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ABSTRACT 

Due to the constant increase of fuel prices and environmental concerns, researchers 

were pushed to thinking more about fuel-efficiency and reduction of emission on 

vehicles. As a result there was great enthusiasm for researchers to look into and 

introduce hybrid technology to the field of automobiles. For example in hybrid 

electric power trains, an internal combustion engine (ICE) together with an electric 

motor (EM) is used as two energy sources. The use of an electrical motor in place of 

the internal combustion engine during different stages of driving resulted in a definite 

saving in fuel consumption. 

In this study, a conventional vehicle and a HEV with varying traffic conditions & flow 

were compared in relation to fuel economy. 

The main aspect was to compare & evaluate HEV and conventional vehicles in the Sri 

Lankan environment. With that in mind, developing a drive cycle in the Sri Lankan 

environment was essential. The Colombo drive cycle (CDC) was developed to fulfill 

that aspect using GPS protocol. 

The HEV and conventional vehicles were simulated in following models using 

Colombo drive cycle. 

• Parallel HEV 

• Series HEV 

• Conventional vehicle with CVT 

• TOYOTA Prius 

Simulation Models developed in MATLAB was used and to verify that QSS TB 

simulation model and ADVISOR simulation software was adapted. 

Results showed that, with Colombo drive cycle, the two extremes come with 

maximum efficiency model and conventional vehicle. It proves that the optimized 

Parallel HEV with future data gives far better fuel economy in a real world drive cycle 

like CDC. Optimized HEV with prediction is so efficient in drive cycles which has so 

many sudden changes in acceleration, decelerating, cruse control and idle during the 

drive. Results were proven by comparison with simulating of above models and other 

available standard drive cycles. The optimized TOYOTA Prius performed far superior 

in the current HEV market. It 's performance was excellent especially in vulnerable 

drive conditions. 
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CHAPTER 01 

Introduction 

A hybrid vehicle is an automobile that has two or more major sources of propulsion 

power. Most hybrid cars currently marketed to consumers have both conventional 

gasoline and electric motors, with the ability to power the vehicle by either one 

independently or in tandem. Those are called as Hybrid Electric vehicles (HEV) Other 

power sources may include hydrogen, propane, CNG, and solar energy. The 

technology used depends on the utilization of the vehicle, whether it should be fuel 

efficient, powerful , driving range, or reduced greenhouse gas emissions. The HEVs 

currently available in the market till today are usually developed for reduced 

emissions and driving range. Corporate and government fleets that have been in 

service for twenty years or more are usually tuned for fuel efficiency, often at the cost 

of driving range, power, and hydrocarbon emissions. 

Newly produced hybrid electric vehicles prolong the charge on their batteries by 

capturing kinetic energy via regenerative braking, and some HEVs can use the internal 

combustion engine (ICE) to generate electricity by spinning motor-generator to either 

recharge the battery or directly feed power to an electric motor that drives the vehicle. 

Many HEVs reduce idle emissions by shutting down the ICE at idle and restarting it 

when needed (start-stop system). An H E V s engine is smaller than a non-hybrid 

petroleum fuel vehicle and may be run at various speeds, providing more efficiency. 

HEVs became widely available to the public in the late 1990s with the introduction of 

the Honda Insight and Toyota Prius. HEVs are viewed by some automakers as a core 

segment of the future automotive market.' Automotive hybrid technology became 

successful in the 1990s when the Honda Insight and Toyota Prius became available. 

These vehicles have a direct linkage from the ICE to the driven wheels, so the engine 

can provide acceleration power. 
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The Prius has been in high demand since 2004. Newer designs have more 

conventional appearance and are less expensive, often appearing and performing 

identically to their non-hybrid counterparts while delivering 40% better fuel 

efficiency. The Honda Civic Hybrid appears identical to the non-hybrid version, for 

instance, but delivers about 50 miles per US gallon. The redesigned 2004 Toyota Prius 

improved passenger room, cargo area, and power output, while increasing energy 

efficiency and reducing emissions. The Honda Insight, while not matching the 

demand of the Prius, stopped being produced after 2006 and has a devoted base of 

owners. According to many marketing researches the prediction for sales of hybrids is 

increasing yearly. 

Growth in Hybrid market 

Year 

Figure 1.1 Hybrid car sales 

The black line shows hybrid sales continuing at their current pace since hybrids were 

introduced in year 2000. 

1.1 Hybrid Electric Vehicles 

1.1.1 Fuel consumption 

Hybrid vehicles are the best bet to get the most out of each tank of fuel during city 

driving Current HEVs reduce petroleum consumption under certain circumstances, 
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compared to otherwise similar conventional vehicles, primarily by using three 

mechanisms 

1. Reducing wasted energy during idle/low output, generally by turning the ICE 

off 

2. Recapturing waste energy (i.e. regenerative braking) 

3. Reducing the size and power of the ICE, and hence inefficiencies from under-

utilization, by using the added power from the electric motor to compensate 

for the loss in peak power output from the smaller ICE. 

Any combination of these three primary hybrid advantages may be used in different 

vehicles to realize different fuel usage, power, emissions, weight and cost profiles. 

The ICE in an HEV can be smaller, lighter, and more efficient than the one in a 

conventional vehicle, because the combustion engine can be sized for slightly above 

average power demand rather than peak power demand. The drive system in a vehicle 

is required to operate over a range of speed and power, but an ICE's highest efficiency 

is in a narrow range of operation, making conventional vehicles inefficient. On the 

contrary, in most HEV designs, the ICE operates closer to its range of highest 

efficiency more frequently. The power curve of electric motors is better suited to 

variable speeds and can provide substantially greater torque at low speeds compared 

with internal-combustion engines. The greater fuel economy of HEVs has implication 

for reduced petroleum consumption and vehicle air pollution emissions worldwide. 

1.1.2 Noise 

Reduced noise emissions resulting from substantial use of the electric motor at idling 

and low speeds, leading to roadway noise reduction.' in comparison to conventional 

gasoline or diesel powered engine vehicles, resulting in beneficial noise health effects 

(although road noise from tires and wind, the loudest noises at highway speeds from 

the interior of most vehicles, are not affected by the hybrid design alone). 

Reduced noise may not be considered an advantage by some; for example, some 

people who are blind or visually-impaired consider the noise of combustion engines a 

helpful aid while crossing streets and feel quiet hybrids could pose an unexpected 

hazard. 
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1.1.3 Pollution 

Reduced air pollution emissions, due to lower fuel consumption, lead improved 

human health with regard to respiratory problems and other illnesses. 

Better fuel efficiency means less use of fossil fuels and the energy and pollution 

associated with refining them, while lower emissions mean less air pollution from 

exhaust. However, better fuel efficiency does not necessarily go hand-in-hand with 

lower emissions. 

