Appendix 2 (b). The 

functions of the programme are as follows:  

 Round down small fluctuations in speed below 1 km/h that were logged 

when the vehicle was stationary, by replacing the values with zero 

 Cut down zero-speed periods that are longer than a predefined length 

reducing the maximum idle times to this limit 

 Check first and last speed values are zero, if not inserts them as necessary 

 Edit sections with a large jump in speed caused by the vehicle setting off 

before a GPS fix is found, meaning that logging started mid-journey, or due 

to loss and regaining of GPS signal  

 Save speed and time data as a CSV file 

 

In the first version of this programme that was used initially, for any of the speed 

jumps the data were smoothed by inserting a linear gradual change in speed 

between the two speed points. Instead of this, as an improvement in a later version 

of the programme which is described in more detail in Chapter 5, the section of 

data from the jump continuing until the next stop occurs is removed. The 
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programme process is shown in the flow chart in Figure 3.11 and a copy of the 

programme code is in Appendix 3. 
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Figure 3.11:  Driving data processing MATLAB programme flow chart 
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3.4 LUUDC Drive Cycle Development 

A considerable amount of time was spent on the development of the real-world 

Loughborough University Urban Drive Cycle (LUUDC), for which the processes 

involved will be discussed in this section.  

3.4.1 Cenex FCRT Software 

The drive cycle construction function within Cenex’s Fleet Carbon Reduction Tool 

(FCRT) was used to generate the drive cycle from the logged data. This software 

was used as access to it was available due to doing other work in partnership with 

Cenex, and saved time compared to developing our own programme.   

 

The FCRT cycle construction operation process is as follows. The CSV driving 

data files are loaded into the software and statistics for each one are calculated. The 

statistics are aggregated to give a single set of target values for the generated cycle 

to meet. The data in each input file is split into segments; a segment is a continuous 

length of driving data. These short fixed length segments are matched to the 

software’s inbuilt criteria of speed thresholds to be designated as a specific driving 

type, which is either urban, road (A-/B-road), or motorway.  Adjacent segments 

with the same designation are merged and the segment boundaries moved to the 

nearest point of minimum speed. All segments are entered into a pool from which 

segments are selected at random when constructing a drive cycle. Based on a target 

cycle duration input by the user, a selection of segments consisting of equivalent 

proportions of each road type as the full dataset has, are joined together. After each 

segment has been selected and added to the new cycle, any segments in the pool 

that would be too long, too fast or too transient that they would cause the cycle 

statistics to become irretrievably far from the target parameters for them to be met 

are removed from the pool. Finally the selected segments are shuffled randomly 

and appropriate idle periods added to form the constructed cycle. This drive cycle 

is created to be statistically representative of the larger set of driving data.  

 

The FCRT is bespoke software produced for Cenex so there was limited detail 

available about the operation of the programme, and also no existing validated 
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results from it available to verify the use of this tool.  Initial trial work using the 

FCRT was carried out, which indicated that short duration cycles gave less 

accurate fuel consumption results in the inbuilt simulation element of the software 

compared to longer cycles. Therefore a validation process, discussed in 

Sections 3.4.2 to 3.4.3, was carried out to determine the shortest duration of cycle 

that could be created whilst still being accurate. A relatively short cycle in the 

region of 30 minutes duration was desired for dynamometer test purposes.  

 

In later studies detailed in Section 5.1 it was established that the drive cycle 

produced in the FCRT was not as representative of the full dataset as it could be. 

The FCRT was continued to be used at this point due to experience gained of the 

effect of the cycle and segment duration input settings, which could be expanded 

upon to potentially produce an improved drive cycle. This was found to be 

successful. The alternative option considered was to write a MATLAB programme 

from scratch to produce drive cycles but time constraints made this unviable.  

3.4.2 Initial Drive Cycle Length Validation 

Using three sets of a week’s duration and a set of a month’s duration of data, over 

50 cycles of differing lengths from 0.5 hours to 6 hours were created. It should be 

noted that these were the input requested cycle durations but the output cycles were 

not necessarily precisely this length. Any cycle lengths given in this section, unless 

otherwise stated, refer to the input cycle length. Cycles with two different 

maximum stop durations were tested, 300 seconds (5 minutes) and 600 seconds (10 

minutes) to check for variability. This stop time was set in the driving data 

processing programme, and the two sets of data produced.  

 

The FCRT software has a vehicle simulation feature that gives fuel consumption 

and CO2 emissions results for a drive cycle using built in vehicle models. Each 

cycle was run in the FCRT simulation to use the fuel consumption as a comparison 

measure, then for each set of cycles the mean fuel consumption and the squared 

difference from it for each cycle was calculated. It was found that the simulation 

results were generally stable for cycles of at least 2 hours and for all cases the 2 

hour cycles were consistent with low squared differences. Therefore 2 hours was 
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the selected duration for the production of initial drive cycles. The drive cycle 

statistics given in the graphical user interface (GUI) for each cycle produced were 

also recorded and analysed but there were no clear trends seen.  

 

Cycles with a 2 hour input cycle length were produced for each of the 38 weeks and 

each of the 9 months of the test period, before an overall cycle using the total 9 

months’ dataset was produced. Each of these 47 cycles was again run in the FCRT 

simulation. All the cycles showed similar fuel consumptions and the squared 

differences between them were small, showing that the driving dataset is consistent 

over the time period. The statistics for the overall cycle are shown in Table 3.2 and 

the cycle can be seen in Figure 3.12. 

Table 3.2:  Initial 2 hour drive cycle FCRT statistics 

 

 
 

 

Figure 3.12:  Initial 2 hour drive cycle 

A shorter cycle of approximately half hour duration was required for chassis 

dynamometer testing purposes. Therefore from the 2 hour cycle, sections of 

approximately 0.5 hour length were cut out to use as candidate cycles and 

compared to the 2 hour cycle. However, during this process after having earlier 

highlighted the issues being faced in producing short drive cycles, the FCRT 

Input 

Duration 

(h)

Cycle 

Duration 

(h)

Fuel Cons. 

(l/100km)

CO2 

Emissions 

(g/km)

2.0 1.61 6.10 165.02

Distance 

(km)

Mean 

Speed 

(km/h)

Max 

Speed 

(km/h)

Town (%) Road (%)
Motorway 

(%)

22.87 14.18 58.67 97.20 2.80 0.00
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software developers produced an update that meant one of these cut down cycles 

would not be needed. They determined that when producing short drive cycles the 

software could be constructing them from a small number of large segments of the 

input driving data, potentially only one or two, so may not be very representative 

of the total dataset. The FCRT software update added the functionality to specify 

the maximum segment length that could be used in the construction. This enabled 

shorter cycles to be generated with a representative number of shorter segments.  

3.4.3 Revised Cycle Settings Validation 

Using the updated software, cycles could now be produced with different 

maximum segment sizes. Similarly to previously covered in Section 3.4.2, 

validation was conducted by producing cycles with varying cycle lengths and then 

with varying segment lengths to compare the outputs of each. This was done using 

three sets of a week’s data and three sets of a month’s data. Cycle lengths of 0.5 to 

4 hours were produced with a maximum segment duration as close as possible to 

33% of the cycle duration, which was a suggested segment length from the 

developers of the FCRT software. The cycle results can be seen in Appendix 4. 

 

The FCRT simulation fuel consumption results were consistent across the cycle 

length range down to the shorter sub-2 hour cycles. An exception was the 0.5 hour 

cycles for the weekly datasets and the third monthly set which gave significantly 

higher fuel consumption results than the rest of the range, particularly in the 

weekly cycles. The weekly cycles all had a squared difference less than 0.44, with 

the 0.7 hour and 0.8 hour cycles being at the low end of the range. The monthly 

cycles appeared to have an anomaly with the 3 hour cycles for months 2 and 3 and 

the 4 hour cycle for month 1, which all have low fuel consumption. Aside from 

these and the previously mentioned 0.5 hour month 3 cycle, the squared differences 

are 0.48 or lower.  

 

To investigate the maximum segment length, a range of 0.5 hour cycles each with a 

different maximum segment duration within the range of 4-50% of the cycle 

duration were constructed. With the weekly cycles the segment length did not 

appear to have a significant effect on the simulated fuel consumption for 10-40% 
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maximum segments, with the fuel consumptions being consistent. The 20% 

maximum segment cycles for week 2 and 3 looked like anomalies due to higher 

squared differences. Increasing to 50% maximum segment length, the fuel 

consumption results were high compared to those with the smaller maximum 

segments. With the smallest 4% maximum segment length the fuel consumptions 

were also higher with larger squared differences.  

 

Starting the same analysis on monthly datasets brought up a problem with the 

updated software; it was causing cycle creation to run very slowly with the larger 

dataset being used. Several days were taken to generate two cycles, so due to time 

constraints on access to the FCRT software the choice of settings that would be 

used had to be based on the weekly dataset cycle results already obtained. From 

experience of the first validation exercise with the old software version it was 

expected that similar trends would be seen for the monthly cycles.  

3.4.4 LUUDC Production 

Based on the above findings, for the final overall drive cycle based on the whole 9 

months’ driving data the target cycle length used was 0.7 hours and a 10% 

maximum segment length of 0.07 hours was chosen. These settings should avoid 

the irregularities seen in the validation process and allow the cycle to be made up of 

a reasonable number of segments, so should be well representative of the original 

data. It is also a practical length for chassis dynamometer testing. The cycle 

produced gave the results shown in Table 3.3 and can be seen in Figure 3.13. This 

cycle was named the Loughborough University Urban Drive Cycle (LUUDC). 

Table 3.3:  LUUDC FCRT statistics 

 

 
 

Input

Duration (h)

Input Max 

Segment (h)

Max 

Segment % 

of Duration

Cycle 

Duration (h)

Fuel 

consumption 

(l/100km)

CO2 

Emissions 

(g/km)

0.7 0.07 10% 0.70 6.62 178.95

Distance 

(km)

Mean 

Speed 

(km/h)

Max 

Speed 

(km/h)

Town (%) Road (%)
Motorway 

(%)

8.74 12.54 77.15 97.36 2.64 0.00
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Figure 3.13:  LUUDC 

3.4.5 FCRT Drive Cycle Formatting 

The drive cycles are output from the FCRT with 10 Hz frequency, so to use the 

cycles a MATLAB programme was written to convert them to 1 Hz frequency. 

This loads a drive cycle CSV file and defines the columns.  A “for” loop uses a 

counter to take every tenth row from the input cycle and add it to a new array. A 

new output filename is defined based on the input filename, then the modified 

cycle is output to a CSV file. The programme code is shown in Appendix 5.  
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3.5 Chassis Dynamometer Testing 

3.5.1 Vehicle Coastdown Tests 

In order to model the Toyota Prius for the chassis dynamometer, coastdown tests 

were carried out at MIRA Proving Ground. Ten runs were driven in each direction 

on the parallel straights starting from 100 km/h, putting the transmission into 

neutral and allowing the vehicle to slow down to 0 km/h without driver assistance.  

 

The data for each of the runs was identified and copied out of the data log file into 

individual CSV files. A velocity-time (V-T) plot of runs 1-10 can be seen in 

Figure 3.14 which shows very good repeatability between runs. Only half of the 

runs are used so that the lines can be distinguished on the graph. A MATLAB 

programme was written to convert the data into the necessary form. It loads a run 

data file and switches the data from time steps to speed steps, interpolating at 5 

km/h decrements. The corresponding gatetimes, which are the measured times 

taken between the speed points, are then calculated. Finally the new gatetime data 

is output to a new CSV file.  

 

After combining all the formatted data into a single spreadsheet, pairs of runs in 

opposite directions were averaged. These ten datasets were then averaged to give 

overall gatetimes to use in the dynamometer coastdown model. For some runs the 

speed did not get all the way down to zero due to approaching faster and running 

out of track during testing. In these cases if one or both runs of a pair did not have 

a gatetime those data points were not used, so they were not included in the overall 

average. For the last gatetime for 5 to 0 km/h there was still four data points 

available to include in the average. The gatetimes are shown in Table 3.4. 
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Figure 3.14:  Prius coastdown V-T curves 
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Table 3.4:  Prius coastdown gatetimes 

 

3.5.2 Chassis Dynamometer Setup 

The gatetimes were entered into the Dynamotive Vehicle Manager software which 

uses them to generate a speed-time curve, and the corresponding coefficients of the 

line. The coefficients were then loaded into the Dynamotive dynamometer control 

software.  

 

Before doing any testing several calibrations have to be carried out. At the 

beginning of a test period, i.e. when starting a week’s testing, a dynamometer 

calibration is carried out. This calibrates for parasitic losses in the system between 

the torque transducer and the rollers, and the inertia of the dynamometer, so that 

they are accounted for in the applied force to give an accurate force at the rollers’ 

surface.  

 

Each time the vehicle was re-sited onto the dynamometer rollers a vehicle 

calibration, also known as a forced coastdown, was carried out. This involves the 

dynamometer running to a high speed then forcing the vehicle wheels to decelerate 

End Speed 

(km/h)

Time

(secs)

100 0.00

95 3.09

90 3.44

85 3.78

80 3.97

75 4.29

70 4.46

65 4.87

60 5.25

55 5.77

50 6.23

45 6.71

40 7.35

35 7.78

30 8.53

25 8.93

20 9.71

15 10.19

10 11.05

5 12.07

0 13.38
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following the road load coastdown curve. The motor force to do this is recorded 

over the speed range, to be applied to the vehicle model.  

 

Following a vehicle calibration, vehicle coastdowns are carried out to check that 

the times match up accurately to the modelled times. These tests simulate those 

carried out on a test track. It involves the rollers driving the vehicle wheels up to a 

speed above the coastdown starting speed, then is left to decelerate under the 

resistance of the vehicle coastdown model with gatetimes recorded in the process.  

 

To set up the vehicle on the dynamometer it is positioned with the front wheels 

square to the rollers and parked on the wheel supports. Straps to stop lateral 

movement are attached to the front towing eye and the other ends to eye bolts on 

the lab floor leaving them slack. A longitudinal strap is attached to the car’s rear 

tow eye, again with some slack to allow for movement. Safety guards are fitted 

around the rollers and the exhaust gas extraction pipe is connected to the vehicle 

exhaust pipe. A cooling fan is positioned in front of the vehicle aligned with its 

cooling intake. The vehicle is put into neutral and the handbrake applied. The 

dynamometer is then run slowly at 5 km/h to allow the vehicle to centralise itself 

on the rollers with a driver to deal with any steering input required. The ratchet 

straps are then tightened but without applying pressure on the vehicle to allow for 

any small movements during testing, whilst avoiding any additional pressure being 

applied onto the rollers which could affect the recorded results. The setup is shown 

below in the diagram in Figure 3.15. 

 

 

Figure 3.15:  Diagram of chassis dynamometer setup 
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For drive cycle testing a PC with an NI LabVIEW VI is used to read drive cycle 

files and display them to the driver on a driver’s aid monitor. For this the drive 

cycles have to be saved in text files with extra columns containing limits for the 

duration of the cycle and for the y-axis to cover the maximum speed range that it 

contains.  

3.5.3 Chassis Dynamometer Test Procedure 

A chassis dynamometer operating guide was written including the setup procedure 

from the previous Section 3.5.2 and the operating procedure, it can be found in 

Appendix 6. Contents of the guide are summarised below.  

 

For chassis dynamometer testing the following procedure was carried out: 

1. Check tyre pressures & adjust if necessary  

2. Warm up dynamometer rollers at 80 km/h for 45 minutes 

3. Carry out dynamometer calibration if necessary (only at the start of a test 

period) 

4. Position and strap vehicle in place on rollers 

5. Disable vehicle traction control to allow the front wheels to be driven 

without the traction control interfering due to the rear wheels not turning 

6. Warm up vehicle engine, tyres and transmission on rollers by driving at a 

constant 80 km/h for 30 minutes 

7. Carry out vehicle calibration 

8. Carry out vehicle coastdown 

9. Condition HV battery 

10. Run drive cycle tests 

 

Figure 3.16 shows the Prius test car set up on the chassis dynamometer. 
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Figure 3.16:  Toyota Prius II test car on Loughborough University chassis dynamometer 

To measure the fuel consumed, a fuel flow meter was installed in the car. To do 

this an extension was added to the fuel line out of the fuel tank that passes into the 

car’s interior with inline quick release connectors. These are disconnected and 

connected to either side of the fuel flow meter. An additional wiring loom connects 

the fuel meter to a 12 V supply from the DAQ system battery, and connects the 

data signal outputs to spare channels on the analogue input module. The fuel flow 

instrumentation set up in the car is shown in Figure 3.17.  
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Figure 3.17:  Fuel flow instrumentation set up for chassis dynamometer testing 

As vehicle speed is usually measured by GPS it could not be used whilst being 

static inside a building during testing on the chassis dynamometer. Therefore as it 

could not be recorded by the vehicle, the chassis dynamometer logged speed from 

the rollers within the dynamometer software. This meant that there were two 

simultaneous data files that had to be combined. Log sheets were produced which 

were used for each test run to record information including the test start and finish 

times, start and end SOC, start and end odometer reading, and temperature, to be 

used in the data processing. 

3.5.3.1 Smart Electric Drive Chassis Dynamometer Testing 

Testing of the Smart electric drive was done using the same process as above with a 

few differences. Coastdown gatetime data was provided by Cenex so this could be 

loaded straight into the software. For the vehicle set up, with it being rear wheel 

drive, the rear wheels were positioned onto the rollers, the lateral straps were fitted 

to the rear towing eyes of the car and the handbrake was left off. For the vehicle 

warm-up in most cases it was done by leaving the vehicle in neutral and driving the 

wheels by the dynamometer to preserve the battery range, although sometimes the 

vehicle was driven. It was done at a lower speed of 50 km/h for 30 minutes to stay 

within the manufacturer’s guidelines given for towing the car to avoid damage to 
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the electric motor. The Smart set up on the chassis dynamometer is shown in 

Figure 3.18. 

 

 

Figure 3.18:  Smart electric drive on Loughborough University chassis dynamometer 
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3.6 Vehicle Test Data Processing 

3.6.1 Prius Test Data Processing 

For Prius chassis dynamometer test results analysis two data files have to be 

merged, the one from the vehicle data logger containing the HV battery data, and 

one from the dynamometer PC with the vehicle speed data. This was done by 

finding the correct time period in the vehicle file and matching the initial increase 

in current drawn from the HV battery as the vehicle starts to move, to the first 

acceleration at the start of the speed trace. This data was copied into a new Excel 

worksheet for each test run and column headings were added. Additional columns 

were added as follows: 

 Fuel flow correction which subtracts the offset at zero from the fuel reading  

 Fuel flow conversion to litres per hour from the scaled logged value  

 Fuel flow conversion to litres per second  

 Sum of the total fuel used in litres  

 Conversion of the total fuel used into gallons  

 Conversion of the speed from km/h to mph  

 Conversion of the speed from mph to mi/s  

 Sum of the total distance covered in miles  

 Calculation of average fuel consumption in miles per gallon  

 Conversion of the speed from km/h to km/s  

 Sum of the total distance covered in kilometres  

 Calculation of average fuel consumption in l/100km  

 Calculation of energy consumption from fuel used in kWh, kWh/km, MJ 

and MJ/km  

 Conversion of battery current from logged value into Amps  

 Calculation from current of Ampere-hours charged or discharged  

 Sum of the total Ampere-hours charged or discharged  

 Calculation of the change in SOC from the total Ampere-hours as a 

proportion of the total battery capacity 
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The energy consumption was calculated using the amount of fuel used in litres, 

multiplied by 31.8 MJ/litre [71] the energy content of petrol, then all divided by 3.6 

giving the result in kWh.  

3.6.2 Smart Electric Drive Test Data Processing 

To process the data recorded by the VBOX in the Smart the individual test sections 

were found in the full data files by plotting the vehicle speed to identify the drive 

cycles. Similarly to the Prius data it was copied into a new Excel worksheet and 

additional columns were added. The columns are as follows: 

 Calculation of battery power in Watts by multiplying voltage by current  

 Power into the battery using an IF statement to check if the value on each 

row in the power column is positive  

 Power out of the battery using an IF statement to check if the value on each 

row in the power column is negative  

 Calculation of energy in Watt-hours from power  

 Calculation of energy into the battery in Watt-hours from power into the 

battery  

 Calculation of energy out of the battery in Watt-hours from power out of 

the battery  

 Speed in km/h copied from the chassis dynamometer software logfile, 

matched to the CAN vehicle speed column 

 Conversion of the speed from km/h to km/s 

 

In cells at the top of the spreadsheet, totals of the energy, energy in, energy out and 

distance travelled are calculated. From these by dividing the energy by the distance, 

energy consumption in Wh/km is then calculated.  
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3.7 Campus Driving Testing 

Tests were carried out driving across Loughborough University campus to get 

repeats of real-world driving on exactly the same route. This route was driven as 

close as possible to the ideal case of sticking to the 15 mph speed limit maintaining 

a constant speed when able and using light acceleration and deceleration. The 

route used was the main road, University Road, which runs across the campus 

from south-west to north-east as shown in Figure 3.19. The campus is the brown 

area on the map bounded by the A512 and A6004. There are university main 

entrances at each end of this road known as the west entrance and the east entrance, 

so the points for the ends of the routes will be referred to as west and east from here 

on. 

 
  

 

Figure 3.19:  Map of Loughborough University campus showing route [72] 

The tests were carried out setting off from the west edge of the campus, driving to 

the east edge of the campus, stopping for 2 minutes so that this point could be 

distinguished in the recorded data, and driving back to the west edge. The driving 

consisted of many small fluctuations in speed, some larger fluctuations in speed 

due to corners and speed bumps, and some stops due to pedestrian crossings or 
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road junctions. Like with the chassis dynamometer tests, log sheets were used, and 

these were filled in for each of the two legs of a complete test. Tests were repeated 

ten times and carried out in both the Prius and Smart electric drive. The fuel flow 

meter was installed in the Prius and the VBOX and CAN module were installed in 

the Smart to collect the necessary data.  