Pollution reduction in urban environments may be particularly significant due to 

elimination of idle-at-rest Battery toxicity is a concern, although today's hybrids use 

NiMH batteries, not the environmentally problematic rechargeable nickel cadmium. 

"Nickel metal hydride batteries are benign. They can be fully recycled," says Ron 

Cogan, editor of the Green Car Journal. Toyota and Honda say that they will recycle 

dead batteries and that disposal will pose no toxic hazards. Toyota puts a phone 

number on each battery, and they pay a $200 "bounty" for each battery to help ensure 

that it will be properly recycled. 

This is considered as a major advancement that came with HEVs and it used as a 

marketing tool effectively. 
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1.2 Literature review 

HEV is a revolutionary concept to the modern world and carries great potential for the 

future. Therefore it has been able to stimulate the world of engineers ' researchers and 

inventors. It is inevitable to stop them going after this revolution. 

HEV concept impacts and the benefits of HEVs are discussed and compared with 

those of conventional vehicles in[2] Current status, design and selection of HEV 

components are presented in [2] [3] [4] 

Due to the complex nature of hybrid electric vehicles, control strategies are of high 

interest. Extensive studies have been conducted over the past two decades. In 

particular, several logic-based control strategies and fuzzy logic-based energy 

management strategies for distributing power demand have been suggested [1] [12] 

Recent changes in the technology of modern vehicles and revolutionary development 

in telematics industry have created the possibility for a vehicle to gather online 

information about the road infrastructure and the traffic environment in which it is in 

operation. This information can be used by the HEV power management system to 

predict its future speed trend in order to decide optimum power split between the two 

sources more effectively. Several algorithms have been proposed to predict the future 

speed trends, with the use of preview information provided by the telematics. A 

methodology of combining two technologies, hybrid and telematics together to create 

"intelligent vehicle" which provides improved fuel economy with traffic preview is 

discussed in[ 15] 

Most of these concepts are in a developing stage and there is room for more 

developments. Therefore vehicle simulation is playing a major role in this scenario. 

For vehicle simulation and modeling drive cycles are a very important aspect. All 

models are tested and certified by simulating in drive cycle. Study of drive cycles and 

learning about developing drive cycles is a very important aspect as well in vehicle 

modeling and simulation [15] 
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1.3 Objective 
The main objective of this study is to develop a drive cycle on Sri Lankan road- ways 

which have frequent variable road conditions. This will be referred to as Colombo 

Drive Cycle (CDC). 

When developing or evaluating vehicle performance, most developers use existing 

drive cycles in US, Europe or Japan. Therefore we cannot expect the same 

performance when driving those vehicles in Sri Lankan context. This developed drive 

cycle gives the opportunity to researchers to simulate their vehicles in such conditions. 

Secondary objective is to simulate following models with above mentioned developed 

drive cycle. 

• Parallel HEV with maximum efficiency can be achieved 

• Optimized PHEV with future predictions 

• Series HEV 

• Conventional vehicle with CVT 

• Conventional vehicle 

The efficiency of above vehicle models will be analyzed in terms of fuel economy. All 

simulations were done in MATLAB / Simulink software , QSS toolbar and ADVISOR 

software also used in developing the models. 

Thereafter these models were compared between NEDC, Japan 10-15, US 06 drive 

cycles and CDC for analysis and efficiency was analyzed on the basis of fuel 

economy. 

Behavior of those models in CDC is analyzed and compared at the end. 
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CHAPTER 2 
HEV Classifications 

There are many ways to classify HEVs. One of the most common ways to classify 
HEV is based on configuration of the vehicle drive train. Based on this, three major 
hybrid vehicle architectures introduced are parallel, series and series-parallel. 

2.1 Parallel HEVs 
In parallel configurations, both the engine and the motor provide traction power to the 
wheels, which means that the hybrid power is summed at a mechanical node to power 
the vehicle. As a result, both of the engine and the motors can be downsized, making 
the parallel architecture more viable with lower costs and higher efficiency [11],[12]. 

The parallel HEVs usually use the same gearboxes of the counterpart conventional 
vehicles, either in automatic or manual transmissions. Based on where the gearbox is 
introduced in the powertrain, there are two typical parallel HEV architectures, named 
pre-transmission parallel and post-transmission parallel, as shown in Figure 2. 1 and 
Figure 2. 2, respectively. 

In a pre-transmission parallel HEV, the gearbox is located on the main drive shaft 
after the torque coupler. Hence, gear speed ratios apply on both the engine and the 
electric motor. The power flow is summed at the gearbox. 
On the other hand, in a post-transmission parallel hybrid, the gearbox is located on the 
engine shaft prior to the torque coupler. The gearbox speed ratios only apply on the 
engine. 

Torque 

£ 
Figure 2.1: Block Diagram of Pre - Transmission Parallel HEV 
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Torque 

Figure 2. 2 : Block Diagram of Post - Transmission Parallel HEV 
In a pre-transmission configuration, torque from the motor is added to the torque f rom 
the engine at the input shaft of the gearbox. In a post-transmission, the torque from the 
motor is added to the torque from the engine delivered on the output shaft of the 
gearbox. A disconnect device such as a clutch is used to disengage the gearbox while 
running the motor independently. 

There are attempts from different perspectives to improve the operation of a parallel 
HEV. One possibility is to run the vehicle on electric machine alone in city driving 
while running engine power alone on highways. Most contemporary parallel vehicles 
use a complex control system and special algorithms to optimize both vehicle 
performance and range. 

One unique implementation of the parallel hybrid technology is on an all wheel drive 
vehicle as shown in Figure 2. 3. The design is most beneficial if the ICE powers the 
rear wheels while the electric motor powers the front wheels. The more weight borne 
by the front wheels during braking will result in more power captured during 
regenerative braking. The design is also effective on slippery surfaces by providing 
vehicle longitudinal stability control that is not as easy with other types of hybrid 
designs. The power to each axle is manipulated by a single controller, although this 
requires a fast data communication. 

Figure 2. 3 : Block Diagram of all wheel drive Parallel H E V 
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The flexibility in power train design, in addition to the elimination of the need for a 
large motor, of parallel hybrids has attracted more interest in HEV development than 
the series hybrids. 
2.2 Series HEVs 

One of the basic types of HEV is series hybrid. In this configuration, as shown in 
Figure 2.4, the ICE is used to generate electricity in a generator. Electric power 
produced by the generator goes to either the motor or Battery. The hybrid power is 
summed at an electrical node, the motor. 