 

As described in Section 3.3.2 the raw data files from the Prius data logger have to 

go through some formatting to get them into a form that can be used for analysis 

when the GPS data is used. They were then processed in the same way as with the 

chassis dynamometer test data except the speed was converted from the GPS 

logged speed in one of the first columns in this case. The Smart data files were 

processed in the same way as for the chassis dynamometer tests, other than the 

speed in km/h column was taken from the CAN vehicle speed for this on-road 

testing.  
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3.8 Campus Gradients Mapping 

To investigate the effect of road gradient on fuel consumption, the gradients on the 

campus route used in the campus driving tests were measured and applied to the 

drive cycle for use in simulations. Gradient profile data was attempted to be 

obtained from Loughborough University Civil Engineering department, from the 

university Facilities Management and from ordnance survey maps, but complete 

data to cover the whole route could not be found. Therefore the area across the 

campus of interest was surveyed using a total station, similar to the one shown in 

Figure 3.20, and a pole mounted prism reflector. The total station uses an infrared 

laser to measure horizontal distances and height differences between two points 

from the time taken for the light to be sent to and returned by the reflector, which 

can be used to calculate gradients from. 

 

 

Figure 3.20:  Surveying using total station [73] 

Measurements were taken at points along the road, working from one end to the 

other in sections. This involves setting up a tripod with total station mid-way along 

a section of road where it is in line of sight with the first measurement point and 

with at least one more point. One person goes to the first measurement point with 

the reflector and positions it here while a second person points the total station lens 

at the reflector and takes a reading. The position of the point is measured in east, 
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north and vertical (height) directions. The reflector is then moved to the next 

measurement point which may be nearer the camera in the same direction as the 

first point if there is a noticeable change of gradient to record, or alternatively 

somewhere in the opposite direction from the camera. Another reading is taken 

before the reflector is moved to another position if there is another point in sight of 

the camera. When all the readings with the total station in this location have been 

taken the total station is moved to a new location. In this position another set of 

readings are taken where the first measurement point for the reflector should be the 

same as the previous point recorded to reference it to the new station location. This 

process was repeated until the whole route was covered.  

 

The differences in measurements between consecutive points were calculated 

which the horizontal distance could be found from using Pythagoras’ theorem for 

the change in E and N measurements. Using Pythagoras’ theorem again with the 

horizontal distance and the change in height, the road distance was calculated. The 

profile of the route in one direction from east to west can be seen in Figure 3.21 

which shows the cumulative distance against height.  

 

 

Figure 3.21:  Loughborough University campus route east to west measured height profile 

The route was grouped into fourteen main sections of approximately constant 

gradient to simplify it. Summing the distances and heights of points within each 

section gave totals to calculate the gradients from. The gradients were calculated 

from the inverse tan of the change in height divided by the distance. The new 
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profile can be seen in Figure 3.22, which as can be seen is very similar to the 

previous profile in Figure 3.21 showing that little of the definition has been lost. 

 

 

Figure 3.22:  Loughborough University campus route east to west simplified height profile 

This profile represents the length of the road running east to west of the campus, so 

to form the west to east leg of the journey this profile was reversed. The complete 

driving circuit route profile was then formed, as shown in Figure 3.23, by joining 

the two together.  

 

 

Figure 3.23:  Loughborough University campus complete circuit route east to west to east height 

profile 
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3.9 LU15-UDC Drive Cycle Development 

To produce a drive cycle that the gradient mapping from the previous section could 

be applied to, a campus driving test run logged in the Prius, as described in 

Section 3.7, was selected. This was done by referring to the notes recorded on the 

test log sheets and visually looking at the data to choose one that represented a 

typical average run without any irregular factors involved, such as being held up 

following a slow-moving grounds maintenance vehicle, or waiting in traffic. 

 

To apply gradients in Autonomie simulations the imported drive cycle requires a 

gradient column after the usual time and speed columns, with a gradient value for 

each row of data. To do this, cumulative distance for the drive cycle was calculated 

from the speed, which could then be used to associate with the distance from the 

campus profile to find the corresponding gradient. Gradient was then assigned to 

each second of the cycle with the gradient changing at the relevant cumulative 

distance points. The resulting Loughborough University 15 mph Urban Drive 

Cycle (LU15-UDC) is shown in Figure 3.24. The drive cycle contains many small 

fluctuations in speed along with some larger spikes of deceleration and subsequent 

acceleration caused by corners and speed bumps on the route, and a brief 5 second 

stop at 289 seconds due to waiting at a mini-roundabout. A 10 second stop at 321 

seconds defines the end of the first direction of travel before the start of the return 

leg along the same route. 

 

Figure 3.24:  LU15-UDC 
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3.10 High Voltage Battery Testing 

3.10.1 Battery Testing Procedure 

To investigate the degradation of our vehicle’s battery it was tested on the battery 

tester based in a laboratory at Loughborough University. The test bench built by 

ATE Systems consists of two independent channels, each with a power supply and 

electronic load to facilitate charging and discharging tests. It is connected to a host 

PC and programmed and operated through National Instruments Veristand 

software. Data from the tests is logged by a National Instruments PXIe-1073 data 

acquisition system. The currents and voltages are recorded along with temperature 

from four thermocouple wires. The battery tester and fume cupboard for the 

batteries to be sited in during testing are shown in Figure 3.25. 

 

 

Figure 3.25:  Loughborough University Battery Tester 

The 28 modules were tested separately because it was expected that the modules 

would perform differently to each other due to their individual charge levels 

becoming imbalanced over time. The parameters for charging and discharging 

currents and voltage limits were found from Panasonic’s industrial Ni-MH battery 

product details [74].  
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This indicated the values as follows: 

 Minimum voltage – 1.0 V 

 Maximum voltage – 1.5 V 

 Maximum charge current – 0.5C 

 Maximum discharge current – 1C 

 

As the modules consist of six cells the voltage values above were multiplied by six 

to give a minimum limit of 6.0 V and a maximum limit of 9.0 V. A charging test 

programme was written which was the same for both channels. This logged the 

data starting with a 30 second neutral period before charging commenced at 3.25 A. 

If the maximum voltage was reached the charging current would be cut to zero, but 

during the testing the modules did not reach this voltage before they plateaued and 

started to decrease. Therefore the tests were monitored to identify when the module 

voltages peaked so that the charging could be stopped as the voltage started to 

decrease, which was done when the voltage had reduced by 0.02 V. This was done 

separately for each channel and then when charging had stopped on both channels 

the batteries were left to rest for 30 minutes before the logging stopped. By slightly 

overcharging the modules going beyond the voltage plateau ensures that all cells 

within it are fully charged. Due to the cells having different initial SOCs, whilst the 

ones that started higher start to overcharge, the lower ones have chance to catch up 

and reach full charge. If the modules were only charged to the peak voltage there 

could be some cells that have not reached their full charge. A similar discharging 

programme was written with a 6.5 A discharge commencing 30 seconds after the 

test start. When the measured voltage reached 6.0 V the current was cut off to zero 

(again this was independent for each channel), and then there was a 30 minute rest 

period.  

 

The battery pack was removed from the vehicle to be tested. The modules are 

connected with bus bars which had to be removed to test them individually. The 

connection to the BMS was also removed so that it would not be damaged, or have 

any influence on the tests carried out. Each module was numbered from 1 to 28 to 

identify them during testing. With having 28 modules, two were tested 

simultaneously to reduce the time taken. Test pairs were spaced half the pack away 
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from each other to eliminate heat or expansion interference between the modules. 

A thermocouple was put at each end of each module to monitor the temperature to 

ensure they did not get too high. If the temperature was to go above 50°C the 

stability of the results could be affected and it could indicate a problem. The setup 

of the battery pack in the fume cupboard with two modules connected to the two 

channels of the battery tester is shown in Figure 3.26. 

 

 

Figure 3.26:  Prius HV battery during testing 

The test procedure involved initially charging the module from its starting SOC to 

a full charge before being discharged to minimum charge level which established 

the capacity of it. Following this a second cycle was carried out with a full charge 

and full discharge to work out the charge efficiency and establish any improvement 

in capacity. A final cycle was carried out to identify if there was any further 

significant increase and to complete the module cell balancing process. This test 

process equated to a duration of approximately 3 hours per test for the first set, 

increasing to 5 hours each for the full charge and discharge cycles, and 8 hours for 

the third set due to an extra charge to full capacity at the end. 

 

Upon completion of testing all the batteries, it was found that one of them had a 

significantly reduced capacity so required replacement. New modules are not 

available individually so a used one was purchased from a car being dismantled. 
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This was tested using the same process as the other modules. The modules are held 

together in the pack under compression, so to replace the faulty module that was 

midway along the line the pack had to be dismantled. The clamping end plate was 

taken off and all the modules to one side of the one to be replaced were separated 

and moved apart to give room for movement. The bad battery was taken out and 

its replacement put into the same location. The pack could then be compressed 

back together and reassembled ready to be refitted back into the car.  

 

After running the tests the modules will have been left at slightly different voltages, 

so to balance the voltage across the modules they were all connected together in 

parallel. They were left like this overnight to stabilise before being disconnected. 

The voltages of all modules were measured and found to be exactly equal. 

3.10.2 Battery Test Data Processing 

To process the test data a MATLAB programme was written, which can be seen in 

Appendix 7. This loads the data from a test file and applies smoothing using the 

inbuilt “lowess” method to remove small high frequency fluctuations recorded in 

the measured voltage. The result of different smoothing methods was looked at by 

applying them to a sample data file, to find which gave the nearest result to the 

original data when plotted. An example plot is shown in Figure 3.27 with the 

original test data plotted as a black line and the smoothed data plotted as a green 

line. The plot shows that the smoothed data is a very accurate representation of the 

raw data with the lines being on top of each other, apart from the point at which 

the charging current is cut off and the voltage drops. This is not relevant though as 

the data used in the analysis is up to the maximum point of charge which is before 

this point. Additionally, the features of the plot are labelled in Figure 3.27. 
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Figure 3.27:  Battery module charge graph with raw data and smoothed data plotted 

The maximum value of the voltage trace is found, to be used in the later processing 

of a charging test.  The data in the requested current column are checked to 

determine if they are positive and therefore a charging test, or negative and 

therefore a discharging test. For a discharge, the current across the period where 

there is negative current is summed. For a charge, the current is integrated from the 

start of the positive current output from the power supply to the point 

corresponding to the maximum voltage. These summed 10 Hz currents are then 

converted to capacities in Ampere-hours by dividing by 10 then dividing by 3600. 

The change in capacity against the rated value is calculated and then the results are 

constructed in an array which is output as a CSV file. 
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3.11 Chapter Conclusions 

The equipment, processes and testing within this project have been detailed in this 

chapter. There are some key points from this to highlight. There were several 

reasons for the new LUUDC and LU15-UDC drive cycles being developed rather 

than using existing cycles. The motivation was that they enabled the confines of 

test boundaries to be defined for establishing results within. It also enabled factors 

within drive cycle development to be studied, as discussed in Chapter 5, which 

highlighted how important accurate and detailed cycle development is to the 

output’s representativeness of the original data. The LU15-UDC was required in 

order to be able link a drive cycle with a gradient profile to test the vehicle in real-

world driving, to investigate the effect of gradient on energy consumption.  
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4 Effect of Gradient on a 
Hybrid Electric Vehicle 

The detrimental effect on fuel consumption that driving on uphill and downhill 

gradients has compared to driving on a flat road may not be the same for a HEV as 

for a conventional diesel or petrol ICE vehicle. One may naturally assume that the 

extra energy consumed by going uphill would outweigh the saving by going 

downhill, resulting in higher fuel consumption than driving on a flat road. With a 

power-split HEV though, due to features of its powertrain this may not be the case, 

so in fact the gradient has negligible effect on fuel use and is a second order effect 

compared to vehicle mass for instance.  In comparison to on the flat, when driving 

uphill the ICE will use more fuel although it will also be operating close to its most 

efficient operating region due to the control system. On the downhill though the 

engine will be switched off as opposed to being switched on part of the time on the 

flat, and also on the downhill there will be some energy recovery through the 

regenerative braking that operates when coasting and braking. This is therefore 

investigated later in this chapter to determine the effect. Firstly, the real-world 

driving is compared to the LUUDC, which should be equivalent, to establish how 

close they are. Comparisons are also made with other existing drive cycles to 

determine the differences that occur due to the drive cycle effect.  
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4.1 Initial Drive Cycle Fuel Consumption 

Comparison 

This study formed the initial comparisons of fuel consumption over different drive 

cycles and derived the further areas to investigate for later work. The real-world 

Security department driving data was processed to determine the fuel consumption. 

Drive cycle tests were carried out on the chassis dynamometer, and drive cycle 

simulations done using Autonomie. The cycles used were the LUUDC, NEDC, 

ECE-15 and Artemis Urban to analyse the fuel consumption differences. 

4.1.1 Real-World Security Driving Results 

The monthly fuel consumption shows month-on-month variation as seen in 

Figure 4.1, with a range of 5.35 to 8.53 l/100km. The variation is likely to be due 

to different usage styles for the vehicle, of where and how it was driven. Where the 

highest fuel consumption occurred in month 7 the car covered a low mileage 

suggesting that it had been used differently to other months. The records table can 

be seen in Appendix 8. It should be noted that the lowest mileage in month 3 was 

mainly due to the car being taken off test for a week to be brought into the 

workshop to carry out work on the data logging system. The overall average fuel 

consumption over the total 11330 miles (18233 km) covered over a period of 242 

days was 6.61 l/100km, or 42.7 MPG.  

 

 

Figure 4.1:  Security real-world driving monthly fuel consumption  
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4.1.2 Chassis Dynamometer Testing Process 

During testing the HV battery current and voltage, and fuel flow were logged by 

the vehicle instrumentation as described in Section 3.1.1. As CO2 emissions 

measurement equipment was not available, this was estimated from the fuel 

consumption as described later in this section. SOC measurement equipment was 

not available at this time so estimated SOC levels were calculated for each drive 

cycle test using the voltage method. This method was used as it was possible with 

the facilities and data available. For this, a battery discharge curve of voltage 

against SOC is used to find the SOC corresponding to a particular HV battery 

voltage. The weakness of this method is that the voltage is affected by the battery 

current and temperature. Additionally, as a battery degrades its discharge pattern 

will change, therefore not following the same curve. The results from these 

experiments did not appear meaningful so were not used, as described later in 

Section 4.1.3. 

 

As battery SOC measuring instrumentation was not available, before running a 

drive cycle the vehicle was driven for 15 minutes at a constant 115 km/h, in order 

to condition the battery so that it would be at a similar level at the start of each 

different drive cycle test. This speed, equivalent to motorway cruising speed, was 

used as it allowed the HV battery to be charged to provide a high SOC starting 

point. For each cycle four runs were carried out back-to-back to be averaged to 

account for any experimental differences. 

 

For the test results the corresponding CO2 emissions were estimated from the 

amount of fuel consumed. The carbon content of the fuel was multiplied by an 

oxidation factor which accounts for the small proportion of fuel that was not 

oxidised into CO2, and by the ratio of the molecular mass of CO2 to the molecular 

mass of carbon. These parameters are as follows: 

 Carbon content of a US gallon of gasoline – 2421 g [75] 

 Carbon content of a litre of gasoline – 639.6 g 

 Oxidation factor for oil products – 0.99 [75] 

 Molecular mass of CO2 – 44 
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 Molecular mass of carbon – 12 

 
𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 [𝑔/𝑙𝑖𝑡𝑟𝑒] = 639.56 × 0.99 ×

44

12
= 2321.6 𝑔/𝑙𝑖𝑡𝑟𝑒 (4.1) 

The CO2 emissions in the standard form of g/km were then calculated using the 

result of this equation as follows: 

 
𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 [𝑔/𝑘𝑚] =

𝐹𝑢𝑒𝑙 𝑐𝑜𝑛𝑠. [𝑙/100𝑘𝑚]

100
× 2321.6 (4.2) 

 

In the simulations the Prius model was used with the initial SOC set at 60%, the 

target level that the Prius BMS aims to maintain [19]. Tests were run on the same 

set of drive cycles as for the chassis dynamometer tests, but just one run was carried 

out as due to the nature of the simulations they are repeatable every time.  

4.1.3 Test Results 

4.1.3.1 Chassis Dynamometer Test Results 

Figure 4.2 shows the fuel consumption results from the chassis dynamometer 

testing for each of the drive cycles tested. These fuel consumption results are in 

miles per gallon (MPG), where higher MPG equals lower fuel consumption. It can 

be seen that the fuel consumption of the first run is lower than the subsequent runs, 

particularly in the case of the ECE-15, and the fuel consumption for run 2 to run 4 

is quite stable. The lower fuel consumption for run 1 will be due to the higher 

initial SOC level attained by doing the pre-conditioning. This will have changed 

the control strategy, allowing the vehicle to be driven by the electric motors for 

more of the drive cycle and using the ICE less. The change in fuel consumption 

between the first run and the following runs is much greater for the ECE-15 due to 

its linear cycle profile leading to a larger benefit from the high initial state of charge. 

The stability of the results of the subsequent runs indicates that after the first run 

the SOC is at a similar level at the start of each of these tests. From this finding, the 

average of runs 2, 3 and 4 were taken as the final results for the chassis 

dynamometer tests. 
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Figure 4.2:  Chassis dynamometer initial drive cycle fuel consumption individual run results 

The estimated CO2 emissions were calculated and the percentage difference in fuel 

consumption between each cycle and the LUUDC is shown in Table 4.1. The 

values show the results for the LUUDC are similar to the NEDC with only a 4.1% 

increase in fuel consumption. The LUUDC does not contain high speed driving 

like the NEDC so is more comparable to the ECE-15 urban drive cycle, making it a 

more useful comparison for results. There is a more significant difference with 11.8% 

greater fuel consumption than the ECE-15. This difference will be due to the 

transient nature of the LUUDC with its high frequency of changes in speed, plus 

the accelerations are more aggressive. Having constant speed periods in the ECE-

15 allows the vehicle to run in a more efficient operating mode. The gradual linear 

accelerations on the ECE-15 mean that the vehicle can be driven electrically more 

so than on the LUUDC, where the harsher accelerations require the ICE to provide 

more propulsion power. In contrast, the LUUDC was 8.4% better than the Artemis 

Urban cycle which gave the largest consumption of the tests. 
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Table 4.1:  Chassis dynamometer initial drive cycle fuel consumption and estimated CO2 emissions 
results 

 
 

The fuel consumption for the duration of the vehicle’s road test period was 42.7 

MPG (6.61 l/100km), as discussed in Section 4.1.1, which means that the result 

recorded during the chassis dynamometer testing on the LUUDC is 19.9% lower, 

which should in theory be equivalent. There are several factors not accounted for in 

the generation of the drive cycle that could account for this difference, including 

tyre pressures, vehicle loading, gradients and use of auxiliaries. Since the vehicle 

only usually carries a driver and sometimes one passenger, and as the speeds 

travelled at are low, loading and tyre pressures should not be significant in this case. 

Gradient could be important as there are several across Loughborough University 

campus including two long gradual slopes and a short steep hill, therefore these 

could be a significant contributor. On a flat road at low speed the vehicle could run 

in electric only mode, whereas on an incline the ICE could be required to drive the 

vehicle at the same speed or acceleration rate, leading to increased fuel use. The 

use of auxiliaries is not accounted for in the chassis dynamometer tests but air 

conditioning, heater, radio, lights etc. will have been used throughout the course of 

the real-world driving. Use of air conditioning particularly is known to increase 

fuel consumption so auxiliary use is likely to be a contributor.  Additionally, the 

drive cycle produced may not be as accurate a representation of the driving dataset 

on which it is based as it could potentially be. 

 

The SOC levels were calculated using the voltage method, as described in the 

previous section, for the start and end of each run of a drive cycle. However these 

appeared not to be accurate. Many were in the 20-40% region which is below the 

usual 50-70% operating range of the Prius [19] and some values were as high as 

92%, again outside this region. Additionally, for some tests there was a significant 

difference of up to 34% between the level at the end of a run compared to at the 

start of the following successive run. There should not have been a significant 

CO2 Emissions

MPG l/100km (g/km)

LUUDC 53.3 5.30 123 0.0%

NEDC 55.6 5.08 118 -4.1%

ECE-15 60.5 4.67 108 -11.8%

Artemis Urban 49.2 5.74 133 8.4%

Drive Cycle
Fuel Consumption Difference to 

LUUDC
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change as the vehicle was switched off during this time. Due to the apparent 

inaccuracy of the values they were not used in the analysis. It is likely to be due to 

the disadvantages of this method mentioned earlier including the test vehicle’s 

battery being likely to have degraded due to the number of cycles it has undergone 

due to its age and mileage, so the discharge curve used from Autonomie will not 

reflect the battery in its current state. 

4.1.3.2 Simulation Test Results Comparison 

The results of simulations run over the same drive cycles as for the chassis 

dynamometer tests are shown in Table 4.2, and Figure 4.3 shows the results next to 

the chassis dynamometer test results. The results follow the same trend but there 

are differences in the values with the simulations giving fuel consumption values 

13-29% lower than the chassis dynamometer testing. For illustration the average 

fuel consumption over the duration of the real-world driving test is shown in 

Figure 4.3 next to the test results for the LUUDC.  