Despite the early research and prototypes, the possibility for series hybrids to be 
commonly used in vehicular applications seems to be remote. The series hybrid 
configuration tends to have a high efficiency at its engine operation. However, the 
summed electrical mode has tied up the size of every component. The weight and cost 
of the vehicle is increased due to the large size of the engine and the two electric 
machines needed. The size of the power electronic unit is also excessive. 

Figure 2.4 : Block Diagram Series HEV 

2.3 Parallel - Series ( D u a l ) HEVs 

This system combines the series hybrid system with the parallel hybrid system in 
order to maximize the benefits of both systems [11],[12], In the series-parallel 
configurations, the vehicle can operate as a series hybrid, a parallel hybrid, or a 
combination of both. This design depends on the presence of two motors/generators 
and the connections between them, which can be both electrical and mechanical. One 
advantage of a series-parallel configuration is that the engine speed can be decoupled 
from the vehicle speed. This advantage is partially offset by the additional losses in 
the conversion between mechanical power from engine and electrical energy. 
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CHAPTER 3 

Drive cycle 

A 'Drive cycle' can be expressed as a series of data gathered during a vehicle drive. 

The data is completed with Speed of that vehicle verses time. 

Why a drive cycle? The answer to this question is this speed vs. time profile can be 

used to evaluate a vehicles behavior especially in the process of vehicle modeling and 

simulation for various aspects such as energy efficiency, fuel consumption, stability 

certification testing. 

3.1 Drive cycle Classification 

There are many developed drive cycles to utilize in above purposes. Basically we can 

categorize drive cycles in to two main categories. 

• Transient Drive cycle 

• Model drive cycles 

Transient drive cycles 

Test drive cycles are derived by collecting actual data in the real world. Those are 

very realistic and taken using a real vehicle in actual conditions and data recorded in a 

live environment with actual disturbances. Those drive cycles are considered as very 

effective when using for simulation of certification activities. Most of the US based 

drive cycles are transient drive cycles. 

Model drive cycles 

Model drive cycles are the cycles which derived by mathematical modeling with the 

help of statistics. In those drive cycles they have included some conditions where it is 

difficult to achieve in real world such as maximum speed and operate in a constant 

speed over time duration. Most of the European standard drive cycles and Japanese 

drive cycles are belongs to this category 

10 



3.2 Available standard drive cycles 
Model drive cycles 

NEDC 

FUDS 

ECE 15 

EUDC 

JAPAN lOMODE 

JAPAN 15 M O D E 

JAPAN 10-15 M O D 

15 Mode N E D C 

10 Mode 

2 0 0 d O O SOO 8 0 0 1 0 0 0 

t(S| 

FTP 72/UDDC/FUDSJLA 4 

1 2 0 0 1 4 0 0 

1 5 0 0 

E U D C 
E C E 15 

10-15 Mode 

Figure 3. 1 Standard Model drive cycles 
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Figure 3.2 Standard Transient Drive cycles 
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3.3 Colombo Drive Cycle 

Last chapter was all about a description of existing and available drive cycles being 

used in various situations. But if we analyze them further, we can observe that all 

those drive cycles are developed in Europe, US and Japan. 1 was unable to find a drive 

cycle which was developed in the Asian region. I found that it is very important in 

developing a drive cycle in such a country as those countries are representing large 

market share for vehicles in contrasting road characteristics. Therefore it is very 

important to simulate vehicles in those conditions also, to analyze the vehicle 

behavior. 

The most affecting factor is the road conditions. In Sri Lanka the road conditions are 

not in a satisfactory condition compared with US or EU. As a developing country it is 

difficult to maintain existing roads as in those countries, mainly due to lack of funds. 

Road condition: 

As a tropical country the monsoon rainfall is high in Sri Lanka. Poor drainage vis-a-

vis flooding of roads is the main reason road surfaces are being damaged frequently. 

Sub standard construction and poor quality material used and half completion are the 

main reasons for damage to roads. A badly constructed road, mainly by local 

contractors, causes severe congestion & traffic blocks thereby not only reduce 

vehicular movement but a heavy toll on the vehicle itself. 

High traffic: 

In Sri Lanka almost all the large city roads are congested with traffic blocks! The most 

critical times are early morning and evenings. Morning hours between 6.30 a.m. & 

9.00 a.m. are much worse especially because of people traveling to schools and/or 

offices. The same occurs in the afternoon at 1.30. - 3.00 p.m. when Schools close and 

at 5.00 p.m. and 7.30 p.m. when most offices close. 

High vehicle density: 

In urban areas too the numbers of vehicles traveling along the roads are very high. All 

modes of transport such as Busses, Motor cycles, Trishaws, Lorries, Vans use the 
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same roads, and there is no discipline on the roads like in other countries where there 

are strict lanes for use by each category of vehicle. 

Indiscipline driving behaviors: 

Unfortunately in Sri Lanka there is a total lack of discipline by all motorists and 

pedestrians alike! We observe various degrees of reckless driving by especially Buss 

& Trishaw drivers. Most of them are very undisciplined and aggressive! However on 

the good side is that motorists are very careful nowadays with the introduction of the 

breathalyzer by the Police to stop drunken drivers of all categories. 

Speed limits: 

Normally within the urban areas the speed limit is 50 km/h. and on certain roads out 

station it is on average. 60 -70km/h. Speed limit within most Cities are restricted to 

40km/h. 

Many unexpected obstacles: 

There are many unexpected obstacles when driving on roads in Sri Lanka. People jay 

walking on the roads and the crossing the road at non pedestrian crossing locations, 

Road constructions works are frequent with no proper warning to motorists. Cattle, 

dogs, goats and others animals crossing the roads due to unprotected road boundaries. 

Buss drivers not adhering to stopping at regulated bus stops, causing traffic blocks. 

Narrowness of roads in the country which have not been widened and un graded for 

several decades. 

3.4 Developing Methodology 

When developing the drive cycle following are considered as the main aspects. 

• Route 

• Data collection. 

3.4.1 Route 

When developing Colombo drive cycle I selected two routes. First one is Maharagama 

to Kirulapona and second one is Kirulapona to Dematagoda(Base line). Those two 

routes are very different from each other. 
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First one is going through a road which is condition is not good. Also there are so 

many traffic situations and so many unexpected stoppages. Most of places only one 

track can be used to one direction. Figure 3.3 

Comparatively second Route is one of the best roads we can find in Colombo. Road 

condition is good. Tarred well and carpet finish with colas. Comparatively to route 1 

less traffic, except in traffic lights. Also two tracks are available from beginning to 

end for one direction. Figure 3.4 

Table 3. 1 Colombo Drive Cycle Details 

Route 1 Route 2 

Terminating points Maharagama- Kirulapona Kirulopona to Dematagoda 

Up CDC1U Down CDC ID Up CDC2U Down CDC 2D 

Distance 5900m 5150m 6500m 6480m 

Time Duration 903 s 845 s 783 s 836 s 

No of traffic lights 

Figure 3.3 CDC Route 2 
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Figure 3.4 CDC Route 1 

3.4.2 Data Collection 

The Global Positioning System (GPS) protocol was the preferred method to use in 

data collection. A GPS unit was fixed to the roof of the vehicle and the laptop 

computer was connected to the unit. 

Sample time : 2 Sec 

Antenna : External antenna connected to roof top of the vehicle. 

During the road rips all data was collected to the computer for analysis. The hardware 

interface for GPS units is designed to meet the N M E A requirements. This is 

compatible with serial ports using RS232 protocols. 
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3.4.3 GPS Performance 

GARMIN GPS 76 was the GPS receiver used for data collection. Following are the 

specification of the unit. 

Receiver: WAAS enabled, 12 parallel channel GPS receiver continuously tracks and 

uses up to 12 satellites to compute and update your position 

Acquisition times: 

Warm: Approximately 15 seconds 

Cold: Approximately 45 seconds 

AutoLocate™: Approximately 5 minutes 

Update rate: 1/second, continuous 

GPS accuracy: 

Position: < 15 meters, 95% typical* 

Velocity: 0.05 meter/sec steady state 

ViES!?' 

Figure 3.5 GPS Receiver Used 

DGPS (USCG) accuracy: 

Position: 3-5 meters, 95% typical 

Velocity: 0.05 meter/sec steady state 

DGPS (WAAS) accuracy: 

Position: < 3 meters, 95% typical 

Velocity: 0.05 meter/sec steady state 

Dynamics: 6 g ' s 
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.iHcRSITY u. . LAiaA , 
m o r a t u w a 

Interfaces: RS232 with N M E A 0183, RTCM 104 DGPS data format and proprietary 

GARMIN 

Antenna: Built-in quadrifilar, with external antenna connection (MCX) 

3.4.4 Data Collection Protocol 

The National Marine Electronics Association (NMEA) has developed a specification 

that defines the interface between various pieces of marine electronic equipment. The 

standard permits marine electronics to send information to computers and to other 

marine equipment. 

GPS receiver communication is defined within this specification. Most computer 

programs that provide real time position information understand and expect data to be 

in NMEA format. This data includes the complete PVT (position, velocity, time) 

solution computed by the GPS receiver. The idea of N M E A is to send a line of data 

called a sentence that is totally self contained and independent from other sentences. 

There are standard sentences for each device category and there is also the ability to 

define proprietary sentences for use by the individual company. All of the standard 

sentences have a two letter prefix that defines the device that uses that sentence type. 

(For gps receivers the prefix is GP.) which is followed by a three letter sequence that 

defines the sentence contents. In addition NMEA permits hardware manufactures to 

define their own proprietary sentences for whatever purpose they see fit. All 

proprietary sentences begin with the letter P and are followed with 3 letters that 

identifies the manufacturer controlling that sentence. For Garmin sentence is start with 

PGRM. 

Each sentence begins with a "$' and ends with a carriage return/line feed sequence and 

can be no longer than 80 characters of visible text (plus the line terminators). The data 

is contained within this single line with data items separated by commas. The data 

itself is just ascii text and may extend over multiple sentences in certain specialized 

instances but is normally fully contained in one variable length sentence. The data 

may vary in the amount of precision contained in the message. For example time 

might be indicated to decimal parts of a second or location may be show with 3 or 

even 4 digits after the decimal point. Programs that read the data should only use the 

commas to determine the field boundaries and not depend on column positions. There 
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is a provision for a checksum at the end of each sentence which may or may not be 

checked by the unit that reads the data. The checksum field consists of a ' * ' and two 

hex digits representing an 8 bit exclusive OR of all characters between, but not 

including, the ' $ ' and ' * ' . A checksum is required on some sentences. 

When considering the hardware connection the N M E A standard is not RS232. They 

recommend conformance to EIA-422. The N M E A standard for interface speed is 4800 

b/s with 8 bits of data, no parity, and one stop bit. All units that support N M E A are 

supporting this speed. Note that, at a b/s rate of 4800, you can easily send enough data 

to more than fill a full second of time. 

The N M E A standard has been around for many years (1983) and has undergone 

several revisions. The protocol has changed and the number and types of sentences 

may be different depending on the revision. Most GPS receivers understand the 

standard which is called: 0183 version 2 

Generally the cable is unique to the hardware model and the cable made specifically 

for the brand and model of the unit. 
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3.5 Vehic le parameters 

Vehicle specification which used for generating CDC 

Suzuki Swift 
Figure 3.6 Vehicle used for data collection 

Table 3.2: Vehicle specifications 

GENERAL 

Body type Hatch 

Drive FF 

Transmission 4 speed automatic 

Displacement, cc l328 

Frame LA-HT51S-CSEA-Z3 

SPECIFICATION (SPECS) 

EXTERIOR 

Exterior dimensions (LxWxH), 

mm 

3615 x 1600 x 1540 

Interior dimensions (LxWxH), mm 1695 x 1345 x 1250 

Wheel base, mm 2360 

Treads (F/R), mm 1405 / 1385 

Ground clearance, mm 165 

Curb vehicle weight, kg 910 

Gross vehicle weight, kg 

Seating capacity, persons 5 

Doors number 5 

Min.turning radius, m 4.9 

Fuel tank capacity, 1 41 
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ENGINE 

Displacement, cc l328 

Engine modelM13A 

Max.power (Net), kw(PS)/rpm 88 ps (64/72 kw) / 6000 rpm 

Max.torque(Net), N*m(kg*m)/rpm 12.0 kg*m (117.68 N*m) / 3400 rpm 

Power density 10.34 

Engine type Water cooling serial 4 cylinder DOHC16 

valve 

Engine information VVT (variable valve timing mechanism) 

Fuel system EPI (electrically controlled gasoline 

injection) 

Turbocharger No 

Fuel type Unleaded regular gasoline 

LEV system (Low emission vehicle) Yes 

Compression ratio 9.5 

Bore, mm 78 

Stroke, mm 69.5 

Fuel consumption at 10-15 modes, 

1/100km 

5.7 

CHASSIS / TRANSMISSION 

Power steering Yes 

Tires size, front 165/70R14 81s 

Tires size rear 165/70R14 81s 

Braking system, front Ventilated disk 

Braking system, rear Drum (leading/trailing) 

Suspension system, front McPherson strut type coil spring 

Suspension system, rear IT.L. (isolated trailing link) type coil spring 
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3.6 Developed Drive Cycle 

Route 1 Up 

Figure 3.7 is to show the speed Vs time for the CDC 1U drive cycle. The maximum 

speed is 23.57 kmph. Here we can see the speed is always varying in big margins 

through out the time scale. 