Table 4.2:  Simulation initial drive cycle fuel consumption and CO2 emissions results 

 
 

There are several likely reasons for the difference between dynamometer and 

simulation results, one of which is because there could have been a difference in 

SOC levels between those at the start of the chassis dynamometer tests, compared 

to the 60% used in the simulations being higher. Another possible reason for the 

difference is degradation of the HV battery on the test vehicle as previously 

mentioned. This could mean that the SOC depletes more quickly so requires more 

charging, or that the SOC operating range is lower giving less available electrical 

power before charging occurs. This would reduce the amount of electric drive 

assistance provided, meaning the ICE has to be utilised more. Another factor that 

could be involved is the simulation model may not be a completely accurate 

representation of the vehicle. For example, operating maps for vehicle components 

or the control strategy in the software could be different to the real vehicle. This 

CO2 Emissions

MPG l/100km (g/km)

LUUDC 74.9 3.77 119

NEDC 72.8 3.88 122

ECE-15 76.1 3.71 117

Artemis Urban 56.8 4.97 157

Drive Cycle
Fuel Consumption
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could be particularly true with our test vehicle being a UK market version and the 

software model being based on a Japan market car. 

 

 

Figure 4.3:  Comparison of chassis dynamometer and simulation initial drive cycle fuel 
consumption results with real-world driving fuel consumption 

In the simulation, over each of the drive cycles there was an increase in SOC in the 

range of 2-7.5%. In the chassis dynamometer tests on runs 2 to 4 the indicated SOC 

on the vehicle display remained constant at either 5 or 6 bars out of 10, except the 

last ECE-15 run where it increased from 5 bars to 6 bars. This would imply that the 

change in SOC is small, so similar to the simulation.  

 

The potential factors in the difference that are given above will be investigated and 

quantified in the following sections of this chapter and in Chapter 6.  

4.1.4 Section Conclusions 

Comparison of the LUUDC to other cycles in testing found that the fuel 

consumption and CO2 emissions were higher than the equivalent ECE-15 

European urban test cycle. This was thought to be due to having many more 

changes in speed coupled with greater magnitudes of acceleration in the developed 

cycle. Simulations were conducted to validate the trend and establish any 
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differences between the testing types. Close trends were shown but with lower fuel 

consumption than the chassis dynamometer tests, which was by 28.9% on the 

LUUDC. This was thought to be due to HV battery degradation, lower initial 

SOCs in the test vehicle and simulation model inaccuracy. Also, from this study 

the fuel consumption in lab testing was found to be 20% lower than in real-world 

use, believed to be due to road gradients, use of auxiliaries and the drive cycle 

accuracy. With these two results referenced to the same point it equates to the real-

world driving fuel consumption being 24.7% higher than the chassis dynamometer 

test. 

 

This therefore produced several areas for further work to investigate the effect on 

fuel consumption of the factors shown in the diagram in Figure 4.4, which 

summarises the results from above. In addition to these factors drive cycle 

accelerations were studied as a contributor to the drive cycle differences. All of 

these factors were investigated, and discussed and quantified later in this chapter 

and in Chapters 5 and 6. 
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Figure 4.4:  Section 4.1 results and conclusions summary diagram  
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4.2 Drive Cycle Fuel Consumption and Test 

Differences Investigation 

4.2.1 State of Charge Correction 

In the process of starting to investigate the results from the previous section in 

further detail, it was noted that for the short LU15-UDC the energy consumption 

from simulations differed significantly if three runs were run back-to-back in 

comparison to a single run, with three runs giving fuel consumption 15.6% lower. 

This was found to be due to differences in the battery SOC change over the test. It 

therefore became apparent that it was important for the HV battery energy usage to 

be accounted for in results in addition to the fuel used.  

 

Methods of accounting for battery SOC across tests were researched and SOC 

correction from the SAE J1711 Recommended Practice for Measuring the Exhaust 

Emissions and Fuel Economy of Hybrid-Electric Vehicles, Including Plug-in 

Hybrid Vehicles [76], the similar SAE J2711 for heavy-duty vehicles [77], and ECE 

Regulation No 101 Appendix 8 [78] provide a suitable technique.  

 

During a test the Net Energy Change (NEC) of the battery is calculated, which is 

the difference in the amount of energy stored in the battery. NEC for a battery can 

be defined as:  

𝑁𝐸𝐶 =  ∆𝑆𝑂𝐶 × 𝑉𝑠𝑦𝑠𝑡𝑒𝑚 

or  

𝑁𝐸𝐶 = (𝐴ℎ𝑓𝑖𝑛𝑎𝑙 − 𝐴ℎ𝑖𝑛𝑖𝑡𝑖𝑎𝑙)𝑉𝑠𝑦𝑠𝑡𝑒𝑚 

 

Where:  

∆SOC = Change in battery SOC  

Vsystem = Battery nominal voltage 

Ahinitial = Battery Ampere-hours stored at the start of test 

Ahfinal = Battery Ampere-hours stored at the end of test 
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The NEC should be plotted on a chart against the fuel consumption, with fuel 

consumption on the y-axis and NEC on the x-axis. Multiple points are plotted with 

each representing a single test. Points representing charge-depleting and charging-

increasing tests are recommended to enable interpolation of the data rather than 

extrapolation. The region to the left hand side of the y-axis with negative NEC 

represents charging of the battery and the region to the right hand side of the axis 

with positive NEC represents discharging. A linear regression line can be fitted to 

the points, and the point at which this line crosses the y-axis where NEC = 0 is the 

SOC corrected fuel consumption result. This therefore represents a test where the 

SOC is balanced across the test, being the same at the end as it was at the start.  

 

The above procedure was applied to the existing chassis dynamometer test results 

using the battery SOC change. This was calculated by integrating the current that 

had passed in and out of the battery which had been recorded by the current 

transducer.  

 

 

Figure 4.5:  SOC correction plot for initial chassis dynamometer drive cycle fuel consumption 
results 

The results, which can be seen in Figure 4.5, showed that the tests for the LUUDC 

were all net charging runs with no points close to the NEC = 0 line. This meant 

that the points formed a charge correction line with a steep gradient which appears 
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could be inaccurate compared to the lines for the other two drive cycles. Having a 

point in the net charge depleting zone could hugely affect the trendline and 

therefore the SOC corrected result. Due to this it was decided additional LUUDC 

tests should be carried out to improve the dataset. 

 

In Figure 4.5 the red dotted lines mark the boundaries of the region above the lines 

that corresponds to a ratio of battery NEC to fuel energy of less than 5%. These 

would be used as the limits in which a new test run point can be SOC corrected by 

using an existing correction trendline from previous tests. 

4.2.2 Investigation Preparation 

During the new LUUDC chassis dynamometer tests, instrumentation to read SOC 

from the vehicle CAN was introduced to cross-reference with the current 

transducer logged data. Processing of the data highlighted a major discrepancy 

between the two signals with CAN indicating SOC changes of -14% to -20% and 

calculation from the current transducer giving +7% to +11%. Investigation found 

several factors that could be contributing to this. Battery operation during the tests 

was typically only up to approximately 40A, which is in the low range of the 150A 

current transducer. The resolution equated to approximately 1A which was not 

good enough for accuracy. Additionally, the zero point of the sensor drifted by a 

small amount during tests. Also, the background current when the vehicle was in a 

neutral state with just the ignition switched on had not been included during data 

processing. With the combination of these factors, by summing the 1 Hz current 

data the cumulative error became significant.  

 

The above finding meant that a new lower range current transducer would have to 

be installed and all of the chassis dynamometer tests re-done. A LEM 50A nominal 

current transducer was specified and installed in the HV battery pack with a circuit 

board to give a +/-5 V output signal. The sensor installed is shown in Figure 4.6.  
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Figure 4.6:  LEM current transducer installed on HV battery 

4.2.3 Chassis Dynamometer Testing 

4.2.3.1 Test Process 

The subsequent chassis dynamometer drive cycle tests were completed, this time 

with pre-conditioning to produce a specific initial SOC. Tests with low, middle and 

high levels were carried out to ensure that the points distinctly crossed the y-axis, 

and so that the effect of initial SOC level could be investigated. The target points 

for this were 40%, 55% and over 75%. This was achieved by running the 

dynamometer at a constant speed with the car’s transmission in drive to provide 

regenerative charging of the battery, and driving at low speed by electric drive to 

discharge the battery. 

 

The logged current from the new transducer gave greater precision but did not 

appear consistent with the CAN data particularly during the tests with a large net 

discharge. For these the value calculated from the sensor was 8-17% lower than 

from the CAN reader. The CAN data reflected what the display in the car showed 

and also what would be expected for how the SOC would change. Due to this it 

was decided to use the SOC from the CAN data logger for the SOC correction of 

the results.  
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Part of the inaccuracy with the sensor value was due to the method of calculating 

the change in SOC. As mentioned in Section 3.6.1, this involved the current flow 

in and out of the battery being summed, converted into Ah and divided by the 

rated battery capacity. Because the test car’s battery was likely to have a lower 

capacity than it did originally, which was later determined to be true as discussed 

in Section 6.2.2, the calculated SOC value would be skewed. With a lower 

measured battery capacity substituted into the calculations instead, the results were 

closer but still had differences of up to -14% for the high initial SOC tests. 

4.2.3.2 Test Results 

The test results for each of the drive cycles can be seen below in Figure 4.7.  

 

 

Figure 4.7:  Chassis dynamometer drive cycle fuel consumption results SOC correction plot with 

Artemis test anomaly point 

As previously mentioned, on charge correction plots the left hand side of the y-axis 

in the negative NEC region represents charging of the battery and the right hand 

side of the axis in the positive region represents discharging. As expected, all the 

points show the same trend with higher fuel consumption linked to greater levels of 

battery charging, and lower fuel consumption with greater levels of battery 

discharging. There is a linear relationship between test points showing that to 
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power the vehicle the control system operates with a direct relationship between 

battery and ICE operation dependent on SOC. At any moment in time the battery 

SOC level will be used to determine the choice of power source to give optimum 

energy consumption.  

 

The uppermost point on the right hand side for the Artemis Urban appears to be an 

anomaly in the test results. Looking at the results behind it confirms this, as it does 

not fit into the relationship of fuel consumed and battery SOC change of the rest of 

the test runs. Therefore this point was removed from the results to give a more 

accurate trend line, which gives the results in Figure 4.8 and the corresponding 

SOC correction trendline equations in Table 4.3. In these equations the gradient of 

the line signifies the sensitivity of the drive cycle to initial SOC. A cycle with a 

steeper gradient is more sensitive to initial SOC, so will give more varied fuel 

consumption results as initial SOC is changed. The intercept as mentioned 

previously is the charge corrected fuel consumption result where NEC = 0. The 

overall SOC corrected fuel consumption results are given in Table 4.4. 

 

 

Figure 4.8:  Chassis dynamometer drive cycle fuel consumption results SOC correction plot 

 



4 Effect of Gradient on a Hybrid Electric Vehicle 

 

117 

 

Table 4.3:  Chassis dynamometer drive cycle SOC correction line equations 

 

Table 4.4:  Chassis dynamometer drive cycle fuel consumption results 

 
 

It can be seen that the fuel consumption on the LUUDC is 10.3% higher than the 

baseline comparison, the ECE-15, with a value of 4.80 l/100km compared to 4.35 

l/100km. ECE-15, UDDS and LU15-UDC all have very close charge corrected 

fuel consumptions in the range of 4.31 – 4.42 l/100km. The NEDC, the only non-

urban drive cycle, gave close fuel usage to the LUUDC at 1.5% greater. It can 

clearly be seen that the highest fuel consumption is on the Artemis Urban cycle at 

5.54 l/100km, which is 15% higher than the LUUDC. Looking at the data points 

for this cycle in Figure 4.8, the result for the high initial SOC fits the trend although 

it is thought that another valid test point in this region may be higher in the y-

direction which would lift the right hand end of the SOC correction line slightly. 

 

A key finding from this testing is that the 6.61 l/100km recorded in the real-world 

driving upon which the LUUDC is based is 37.7% higher than chassis 

dynamometer LUUDC fuel consumption, which will be investigated later in 

Section 4.3, Chapter 5 and Chapter 6. 

 

Drive Cycle Equation

LUUDC y = -0.0027x + 4.8022

ECE-15 y = -0.0040x + 4.3468

UDDS y = -0.0019x + 4.4175

Artemis Urban y = -0.0060x + 5.5389

LU15-UDC y = -0.0058x + 4.3112

NEDC y = -0.0027x + 4.8761

Drive Cycle
Fuel Consumption

(l/100km)

LUUDC 4.80

ECE-15 4.35

UDDS 4.42

Artemis Urban 5.54

LU15 UDC 4.31

NEDC 4.88
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4.2.4 Simulation Comparison 

The same drive cycles were run in simulation using Autonomie to validate the 

vehicle test results. The SOC correction plot can be seen in Figure 4.9 and the SOC 

correction line equations in Table 4.5. A comparison of the simulation results to 

the chassis dynamometer results is shown in Figure 4.10 and Table 4.6.  

 

 

Figure 4.9:  Simulation drive cycle fuel consumption results SOC correction plot 

Table 4.5:  Simulation drive cycle SOC correction line equations 

 

Drive Cycle Equation

LUUDC y = -0.0053x + 3.6768

ECE-15 y = -0.0103x + 3.2383

UDDS y = -0.0031x + 3.2892

Artemis Urban y = -0.0087x + 4.3040

LU15-UDC y = -0.0151x + 3.1410

NEDC y = -0.0037x + 3.5336
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Figure 4.10:  Comparison of chassis dynamometer and simulation drive cycle fuel consumption 

results 

Table 4.6:  Comparison of chassis dynamometer to simulation drive cycle fuel consumption results 

 
 

The urban cycles show the same fuel consumption trend. The only difference seen 

is with the NEDC; in the simulation the consumption is lower than the LUUDC 

and Artemis Urban, whereas on the chassis dynamometer only the Artemis Urban 

cycle uses more fuel than the NEDC. The simulation results are consistently lower 

than the chassis dynamometer results with differences in the range of 22-28%. The 

difference is likely to be due to degradation of the HV battery and the vehicle in 

general, and also the vehicle model may not be an entirely accurate representation 

of the real vehicle. This interesting result will be discussed further in Section 6.2, 

and the possible causes investigated. A summary of the results above is given at the 

end of this chapter. 

Chassis dyno Simulation

LUUDC 4.80 3.68 -23.4%

ECE-15 4.35 3.24 -25.5%

UDDS 4.42 3.29 -25.5%

Artemis Urban 5.54 4.30 -22.3%

LU15-UDC 4.31 3.14 -27.1%

NEDC 4.88 3.53 -27.5%

DifferenceDrive Cycle
Fuel Consumption (l/100km)
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4.2.5 Campus Driving Testing 

Campus driving tests were carried out for the primary purpose of investigating the 

effect of gradient on fuel consumption as detailed later in Section 4.3. The data was 

processed in the same way as for the other tests with SOC correction carried out, as 

detailed in Section 4.2.1. The plot shown in Figure 4.11 shows the corrected fuel 

consumption to be 4.20 l/100km. There is not a clear trend to the points like there 

is with the drive cycle result plots earlier in the chapter because here there was only 

small differences in the SOC level at the start of runs, meaning all the points are 

relatively close to the y-axis. 

 

 

Figure 4.11:  Campus driving fuel consumption results SOC correction plot 

4.2.6 Electric Vehicle Comparison 

4.2.6.1 EV Chassis Dynamometer Testing 

A Smart electric drive was used as a comparison electric vehicle to test for analysis 

against the hybrid Prius on the chassis dynamometer and for campus driving tests. 

Chassis dynamometer tests were carried out on the LUUDC, ECE-15 and Artemis 

Urban drive cycles. It can be seen in Figure 4.12 that the results for the test repeats 

were consistent apart from run 2 for the LUUDC with its higher fuel consumption.  
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Figure 4.12:  Smart electric drive chassis dynamometer drive cycle energy consumption individual run 

results 

Electrical energy consumption follows the same order in size as the Prius fuel 

consumption, showing that the cycle profiles have a consistent effect on energy 

consumption for the different powertrains. The sizes of the cycle to cycle 

differences vary though; Table 4.7 shows that the ECE-15 produced 15% lower 

energy consumption than the LUUDC and the Artemis Urban 4% higher energy 

consumption. This is a larger difference than for the Prius (-9.5%) on the ECE-15 

and a much smaller difference on the Artemis Urban (+15.3%). This result 

indicates that for the EV, differences in real-world drive cycles have a lesser effect 

on the energy usage than they do with the HEV.   

Table 4.7:  Smart electric drive chassis dynamometer drive cycle energy consumption results 

 

4.2.6.2 EV Campus Driving Testing 

As with the chassis dynamometer tests, the campus driving tests in the Smart electric 

drive showed consistent repeatability as shown in Figure 4.13, and had an average 

energy consumption of 103.2 Wh/km.  

 

LUUDC 131.16 0.0%

ECE-15 111.20 -15.2%

Artemis Urban 136.79 4.3%

Diff. from

LUUDC
Drive Cycle

Average Energy 

Cons. (Wh/km)
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Figure 4.13:  Smart electric drive campus driving individual run energy consumption results 

4.2.6.3 Comparison of HEV to EV 

For comparison of the two vehicles the Prius fuel consumption was converted into 

energy consumption in Wh/km to be directly comparable to the Smart electric drive. 

The results shown in Table 4.8 show a very large difference between the two 

vehicles, which is consistent, in the range of 69-72% across all of the tests.  

Table 4.8:  Comparison of Prius to Smart electric drive energy consumption results 

 
 

The Smart and Prius are significantly different cars, with the Smart being a compact 

2-seater city car and the Prius a 5-seater family hatchback which means there is a 

corresponding difference in mass. At 1375 kg the Prius weighs a third more than 

the 1036 kg Smart. Due to this, the energy consumption results were normalised by 

mass to produce a fairer comparison, which can be seen in Table 4.9 and 

Figure 4.14. Despite this there is clearly still a large difference of 59-63% between 

results for each vehicle, showing that the electric vehicle is much more energy 

efficient. This will be due to ICE’s having efficiencies of typically 30-35% and 

Prius smart

LUUDC 424.19 131.16 -69.1%

ECE-15 383.96 111.20 -71.0%

UDDS 390.21 - -

Artemis Urban 489.27 136.79 -72.0%

LU15-UDC 380.82 - -

Campus R-W driving 371.05 103.22 -72.2%

Security R-W driving 584.03 - -

Drive Cycle/Test
Energy Consumption (Wh/km)

Difference
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electric motors typically around 90%, which leads to the fully electric powered 

vehicle being significantly more energy efficient. 

Table 4.9:  Comparison of Prius to Smart electric drive energy consumption results normalised by 

mass 

 
 

 

Figure 4.14:  Comparison of Prius to Smart electric drive energy consumption results normalised by 

mass 

 

  

Prius smart

LUUDC 308.50 126.60 -59.0%

ECE-15 279.24 107.33 -61.6%

UDDS 283.79 - -

Artemis Urban 355.83 132.04 -62.9%

LU15-UDC 276.96 - -

Campus R-W driving 269.85 99.64 -63.1%

Security R-W driving 424.75 - -

Drive Cycle/Test
Energy Consumption (Wh/km/tonne)
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4.3 The Effect of Road Gradient 

4.3.1 Gradient Vehicle Tests 

As mentioned earlier in the chapter in Section 4.2, there is a large difference of 37.7% 

between the chassis dynamometer LUUDC fuel consumption of 4.80 l/100km and 

the Security real world driving fuel consumption of 6.61 l/100km, which could be 

due the gradients faced on the road. 

 

The LU15-UDC which has been used in the preceding sections was developed as 

discussed in Chapter 3, primarily to investigate the contribution of road gradient on 

fuel consumption. The first comparison is with the real-world campus driving test 

results from the results presented in Section 4.2.5. With 4.2 l/100km in the real-

world driving with gradients, and 4.3 l/100km in the dynamometer tests without 

gradients the results are very close, the real-world being 2.6% lower than the 

dynamometer. This implies that there is insignificant difference between the two 

cases, and the small difference which is in the opposite direction to what was 

anticipated, is expected to be due to test accuracy variation.  

4.3.2 Circuit Route Gradient Simulations 

The above finding was investigated further using simulations of the same drive 

cycle with and without gradients incorporated. Simulations were carried out at 

various SOC levels, and SOC correction was carried out in the same way as for the 

physical vehicle tests as shown in Figure 4.15. Without gradients the fuel 

consumption was 3.14 l/100km and with gradients it was 3.16 l/100km, only a 0.6% 

increase. This confirms that there is negligible difference caused by gradients in this 

scenario.  
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Figure 4.15:  LU15-UDC simulations with and without gradient SOC correction plot 

The reason for this can be seen by looking at plots of output signals from 

Autonomie for the cumulative fuel used. Figure 4.16 shows the cumulative fuel 

used over the drive cycle for cases with and without gradient. Both simulations 

started with the same SOC at 59% which gives as near as possible to no change in 

SOC in the no gradient case.  
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Figure 4.16:  LU15-UDC simulation cumulative fuel consumption and cycle gradient profile 

It can be seen that with gradients during the downhill sections between 166-388 

seconds and 491-628 seconds the fuel graph levels off showing that no fuel is being 

consumed which will be due to the engine being switched off and the car moving 

under the force of gravity. In the case of without gradients, the line continues 

increasing during these periods while the vehicle travels on a level road. This is 

because the engine continues to be used to propel the vehicle or charge the 

depleting battery after it has been used to drive the vehicle electrically. This results 

in the two fuel consumption lines ending close together. 

 

Looking at the SOC level for the same simulations, in Figure 4.17, with gradients 

there is a greater ending SOC at 62.5% compared to 59.1% without gradients, so 

although more fuel has been used there is more energy stored in the battery at the 

end which has to be taken into account, which reduces the difference. The plot 

highlights two key points at which the with-gradients SOC line increases 

significantly more than the without-gradients line. The first one of these points 

starts at approximately 220 seconds which corresponds to the long downhill 

gradient, and the second from around 540 seconds which is at the short steep 
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downhill section of the route. This is due to energy being able to be recovered 

through regenerative braking when travelling on the downhill gradients.  