Figure 3.8 is to show the acceleration profile for the CDC 1U drive cycle. The 

maximum acceleration is 1.67m/s"2 The maximum deceleration is -1.75 m/s . 

Fig 3.9 is the summery taken from the ADVISOR software after feeding all the 

relevant data collected during developing Colombo drive cycle. In this screen it 

provides all the relevant and valuable statistics of this drive cycle. 
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Figure 3.10 Route 1 Down drive Speed profile 
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CDC-U1 Accelerat ion profile 

100 200 300 400 500 600 700 800 900 1000 
Time (Sec) 

Figure 3.8 Route l Up drive Acceleration profile 
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Route 1 Down 

Figure 3.10 is to show the speed Vs time for the CDC 1U drive cycle. The maximum 

speed is 21.91 kmph. Here we can see the speed is always varying in big margins 

through out the time scale. 

Figure 3.11 is to show the acceleration profde for the CDC 1U drive cycle. The 

maximum acceleration is 1.75m/s"2. The maximum deceleration is -2.03 m/s"". 

Fig 3.12 is the summery taken from the ADVISOR software after feeding all the 

relevant data collected during developing Colombo drive cycle. In this screen it 

provides all the relevant and valuable statistics of this drive cycle. 
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Route 2 UP 

Figure 3.13 is to show the speed Vs time for the CDC 1U drive cycle. The maximum 

speed is 29.85 kmph. Here we can see the speed is always varying in big margins 

through out the time scale. 

Figure 3.14 is to show the acceleration profile for the CDC 1U drive cycle. The 
2 J maximum acceleration is 1.75m/s . The maximum deceleration is -2.04 m/s" . 

Fig 3.15 is the summery taken from the ADVISOR software after feeding all the 

relevant data collected during developing Colombo drive cycle. In this screen it 

provides all the relevant and valuable statistics of this drive cycle. 
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CDC2U Acc n Profile 
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Route 2 Down 

Figure 3.6 is to show the speed Vs time for the CDC 1U drive cycle. The maximum 

speed is 27.73 kmph. Here we can see the speed is always varying in big margins 

through out the time scale. 

Figure 3.17 is to show the acceleration profile for the CDC 1U drive cycle. The 

maximum acceleration is 1.67m/s"2. The maximum deceleration is -2.36 m/s"2. 

Fig 3.18 is the summery taken from the ADVISOR software after feeding all the 

relevant data collected during developing Colombo drive cycle. In this screen it 

provides all the relevant and valuable statistics of this drive cycle. 
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Route Distances 

Following four graphs were developed to evaluate the total lengths of four drive 

cycles respectively. In those figures length in meters were plotted against time in 

seconds. It shows how the length is increasing cumulatively with the time. 

Fig 3.19,fig 3.20,fig3.21 and fig 3.22 are respectively for Colombo drive cycle lup, 

ldown, 2up and 2 down. 
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CHAPTER 04 

HEV Simulation 

There are many vehicle modeling tools that have been used for vehicle design studies 

and technology assessment. A list of many of these tools is provided in Table 4-1. The 

capabilities of existing vehicle modeling tools are differ from model to model. This 

chapter is to describe common models and analyze their features. 

4.1 Factors of Vehicle Modeling Tools 

The vehicle modeling tools can be analyzed according to following aspects. 

1. Accuracy - the error in a model 's simulation output of vehicle energy 

consumption and actual data 

2. Precision - the level of detail analysis in a model ' s representation of physical 

effects in the vehicle 

3. Computation - the computer hardware/software requirements for the use of a 

model and the time taken to extract a result, which translate to costs for 

computer hardware/software and the time of designers/analysts occupied in 

using a model. 

4. Input data - the amount of information required to characterize the vehicle 

and its components and other aspects of a model 

5. Complexity/transparency - the amount of embedded functions and "hidden 

layers" in a model that give rise to complex interactions that may not be 

obvious to the user. Models that are less-complex/more-transparent are easier 

to "debug" and their results are likely to be easier to analyze and interpret 

6. Versatility - the flexibility of a model in its ability to model different vehicles 

with different performances utilizing varying technologies. 
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4.2 Existing vehicle modeling tools 

Table 4.1. Available modeling tools 

Modeling Tool Type 

ADVISOR (Wipke et al, 1999) Dynamic simulator (backward/forward) 

Ahman (2001) Lumped parameter model 

Delucchi (2000) Dynamic simulator (backward) 

EVSIM (Chau et al, 2000) Dynamic simulator (backward/forward) 

HPSP (Weber, 1998) Dynamic simulator (backward) 

Louis (1999) Lumped parameter model 

MARVEL (Marr and Walsh, 1992) Dynamic simulator (backward) 

Moore (1996) Lumped parameter model 

OSU-HEVSIM (Wasacz, 1997) Dynamic simulator (forward) 

Plotkin et al (2001) Lumped parameter model 

PSAT (ANL, 2004) Dynamic simulator (forward) 

QSS Toolbox (Guzella and Amstutz, Dynamic simulator (backward) 

1999) 

Ross (1997) Lumped parameter model 

SIMPLEV (Cole, 1993) Dynamic simulator (backward) 

Sovran and Blaser (2003) Lumped parameter model 

Sovran and Bohn (1981) Lumped parameter model 

Steinbugler (1998) Dynamic simulator (backward) 

Thomas et al (1998) Dynamic simulator (backward) 

V-ELPH (Butler et al, 1999) Dynamic simulator (forward) 

VSP (Van Mierlo and Maggetto, 1996) Dynamic simulator (backward) 
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4.3 Modeling types 

Basically we can categorize two modeling types by considering the system and 

approach as follows. 

1. Dynamic vehicle simulators 

2. Lumped parameter models. 

The most widely used approach is dynamic modeling. Most popular types are 

ADVISOR and PSAT. In those tools they use hypothetical drive cycle to simulate 

dynamic vehicle operation and the corresponding dynamic power flows and energy 

losses within the vehicle. 

The secondary approach is lumped parameter models. Those are very simple models 

which uses estimated parameters variables for a particular drive cycle. Therefore they 

are less complex and much easier to apply and interpret. However the main drawback 

in lumped parameter models is its lack of precision and loss of accuracy. This 

inaccuracy can cause from the assumptions taken in developing a simple model. 

However both types of models are used widely for various purposes depending upon 

the application. 

4.4 Models to be used in this Study 

To fulfill the objective of the project that is to simulate HEVs and conventional 

vehicles in a real Sri Lankan drive cycle and analyze fuel consumption three separate 

models were used. 

The Backward approach was preferred than the forward approach when selecting the 

technique used for vehicle modeling. 

Forward approach 

Inputs = "effor ts" (e.g. force at wheel) 

Outputs = " f lows" (e.g. vehicle speed) 

Backward approach 

Inputs = "f lows" (e.g. vehicle speed) 

Outputs = "effor ts" (e.g. force at wheel) 
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4.4.10ptimized HEV for maximum efficiency (Known drive 
cycle) 

Sudath Wimalendra developed a mathematical model to calculate the maximum 

efficiency of the parallel HEV. This calculation was done considering the complete 

drive Cycle as an input. 

This model is done for a known drive cycle, the power requirement of the vehicle to 

achieve the known speed profile can be calculated using equations. In HEV, this 

power requirement is supplied by the two power sources; ICE and EM. There are 

infinite numbers of combinations of power contributions from these two sources to 

meet the power requirement. This model is developed to find out the optimum power 

split between the two sources, which make the total fuel consumption a minimum 

during the period of the drive cycle. The modeling was done the M A T L A B platform 

using dynamic formulas as a base. GA techniques were used for optimization process. 

4.4.2 Optimized HEV for Future predictions. 

EPMC Edirisinghe developed a mathematical model to calculate the efficiency of the 

parallel HEV. The specialty and novelty of this model was it considers 5 Sec future 

data of drive cycle as an input. A 5 sec period is considered as a cluster and that 

particular cluster is optimized. GA techniques were used for optimization process. 

The modeling was done the MATLAB platform using dynamic formulas as a base. 

4.4.3 QSS Tool Box 

The QSS TB which was developed in Swiss Federal Institute of technology Zurich 

by L.Guzzella, A.Amstutz June 2005. 

The QSS TB makes it possible for powertrain systems to be designed quickly and in a 

flexible manner and to calculate easily the fuel consumption of such systems. 

The key idea behind the QSS TB is to reverse the usual cause-and-effect relationships 

of dynamic systems. Rather than calculating speeds from given forces, based upon 

given speeds (at discrete times), the toolbox calculates accelerations and determines 

the necessary forces. 
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The step size of the QSS simulation is protected and cannot be redefined. If the 

accuracy is to be increased, the step size may be decreased. However, not only will the 

calculations take longer, but there are more efficient ways to solve these problems 

numerically. 

On the basis of given values for speed and force, fuel consumption is calculated using 

so-called engine maps. Surprisingly enough, this approach is valid for a number of 

different structures and elements, such as IC engines, electric motors, intermediate 

storage devices, drive trains, etc. 

Series Hybrid vehicle model 

The series Hybrid vehicle model used in this study is shown in Fig4.1 as Simulink 

blocks. When simulating all the parameters in each block were set as specified in 

Table 4.1 

Fig 4. 1 Series HEV QSS_TB block diagram 
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Conventional vehicle model with CVT 

The Conventional vehicle model used in this study is shown in Fig4.5-2 as Simulink 

QSS _TB blocks. When simulating all the parameters in each block were set as 

specified in Table 4.6 The physics of CVTs in the "forward" formulation are 

somewhat more complicated. In a QSS formulation, however, the structure shown in 

Fig. 2.4.7 arises. This rather surprisingly straightforward model structure is a conse-

quence of the QSS approach. 

The online control of CVTs demands that it be "predictive". One of the ways to 

achieve this is to transmit the desired speed generated by the block "Driving Cycle" 

directly to the control unit, but to delay its transmission to the block "Vehicle" by one 

step (this means that the unit delay blocks in Simulink are set to a sample time equal 

to the step size h). 

This would be easy to implement in practice, i.e., with a drive-by-wire engine, the step 

size (being the artificial delay) would be on the order of one tenth of a second. 
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Figure 4. 2 Conventional vehicle with CVT in Q S S T B block diagram 
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4.5 ADVISOR simulation software 

ADVISOR by AVL is the most common simulation software which is used by the 

developers in all over the world. It is very complex and very sophisticated application 

which has developed targeting this vehicle simulation only. 

ADVISOR is designed for rapid analysis of the performance and fuel economy of 

conventional and advanced, light and heavy-duty vehicle models as well as hybrid 

electric and fuel cell vehicle models. It tests the effect of parameter changes in vehicle 

components (such as motors, batteries, catalytic converters, climate control systems, 

and alternative fuels) and other modifications that might affect fuel economy, 

performance or emissions. 

Accurate component and vehicle simulation are crucial for efficient development of 

advanced vehicles, particularly for making intelligent choices regarding energy 

management. Simulating vehicle and component performance helps engineers 

determine how to increase the life of components, improve vehicle performance, 

optimize vehicle system designs, and reduce development times, all for a fraction of 

the cost of vehicle testing. As an analysis tool with the auto-size capability and 

various incorporated energy management strategies as well as the Design of 

Experiments capability, AVL ADVISOR offers engineers the ability to analyze 

effectively various conceptual vehicle systems and reveal design solutions. 

Following Models are going to be simulated in ADVISOR For Colombo Drive cycles, 

NEDC, Japan 10-15 and US 06 drive cycles. These drive cycles are combination of 

transient and model drive cycles. Colombo drive cycles are developed here and all 

relevant data regarding to this drive cycle are fed in to ADVISOR software. 

• Parallel HEV 

• Conventional Vehicle 

• Toyota Prius - Optimized Dual 

All the relevant Data and results are attached in the Chapter 5. 
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4.5.1 Parallel H E V in A D V I S O R 

Following is the simulink model used for Parallel HEV. All the set parameters are 

shown in the figure below. 
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Figure 4.3: Block diagram for parallel HEV in ADVISOR 
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4.5.2 Toyota Prius -Japan car on ADVISOR 

Following is the simulink model used for Parallel HEV. All the set parameters 

shown in the figure 
are 

O c 
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Figure 4.5: Block diagram for Toyota Prius in ADVISOR 
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4.5.3Conventional vehicle on ADVISOR 

Following is the simulink model used for Parallel HEV. All the set parameters are 

shown in the figure 

Figure 4.7: Block diagram for conventional vehicle in ADVISOR 
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Figure 4.8: Parameter setting for conventional vehicle in ADVISOR 
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4.6 Specifications of the Selected Vehicle. 