 

Figure 4.17:  LU15-UDC simulation SOC and cycle gradient profile 

4.3.3 Circuit Route Energy Flows With and Without Gradients 

4.3.3.1 Instantaneous Power Flow 

To further verify the above findings the instantaneous power and energy flows at a 

component level will be studied. Again using the LU15-UDC with the same initial 

SOC setting of 59%, the instantaneous power for the ICE, HV battery and each 

motor-generator can be seen in Figure 4.18. In these it is the power at the input to 

the component, except with the battery where it is the output power. Therefore for 

the motor-generators positive power represents motoring and negative is generating, 

and for the battery positive power is discharging with negative being charging. A 

plot of road gradient is shown on each of the components’ graphs to reference the 

plots against, and additionally the route profile is shown again in Figure 4.19.  
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Figure 4.18:  Component instantaneous power plots 
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Figure 4.19:  LU15-UDC campus route height profile 

The plots in Figure 4.18 show some interesting features that reinforce the earlier 

findings. Looking at the ICE power from the start it can be seen that with gradients 

the first peak is higher due to greater use of the engine power on the uphill gradient. 

At the same point there is also a greater peak in battery output and MG2 power 

showing there is also additional electrical drive with the gradient, along with more 
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power supplied where it continues to drive the vehicle due to not having the 

gravitational advantage.  
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there are no gradients. Again, battery power is used to drive MG2 in the case of no 

gradients, with a larger battery power output this time. 

 

With the gradients, from the start of the downhill section of the route from 193 

seconds to the end of the first direction of the journey at 328 seconds there is no 

ICE power except a brief period just before 300 seconds. During the time that the 

vehicle is coasting on the downhill with the ICE switched off there is a large 

amount of electrical energy recuperation seen by the sustained negative battery 

power and MG2 power. Without gradients the ICE is on for over 50% of the time 

to power the car and maintain the battery SOC. The battery charging can clearly be 

seen by the negative MG1 power trace corresponding to the ICE power. 

Additionally, in the middle of this section there is some electric drive, shown by the 

positive battery power output and MG2 power.  

 

On the second leg of the journey, for the initial part the two lines on the graphs 

follow similar trends but with the ICE and MG2 power being slightly higher with 

the gradients in force. From approximately 390 seconds though, for the uphill 

gradient until about 440 seconds there is a large amount of ICE power to propel the 

vehicle, and negative power from MG1 providing electrical power which is being 

used by MG2 to assist in providing drive. This means the battery output stays 

stable at close to zero. Without the gradient in this same period there is no ICE 

usage; the lower power demand is supplied by MG2 with the power being drawn 

from the battery.  

 

From 491 seconds for the start of the downhill section there is no power from the 

ICE and the battery and MG2 powers are lower than when there are no gradients. 

Without gradients there is power provided by the ICE for a significant amount of 

this time to propel the vehicle and also provide charging through MG1. At the end 

of the following almost zero gradient part, the ICE provides power for just a few 

seconds before the steepest downhill section. On this negative gradient there is a 

large amount of regenerative braking shown in the MG2 and battery power plots 

by the negative peaks. Without gradients this energy is much smaller. After this 

point until the end of the drive cycle there is a period where the ICE operates 
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without the gradients applied, where it does not when the gradients are applied. At 

approximately 590 seconds there is another very large spike in the ICE power 

similar to the earlier one, which gives a large negative spike in MG1 power and a 

significant battery charging, plus high MG2 power.  

 

Overall, although there are points at which the ICE power is higher when the 

gradients are applied compared to when there are no gradients there is clearly more 

of the time that fuel energy is being used by the ICE over the drive cycle. The 

battery power output is generally lower with the gradients applied and there is 

more battery charging. In the next section the total energy flow in each component 

will be studied.  

4.3.3.2 Cumulative Energy with Equal Initial SOC 

To look at the total energy flow over the drive cycle for each of the components 

used in the previous section, cumulative plots are shown in Figure 4.20. The net 

total energy for each component has then been summed and these are presented in 

powertrain layout diagrams in Figure 4.21. Additionally, the positive and negative 

energies have been summed separately and are summarised in Table 4.10. 
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Figure 4.20:  Component cumulative energy plots with equal initial SOC 

0 100 200 300 400 500 600
0

200

400

600

800

1000

1200
ICE Total Energy

Time (s)

E
n
e
rg

y
 (

W
h
)

0 100 200 300 400 500 600
-80

-60

-40

-20

0

20
Battery Total Energy Out

Time (s)

E
n
e
rg

y
 (

W
h
)

0 100 200 300 400 500 600
-20

-10

0

10

20

30

40
MG2 Total Energy

Time (s)

E
n
e
rg

y
 (

W
h
)

0 100 200 300 400 500 600
-140

-120

-100

-80

-60

-40

-20

0

20
MG1 Total Energy

Time (s)

E
n
e
rg

y
 (

W
h
)

(a) 

(b) 

(c) 

(d) 

Key         = w/o grads 
         = w/grads 



4 Effect of Gradient on a Hybrid Electric Vehicle 

 

133 

 

The ICE total energy, Figure 4.20 (a), is essentially the same as that shown earlier 

in Figure 4.16 but with the units now being energy in Wh. With a total of 1075.5 

Wh with the gradients applied, the ICE energy is 16.0% higher than the 927.4 Wh 

without gradients. As mentioned earlier it is the electrical energy usage that causes 

the overall energy consumption to be much closer, so that will be analysed here.  

 

Looking at the battery energy, there is net charging in both cases with -9.9 Wh 

without gradients, but over six times more with gradients at -61.2 Wh. This plot 

shows features that reflect what was seen earlier in Figure 4.17, there are two clear 

points that contribute significantly to the charging, one at approximately 220 

seconds and one at approximately 540 seconds, corresponding to the downhill 

sections where brake energy is recuperated. This highlights that having downhill 

gradients allows significantly more electrical energy to be recovered.  

 

The MG2 total energy shows a much more variable range of energy usage when 

gradients are applied, with four key parts at which there is a large difference 

between the two simulations. At approximately 100 seconds and 400 seconds there 

are large increases in energy output due to the two most significant uphill sections 

of the route requiring a large energy demand to drive the vehicle. The same 

sections of gradient when travelling in the opposite direction (downhill) have the 

opposite effect, with drops in the total energy at approximately 200 seconds and 

540 seconds where MG2 is acting as a generator. The profile of the plot when with 

gradients follows a similar shape to the height against distance profile, Figure 4.19.  

 

The uphill sections starting at approximately 100 seconds and 400 seconds are 

reflected in the plot of MG1 total power by increased charging due to some power 

from the ICE being routed through MG1 to provide drive through MG2.  
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Figure 4.21:  Component net energy flow with and without gradients powertrain diagrams 
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Table 4.10: Component energy flow with and without gradients results summary 

 
 

The diagrams in Figure 4.21 show notable differences in the total component 

energies. The results reiterate the trends seen earlier with the ICE using more 

energy overall when the gradients are applied, at 1075.5 Wh against 927.4 Wh. 

However, the battery charged by 61.2 Wh which is significantly more than the 9.9 

Wh without gradients, so there is more electrical energy stored at the end of the test. 

Linked to this, MG2 uses less energy, and MG1 provides more charging with the 

gradients compared to when they are not present.  

 

Looking at the energies separated into energy in and energy out in Table 4.10, the 

greater battery charging with gradients is due to both lower energy output and 

more energy recovery. The higher energy-in with gradients for MG2 fits with this, 

and higher MG2 energy-out plus higher energy-in for MG1 indicates that there is 

more energy from the ICE providing electrical energy for driving through the 

motor-generators.  

4.3.3.3 Cumulative Energy with Different Initial SOCs Set For Charge 

Balance 

In the previous section the total energies for the components cannot be summed to 

give an overall total due to component efficiencies and non-equivalence of fuel and 

electrical energy. Therefore to get results that clearly reinforce the finding of 

gradient not having an effect on the energy consumption of a HEV, it is useful to 

look at the energy flow when the test is as close as possible to zero net change in 

charge level, so is therefore balanced. The initial SOCs will therefore be different 

for with and without gradients. As previously mentioned and used above, this is 59% 

Component Case
Energy Out

(Wh)

Energy In

(Wh)

Net Energy

(Wh)

ICE W/o Gradients 927.40 0 927.40

W/ Gradients 1075.49 0 1075.49

Battery W/o Gradients 139.70 -149.55 -9.85

W/ Gradients 122.55 -183.76 -61.21

MG2 W/o Gradients 134.33 -106.24 28.09

W/ Gradients 164.78 -153.76 11.02

MG1 W/o Gradients 6.82 -100.60 -93.78

W/ Gradients 5.55 -134.68 -129.13
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for the case of no gradients. For with gradients the initial SOC set to 63% gives 

negligible change in SOC.  
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Figure 4.22:  Component cumulative energy plots with different initial SOCs giving charge balance 
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Looking at the total energy plots in Figure 4.22, similarities can be seen with the 

previous plots in Figure 4.20. With the higher initial SOC with gradients the MG1 

and MG2 plots follow very similar profiles to the previous ones, but for MG2 rising 

to higher positive energies and MG1 not going as far into the negative energies.  

This shows that less charging energy is produced by MG1, and MG2 provides 

more energy for driving. There are two clear parts where MG2 provides more 

energy in this second simulation compared to the first; one is at approximately 70 

seconds which corresponds to a flat section, and the other most prominent point is 

at approximately 140 seconds which is the start of the second stage of the uphill 

section before reaching the highest point of the route.  

 

The battery energy plot shows that both simulations ended at almost the same level. 

Looking at the ICE total energy, with a balanced SOC over the test it finishes lower 

than before (Figure 4.20) due to the utilisation of the additional battery energy 

rather than having it stored at the end of the test. This means that the total fuel 

consumption ends 3.5% lower with the gradients applied than without, at 895.2 

Wh against 927.4 Wh, reinforcing the finding that gradient has a negligible effect 

on the HEV.  

4.3.4 Single Direction Route Gradient Simulations 

To investigate the effect of gradient on a net uphill and net downhill journey the 

two legs of the round journey that made up the LU15-UDC were used individually 

in simulations.  The two legs were named W-E for the downhill west to east leg, 

and E-W for the uphill east to west leg. As shown in Figure 3.22 in the previous 

chapter, there is a gain of 8.25 meters elevation in the E-W route and therefore a 

decrease of an equal amount in the W-E route.  

 

By again running simulations with differing initial SOCs, a SOC correction plot 

was produced as shown in Figure 4.23 and the corresponding SOC correction 

trendline equations are given in Table 4.11. From this plot it can be seen that the 

two tests without gradients are similar, at less than 0.2 l/100km apart, and there is 

a clear difference with the gradient cases. For the downhill leg the line is lower in 

the y-direction, and for the uphill leg the line is higher by a similar proportion. The 
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results are summarised in Table 4.12 from which it can be seen that the fuel 

consumption is 23.8% lower with downhill gradients and 28.0% higher with uphill 

gradients, both with respect to having no gradients. 

 

 

Figure 4.23:  Uphill and downhill campus route sections simulation SOC correction plot 

Table 4.11:  Uphill and downhill campus route sections simulation SOC correction line equations 

 

Table 4.12:  Uphill and downhill campus route sections simulation results 

 
 

These results show that gradient can have a significant result on the fuel 

consumption of a hybrid vehicle where there is a net change in elevation. The more 

important finding though is the earlier one in this chapter, of gradient having 

Route Equation

W-E w/o gradients y = -0.0291x + 3.2186

W-E w/gradients y = -0.0270x + 2.4528

E-W w/o gradients y = -0.0309x + 3.0409

E-W w/gradients y = -0.0255x + 3.8918

Route
Fuel cons.

(l/100km)

Diff. to w/o

grads

W-E w/o gradients 3.22 -

W-E w/gradients 2.45 -23.8%

E-W w/o gradients 3.04 -

E-W w/gradients 3.89 28.0%
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negligible difference for a circular route. This is more relevant to real-world driving 

because overall journeys are carried out returning to the starting place on the whole.  

4.3.5 Diesel Vehicle Simulation Comparison 

A simulation model similar to a conventional diesel Citroën Berlingo 1.6 HDI like 

those typically used by Loughborough University Security was used for 

comparison to the Prius, to confirm if the results found for gradients are specific to 

vehicles with hybrid powertrains.  

 

Without gradients the fuel consumption was 7.09 l/100km and with gradients 7.50 

l/100km which shows a 5.8% increase due to gradients. As expected this is 

significantly more than for the Prius, confirming the benefit just for HEV 

powertrains of not seeing an increase of energy consumption due to gradients. This 

is due to the engine switching off on the downhill sections so therefore stopping 

consuming fuel, and also there is some brake energy recovery with the regenerative 

braking. For the conventional vehicle on the other hand, the engine does not 

switch off on the downhill sections so therefore continues to consume fuel, and 

there is no brake energy recovery. 

 

A plot of the cumulative fuel consumption for the diesel vehicle which can be seen 

in Figure 4.24 can be compared to the equivalent plot for the HEV in Figure 4.16. 

For the conventional diesel vehicle the cumulative fuel used forms a much 

straighter line that for the HEV, due to the constant engine running with it being 

the sole power source. Comparing the two lines in Figure 4.24, there are two clear 

points at which the fuel consumption with gradients increases significantly 

compared to without gradients. One is at around 105 seconds where the short steep 

uphill section occurs, and the other is at approximately 400 to 450 seconds, 

corresponding to the long uphill stretch starting at 2000 meters. This confirms that 

the uphill gradients account for the increased energy consumption for the 

conventional vehicle.  
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Figure 4.24:  Diesel simulation LU15-UDC cumulative fuel consumption and cycle gradient profile 
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4.4 Chapter Conclusions 

After the initial drive cycle comparison tests it was determined that battery energy 

usage must be included in the energy consumption to get reliable and meaningful 

results. From the repeated tests carried out with battery SOC measurement 

included and SOC correction carried out on the fuel consumption, the results were 

significantly different to the earlier ones. Following on from the conclusions from 

Section 4.1, the LUUDC fuel consumption was found to be 10.3% higher than the 

ECE-15 urban drive cycle due to the very different driving cycle profile, with the 

LUUDC being transient and having many more accelerations. The simulation fuel 

consumption results compared to the later chassis dynamometer test results were 

closer than with the original test results but the simulation is still 23.4% lower. 

After eliminating SOC effects that were present in the original tests, the proposed 

reasons for this are degradation of our test vehicle, particularly of the HV battery, 

giving it poorer fuel economy, and inaccuracy in the simulation model giving it 

fuel consumption lower than reality. 

 

Whilst the chassis dynamometer lab test results became closer to the simulation 

results in the more accurate tests, the difference to the real-world driving increased 

by a large amount to 37.7%. It has been concluded that gradient has a negligible 

effect overall on the fuel consumption for a HEV when carrying out a circuit 

journey. Through analysing simulation data signals at a component level for power 

and energy flows, it was found that this is because the decreased fuel usage during 

engine-off periods when on downhill gradients coupled with increased regenerative 

braking energy outweighs the additional energy consumption required to power the 

vehicle uphill compared to on the flat.  

 

However this result is not the case for a conventional diesel vehicle, where a 5.8% 

increase was seen when gradients are applied. For the HEV, when studying just net 

uphill and net downhill journeys the difference in fuel consumption compared to 

having no gradients is +28.0% and -23.8% respectively, showing that gradient can 

have a notable effect in certain circumstances. The other possible contributing 

factors to the difference between the chassis dynamometer test and real-world test 
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results, as suggested earlier, are the use of auxiliaries in low or high temperatures 

and the drive cycle accuracy.  

 

These results are summarised in Figure 4.25. The remaining factors will be studied 

in the following chapters to establish their contributions. 

 

 

Figure 4.25:  Chapter 4 results and conclusions summary diagram 
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5 Factors in Drive Cycle 
Development 

It was found in Chapter 4 that there was a 37.7% difference in fuel consumption 

between the LUUDC chassis dynamometer testing and the real-world driving that 

the cycle is based on, and the gradient did not contribute towards it. A possible 

contributor from the list given at the end of the chapter could be the accuracy of the 

generated drive cycle in representing the original dataset being lower than desired. 

Therefore this will be investigated here.  

 

Additionally, following on from the differences in energy consumption results seen 

between different drive cycles in Sections 4.1 and 4.2, the cycles are analysed 

statistically to find reasoning. The direct effect of acceleration in a drive cycle 

profile on fuel consumption is then studied using the new LUUDC2 and the LU15-

UDC.  

5.1 Drive Cycle Accuracy 

To investigate the accuracy of the cycle, the drive cycle statistics programme that 

was developed was used on the full dataset to establish the target statistics that the 

developed cycles should meet as closely as possible. To do this all of the daily 

driving data files were joined together into one continuous trace then loaded into 
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the programme to be analysed. This function was incorporated into the beginning 

of a new version of the driving data formatting MATLAB programme detailed 

earlier in Section 3.3.2 and also discussed further in Section 5.1.2. A copy can be 

seen in Appendix 9. 

5.1.1 Cycle Statistics Programme 

A MATLAB programme was written to calculate drive cycle statistics, including 

the following list of parameters: 

 Total distance 

 Maximum speed 

 Average speed 

 Number of accelerations 

 Number of decelerations 

 Number of accelerations per km 

 Number of decelerations per km 

 Maximum acceleration 

 Maximum deceleration 

 Average acceleration 

 Average deceleration 

 

It also produces acceleration and deceleration magnitude distributions which will 

be described later in this section. 

 

The simple metrics from the list above were defined as follows: 

 Total distance – Sum of the speed trace converted into km/s 

 Maximum speed – Maximum value of the speed trace 

 Average speed – Mean of the speed trace values 

The acceleration parameters will be described in the following subsections. The 

programme code can be seen in Appendix 10. 
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5.1.1.1 Drive Cycle Accelerations Calculation Method 

A study based on data collected from multiple vehicles during real-world driving, 

analysed driving pattern parameters to determine significant factors that have an 

effect on fuel consumption and emissions [79]. Nine factors were identified, four of 

which describe aspects of acceleration and power demand, and two for speed level. 

This highlights the importance of accelerations in drive cycles, so they should be a 

focus. 

 

Typically elsewhere in this field accelerations and decelerations are treated as just 

the change in speed from one time step to the next and statistics are based on these. 

However when driving a vehicle, the actual accelerations and decelerations 

encountered are over longer periods of time. As accelerations contribute 

significantly to a fuel consumption result a different approach was taken here, 

which finds complete acceleration and decelerations periods across multiple time 

steps. It is thought that this will give a more accurate representation of the driving 

statistics. 

 

Accelerations are calculated by firstly identifying the start of an acceleration period 

by when the speed increases from one time point to the next. An array is formed 

with the first speed value of this acceleration before checking if the speed continues 

to rise at the next time step. If the acceleration continues, the speed value is added 

to the acceleration array. This process continues until the speed ceases to increase, 

leaving a resulting array of the speed trace for a single acceleration period. Using 

the change in speed between the first and last values of the array divided by the 

time duration, the acceleration is calculated and this value added to a new array of 

overall accelerations.  

 

The above process then continues finding acceleration periods and adding the 

overall acceleration of each one to the overall accelerations array. The final array 

can then be used to calculate the number of accelerations by the count of the 

number of elements, and the number per kilometre by dividing this by the cycle 

distance. The minimum and maximum accelerations can be found from the 
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minimum and maximum values from the array, and the total cycle average 

acceleration from the mean of the values contained in it.  

 

The whole process described above was also duplicated in the same manner for 

decelerations with the code instead finding decreases in speed over time steps 

rather than increases.  

5.1.1.2 Drive Cycle Acceleration Distributions 

The average acceleration and number of accelerations per kilometre give a good 

guideline comparison between drive cycles, but do not give a full detailed definition 

of a cycle or dataset. For example, a cycle may have equal numbers of small 

accelerations and large accelerations, and another may have all medium 

accelerations, and both would have similar statistics. As a test cycle though the fuel 

consumption of these is likely to be quite different.  

 

For more detailed analysis, the production of acceleration per kilometre and 

deceleration per kilometre distributions that categorise them into groups of 

magnitude was integrated into the cycle statistics programme. This separates 

acceleration and deceleration into ten bands of increasing magnitude for each. 

From the accelerations calculated as described above in Section 5.1.1.1, the 

number within each range that defines a group of magnitude is counted to form a 

distribution. By dividing the elements of this distribution by the cycle distance then 

gives the acceleration and deceleration per kilometre distributions.  

 

Existing works have used Speed and Acceleration Frequency Distributions (SAFDs) 

which capture second-by-second speed and acceleration as discussed in Section 2.3. 

Matching against these in a cycle development will only guarantee the occurrence 

frequency of acceleration rates at a moment in time, not necessarily complete 

acceleration events. Also, SAFDs are usually used as a validation check to confirm 

a final cycle’s statistics are within tolerances, not as a development tool as in the 

case here, where acceleration distributions are used additionally as a measure to 

compare candidate cycles.  
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5.1.2 Drive Cycle Statistics 

The statistics calculated for the dataset and for the LUUDC are shown in Table 5.1. 

It can be seen that the average speed is closely matched, but the other most 

important statistics for accuracy of the drive cycle, the number of accelerations and 

decelerations per kilometre, and the average acceleration, are 20-25% lower for the 

LUUDC than for the dataset. It appears that there is therefore room for 

improvement of the drive cycle to make it more representative.  

Table 5.1:  Driving dataset and LUUDC statistics comparison 

 
 

To look at the accelerations in more detail, the acceleration and deceleration 

distributions for the dataset and the LUUDC are analysed, as shown in Figure 5.1.  

 

Data Set LUUDC Difference

Cycle dist (km) 17452 8.74 -

Max speed (km/h) 122.79 77.04 -37.3%

Avg speed (km/h) 11.78 12.53 6.3%

No of accels 413890 156 -

No of decels 414100 155 -

Accels per km 23.72 17.86 -24.7%

Decels per km 23.73 17.74 -25.2%

Max accel (m/ŝ 2) 4.43 1.85 -58.3%

Max decel (m/ŝ 2) -8.13 -2.12 -74.0%

Avg accel (m/ŝ 2) 0.425 0.333 -21.7%

Avg decel (m/ŝ 2) -0.434 -0.387 -10.7%
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Figure 5.1:  Driving dataset and LUUDC acceleration and deceleration distributions 

It can be seen that the distributions follow a similar profile but there are differences, 

the largest of which is with the small decelerations of 0 to -0.25 m/s2, but the most 

important differences seen are with the larger accelerations. There is a significant 

gap between the two lines across the range of accelerations from 0.25 to 1.5 m/s2, 

which confirms that there is potential for the drive cycle match to the dataset to be 

improved.  At this stage it is unknown how close would be acceptable or possible. 