The core vehicle used for this study has been a 4 - 1 production family sedan a 

decision made since similar size vehicles are more popular and which has been used 

throughout the study 

Specification of the components of the selected vehicle which are in specific Parallel 

Hybrid Electric Vehicle configuration are shown in following table 4.6, 

Table 4.2 Vehicle model specifications 

Parameter Value 

Total weight 1642 kg 

Chassis weight 1000 kg 

Frontal area 1.92 m2 

Coefficient of Drag 0.32 

Vehicle length 5.00 m 

Wheel Radius 0.29 m 

Engine Displacement 1.5 

Engine Scale Factor 1 

Transmission Manual, 5 speed 

Transmission efficiency 95% (constant throughout all gears) 

Gear ratios 3.5:2.14:1.39:1:0.78 

Final drive ratio 3.98 

Gear changes 1 - 2 and 2 - 1 @ 24 km/h 

2- 3 and 3 -2 @ 40 km/h 

3- 4 and 4 -3 @ 64 km/h 
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4- 5 and 5 -4 @ 75 km/h 

Motor/Generator Permanent Magnet Motor, 20kW 
continuous, 40kW peak 

Battery Advanced Battery, 40kW, 4kWh 

Battery Efficiency 85% 

The characteristics of the engine of the selected vehicle are represented by the 

following fuel consumption map and engine torque map which is derived based on the 

empirical data. 

Torque (Nm) Eng Speed (rpm) 

Figure 4.9 Fuel consumption map of the ICE of tested HEV 

Figure 4.9 and 4.10 shows the Engine efficiency map and efficiency contours of the 

tested vehicle. 

Motor efficiency of the selected vehicle as a function of speed and torque is 

represented by the Figure 4.10. Motor model in the vehicle simulation uses these 
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empirical data for calculating motor input power and hence to calculate the power 

extract from the battery. 

In this study. Battery efficiency during both charging and discharging is considered as 

constant and is taken as 85%. 

n oc. 
300 350 

Speed (rad/s) 

Figure 4.10 Engine fuel efficiency contours 
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CHAPTER 05 

5.1 Resul t s and Analys i s 

5.1.1 Sources to be analyzed 

For the efficiency analysis, following sources were identified and data has gathered by 

simulations. 

• Parallel HEV with maximum Efficiency can be achieved 

• Optimized PHEV with future predictions 

• Series HEV 

• Conventional vehicle with CVT 

• Conventional vehicle 

All those sources were simulated to collect data about fuel economy. The selected 

drive cycle was Colombo drive cycle which was explained in chapter 3 

5.1.2 Results 
Table 5.1 QSS_TB Results 

Km/L CDC Route 1 CDC Route 2 Km/L 

Up Down Up Down 

Conventional wit CVT 39.20 41.77 37.71 47.62 

Series HEV 19.52 56.18 21.80 20.53 

Km/L CDC NEDC 

Conventional 11.62 13.04 

Maximum Optimization 17.12 18.55 

Optimized HEV with Future 
prediction(8sec) 15.71 14.83 
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5.1.3 Analysis 
Analysis of Drive Cycles with vehicle models 

Then this data can be analyzed with existing most common model drive cycles NEDC 

Table 5.2 Economy analysis 

Series HEV 
km/1 

Conventional with CVT 
Km/1 

CDC 1U 19.52 39.20 

CDC ID 56.18 41.77 

CDC 2U 21.80 37.71 

CDC 2D 20.53 47.62 

Europe NEDC 38.24 35.21 

USA FTP Highway 37.86 41.79 

Japan 10-15 mode 80 34.33 

When considering the Conventional vehicles with CVT in standard drive cycles we 

can see that fuel efficiency is low in model drive cycles. (NEDC and Japan 10-15). 

We observed that conventional vehicle with continuous variable transmission is much 

more efficient than series HEV. The most probable reason is within the existing 

components the numbers of energy conversions are high in Series HEV. During these 

conversions there is always an energy loss. Cumulatively this leads to reduce the 

efficiency. 

If we compare the average over these drive cycle's the data will be as below. 

Series HEV 39.161 km/1 

Conventional with CVT 39.661 km/1 
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Figure 5.1: Analysis of QSS_TB Model results 

Following Table 5.3 is tabulated in order to evaluate two drive cycles 

Table 5.3 Analysis of CDC 

Series HEV 
Economy(km/ l ) 

Convent ional 
Economy(km/ l ) 

Avg. Speed 
m/s 

CDC 1 37.85 40.48 6.32 

CDC 2 21.17 42.67 8.01 

CDC2 is the good road when considering all aspects in evaluating a road compared to 

CDC1. This fact is proved by the average speed in CDC2 which is 8.00 m/s. It is 

observed that when the average speed is high fuel economy is also high. That is 

because the vehicle is operating on a higher gear for most of the time in CDC2 and the 

vehicle model is conventional with CVT. 
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Modeling results of Series Hybrid vehicle 

CDC 1U Drive Cycle 
Results of Series Hybrid vehicle in CDC 1U 
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Figure 5.2: Results of Series HEV in CDC 1U 
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CDC ID Drive Cycle 
Results of Series Hybrid vehicle in CDC ID 
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Figure 5.8: Results of Series HEV in Japan 10-15 
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CDC 2U Drive Cycle 
Results of Series Hybrid vehicle in CDC 2U 
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CDC 2D Drive Cycle 
Results of Series Hybrid vehicle in CDC 2D 
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Figure 5.5: Results of Series HEV in CDC 2D 
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European NEDC 
Results of Series Hybrid vehicle in NEDC 
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US FTP High way 
Results of Series Hybrid vehicle in US FTP highway 
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Figure 5.7: Results of Series HEV in FTP Highway 
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Japan 10-15 
Results of Series Hybrid vehicle in Japan 10-15 
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Figure 5.8: Results of Series HEV in Japan 10-15 
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Modeling results of Conventional Vehicle with CVT 
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Figure 5.11: Results of Conventional vehicle in CDC 2U 



CDC 2D Drive cycle 
Combust ion Engine map 

Figure 5.12: Results of Conventional vehicle in CDC 2D 
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Figure 5.14: Results of Conventional vehicle in FTP Highway 
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Japan 10 15 
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Figure 5.15: Results of Conventional vehicle in Japan 10-15 



CHAPTER 06 

ADVISOR Results 

6.1Simulation Results in ADVISOR 
In summery following table describes the results. All the relevant result sheets are 

attached to the end of this chapter 

Table 6.1 ADVISOR results 

kM/L CDC 1 
U 

CDC 1 
D 

CDC 2 
U 

CDC 2 
D NEDC J 10 -

15 US 06 

Parallel HEV 16.6 17.24 18.18 16.6 18.51 16.129 18.18 

Toyota Prius 25.6 23.8 24.39 23.25 19.6 16.12 16.6 

Conventional 5.12 5.12 6.21 5.68 6.711 4.97 9.34 

Distance (kM) 5.9 5.1 6.5 6.5 10.9 4.2 12.9 

Time(Sec) 930 845 784 841 1184 660 600 

Max. Speed(km/h) 47.8 39.5 57.9 59 120 69.97 129.23 

Avg. Speed (km/h) 23.57 21.91 29.85 27.73 33.21 22.68 77.2 

Avg. AccAn (msA-2) 0.29 0.27 0.33 0.35 0.54 0.57 0.67 

Avg. decAn (msA-2) -0.32 -0.32 -0.41 -0.41 -0.79 -0.65 -0.73 

Idle time(Sec) 64 10 37 72 298 215 45 

Compar ison of fuel e c o n o m y 

- » — P a r a l l e l H E V 

« • — T o y o t a P r i u s 

C o n v e n t i o n a l 

U D U D 1 5 

D r i v e c y c l e s 
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TOYOTA Prius in CDC 

Drive cycle C = i Toyota Prius 
— A v e r a g e 

Fig 6.1 Graph of fuel economy 

When studying the Table 6.1 and the chart 6.1 it is obvious that the optimizing process 

is essential and very effective to improve fuel economy. The best example is Toyota 

Prius car. The optimized duel mode HEV is showing a real edge over other models. 