By deriving a new drive cycle with a closer statistical match and testing it in 

simulation or on the chassis dynamometer to determine the effect on the cycle’s 

energy consumption, the importance of this will be discovered. 

 

In the new version of the driving data processing programme, rather than inserting 

an acceleration to smooth the speed trace where a jump in speed occurs, the section 

of data immediately following the jump and continuing until the next stop occurs, 

is removed. This was done because since the original version was produced it was 

thought that by inserting artificial accelerations the statistics for the data could be 

affected, or the artificial accelerations may be selected for use in the construction of 

a drive cycle. By not manipulating the data in the new version, and instead 
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removing small defective sections, the data will stay as representative of the real-

world driving as possible. 

 

Table 5.2 shows the statistics for the dataset processed in the original programme 

(v1) and in the new version (v2). The significant difference between average speeds 

is because the long zero speed stops were not removed in the new version, which 

brings the average speed down. The maximum acceleration and maximum 

deceleration are smaller in the old version due to the way the programme inserted 

accelerations to reduce any sharp accelerations deemed too large. The other key 

parameter statistics are very similar showing that the processing method does not 

have a significant effect on the data.  

Table 5.2:  Dataset original processing method and revised processing method statistics comparison 

 
 

5.1.3 Drive Cycle Software Settings Validation 

5.1.3.1 Sample Dataset Validation 

An indicative sensitivity study to analyse the statistics of drive cycles of differing 

maximum segment durations was carried out on a small dataset consisting of three 

days’ driving data, in order to hugely reduce processing time. Six cycles were 

produced using the FCRT software with maximum segment lengths ranging from 

2.9% to 14.3% of the cycle duration. The important statistics used for comparison 

of cycles were the accelerations per kilometre, decelerations per kilometre, average 

acceleration and average deceleration. From the statistics for these cycles shown in 

Table 5.3 it can be seen that that there is variation in the results and the 0.03 hour 

4.3% maximum segment size gave the closest statistics to the dataset used.  

Data Set v1 Data Set v2

Cycle dist (km) 17452 16885

Max speed (km/h) 122.79 122.79

Avg speed (km/h) 11.78 6.34

No of accels 413890 404890

No of decels 414100 405070

Accels per km 23.72 23.98

Decels per km 23.73 23.99

Max accel (m/ŝ 2) 4.43 13.27

Max decel (m/ŝ 2) -8.13 -12.30

Avg accel (m/ŝ 2) 0.425 0.429

Avg decel (m/ŝ 2) -0.434 -0.432
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Table 5.3:  Sample dataset and various settings sample drive cycle statistics comparison 

 
 

To compare acceleration distributions using numerical values, the difference 

between the value in each acceleration band of a cycle’s distribution and the 

dataset’s distribution was calculated. The sum of the absolute value of these 

differences gives the total variation from the target values, which was used as the 

accuracy measure for the drive cycles. These values are shown in Table 5.4 and a 

plot of the sum of the absolute differences is shown in Figure 5.2.  

Table 5.4:  Sample dataset and various maximum segment size sample drive cycles acceleration 

comparison 

 
 

0.02 (2.9%) 0.03 (4.3%) 0.04 (5.7%) 0.06 (8.6%) 0.08 (11.4%) 0.10 (14.3%)

Cycle dist (km) 243.11 3.73 4.13 3.07 3.69 3.18 2.70

Max speed (km/h) 78.6 57.3 46.9 41.9 47.9 54.9 63.9

Avg speed (km/h) 5.91 9.96 10.40 8.56 9.67 8.84 8.03

No of accels 5793 80 102 63 82 59 48

No of decels 5801 80 102 63 83 59 48

Accels per km 23.83 21.46 24.72 20.50 22.22 18.55 17.76

Decels per km 23.86 21.46 24.72 20.50 22.49 18.55 17.76

Max accel (m/ŝ 2) 5.79 1.22 2.40 1.51 2.06 1.86 1.65

Max decel (m/ŝ 2) -12.30 -1.99 -2.08 -1.85 -1.96 -1.53 -1.51

Avg accel (m/ŝ 2) 0.487 0.413 0.468 0.533 0.399 0.615 0.598

Avg decel (m/ŝ 2) -0.480 -0.470 -0.502 -0.578 -0.362 -0.716 -0.572

Maximum Segment Duration [h] (% of cycle duration)
Data set

0 - 0.25 0.25 - 0.5 0.5 - 0.75 0.75 - 1.0 1.0 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 3.0 3.0 - 3.5 3.5 +

R-W sample data 8.72 6.15 3.78 2.34 2.04 0.52 0.12 0.07 0.03 0.05 23.83

0.02 5.90 10.19 3.49 0.80 1.07 0.00 0 0 0 0 21.46

Diff. from R-W data -2.82 4.04 -0.30 -1.54 -0.97 -0.52 -0.12 -0.07 -0.03 -0.05 10.45

0.03 8.48 8.72 2.67 2.67 1.45 0.48465 0.24 0 0 0 24.72

Diff. from R-W data -0.24 2.57 -1.12 0.32 -0.59 -0.04 0.12 -0.07 -0.03 -0.05 5.14

0.04 4.88 7.16 3.90 2.28 1.95 0.32533 0.00 0 0 0 20.50

Diff. from R-W data -3.84 1.00 0.12 -0.07 -0.09 -0.20 -0.12 -0.07 -0.03 -0.05 5.58

0.06 7.05 10.84 1.63 1.08 1.36 0 0.27 0 0 0 22.22

Diff. from R-W data -1.67 4.69 -2.16 -1.26 -0.69 -0.52 0.15 -0.07 -0.03 -0.05 11.28

0.08 4.09 4.72 3.77 3.14 2.52 0.31438 0 0 0 0 18.55

Diff. from R-W data -4.63 -1.44 -0.01 0.80 0.47 -0.21 -0.12 -0.07 -0.03 -0.05 7.83

0.10 2.96 5.55 2.96 4.07 1.85 0.37009 0 0 0 0 17.76

Diff. from R-W data -5.76 -0.60 -0.82 1.73 -0.19 -0.15 -0.12 -0.07 -0.03 -0.05 9.52

No. of Accelerations per km

Acceleration (m/s2)
Total
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Figure 5.2:  Sample dataset drive cycle maximum segment duration sensitivity analysis 

From the chart a general trend can be seen with a decrease in maximum segment 

duration leading to a more accurate distribution match, down to a point at which 

there is poorer accuracy with the smallest segment duration. This can be 

interpreted as when a drive cycle is constructed from smaller segments, a larger 

number are used giving a greater representation of the whole dataset incorporated. 

For the very small segments there are likely to be very few that have the features 

able to give a statistical match to the dataset due to their limited length. The most 

accurate match for the 0.03 hour cycle agrees with the result of the statistics in 

Table 5.3. The trend appears that it is not entirely conclusive though due to the 

spike at 0.06 hour maximum segment. 

5.1.3.2 Full Dataset Validation 

Due to the above relationship not being completely clear because of the spike as 

mentioned above, using the full dataset a similar series of drive cycles with differing 

maximum segment lengths were developed to confirm the trend. The statistics for 

these are shown in Table 5.5. From these results the shortest segment durations 

have the most accurate match to the statistics of the dataset. The 2.9% is the closest 

this time which is different to that in the study above with the small sample dataset. 
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Table 5.5:  New drive cycle statistics comparison to driving dataset 

 
 

Using the same methodology with acceleration distributions, the plot of the sum of 

absolute differences can be seen in Figure 5.3. This has the same general trend as 

the small dataset albeit with a different shape formed by the points for the greater 

than 0.03 hour maximum segment durations. The point of greatest accuracy is 

again at 0.03 hour maximum segment, 4.3% of the cycle duration. This time this 

does not agree with the statistics in Table 5.5, where the statistics for the 0.02 hour 

maximum segment cycle are closer to those of the dataset.  This highlights that it is 

important to analyse the drive cycle accelerations in this greater level of detail.  

 

 

Figure 5.3:  New drive cycle maximum segment duration sensitivity analysis 

 

0.02 (2.9%) 0.03 (4.3%) 0.04 (5.7%) 0.05 (7.1%) 0.07 (10%)

Cycle dist (km) 16885 4.86 3.65 4.08 4.43 3.60

Max speed (km/h) 122.79 48.04 44.32 52.76 48.56 58.36

Avg speed (km/h) 6.34 11.10 8.54 9.24 10.31 9.24

No of accels 404890 115 81 76 70 65

No of decels 405070 116 79 75 73 66

Accels per km 23.98 23.66 22.21 18.63 15.81 18.06

Decels per km 23.99 23.87 21.66 18.38 16.48 18.33

Max accel (m/ŝ 2) 13.27 2.20 1.69 1.66 1.44 1.65

Max decel (m/ŝ 2) -12.30 -2.84 -3.53 -3.50 -2.04 -4.33

Avg accel (m/ŝ 2) 0.429 0.460 0.395 0.497 0.373 0.474

Avg decel (m/ŝ 2) -0.432 -0.457 -0.580 -0.564 -0.456 -0.486

Cycle Max Segment Duration [h] (% of cycle duration)
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5.1.3.3 New LUUDC2 Cycle Production 

The output drive cycles produced for studying the effect of maximum segment 

duration had cycle durations approximately half that of the input target length. 

Therefore a final cycle was generated with the target length doubled to make it a 

similar length to the original LUUDC, and from the findings above a comparable 

maximum segment duration of 5% was selected. For the acceleration distribution 

which is shown in Figure 5.5, the sum of the absolute differences measure is the 

lowest of all the cycles produced at 4.53, indicating it has the most accurate match 

to the original dataset. As this is significantly lower than the 6.12 difference for the 

original LUUDC, this new cycle named LUUDC2 was introduced for subsequent 

work. The LUUDC2 is shown in Figure 5.4. 

 

Figure 5.4:  LUUDC2 

Comparing the statistics of the new LUUDC2 to the driving dataset, it can be seen 

in Table 5.6 that the acceleration and deceleration statistics are much more closely 

matched. The accelerations and decelerations per kilometre difference to the 

dataset is approximately 17%, compared to 25% with the old cycle. The average 

accelerations and decelerations are now matched to less than 1% difference, rather 

than 10-22%.  
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Table 5.6:  Comparison of LUUDC2 statistics to driving dataset 

 
 

Looking at the acceleration and deceleration distributions in Figure 5.5, the 

LUUDC2 accelerations clearly match the dataset much more closely than the old 

cycle. The better matching is particularly noticeable for the 0.25-1.5 m/s2 range, 

where the lines on the plot are significantly closer together. This cycle is therefore 

more representative of the original driving data than the previous cycle and should 

give closer fuel consumption results. 

 

 

Figure 5.5:  Driving dataset, old LUUDC and new LUUDC2 acceleration or deceleration 
distributions 

Dataset LUUDC LUUDC2
Diff. LUUDC2

from dataset

Cycle dist (km) 16885 8.74 9.48 -

Max speed (km/h) 122.79 77.04 74.63 -39.2%

Avg speed (km/h) 6.34 12.53 12.02 89.6%

No of accels 404890 156 188 -

No of decels 405070 155 189 -

Accels per km 23.98 17.86 19.84 -17.3%

Decels per km 23.99 17.74 19.94 -16.9%

Max accel (m/ŝ 2) 13.27 1.85 2.23 -83.2%

Max decel (m/ŝ 2) -12.30 -2.12 -2.21 -82.1%

Avg accel (m/ŝ 2) 0.429 0.333 0.426 -0.6%

Avg decel (m/ŝ 2) -0.432 -0.387 -0.431 -0.4%
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There is a larger discrepancy with the 0 to 0.25 m/s2 band but as this represents 

small speed fluctuations is not significant as these will only have a minor effect on 

energy consumption. This larger difference for this band in this cycle is likely to be 

due to the way in which the FCRT generates the drive cycles. There is a degree of 

variation possible in cycles produced with the same settings and input dataset, due 

to the nature in which a selection of segments are used which will be different each 

time, therefore varying the statistics of the cycle. On this occasion it happens that 

the match for the small accelerations is not as good as the old cycle. A way to 

obtain the best match including this acceleration range would be to generate a 

number of cycles with the same settings, calculate the statistics and acceleration 

distributions for each of them, then select the one with the closest match. This was 

not feasible for this study due to the previously mentioned issue of these cycle 

creations taking several days each to run, which there was not time to 

accommodate.   

5.1.3.4 Simulation Testing of New LUUDC2 

Carrying out simulations with varying initial SOCs and then producing an SOC 

correction plot, the new LUUDC2 drive cycle fuel consumption was found to be 

4.17 l/100km. This is a 13.3% increase over the 3.68 l/100 km of the old cycle 

from Section 4.2.4. It can be expected that the same trend will be shown with 

chassis dynamometer testing of the new cycle, therefore bringing it closer to the 

real-world result. This will be confirmed later in Chapter 6. 
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5.2 Drive Cycle Comparison 

Using the programme written in Section 5.1, statistical comparison between drive 

cycles can be made. Here the LUUDC2 will be compared to existing standard 

cycles. 

5.2.1 Comparison of LUUDC2 Statistics to Existing Drive Cycles 

Comparing cycle statistics of the LUUDC2 to the ECE-15 shows some very 

significant differences, see Table 5.7. In the LUUDC the number of accelerations 

per km is over 6 times greater and the maximum acceleration is more than doubled. 

The average acceleration is 81.2% larger in the ECE-15 due to its cycle profile 

consisting of similar constant rate accelerations, so does not provide a useful 

representation. 

 

Comparing the LUUDC2 to the other urban cycles, the number of accelerations 

per kilometre is roughly similar to the Artemis Urban which is 18.8% lower and 

significantly more than the UDDS which is 70.1% lower. The UDDS has 16.4% 

lower average acceleration while the Artemis Urban’s is 48.3% higher. Maximum 

accelerations are lower in both cycles than the LUUDC2, by 27.7% for the Artemis 

Urban and 47.0% for the UDDS. Average speed for the LUUDC2 is lower than 

both due to the long idle time bringing the average speed down. From these 

statistics there is not a clear link with the fuel consumption results recorded for 

these cycles in Section 4.2.3. 

Table 5.7:  Statistics of LUUDC2 and existing drive cycles 

 
 

LUUDC2 ECE-15 Art Urb UDDS NEDC

Cycle dist (km) 9.48 3.98 4.47 11.99 10.89

Max speed (km/h) 74.63 50.00 57.70 91.20 120.00

Avg speed (km/h) 12.02 18.33 17.48 31.51 33.20

No of accels 188 12 72 71 16

No of decels 189 16 70 81 18

Accels per km 19.84 3.02 16.10 5.92 1.47

Decels per km 19.94 4.02 15.65 6.76 1.65

Max accel (m/ŝ 2) 2.23 1.04 1.61 1.18 1.04

Max decel (m/ŝ 2) -2.21 -0.83 -1.88 -1.34 -0.98

Avg accel (m/ŝ 2) 0.426 0.772 0.632 0.356 0.668

Avg decel (m/ŝ 2) -0.431 -0.743 -0.651 -0.341 -0.754

Drive Cycle
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Looking at the acceleration distributions provides a more detailed comparison of 

the cycle acceleration statistics; a plot of these is shown in Figure 5.6. This shows 

very different distributions for the cycles. The LUUDC2 and UDDS are similarly 

shaped, roughly like a normal distribution, with a clear peak at the smallest 

magnitude accelerations and decelerations, with the frequency decreasing with 

increasing magnitude. For the Artemis Urban the distribution is much flatter with a 

more consistent spread of accelerations across the +/-1m/s2 magnitude range, 

before reducing beyond this. The synthetic linear profile of the ECE-15 and NEDC 

leads to a very different distribution to the transient cycles, with 0 or close to 0 

accelerations/decelerations in the low magnitudes, and small peaks at 0.5 to 0.75 

m/s2 acceleration and in -0.75 to -1.0 m/s2 deceleration.  

 

The LUUDC2 has around twice the number of small accelerations under 0.25 m/s2 

compared to the other two transient cycles. Increasing beyond this it has 

approximately 50% more accelerations in the 0.25 to 0.5 m/s2 group than the 

Artemis Urban, and 12 times more than the UDDS. In the 0.5 to 0.75 m/s2 band 

the LUUDC2 gets close to the Artemis Urban which is 12.7% lower, before 

dipping below where it is 50% lower in the next band.  

 

 

Figure 5.6:  Acceleration and deceleration distributions for LUUDC2 and existing drive cycles 
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These more detailed acceleration statistics can now explain the fuel consumption 

results seen in Section 4.2.3, and 6.2.4 for the LUUDC2, which the earlier statistics 

in Table 5.7 could not. The highest fuel consumption was on the Artemis Urban 

cycle followed closely by the LUUDC2. These two cycles have the highest number 

of accelerations per km in the higher bands. On the other hand the UDDS and 

ECE-15 gave the lowest fuel consumption and they have fewer larger magnitude 

accelerations.  

 

The NEDC is a different case to this trend because it is not an urban cycle, it has a 

high speed section which has an influence on fuel use. It leads to higher fuel 

consumption which can be seen in the test results in Section 4.2.3.2 where the 

NEDC on the chassis dynamometer was 1.7% higher than the result of the 

LUUDC.   
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5.3 Drive Cycle Profile Effect on Fuel Consumption 

From the later results in Section 6.2.4 for the chassis dynamometer testing, the 

LUUDC2 gives 31.7% higher fuel consumption than the LU15-UDC at 5.20 

l/100km and 3.95 l/100km respectively. Similarly, in simulations 4.17 l/100km on 

the LUUDC2 is 32.8% higher than the LU15-UDC with 3.14 l/100km. These 

variations will be down to the cycle profile differences, including accelerations, so 

statistical analysis of each of the cycles is required. 

5.3.1 Comparison of LUUDC2 Statistics to LU15-UDC 

Comparing the cycle statistics for the two Loughborough University drive cycles, 

shown in Table 5.8, the average speed of the LU15-UDC is higher than for the 

LUUDC2 due to more of its duration being cruising and having very little stop 

time.  There are also more accelerations per kilometre in the LU15-UDC due to the 

small speed fluctuations in the cycle, while the maximum accelerations are closely 

matched. The key comparison here is that the average acceleration is 78% higher in 

the LUUDC2. 

Table 5.8:  LUUDC2 and LU15-UDC cycle statistics 

 
 

From the acceleration distributions shown in Figure 5.7 it can be seen that the 

LU15-UDC has a large number of accelerations of less than 0.25 m/s2 due to the 

small speed fluctuations as mentioned above, which will not be significant to the 

fuel use over this drive cycle. The distribution for the LUUDC2 is more widely 

spread with significantly more accelerations of the larger magnitudes of 0.25 to 1.5 

LUUDC2 LU15-UDC

Cycle dist (km) 9.48 3.26

Max speed (km/h) 74.63 29.20

Avg speed (km/h) 12.02 18.66

No of accels 188 78

No of decels 189 75

Accels per km 19.84 23.93

Decels per km 19.94 23.01

Max accel (m/ŝ 2) 2.23 2.22

Max decel (m/ŝ 2) -2.21 -2.03

Avg accel (m/ŝ 2) 0.426 0.240

Avg decel (m/ŝ 2) -0.431 -0.242

Drive Cycle
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m/s2, which are the ones that contribute to the higher fuel consumption of this 

cycle.  

 

 

Figure 5.7:  LUUDC2 and LU15-UDC acceleration and deceleration distributions 

5.3.2 Acceleration Rate Fuel Consumption Comparison 

5.3.2.1 Acceleration Rate Cycles 

To directly compare the effect acceleration rate has on fuel consumption, a cycle 

was designed with multiple acceleration features all with the same acceleration rate, 

and then duplicates of it were made with a different acceleration rate in each one. 

There are three main aspects to the cycle, accelerations from and decelerations to 

rest, accelerations from and decelerations to a cruise, and small speed fluctuations.  

 

The first part of the cycle consists of five pairs of peaks, starting after a 5 second 

stop with an acceleration from 0 to 1 m/s, a deceleration back to 0 m/s, then a 

repeat of this. Next there are similar pairs of peaks consisting of an acceleration 

and deceleration with maximums of 3, 6, 9 and 15 m/s, all separated by 5 second 

stops. There is an acceleration to 6 m/s leading into a 5 second cruise then an 

acceleration up to 9 m/s and deceleration back to 6 m/s. This acceleration peak is 

repeated before pairs of peaks with an acceleration and deceleration with 
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maximums of 12 and 15 m/s, all separated by 5 second 6 m/s cruises. Next after 

another 5 second cruise are small speed fluctuations with acceleration to 7 m/s, 

deceleration back to 6 m/s, then a repeat of this peak. After a 5 second cruise there 

is an acceleration to 15 m/s then deceleration to 13 m/s, an acceleration to 15 m/s, 

a deceleration to 13 m/s again, then a final acceleration back up to 15 m/s. The 

cycle is ended with a 5 second cruise at 15 m/s before decelerating back to a 

standstill and a 5 second stop. The cycle is shown in Figure 5.8.  

 

These cycles were produced with accelerations of 0.25, 0.5 and 1.0 m/s2 

acceleration rates, all of these can be seen in Figure 5.9. These accelerations were 

chosen as they cover the range of average accelerations calculated for all the drive 

cycles studied, meaning that the results from this can be linked to those cycles. 

 

 

Figure 5.8:  Acceleration rate 0.25 m/s2 drive cycle 

 

Figure 5.9:  Acceleration rate 0.25, 0.5 and 1.0 m/s2 drive cycles 
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The increased acceleration rate reduces the cycle distance and duration as can be 

seen in Figure 5.9. The 1.0 m/s2 cycle has approximately half the cycle distance of 

the 0.5 m/s2 cycle, and it itself has approximately half the cycle distance of the 0.25 

m/s2 cycle. This does not have a significant impact on the results though due to the 

state of charge correction procedure being applied. To confirm this, the process 

below was repeated with a version of the 0.5 m/s2 cycle repeated twice, and of the 

1.0 m/s2 cycle repeated four times so that all the cycles had similar cycle distances, 

and the results were within 1%. 

5.3.2.2 Acceleration Rate Results 

Simulations were carried out on each of the three cycles using the Toyota Prius 

model with the state of charge correction process again followed. The results which 

can be seen in Figure 5.10 and Table 5.9 show the acceleration rate has a 

significant effect on fuel consumption. For the 0.5 m/s2 cycle the fuel consumption 

of 2.89 l/100km is 17.8% higher than the 0.25 m/s2 cycle’s 2.45 l/100km. With the 

acceleration rate increased to 1 m/s2 it leads to a huge 67% increase in fuel 

consumption to 4.10 l/100km.  

 

 

Figure 5.10:  Acceleration rate drive cycle fuel consumption results 
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Table 5.9:  Acceleration rate drive cycle fuel consumption results with difference 

 

 

A MATLAB programme was written to linearly interpolate and extrapolate from 

these data points to be used to give an estimated fuel consumption increase for a 

given increase in average acceleration rate which can be applied to drive cycles. 

5.3.2.2.1 Acceleration Rate Results Applied to LU Cycles 

The average acceleration of the LUUDC2 at 0.43m/s2 is higher than the LU15-

UDC at 0.24 m/s2. This difference equates to an estimated increase in fuel 

consumption of 13.6% due to the increased average acceleration. This confirms 

that acceleration is a very significant factor in drive cycles.  

 

This analysis accounts for the effect of increasing acceleration rate based on the 

average acceleration for a cycle, however it is thought that by taking this further 

using other statistical analysis methods on the accelerations, such as possibly 

cluster analysis, the contribution to increased fuel consumption would be greater 

than the 13.6% determined here. 

 

  

Acceleration

(m/s2)

Fuel cons.

(l/100km)

Inc. over

0.25 m/s2

0.25 2.45 0.0%

0.5 2.89 17.8%

1.0 4.10 67.1%
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5.4 Chapter Conclusions 

A programme was produced to calculate drive cycle statistics with a focus on 

accelerations due to their importance in defining a cycle. An alternative method of 

defining accelerations was used that treats a continuous acceleration period as one 

acceleration rather than taking the acceleration between each time step. 

Acceleration and deceleration distributions were also used in the programme which 

counts accelerations and decelerations within groups of magnitude to look at them 

in more detail than by just using the average.   

 

Using these metrics the LUUDC was compared to the full data set and potential 

for improvement was observed. Through a cycle refinement process a new cycle, 

the LUUDC2, was developed and it showed a much closer statistical match to the 

original data. The difference in accelerations per kilometre to the data set came 

down from 25% to 17%, and the average acceleration became within 1% rather 

than 22%. This shows the importance of creating drive cycles with an accurate 

match to a detailed set of statistics, to give an output that is representative of the 

data that it is based on in order to get meaningful results from it.  

 

The statistics of the LUUDC2 were compared to those of the ECE-15 and other 

existing drive cycles. The acceleration distribution profiles differed significantly 

between cycles and they explain earlier results trends from Sections 4.2.3 and 4.2.4, 

and the LUUDC2’s result in Section 6.2.4. Following this, the direct effect of 

changing the average acceleration of a cycle was investigated to quantify the fuel 

consumption difference between the LU15-UDC and the LUUDC2. From the 

study carried out it was indicated that the difference in their average acceleration 

equated to a 13.6% increase in energy consumption. This is close to half of the 

measured difference but it is thought that using further statistical methods the 

percentage would be higher. 
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6 Key Contributors to Hybrid 
Electric Vehicle Fuel 
Consumption in Real-World 
Driving 

It has been established in Chapter 4 that gradient has a negligible effect on the fuel 

consumption of a HEV, and in Section 5.1 it was found that cycle production 

processes are important, leading to a new drive cycle being developed. Here further 

factors that could also be an influence are investigated.  

 

The effect of differing battery initial SOC levels was eliminated in the experimental 

work by accounting for the battery energy in the corrected fuel consumption, but it 

is interesting to determine the amount of influence it has and why, so this is 

covered at the start of this chapter. There were notable differences in the gradients 

of the trendlines of the SOC correction plots in Chapter 4, which appeared to be 

related to the length of the cycles. This relationship is studied in the second part of 

Section 6.1. 

 

The difference between the fuel consumption results in the chassis dynamometer 

tests and simulation is investigated by looking into the factors suggested earlier 

which includes the Autonomie model accuracy and degradation of the test vehicle. 
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Within the degradation study, the HV battery is focussed on with battery charge 

and discharge tests carried out.  

 

In the final section of the chapter the higher fuel consumption measured in the real-

world driving testing is examined. A study is conducted based on data from the 

literature into the contribution of using the heater or air conditioning in 

corresponding low or high temperatures.  

6.1 Initial State of Charge Level  

6.1.1 Chassis Dynamometer Tests 

The chassis dynamometer testing discussed in Chapter 4 was carried out with 

widely varying initial HV battery SOCs, so that the effect of this on the drive cycle 

energy consumption could be studied. In Figure 4.8 there is a clear trend of 

decreasing fuel consumption with increasing net battery energy change. Compared 

to a mid-level initial SOC, with a low initial SOC the ICE has to operate for more 

of the time in order to recharge the battery to meet its usual charge sustaining level, 

therefore increasing the fuel consumed. Conversely, with a high initial SOC the 

ICE is operated less due to more electrical energy being available to drive the car, 

whilst still ending with a mid-level SOC at the end of test.  

Table 6.1:  LUUDC chassis dynamometer test results for various initial battery SOCs 

 

 

 

 

 

 

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Initial SOC (%) 42.5 41.5 53.5 53.5 77.0 76.5

End SOC (%) 54.5 54.0 54.5 54.0 54.0 54.0

∆SOC(%) 12.0 12.5 1.0 0.5 -23.0 -22.5

Fuel Used (l) 0.4613 0.4552 0.4041 0.4214 0.3606 0.3475

Distance (km) 8.778 8.838 8.766 8.207 8.885 8.855

Fuel Consumption (l/100km) 5.26 5.15 4.61 5.13 4.06 3.92

Battery Energy Consumption (Wh) 157.20 163.75 13.10 6.55 -301.30 -294.75

Fuel Energy Consumption (Wh) 4074.82 4020.93 3569.55 3722.37 3185.30 3069.58

Fuel Energy Consumption (Wh/km) 464.21 454.96 407.20 453.56 358.50 346.65
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Table 6.2:  LUUDC chassis dynamometer average test results for various initial battery SOCs 

 
  

The results for the LUUDC are shown in Table 6.1, and in Table 6.2 are 

summarised with average values of the two comparable runs. Compared to the 

near to charge sustaining tests, with low initial SOC at an average of 42.0% the 

average fuel consumption was 6.8% higher. Making the same comparison but with 

the high initial SOC average of 76.75%, the average fuel consumption was 18.1% 

lower. This is clearly linked to the net change in battery SOC with +12% for the 

low initial SOC, +0.75% for the medium initial SOC and -23% for the high initial 

SOC.  

6.1.2 Simulation Analysis 

6.1.2.1 LUUDC Data Analysis 

To investigate the system operation, Autonomie simulations were carried out. In 

these the same settings were used  as previously, but in addition the control system 

target battery SOC level was set to 55% to reflect that of the real test vehicle. The 

results can be seen in Table 6.3. Here the changes in SOCs are similar to the chassis 

dynamometer test, but the fuel consumptions are lower. The change in fuel 

consumption compared to a medium initial SOC is +23.5% for a low initial SOC, 

and -41.0% for a high initial SOC, so is greater than in the chassis dynamometer 

tests.  

 

 

 

 

 

Low Mid High

Initial SOC (%) 42.00 53.50 76.75

End SOC (%) 54.25 54.25 54.00

∆SOC(%) 12.25 0.75 -22.75

Fuel Used (l) 0.4583 0.4128 0.3541

Distance (km) 8.808 8.487 8.870

Fuel Consumption (l/100km) 5.20 4.87 3.99

Battery Energy Consumption (Wh) 160.48 9.83 -298.03

Fuel Energy Consumption (Wh) 4047.88 3645.96 3127.44

Fuel Energy Consumption (Wh/km) 459.58 430.38 352.58

Initial SOC Point
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Table 6.3:  LUUDC simulation test results for various initial battery SOCs 

 
 

From the simulations, looking at Figure 6.1 which shows the battery SOC for each 

of the three initial SOC levels, it can be seen that with the low initial SOC the 

battery is quickly charged to the same level as the medium initial SOC within the 

first 400 seconds, after which it follows the same line. The high initial SOC on the 

other hand discharges gradually over the first 1600 seconds before following the 

same line as the others. Further on in time however, the line deviates slightly from 

the other two but follows the same profile. It can be noted also that the high SOC 

line follows a close profile to the others in the early part of the cycle whilst it 

converges on them.  

 

 

Figure 6.1:  LUUDC simulation battery SOC for various initial SOCs 

The output battery energy is shown in Figure 6.2 which can be clearly related to 

the SOC in Figure 6.1. For the low initial SOC the energy out increases negatively 

during the first 400 seconds, i.e. energy is flowing in because it is charging. With 

the high initial SOC the energy out increases over the first 1600 seconds before 

following the same profile as the other two lines. 

 

Low Mid High

Initial SOC (%) 42.0 55.0 77.0

End SOC (%) 54.93 54.87 54.29

∆SOC(%) 12.93 -0.13 -22.71

Distance (km) 8.73 8.72 8.72

Fuel Consumption (l/100km) 4.73 3.83 2.26

Initial SOC Point
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Figure 6.2:  LUUDC simulation battery energy out for various initial SOCs 

Figure 6.3 shows the energy out for MG2 and Figure 6.4 shows energy out for the 

ICE. For MG2 the trends correspond with the battery energy output, due to the 

battery powering MG2. For the low initial SOC the energy out increases negatively 

from the start of the test and for the high initial SOC it increases positively from the 

start. Again, later in the cycle from 1200 seconds onwards, the three lines follow a 

closely matched profile.  

 

 

Figure 6.3:  LUUDC simulation MG2 energy out for various initial SOCs 

Due to having little power available for driving the vehicle and charging of the 

battery taking place, there is a significant amount of energy output from the ICE 

during the first 400 seconds of the drive cycle with the low initial SOC. For the 

medium initial SOC there is no energy output for the first 150 seconds, then a 

gradual increase to a much lower level than the low initial SOC case. With the high 

initial SOC there is no energy output from the engine until approximately 360 

seconds where there is a small increase, and then a further section of approximately 
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360 seconds duration where there is no energy output. From around 720 seconds 

the three lines follow a similar profile to each other. 

 

 

Figure 6.4:  LUUDC simulation ICE energy out for various initial SOCs 

6.1.2.2 ECE-15 Data Analysis 

For comparison to the LUUDC, the chassis dynamometer results for the ECE-15 

can be seen in Table 6.4, and summarised average values in Table 6.5. The 

difference in fuel consumption between medium initial SOC and low or high SOCs 

is close to double that for the LUUDC, at +12.4% and -36.3% respectively. This 

shows that energy consumption on the ECE-15 is much more sensitive to the initial 

SOC level.   

Table 6.4:  ECE-15 chassis dynamometer test results for various initial battery SOCs 
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Low SOC

Mid SOC

High SOC

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Initial SOC (%) 38.5 40.0 55.0 53.0 79.0 77.0

End SOC (%) 57.0 55.5 54.5 55.0 53.0 52.0

∆SOC(%) 18.5 15.5 -0.5 2.0 -26.0 -25.0

Fuel Used (l) 0.2178 0.1914 0.1777 0.1838 0.1022 0.1294

Distance (km) 4.030 4.045 4.025 3.992 4.019 4.041

Fuel Consumption (l/100km) 5.40 4.73 4.41 4.60 2.54 3.20

Battery Energy Consumption (Wh) 242.35 203.05 -6.55 26.20 -340.60 -327.50

Fuel Energy Consumption (Wh) 1923.90 1690.70 1569.68 1623.57 902.77 1143.03

Fuel Energy Consumption (Wh/km) 477.39 417.97 389.98 406.71 224.62 282.86
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Table 6.5:  ECE-15 chassis dynamometer average test results for various initial battery SOCs 

 
 

Simulation results for ECE-15 are shown in Table 6.6. Again the change in fuel 

consumption as a result of changing the initial SOC is much greater in the 

simulations than the dynamometer tests. 

Table 6.6:  ECE-15 simulation test results for various initial battery SOCs 

 
 

Plots from the simulations of the same signals as for the LUUDC are shown in 

Figure 6.5 to Figure 6.8. These show generally similar trends as the plots for the 

LUUDC, with some key details to point out as follows: 

 With the high initial SOC, the SOC does not meet the level of the other two 

lines as due to the shorter cycle duration it does not have enough time for 

this to happen 

 The battery energy out line for the high initial SOC does not follow the 

same profile as the other lower cases 

 The trends of the three MG2 energy out lines again can be linked with the 

battery energy out plots, however this time the signals are more stable 

without the high frequency changes seen in the LUUDC plot 

 The ICE energy out shows a very similar result fitted into the shorter time 

period, with the y-axis scale being approximately half the magnitude of that 

Low Mid High

Initial SOC (%) 39.25 54.00 78.00

End SOC (%) 56.25 54.75 52.50

∆SOC(%) 17.00 0.75 -25.50

Fuel Used (l) 0.2046 0.1808 0.1158

Distance (km) 4.038 4.009 4.030

Fuel Consumption (l/100km) 5.07 4.51 2.87

Battery Energy Consumption (Wh) 222.70 9.83 -334.05

Fuel Energy Consumption (Wh) 1807.30 1596.63 1022.90

Fuel Energy Consumption (Wh/km) 447.68 398.34 253.74

Initial SOC Point

Low Mid High

Initial SOC (%) 42.0 55.0 77.0

End SOC (%) 54.98 54.95 59.89

∆SOC(%) 12.98 -0.05 -17.11

Distance (km) 3.98 3.97 3.97

Fuel Consumption (l/100km) 4.93 3.06 0.88

Initial SOC Point
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of the LUUDC, due to the lower fuel consumption of the ECE-15 and the 

shorter cycle time  

 

Figure 6.5:  ECE-15 simulation battery SOC for various initial SOCs 

 

Figure 6.6:  ECE-15 simulation battery energy out for various initial SOCs 

 

Figure 6.7:  ECE-15 simulation MG2 energy out for various initial SOCs 
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Figure 6.8:  ECE-15 simulation ICE energy out for various initial SOCs 

6.1.2.3 Simulation Analysis Conclusions 

The above conclusions can also be confirmed by looking at the SOC correction 

plots in Figure 4.8 and Figure 4.9 in Chapter 4. The larger fuel consumption 

change with varying initial SOC can be seen by the steeper gradient of the ECE-

15’s correction line compared to the LUUDC’s, in both dynamometer tests and 

simulations. The larger fuel consumption change with varying initial SOC in 

simulations compared to the chassis dynamometer tests can be seen by the steeper 

correction lines in the simulation results than those in the dynamometer results.  

6.1.3 SOC Correction Trendline Gradient versus Cycle Distance 

6.1.3.1 Various Drive Cycle Trendlines 

Looking at the SOC correction plots it is clear that there are varying gradients of 

the correction trendlines. These decrease as the cycle distance increases, illustrating 

that on shorter cycles the fuel consumption is more sensitive to initial SOC. To 

look at this relationship, for both dynamometer tests and simulation results, the 

inverse of the gradient coefficient was plotted against cycle distance. The results are 

shown in Figure 6.9 and Figure 6.10. 
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Figure 6.9:  Chassis dynamometer test drive cycle distance against SOC correction trendline 

gradient 

 

Figure 6.10:  Simulation test drive cycle distance against SOC correction trendline gradient 

The graphs confirm the trend of increasing cycle length giving a decreasing 

gradient. A similar trend is seen between both types of test, although for the 
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simulations the increase in gradient for the short cycles is more severe than that 

seen for the dynamometer.  

6.1.3.2 Repeated Section Cycle Trendlines 

Because the cycle profiles differ, to confirm if the same trend would be seen for a 

repeatable cycle, a 525 second section of the LUUDC2 cycle was used to form 

drive cycles with varying length by duplicating the cycle section. Cycles with 1, 2, 3, 

4, 5, 6, 8, 10 and 12 of the cycle sections were produced and run in simulations 

with varying initial SOCs.  

 

The results which are shown in Figure 6.11 form charge correction lines that 

decrease in gradient as the cycle length is increased, with the difference in results 

between successive cycles reducing with the longest cycles. The fuel consumption 

with zero net battery energy change values for all cycles are very close with the 

largest difference being 2% between the ‘1x’ and ‘12x’ cycles. This further confirms 

the validity of using this charge correction technique for test data. 

 

 

Figure 6.11:  Repeated section drive cycle simulation results SOC correction plot 
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The results are shown in Table 6.7 and the plot of cycle length against gradient in 

Figure 6.12. This plot shows the same trend as seen in the simulation results in 

Figure 6.10, but fitting perfectly to the trendline this time due to not having the 

variation in the cycle profile with the changing length. It can be seen that by 

extending into much longer cycle distances the trendline is levelling out so there is 

very little change in angle for the long cycle lengths. It is expected that if the tests 

were extended, not far beyond 40 km there will be a point at which the cycle length 

has no effect on the gradient. 

Table 6.7:  Repeated section drive cycle simulation results 

 
 

 

Figure 6.12:  Simulation repeated section drive cycle distance against SOC correction trendline 
gradient 

Cycle 

Section

Repeats (No)

Cycle 

Distance 

(km)

Grad inv.

Fuel 

Consumption 

(l/100km)

1 3.32 0.0129 3.22

2 6.64 0.0064 3.20

3 9.95 0.0043 3.20

4 13.27 0.0032 3.19

5 16.59 0.0026 3.18

6 19.91 0.0021 3.18

8 26.58 0.0016 3.17

10 33.23 0.0012 3.17

12 39.87 0.0010 3.16
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6.2 Factors Affecting HEV Energy Consumption 

From the results in Section 6.2.4.2 and Section 5.1.3.4 for the LUUDC2, 

comparing the chassis dynamometer fuel consumption of 5.20 l/100km and the 

simulation fuel consumption of 4.17 l/100km, it is 19.8% lower. Making a similar 

comparison for the LU15-UDC from 3.95 l/100km to 3.14 l/100km there is a very 

similar 20.5% decrease. 

6.2.1 Autonomie Model Inaccuracy 

The first reason for the difference is the Autonomie model is not a completely 

accurate representation of the real vehicle. To establish the size of the difference, a 

comparison can be made between simulations on the NEDC and the 

manufacturer’s quoted fuel consumption. The result from Chapter 4 for the NEDC 

simulation is 3.53 l/100km which when compared to the quoted 4.3 l/100km is 

17.9% lower.  

 

The 2004 Prius model used in Autonomie was validated in the predecessor 

software PSAT by Argonne National Laboratory [80] based on a Japanese 

specification vehicle that was tested [81]. Fuel consumption and battery SOC was 

found to be within 6% of test results in their validation. Being a different market 

vehicle could account for some difference in results due to differences in the control 

strategy to suit different country’s drive cycles. However, in El Khoury and Clodic 

[64] a Prius II was tested and recorded fuel consumption of 3.6 l/100km on the 

NEDC, only 2% higher than the simulation. 

6.2.2 Vehicle Degradation 

Due to the test car being 8-9 years old and having been used for approximately 

100,000 miles it will have deteriorated to some degree compared to new. 

Particularly, the HV battery will have been through many charging and discharging 

cycles and is likely to have faced some degradation. This would give lower battery 

performance or utilisation, leading to poorer fuel consumption.  

 



6 Key Contributors to Hybrid Electric Vehicle Fuel Consumption in Real-World 

Driving 

 

179 

 

A comparison can initially be made again using the manufacturer’s quoted 

combined (NEDC) fuel consumption.  On the dynamometer the NEDC fuel 

consumption was 4.88 l/100km which is a 13.5% increase over the official 4.3 

l/100km. This increase represents the effect of all vehicle deterioration factors 

combined, one of which will be the battery. 

 

Another factor that could also be part of the 13.5% above is reduced fuel 

consumption due to the type of tyres fitted to the test car. Standard tyres are fitted 

rather than low rolling resistance tyres that would come as standard original 

equipment. It is estimated that low rolling resistance tyres improve fuel 

consumption by approximately 3% in Calwell et al. [82]. 

 

Linked to this, although it appeared cosmetic, because the car was accident 

damaged there is a possibility that the impact has caused the wheel alignment to be 

shocked out of the correct position, adding to the rolling resistance and therefore 

increasing fuel consumption. There are no apparent signs of this however, the car 

drives fine, and there was not any obvious unusual tyre wear. It is therefore 

unlikely, but something to bear in mind. To confirm this, the vehicle would require 

a professional full laser geometry alignment.  

6.2.3 High Voltage Battery Degradation 

Battery tests were carried out as described in Section 3.10 to investigate their 

condition. 

6.2.3.1 Battery Test Results 

From the tests, the initial discharge test results showed the modules all had a 

reduction in their capacity compared to their rated 6.5 Ah. The average was 5.31 

Ah which is an 18% decrease; however one module, number 10, was measured at 

only 4.28 Ah, a large 34% decrease. An example discharge graph is shown in 

Figure 6.13, including the worst module plotted as a green line and a typical 

module plotted as a black line. The significant difference in discharge capacity can 

clearly be seen. As the whole pack can only perform at the level of the worst 

module this shows that the test vehicle battery had a usable capacity down by 34% 



6 Key Contributors to Hybrid Electric Vehicle Fuel Consumption in Real-World 

Driving 

 

180 

 

since new. This was proven in Leijen and Scott [83] where a Prius I battery pack in 

good health was tested, then a module was replaced with one of half the capacity 

and the electric driving range was halved.   

 

 

Figure 6.13:  Example battery discharge graphs for two modules 

In the second tests after a full charge going into the overcharge region, the average 

capacity measured increased to 6.53 Ah, which is back to their original capacity. 

This implies that the cells in the battery modules had become imbalanced over time 

from charging and discharging, causing them to operate within the range of the 

lowest cell within a module, and for the whole battery pack to operate in the range 

of the lowest module. With cell voltages being imbalanced the usable battery 

capacity is reduced, which in a vehicle will lead to more use of the ICE to 

compensate, so contributing to greater fuel consumption. With this full charging 

process applied the cells will have become more balanced within the modules at a 

higher voltage. The poor performing module discharged 5.55 Ah, 15% lower than 

the rest.  

 

In the final tests that were carried out to see if there was any further improvement 

there was a small increase across the modules with an average of 6.62 Ah. The 

number 10 module still only discharged 5.90 Ah, so at more than 9% below the 
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others it had to be replaced to obtain a higher capacity out of the battery pack. The 

full set of results is shown in Table 6.8. 

Table 6.8:  HV battery discharge capacity and charge efficiency test results 

 
 

During the second series of tests with successive full range charges and discharges 

carried out, charge efficiency could be calculated between them. The efficiencies 

ranged from 91.8% to 99.8% with an average of 97.1% which was much higher 

than expected. It was thought that battery degradation may have contributed to 

lower efficiencies.  

 

To replace the module number 10, another module (number 29) was obtained 

which was a used part due to the unavailability of individual new ones. This was 

tested in the same way as the other modules, but it showed a lower initial capacity 

Charge Eff.

Test 1 Test 2 Test 3 in Test 2

1 5.40 6.49 6.56 98.1%

2 5.29 6.42 6.55 98.5%

3 5.40 6.49 6.54 97.1%

4 5.18 6.43 6.58 98.0%

5 5.27 6.46 6.51 96.7%

6 5.22 6.48 6.60 98.3%

7 5.25 6.51 6.61 95.3%

8 5.27 6.42 6.58 97.7%

9 4.99 6.40 6.60 97.4%

10 4.28 5.55 5.90 98.1%

11 5.29 6.44 6.53 97.6%

12 5.11 6.43 6.57 96.5%

13 5.28 6.40 6.53 96.3%

14 5.17 6.31 6.57 91.8%

15 5.42 6.70 6.75 98.3%

16 5.45 6.72 6.75 98.7%

17 5.46 6.66 6.64 99.3%

18 5.37 6.69 6.79 96.8%

19 5.31 6.68 6.75 99.0%

20 5.37 6.68 6.75 98.5%

21 5.35 6.66 6.69 99.8%

22 5.49 6.68 6.72 97.6%

23 5.44 6.69 6.73 97.8%

24 5.45 6.68 6.77 96.6%

25 5.53 6.71 6.55 96.0%

26 5.41 6.72 6.78 95.6%

27 5.56 6.62 6.72 96.0%

28 5.67 6.60 6.74 92.2%

Avg. 5.31 6.53 6.62 97.1%

Capacity (Ah)
Module No.
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than the existing module. The first test recorded 3.73 Ah, increasing to 5.23 Ah in 

the second test cycle and 5.76 Ah in the third. Due to a significant increase 

occurring between tests 2 and 3, further cycles were carried out to investigate if the 

capacity would improve further. A further two tests increased the capacity to 5.92 

Ah which is only marginally better than the existing module. Therefore a further 

replacement module, number 30, was obtained and tested. This one had a similar 

initial capacity to the rest of our pack at 5.36 Ah but did not increase in capacity as 

much as they did. Like with the first replacement module, a significant 

improvement was noted between 5.57 Ah discharged in test 2 and 6.03 Ah in test 3, 

so further tests were carried out. In the final fifth test the capacity was measured as 

6.27 Ah, so although it was not as high as the rest of the pack it was a 6% increase 

over the original module.  

 

Along with the low capacity, charge efficiency of module 29 that was obtained and 

later discarded was lower than the rest the modules from our pack. The efficiency 

varied from 83.1% to 91.5% across tests 2 to 5. The charge efficiency of module 30 

was quite consistent at between 92.5% and 96.0% which makes it less efficient than 

the average of the rest of the pack but not as low as some of the modules. 

6.2.3.2 Battery Degradation Simulations 

In order to quantify the battery contribution, the lowest measured capacity from 

the battery test results of 4.3 Ah was incorporated into the Autonomie Prius model, 

along with the target SOC level changed to 60% to be more representative of our 

real car. These changes were made by editing the values in the battery and control 

system model files.  

 

Simulations were run on the LUUDC and SOC correction was again carried out 

on the results. On this cycle this gave fuel consumption of 3.76 l/100km, a 2.3% 

increase.  

 

Another battery factor that could be changed in the model files is the charge and 

discharge resistances. Values for these were not available for our physical battery 
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pack so various offsets from 20-80% were applied to the SOC-dependant resistance 

arrays in the battery model to study the effects.  

 

With the other two changes above still included, the resulting fuel consumptions 

and percentage increases over the original value are shown in Table 6.9. Assuming 

the charge and discharge resistances have increased by a similar percentage to the 

capacity change of 34%, this indicates that the battery contributes an 

approximately 5% increase in fuel consumption. 

Table 6.9:  HV battery increased charge and discharge resistance, and decreased capacity simulation 

fuel consumption results 

 

6.2.4 Post Battery Balancing Chassis Dynamometer Testing 

6.2.4.1 Chassis Dynamometer Test Results 

Following the battery pack cell rebalancing, additional chassis dynamometer tests 

were carried out to study the effect of the battery balancing on fuel consumption on 

the physical vehicle. Tests were conducted using the same method as for the work 

done in Chapter 4, although this time the preconditioning and initial SOC points 

were different. The aim was for tests to be as close to charge sustaining as possible 

so that only a small amount of SOC correction would be required. To do this a 

preconditioning run of the drive cycle about to be tested was run, which should 

produce an end SOC, and therefore an initial SOC for the recorded test, that will 

lead to being close to charge sustaining. The drive cycle tests were then carried out 

back-to-back. From looking at the initial and end SOC results as the tests 

progressed, additional preconditioning was carried out where necessary to slightly 

increase or decrease the SOC in order to produce SOC correction plots with points 

crossing the y-axis. This was done by motoring the vehicle in gear using the 

dynamometer, and driving at low speed by electric drive respectively, as described 

in Section 4.2.3.  

Inc. in

chg. & disch.

Resistances

Fuel 

Cons.

(l/100km)

Change

20% 3.83 4.1%

40% 3.88 5.5%

80% 3.99 8.6%
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The test results are plotted on a SOC correction plot in the same manner as 

previously, which is shown in Figure 6.14. The same axis scales are used as on 

previous plots so that direct comparison can be made. The points are much closer 

on this plot due to the small change in SOC over the tests. Due to this the results 

are also shown on a smaller x-axis scale in Figure 6.15 which allows the 

relationships to be seen much more clearly. The equations of the SOC correction 

lines are given in Table 6.10.  

 

 

Figure 6.14:  Post battery cell balancing chassis dynamometer drive cycle fuel consumption results 

SOC correction plot 
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Figure 6.15:  Post battery cell balancing chassis dynamometer drive cycle fuel consumption results 
SOC correction plot with enlarged scale 

Table 6.10:  Post battery cell balancing chassis dynamometer drive cycle SOC correction line 

equations 

 
 

The charge corrected fuel consumption results are summarised in Table 6.11, with 

the results from before the battery balancing and the percentage differences 

between them.  

 

 

 

 

 

Drive Cycle Equation

LUUDC y = -0.0044x + 4.5691

LUUDC2 y = -0.0012x + 5.2030

ECE-15 y = -0.0066x + 4.3159

UDDS y = -0.0007x + 4.3158

Artemis Urban y = -0.0086x + 5.5211

LU15-UDC y = -0.0097x + 3.9465

NEDC y = -0.0005x + 4.7461
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Table 6.11:  Chassis dynamometer drive cycle fuel consumption results comparison of before and 

after battery cell balancing 

 
 

The results show that there were reductions in fuel consumption across all of the 

drive cycles due to the cell balancing. The size of the difference varies between 

drive cycles from 0.3% to 8.5%, with an average of 3.2%. The LU15-UDC stands 

out as having a larger fuel consumption change. For Artemis Urban it can be 

expected that the very small difference may have been greater. This is attributed to 

the point discussed in Section 4.2 regarding the discharging end of the SOC 

correction line possibly being lower than it should be, giving slightly lower original 

fuel consumption than it should have been. This in turn will lead to the difference 

between the two sets of tests being smaller.  

 

The 4.9% decrease for the LUUDC shows that the battery capacity had a more 

significant effect than the simulations predicted, by a factor of over two. The charge 

and discharge resistance effect will still be in place in addition to the 4.9%, so to get 

an approximate quantification of this, simulations were carried out like in the 

previous section, but this time with just the charge and discharge resistances 

changed. On the LUUDC for each of the resistance increases tested, the fuel 

consumption and the percentage changes are shown in Table 6.12.  

Table 6.12:  HV battery increased charge and discharge resistance simulation fuel consumption 
results 

 
 

Inc. in

chg. & disch.

Resistances

Fuel 

Cons.

(l/100km)

Change

20% 3.71 0.8%

30% 3.75 2.0%

40% 3.77 2.6%
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From this it can be estimated that for the test battery there would be an effect of 

approximately +2%, so it can be concluded that the battery has around a 7% total 

contribution to the vehicle degradation factor, but as seen with the battery capacity 

the percentage could be higher in reality. 

 

Comparing the quoted combined fuel consumption (4.3 l/100km) to the new 

NEDC value of 4.75 l/100km recorded after the battery balancing, it is 10.5% 

higher. Therefore this is the overall vehicle degradation factor now excluding the 

battery imbalance effect.  

6.2.4.2 New LUUDC2 Chassis Dynamometer Test Results 

Following the work in Chapter 5 where a new drive cycle was developed, 

additional chassis dynamometer tests were carried out. This was to compare the 

energy consumption on the new LUUDC2 to the original LUUDC. 

 

Figure 6.15 shows the new LUUDC2 energy consumption is higher than the 

original LUUDC, and the charge corrected fuel consumption value of 5.20 

l/100km is 13.9% greater. This confirms that the drive cycle accuracy is very 

significant in the results it produces. Comparing the new cycle consumption to the 

ECE-15 in Table 6.11 (4.32 l/100km), the real-world driving is now 20.4% higher 

than the legislative cycle.  

 

To compare the LUUDC2 result to the real-world security driving, the factor that 

the battery balancing has been carried out since then has to be taken into account. 

Because the style and statistics of the LUUDC2 are closest to the LUUDC out of 

the drive cycles tested, it can be expected that the change in fuel consumption due 

to the battery voltage balancing would be similar to that of the LUUDC. Therefore 

applying an equivalent percentage increase to the LUUDC2 test fuel consumption 

gives the estimated pre-battery balancing fuel consumption. The increase measured 

for the LUUDC is 5.1%, therefore using a factor of 5%:  

LUUDC2 fuel consumption =  5.20 × 1.05 = 𝟓. 𝟒𝟔 l/100km 
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The difference between this chassis dynamometer testing and the real-world driving 

(6.61 l/100km) is now reduced to 21.0%, for which the contributory factors to this 

are studied in the Section 6.3.  

6.2.5 Section Conclusions 

By making the results from Section 6.2 relative to the same reference point of the 

chassis dynamometer test, they can be made directly comparable. For the NEDC 

the difference from the manufacturer’s quoted fuel consumption is -9.5% due to 

vehicle degradation. There is a further difference of -16.2% to the simulation result, 

making up the total -25.7%. The vehicle degradation factor would be an additional 

-2.4% with the reduced battery capacity before conditioning taken into account.  

 

Therefore for the LUUDC2, using and applying the same proportion ratio for these 

two factors, the differences would be: 

 Vehicle degradation: -7.4% 

 Simulation model accuracy: -12.6% 

Within the vehicle degradation factor the battery is estimated to contribute around 

-1.9%, so for real world driving the total effect of the battery including capacity 

reduction is estimated to be -6.8%. 

 

The results from Section 6.2 are combined with the other results from this thesis in 

an overall summary diagram that can be seen in Chapter 7 in Figure 7.1. 
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6.3 Factors Affecting HEV Energy Consumption in 

Real-World Driving 

6.3.1 Temperature and Auxiliary Usage 

There is a significant discrepancy in the fuel consumption results for the real-world 

driving by university security in Chapter 4 and for the chassis dynamometer testing 

on the drive cycle derived from it, in Section 6.2.4.2. At 6.61 l/100km and 5.46 

l/100km respectively, the real-world driving figure is 21.0% higher than the 

LUUDC2. After the accuracy of the cycle in representing the logged driving data, 

which is discussed in Section 5.1, has been taken into account the other main factor 

thought to contribute to this is the effect of variation in ambient temperature and 

the corresponding use of the heater or air conditioning.   

6.3.1.1 Auxiliary Use Study Based on Literature 

Due to resources available, this investigation has to be mainly based on existing 

literature in this area. Lohse-Busche et al. [84] carried out chassis dynamometer 

drive cycle fuel consumption tests in a thermal chamber at the Advanced 

Powertrain Research Facility (APRF) at Argonne National Laboratory at various 

ambient temperatures, with and without air conditioning and the heater running. 

Several cars including conventional, hybrid, and plug-in hybrid cars were tested, 

including a 2010 Toyota Prius. Tests were carried out on three drive cycles which 

included the UDDS. The authors carried out tests in the following three test 

conditions: 

 22°C (72°F) with no heater or air conditioning 

 -6.5°C (20°F) with heater 

 36.3°C (95°F) with air conditioning 

 

From this the data for the Toyota Prius on the UDDS was used, with this being an 

urban drive cycle. The data is shown in Table 6.13. Compared to the baseline case 

at 22°C with no auxiliaries on, they found that at -6.5°C with the heater on there 

was a 38% increase in fuel consumption on hot start and a 75% increase on cold 

start. With the air conditioning running in 36.3°C ambient temperature, large 
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increases in fuel consumption were seen with 56% on hot start and 61% on cold 

start. 

Table 6.13:  Various ambient temperature and auxiliary use fuel consumption test results from [84] 

 
 

To use the findings of Lohse-Busche et al., average temperature records were 

obtained for the real-world test data collection period. Monthly average 

temperatures for the Midlands were found from the Met Office [85], which can be 

seen in Table 6.14. By linearly interpolating between the fuel consumption data 

points from the literature, at each month’s average temperature an estimated fuel 

consumption could be found. A copy of the code used to do this is in Appendix 11. 

Table 6.14:  Loughborough real-world driving test period monthly average temperatures from the 

Met Office [85] and corresponding interpolated estimated fuel consumptions 

 
 

A plot of the test data points from Table 6.13 are shown in Figure 6.16. The mean 

across the total period was taken to compare to the 22°C baseline, the values can be 

seen in Table 6.14.  

Amb. Temp

(°C)

Cold start

FC (l/100km)

Hot start

FC (l/100km)

-6.5 6.3 4.7

22 3.6 3.4

36.3 5.8 5.3
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Figure 6.16:  Various ambient temperature and auxiliary use test results from Lohse-Busche et al. 
[84] with Loughborough real-world driving test period monthly average temperature points 

For cold start, fuel consumption of 4.68 l/100km with climate control is 29.9% 

higher than the 3.6 l/100km without, and on hot start 3.92 l/100km compared to 

3.4 l/100km is 15.3% greater fuel consumption with the lower ambient temperature 

and heater in use. While the vehicle was in service with Security it was used 24 

hours a day so the majority of the time it would have been running in hot start 

conditions, therefore the fuel use increase on hot start can be estimated as 15%. 

This therefore accounts for a large proportion of the difference between the real-

world and the chassis dynamometer fuel consumptions. This result can be seen in 

an overall summary diagram in Figure 7.1 in the Conclusions. 

 

In reality the percentage increase is likely to be higher than this due to the 

occasional cold start periods and frequent use of additional auxiliaries such as radio, 

lights and heated rear window. At low temperatures of less than approximately 5°C 

the Prius ICE is kept running more of the time to maintain the engine temperature, 

keeping it above 70°C. This will contribute to increased fuel consumption 

particularly during periods where the vehicle was stationary for a significant 

amount of time during a patrol with the ignition switched on. Additionally, the air 

conditioning system in the test vehicle switches on automatically when the ignition 
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is turned on, each time after it has been left off for a certain period of time. This is 

likely to have meant that users had the system switched on at times when it was not 

necessary, adding to the fuel consumed.  

6.3.1.2 Auxiliaries Chassis Dynamometer Test 

A limited comparison test was carried out with our test vehicle on the chassis 

dynamometer to measure the effect of using auxiliaries. For this test the headlights 

and radio were switched on along with the air conditioning, which was set to 

minimum temperature with maximum fan power, “Max Cold”. The ambient 

temperature in the laboratory was 28-30°C and the LUUDC2 was used. Three runs 

were conducted in the same way as the last chassis dynamometer tests discussed in 

Section 6.2.4, and at the same time.  The target for the battery was to have one run 

charge sustaining, one with a small discharge, and one with a small charge, in 

order to produce an SOC correction plot.  

 

 

Figure 6.17:  LUUDC2 with and without auxiliaries chassis dynamometer fuel consumption results 
SOC correction plot 

From Figure 6.17 it can be seen that the energy consumption with auxiliaries is 

significantly higher than without. With an SOC corrected fuel consumption figure 
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of 6.95 l/100km, it is a 33.7% increase. When driving the car during these tests it 

was clearly noticeable that the engine was running much more of the time during 

the test, in fact almost all of the time when non-stationary. Although the air 

conditioning on the Prius is electronic so it does not require the engine to be 

operating like a conventional system, it adds to the fuel consumption in a different 

way. When the car is stationary with the air conditioning running it depletes the 

high voltage battery SOC, meaning when the vehicle starts moving it has to run the 

engine to drive the vehicle and/or charge the battery sooner than it would do had 

the battery not been depleted while stopped. This was also acknowledged during 

the testing when monitoring the SOC level during the stops in the drive cycle. 

 

Using interpolation of the data from the literature shown in Table 6.13 and 

Figure 6.16, the estimated equivalent fuel consumption at 29°C is 4.33 l/100km, a 

27.4% increase. This is lower than the measured test result due to three possible 

factors. Firstly, the air conditioning in this test was set with a higher demand on the 

“Max Cold” setting which could operate differently to the other settings and use 

more energy. In the literature as discussed in Chapter 2, El Khoury and Clodic [64] 

tested a Prius II with and without the air conditioning switched on. At 28°C with 

the air conditioning on, they found that the fuel consumption was increased by 0.7 

l/100km, a 19.4% increase. This was with the air conditioning set at a controlled 

temperature of 20°C; however when it was set to the maximum cooling 

temperature and air flow setting “Max Cold” this difference doubled to 1.4 

l/100km and 38.9%. This relates very well to the 15% and 34% results from this 

section of our study. 

 

A second factor in the tests is the air conditioning is defective in our test car, the 

system performs weakly and does not blow particularly cold air, most likely 

because it requires re-gassing. This could mean that the system is working 

additionally hard to try to reduce the cabin temperature but not having a result due 

to the defect, meaning it is stuck in this cycle. Finally, a Prius III was used in the 

literature so some differences in operation and results to the Prius II would be 

expected.  
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6.3.2 Other Real-World Factors 

The small remaining circa 6% difference between the laboratory test and real-world 

driving fuel consumption is likely to be made up of several other minor factors that 

occur in real-world driving and are not covered in the chassis dynamometer testing. 

In the US the Environmental Protection Agency applies a larger 9.5% increase to 

drive cycle fuel consumption to account for real-world factors not covered by their 

dynamometer testing [30]. 

 

Besides the temperature and auxiliaries factor potentially being larger, as discussed 

in the previous section, potential other factors could include: 

 Tyre pressures 

 Wind 

 Vehicle loading 

 Reduced motor-generator efficiency  

 

Taking tyre pressures from this list as an example, some existing literature on the 

topic have been found. If tyre pressures are not regularly monitored they could 

drop below the recommended setting which increases the tyre distortion, increasing 

the contact area, therefore increasing rolling resistance which gives poorer fuel 

economy. From Brace et al. [86] it was found that reduced tyre pressures can have 

a 2.6% increase in fuel consumption. This was for a 0.5 bar (7.25 psi) reduction of 

pressure tested on the NEDC. The NEDC is a higher speed cycle so the effect is 

not likely to be as large as this in the urban driving conditions [82]. In Calwell et al. 

[82], in simulation modelling a 10% increase in rolling resistance gave over 2% 

increase in fuel consumption for motorway driving, however for urban driving it 

was 1%, so about half the amount. Linked to this, it was quoted that The Rubber 

Manufacturers Association state a 1 psi reduction in tyre pressure would give 

approximately 1.1% increase in rolling resistance.  

 

Further investigation into tyre pressures and the other possible factors above to 

breakdown the 6% into its components would be recommended for further work in 

this area. 
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6.4 Chapter Conclusions 

The effect of differing battery SOC was seen to have a large effect on the fuel 

consumption due to the battery energy utilisation. Simulations showed the energy 

usage and explain the trends seen. For the SOC correction plot trendlines, a clear 

relationship was found between the lines’ gradient and the cycle distance. With 

increasing distance the gradient reduces until a point at which it becomes almost 

constant.  

 

Chassis dynamometer testing of the new LUUDC2 gave fuel consumption 13.9% 

higher than the LUUDC, confirming the simulation results in the previous chapter. 

This makes the difference from the ECE-15 now 20.4%, which is almost double the 

difference seen earlier in Chapter 4 for the old cycle. 

 

Factors affecting HEV energy consumption which account for the 20% difference 

between chassis dynamometer test and simulation results were studied. The 

Autonomie model inaccuracy was determined by using values for the NEDC, as 

official manufacturers’ fuel consumption is available for this cycle. The same ratios 

for the factors were applied to the LUUDC2 results. This equates to the 20% being 

split with 7.4% as vehicle degradation and 12.6% as simulation model inaccuracy. 

The effect of the battery cell voltage imbalance is a further 4.9% on top of the 

vehicle degradation, which was determined after carrying out battery charge and 

discharge testing, plus rebalancing the cells. 

 

The remaining main factor investigated as a contributor to the difference of 21% 

between the chassis dynamometer test and real-world driving was the use of 

climate control auxiliaries in low and high ambient temperatures. For this a study 

was carried out using data from the literature for testing carried out by others. It 

was concluded that this contributed 15% or more of the total, leaving 6% which is a 

sum of other small real-world factors.  

 

These conclusions are discussed in more detail in Chapter 7.  
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7 Conclusions 

In this project a Toyota Prius was put into an application carrying out on-road 

urban driving, collecting data in the process. A real-world drive cycle, the 

LUUDC2, was developed from the GPS data gathered, which was used for chassis 

dynamometer testing and carrying out simulations. During these tests existing 

drive cycles were tested for comparison, and in particular the ECE-15 was used as 

a benchmark due to it being the standard European legislative urban driving cycle.  

 

The effect that the SOC of the HV battery at the start of test has was established. 

The main findings from this project include the drive cycle effect, of which the 

accelerations are of key importance. Plus, factors that contribute to the increased 

energy consumption in real-world driving have been determined and quantified by 

separating work into the following main parts:  

1) Comparison of chassis dynamometer tests to simulation results – 

Laboratory based, eliminating on-road real-world influential factors 

2) Comparison of dynamometer tests to real-world driving – Includes on-road 

testing with real-world factors involved 
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7.1 Findings 

7.1.1 Battery SOC Effect 

Analysis of how HV battery SOC at the start of a test affects energy consumption 

was carried out. There was found to be a 30% increase in fuel consumption on the 

LUUDC when running a test with a low SOC of 43%, compared to a high 77% 

SOC. This is due to the increased use of electrical power to drive the vehicle when 

a higher charge level is available, with therefore less use of the ICE so less fuel 

burnt. This is reflected in the net change in SOC over the tests, with the low initial 

SOC it was +12% whereas for the high initial SOC it was a -23% change. Analysis 

of corresponding simulation data signals showed higher energy usage from the 

battery and lower energy usage from the ICE when the start of test SOC was higher 

and vice versa.  

 

Due to the proved significance of battery SOC, corrections were carried out on all 

test results of varying SOC changes to give an interpolated result corresponding to 

a zero net battery energy change. The fuel and battery energy relationship 

trendlines of test points showed different gradients for different cycles. This was 

investigated in relationship to drive cycle length. It was found that the gradient 

reduces as the cycle distance increases, to the point at which the gradient becomes 

zero and the cycle length increasing beyond this point has no further effect. 

7.1.2 Drive Cycle Effect 

The real-world cycle was found to give energy consumption 20.4% higher than the 

ECE-15 due to the cycle’s more transient profile with a significantly larger number 

of accelerations per kilometre. The Artemis Urban, which is an existing real-world 

drive cycle, gave 6.2% higher fuel consumption than the LUUDC2. Again this was 

established to be due to the effect of the accelerations with it consisting of more 

high magnitude accelerations.  

 

Another cycle was developed, the LU15-UDC, which is a low speed cycle with 

close to constant speed cruising at 15 mph and minimal acceleration or 

deceleration events and stops. In comparisons of the two developed cycles, the 
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LUUDC2 fuel consumption was found to be 32% higher in chassis dynamometer 

tests and simulations.  

 

The contribution of cycle acceleration effect to this difference was studied through 

creating a set of synthetic drive cycles consisting of a series of constant rate 

accelerations and decelerations, with each cycle having a different acceleration rate. 

From this the finding was that the difference in acceleration rate contributed 13.6% 

of the 32% fuel consumption difference. Although it is envisaged that using 

additional comprehensive statistical analysis methods may show that it has a larger 

contribution.  

 

A unique way of calculating accelerations and analysing them, rather than using 

how it is conventionally done elsewhere, was introduced for making the drive cycle 

comparisons. For the analysis, acceleration and deceleration distributions using 

counts of the calculated accelerations within specified ranges were produced. An 

important output of this work is that by using these acceleration distributions for 

the refinement of a driving cycle, it was found that significant improvement in the 

cycle’s representativeness of the dataset could be made. This highlights the 

importance of creating a cycle accurately in order for it to give meaningful results.  

 

Comparison was made with a pure electric vehicle which was tested on the same 

drive cycles as the HEV. The EV gave consistently lower energy consumption than 

the HEV in the range of 69-72%. This was normalised by mass due to significant 

difference between the two vehicles which reduced this difference to 59-63%. This 

difference will be mainly down to the high efficiency of electric motors compared 

to ICEs.  

7.1.3 Comparison of Chassis Dynamometer Tests to Simulation 

Results 

In this first of the two main areas of investigation, the simulation fuel consumption 

was found to be 20% lower than in the dynamometer tests for the LUUDC2 and 

LU15-UDC. One contributor is the simulation model was found to not give results 

entirely accurate of those of a real Prius. Using the NEDC, the simulation fuel 
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consumption could be compared to the manufacturer’s quoted combined figure, 

which in theory should be the same. The simulation result from Section 6.2.1 was 

18% lower, showing that this constitutes a large proportion of the total 25.7% 

difference between the simulation and chassis dynamometer tests for the NEDC. 

For the LUUDC2 it equates to 12.6% of the 20% total. However, simulation was 

still a useful tool to study the energy use of the powertrain at a component level. 

 

Degradation of the test vehicle due to its age and mileage covered was found to be 

the other significant contributor to the fuel consumption difference, again based on 

the NEDC.  The chassis dynamometer fuel consumption was 10.5% higher than 

the manufacturer’s quoted figure. Relating this to the LUUDC2 this equates to the 

vehicle degradation giving 7.4% lower fuel consumption.  

 

Prior to this, battery charge and discharge cycle tests were carried out in the 

laboratory to determine any reduction in capacity of the HV battery. It was found 

that the battery modules had 18% lower capacity on average, and up to 34% in the 

worst case for one module. The pack can only operate within the limits of the 

poorest module so it will have had a 34% reduced capacity compared to new. 

Carrying out repeated charging cycles balanced the cell voltages within the battery 

modules, bringing the capacity back up to their original rated level. Comparing 

drive cycle tests done after the battery balancing to those done previously, for the 

real-world LUUDC the fuel consumption was reduced by 4.9%, and on average for 

all the drive cycles tested there was a 3.2% reduction. By modification of the charge 

and discharge resistances in the simulation software’s battery model it is estimated 

that the effect of the battery degradation is at least a further 2%, which is a 

component of the 7.4% for total vehicle degradation.  

 

7.1.4 Comparison of Chassis Dynamometer Tests to Real-World 

Driving 

The fuel consumption from the real-world driving carried out by Loughborough 

University Security was initially measured to be 38% higher than the dynamometer 

test on the original LUUDC. A cycle accuracy study was carried out, comparing 
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statistics of the driving dataset with the derived cycle. Due to the importance of 

accelerations towards the test results that a drive cycle will give, acceleration 

magnitude distributions were created and analysed. It was found that the cycle 

could be better matched to the dataset’s statistics, so a sensitivity analysis was 

carried out with cycles produced with different software input settings to find the 

optimum. A new drive cycle, the LUUDC2, which much more closely matched the 

dataset was produced and tested. Its resulting higher fuel consumption, measured 

as +13.3% in simulations and +13.9% in chassis dynamometer tests, reduced the 

difference to the real-world driving by 17%, bringing it down to 21%.  

 

Gradient was investigated as a contributor through the LU15-UDC cycle that was 

created primarily for this purpose. The cycle was produced from logged real-world 

driving carried out across the Loughborough University campus and was tested on 

the chassis dynamometer. Surveying of this main campus driving route was carried 

out to map the gradients. This was incorporated into simulation analysis to 

compare the cases of with and without gradients, alongside comparing the real-

world driving with chassis dynamometer tests.  

 

The resulting finding was that gradient had negligible effect on fuel consumption 

for a HEV in the case of a circuit route, returning to the same start point. 

Investigating the power and energy flow signals for each of the key components, it 

was confirmed that due to the engine-off time enabled by the downhill gradients 

along with energy recuperation, this balances with the additional energy 

consumption required to drive on uphill sections compared to without gradients.  

 

A guideline comparison with a conventional diesel vehicle was made using a 

simulation model. For this, parameters for a Citroën Berlingo like that typically 

used by the university security were applied to inbuilt simulation model 

components. For this vehicle the fuel consumption was 5.8% higher with the 

gradients compared to with no gradients due to the continuously running ICE in 

both cases. This showed that the finding above is specific to HEV powertrains. 
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The main contributor to the real-world fuel consumption increase was found to be 

the use of auxiliaries, including using the air conditioning or heater in low or high 

ambient temperatures. A study was carried out using data from the literature for 

testing carried out on a Toyota Prius in a climatic chassis dynamometer chamber. 

These results were linked to local average temperature records, interpolating to give 

estimated fuel consumption results. This showed that the auxiliary use contributes 

15% to the real-world difference. With our vehicle the air conditioning 

automatically comes on when the ignition is switched on so there is a high 

likelihood that at times when the air conditioning was not needed it will have been 

running due to this, adding further to the fuel consumption. Combined with the 

test car’s air conditioning not performing correctly, the increase could easily be 

higher than 15%.  

 

Additionally, chassis dynamometer testing was carried out with our test car on the 

LUUDC2 with the air conditioning running at “Max Cold” and the headlights and 

radio on which gave fuel consumption 33.7% higher than without auxiliaries. This 

agrees with results in the literature, and highlights the significance that the use of 

air conditioning can have on real-world energy consumption of a HEV.  

 

The remaining 6% is made up of a collection of other small factors that can have an 

effect in real-world driving, such as wind, vehicle loading and tyre pressures.  
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7.2 Results Summary 

The results from Section 7.1 are combined and presented in a diagram in Figure 7.1 

linking them all together. In this diagram each of the red boxes represents a test and 

they are positioned on a proportional scale based around the chassis dynamometer 

test as the central reference point. Above this represents higher fuel consumption 

and below it represents lower fuel consumption. The numbers at the corners of the 

test boxes are the fuel consumption results for that test (in l/100km). All results in 

the blue shaded area are for the LUUDC and all results in the green shaded area 

are for the NEDC, which were used to determine the split of the vehicle 

deterioration and simulation accuracy components. For the chassis dynamometer 

test box there are numbers above and below it which represent before and after HV 

battery cell voltage balancing respectively. The percentage differences shown 

between these points therefore represent the fuel consumption reduction due to the 

battery balancing.  
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Figure 7.1:  Results summary diagram of real-world energy consumption factors 
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7.3 Suggestions for Further Work 

To take this work further, the suggested next stage would be to develop parts of the 

analysis in a different way, particularly for the effect of accelerations on the fuel 

consumption of a drive cycle. Investigation using a mathematical approach with a 

more complex statistical analysis of the drive cycle accelerations, by maybe using 

cluster analysis for example, is likely to show an increased contribution of 

accelerations to the energy consumption.  

 

The work within this project was all based on urban driving, to develop it further 

other driving environments could be investigated, such as rural and motorway 

driving. By developing additional driving cycles for these other uses, investigations 

could be made into the other main driving types to find out if the factors 

contributing to fuel consumption are the same as those discovered for urban 

driving. Additionally, the drive cycle production could potentially be improved by 

writing the programme to create the cycles, rather than using existing software. 

This could then incorporate what has been learnt in this work about the importance 

of detailed acceleration metrics towards the accuracy of a cycle in representing the 

input dataset.  

 

A new HV battery pack could be installed in the test car to further investigate 

battery degradation. By testing the car with the new battery the effect of this could 

be seen directly. Alternatively, comparative testing with another Toyota Prius 

would enable the work to be developed to further investigate the vehicle 

degradation including the motor-generators and ICE. By testing an equivalent new 

car against a highly used one, direct comparisons could be made.  

 

An area of improvement to the existing methodology would be to have a more 

comprehensive vehicle instrumentation system installed. By monitoring the motor-

generator’s current, voltage, speed, and possibly torque, along with validated 

sensing of the HV battery, component energy use of the test vehicle could be 

studied alongside the data obtained from the simulations.   
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7.4 List of Publications 

The following publications have been written to date: 

 M.A. Lintern, R. Chen, S. Carroll and C. Walsh, Simulation study on the 

measured difference in fuel consumption between real-world driving and ECE-15 of a 

hybrid electric vehicle, IET Hybrid and Electric Vehicle Conference, 2013. 

HEVC 2013. London, UK 

 S. Carroll, C. Walsh, C. Bingham, R. Chen and M.A. Lintern, Electric 

Vehicle Efficiency Mapping, IMechE Sustainable Vehicle Technologies 2012. 

SVT 2012. Gaydon, UK 
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Appendix 1 – Sample of Logged Driving Data 
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Appendix 2 – Sample of Processed Driving Data 

(a) Stage 1 – After Excel macro           (b) Stage 2 – After MATLAB programme 
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Appendix 3 – MATLAB Programme to Process 

Driving Data CSV Files, Version 1 
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Appendix 4 – FCRT Drive Cycle Revised Settings 

Validation Cycle Simulation Results 

Weekly Cycles with Varying Cycle Duration 

 

 

Weekly Cycles with Varying Maximum Segment Length 

 

 

  

No Cycle
Input

Duration (h)

Input Max 

Segment 

(h)

Max 

Segment % 

of Duration

Cycle 

Duration (h)

Fuel consumption 

(l/100km)
CO2 g/km Mean

Sqrd

diff

Varia

nce

Std

dev'

LUW1.0.5-0.17s300 0.5 0.17 34% 0.41 8.16 220.61 6.64 2.30 0.44 0.66

LUW1.0.7-0.23s300 0.7 0.23 33% 0.56 6.55 177.14 0.01

LUW1.0.8-0.26s300 0.8 0.26 33% 0.65 6.25 169.04 0.16

LUW1.1.0-0.33s300 1.0 0.33 33% 0.82 7.11 192.20 0.22

LUW1.1.5-0.50s300 1.5 0.50 33% 1.22 6.68 180.70 0.00

LUW1.2.0-0.66s300 2.0 0.66 33% 1.63 6.00 162.21 0.41

LUW1.3.0-0.99s300 3.0 0.99 33% 2.39 6.09 164.62 0.31

LUW1.4.0-1.32s300 4.0 1.32 33% 3.22 6.31 170.63 0.11

LUW2.0.5-0.17s300 0.5 0.17 34% 0.42 8.22 222.48 7.07 1.33 0.27 0.52

LUW2.0.7-0.23s300 0.7 0.23 33% 0.57 6.98 188.91 0.01

LUW2.0.8-0.26s300 0.8 0.26 33% 0.65 7.09 191.76 0.00

LUW2.1.0-0.33s300 1.0 0.33 33% 0.81 6.63 179.30 0.19

LUW2.2.0-0.66s300 2.0 0.66 33% 1.64 6.61 178.92 0.21

LUW2.3.0-0.99s300 3.0 0.99 33% 2.47 7.25 196.24 0.03

LUW2.4.0-1.33s300 4.0 1.33 33% 3.29 6.70 181.15 0.14

LUW3.0.5-0.17s300 0.5 0.17 34% 0.42 8.39 227.05 7.21 1.39 0.37 0.61

LUW3.0.7-0.23s300 0.7 0.23 33% 0.58 7.37 199.44 0.03

LUW3.0.8-0.26s300 0.8 0.26 33% 0.65 7.11 192.29 0.01

LUW3.1.0-0.33s300 1.0 0.33 33% 0.82 7.24 195.74 0.00

LUW3.2.0-0.66s300 2.0 0.66 33% 1.64 6.55 177.19 0.44

LUW3.3.0-0.99s300 3.0 0.99 33% 2.47 6.60 178.49 0.37

No Cycle
Input

Duration (h)

Input Max 

Segment 

(h)

Max 

Segment % 

of Duration

Cycle 

Duration (h)

Fuel consumption 

(l/100km)
CO2 g/km Mean

Sqrd

diff

Varia

nce

Std

dev'

LUW1.0.5-0.02s300 0.5 0.02 4% 0.53 6.69 181.06 7.50 0.66 0.37 0.61

LUW1.0.5-0.05s300 0.5 0.05 10% 0.44 7.38 199.53

LUW1.0.5-0.07s300 0.5 0.07 14% 0.47 7.20 194.90 0.09

LUW1.0.5-0.10s300 0.5 0.10 20% 0.44 7.15 193.39 0.13

LUW1.0.5-0.13s300 0.5 0.13 26% 0.40 7.32 198.09 0.03

LUW1.0.5-0.15s300 0.5 0.15 30% 0.40 7.18 194.30 0.11

LUW1.0.5-0.17s300 0.5 0.17 34% 0.41 8.16 220.61 0.43

LUW1.0.5-0.20s300 0.5 0.20 40% 0.40 7.76 209.87 0.07

LUW1.0.5-0.25s300 0.5 0.25 50% 0.40 8.70 235.27 1.43

LUW2.0.5-0.02s300 0.5 0.02 4% 0.50 7.10 192.08 7.76 0.43 0.30 0.55

LUW2.0.5-0.05s300 0.5 0.05 10% 0.50 7.55 204.21 0.04

LUW2.0.5-0.10s300 0.5 0.10 20% 0.44 8.74 236.55 0.97

LUW2.0.5-0.15s300 0.5 0.15 30% 0.42 7.54 203.85 0.05

LUW2.0.5-0.25s300 0.5 0.25 50% 0.49 7.85 212.45 0.01

LUW3.0.5-0.02s300 0.5 0.02 4% 0.50 8.00 216.43 7.93 0.00 0.79 0.89

LUW3.0.5-0.05s300 0.5 0.05 10% 0.47 7.23 195.45 0.49

LUW3.0.5-0.10s300 0.5 0.10 20% 0.48 7.14 193.27 0.63

LUW3.0.5-0.15s300 0.5 0.15 30% 0.43 7.69 208.08 0.06

LUW3.0.5-0.25s300 0.5 0.25 50% 0.42 9.60 259.65 2.78
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Monthly Cycles with Varying Cycle Duration 

 

 

  

No Cycle
Input

Duration (h)

Input Max 

Segment 

(h)

Max 

Segment % 

of Duration

Cycle 

Duration (h)

Fuel consumption 

(l/100km)
CO2 g/km Mean

Sqrd

diff

Varia

nce

Std

dev'

LUM1.0.5-0.17s300 0.5 0.17 34% 0.41 6.99 189.10 6.76 0.05 0.06 0.25

LUM1.0.8-0.27s300 0.8 0.27 34% 0.64 6.77 183.09 0.00

LUM1.1.0-0.33s300 1.0 0.33 33% 0.80 6.71 181.41 0.00

LUM1.1.5-0.50s300 1.5 0.50 33% 1.22 6.93 187.44 0.03

LUM1.2.0-0.66s300 2.0 0.66 33% 1.64 7.02 189.92 0.07

LUM1.3.0-1.00s300 3.0 1.00 33% 2.44 6.68 180.58 0.01

LUM1.4.0-1.32s300 4.0 1.33 33% 3.25 6.22 168.14 0.29

LUM2.0.5-0.17s300 0.5 0.17 34% 0.41 8.22 222.46 7.56 0.44 0.65 0.81

LUM2.0.8-0.26s300 0.8 0.26 33% 0.64 8.07 218.23 0.26

LUM2.1.0-0.33s300 1.0 0.33 33% 0.80 8.25 223.11 0.48

LUM2.2.0-0.66s300 2.0 0.66 33% 1.61 7.01 189.75 0.30

LUM2.3.0-1.00s300 3.0 1.00 33% 2.42 6.23 168.52 1.76

LUM3.0.5-0.17s300 0.5 0.17 34% 0.39 8.14 220.13 7.30 0.71 0.40 0.63

LUM3.0.8-0.27s300 0.8 0.26 33% 0.63 7.10 191.95 0.04

LUM3.1.0-0.33s300 1.0 0.33 33% 0.80 7.91 214.08 0.37

LUM3.2.0-0.66s300 2.0 0.66 33% 1.61 6.88 186.17 0.18

LUM3.3.0-1.00s300 3.0 1.00 33% 2.39 6.47 174.98 0.69
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Appendix 5 – MATLAB Programme to Convert 10 

Hz Drive Cycle Data Files to 1 Hz 

 

 

  

*File directory here* 
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Appendix 6 – Chassis Dynamometer Operating Test 

Procedure 
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Appendix 7 – MATLAB Battery Test Data 

Processing Programme 

 

 



Appendices 

 

230 

 

 



Appendices 

 

231 

 

 

 

  

*File directory here* 

*File directory here* 
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Appendix 8 – Security Real-World Driving Results 

Table 
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Appendix 9 – MATLAB Programme to Process 

Driving Data CSV Files, Version 2  
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*File directory here* 

*File directory here* 
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Appendix 10 – MATLAB Drive Cycle Statistics and 

Acceleration Distribution Programme 

 



Appendices 

 

236 

 

 



Appendices 

 

237 

 

 



Appendices 

 

238 

 

 

 

  

*File directory here* 

*File directory here* 
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Appendix 11 – MATLAB Temperature and 

Auxiliary Use Fuel Consumption Interpolation 

Programme 

 

 

 