Even in Toyota Prius the most significant is it is more economical in complex or 

irregularly varying drive cycles such as CDC. This difference is clearly visible in the 

chart in figure 6.1. 

According to the simulation results the conventional vehicle shows maximum fuel 

economy only when the speed variation is very minimum. That means the vehicle is 

cruising without any acceleration or deceleration. The simulation results for US 06 

highway drive cycle is an example. 

The dfault parallel HEV model results are indicated between the two extremes 

explained above. Always it is better than the conventional vehicle and not so close to 

optimized Toyota Prius. 

In Colombo drive cycles the Toyota Prius shows better fuel economy than in other 

selected standard drive cycles. That proves it is essential to cater those unpredictable 

and always changing factors in drive cycles. 

It is very important to simulate all vehicles in such drive cycles as CDC for 

performance evaluating. Also in HEV optimization it is essential to consider these 

situations in their optimization processes to obtain better performances. 

60 



6.2 Parallel HEV in ADVISOR 

6.2.1 Results for CDC 1U Drive cycle 
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6.2.2 Results for CDC ID Drive cycle 
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6.2.3 Results for CDC 2U Drive cycle 
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6.2.4 Results for CDC 2D Drive cycle 
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6.2.5 Results for NEDC Drive cycle 
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6.2.6 Results for JAPAN 10-15 Drive cycle 
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6.2.2 Results for US 06 Drive cycle 
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6.3 Toyota Prius -Japan car on ADVISOR 
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6.3.3 Results for CDC 2U Drive cycle 
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6.3.5 Results for NEDC Drive cycle 
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6.3.7 Results for US 06 Drive cycle 
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6.4Conventional vehicle on ADVISOR 
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6.4.2 Results for CDC ID Drive cycle 
" " " 

File Edit Tools Units Help 

JIVIL 

• i iiiiiiiwni 

advisor 2D04 

300 

2 5 0 

2 0 0 

150 i 

100 -

501 

0 

- 5 0 -

- 1 0 0 

40 
30 

| 2 0 

1 0 

0 
2 

« 1 5 

i 1 

0.5 

0 
I 

0 .4 

0 . 3 

| 02 I 
* 0 .1 

U \ / \ 

••A. 

ft l \ A 
IV 

i r l, J y 
li / 

1/ 

- c y c _ k p h _ i 

- k p h a 

Vu \ „ 
v r 

5/ 
100 200 300 400 500 600 700 300 900 

[•""• f c j u e i _ r a t e | 

_ i i 
100 2 0 0 3 0 0 4 0 0 5 0 0 600 700 3 0 0 900 

<M 

he 

c o / 1 0 

• nox 

p m 

100 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 700 800 900 

R e s u l t s f i g u r e 

plot control 

C o m p o n e n t 

fuel, converter 

Plot Variable (Select Axis First) 

j M f U g p m ^ ^ g i HT ' l * of plots 4 

Fuel Consumption (L/l 00 km) 

Gasoline Equivalent 

Distance (km) 

19.5 

19.5 

E m i s s i o n s ( g r a m s / k m ) 

5.008 

CO NOx 

5.538 0.846 

Acce le ra t ion Teat 

0-96.6 knrwh(s): n/a 

64.4-96 6 krn/h (»): n/a 

0-136.8 km*> (s): n/a 

Max Accel (,mJs"2) n/a 

Distance in 5s (rn): n/a 

Time in 0.4krn (s): n/a 

Max Speed (kmph) ri.'a 

n/a % 

L 
Energy Use Figure Output Check Plots 

Compare Results VMth: | SirnDala | j Test Data" 

VVamintjs/Messages 

E t l 

Figure 6.25: Results of Conventional vehicle in C D C I D 
Shift Diagram • Fuel Converter 

Prius pn 1.51 (43kW) from FA model and ANL test data 4 

- 1 5 0 — 
5 0 0 

m a x t o r q u e c u f \ e 

o p e r a t i n g p o i n l s f g e a r 1) 

o p e r a t i n g p o i n t s ( g e a r 2) 

0 o p e r a t i n g p o i n t s f g e a r 3) 

Cff o p e r a t i n g p o i n t s f g e a r 4) 

ope ra t i ng po in t s (gea r 5) 

downsh i f t 2 - > 1 

downsh i f t 3 - > 2 

downsh i f t 4 - > 3 

downsh i f t 5 - > 4 

upsh i f t 1 - > 2 

upsh i f t 2 - > 3 

upsh i f t 3 - > 4 

upsh i f t 4 - > 5 

1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 

S p e e d ( rpm) 

3 0 0 0 3 5 0 0 4 0 0 0 

Fuel Converter Operation 
Pnus pn 1 51 (43kW; I rpm FA model and ANL test data 

300 

2 5 0 r 

2 0 0 [ 

150; 

i 1 0 0 y 

I | 

r SO-

O r 

- 5 0 i 

- 1 0 0 

- 1 5 0 ; 

0 

S i 5 

3 4 5 

"m - • 

3 ? : 5 ~ 

30.5 

22 5 . % 
X 

4 
m a x l o r q u e c u n e 

ou tpu t sha f t 

op, p t s ( i n c l u d e s iner t ia & a c c e s s o r i e s ) 

5 0 0 1000 1500 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0 4 0 0 0 

S p e e d ( rpm) 

Dif ference b e t w e e n reques ted and ach ieved speeds 

100 200 300 400 500 600 700 800 900 
t i m e (s) 

0 .35 

& , • ,» » , J * * 
0 2 5 - i ^ • > 7 * " S . . < « i " 

VYS'* .v- f <! i i ; 
> ' . ' • « > r ? i » • " } * « 

Fuel Convener Ef f i c iency 

>. 0.2 
£ i' 
o 

« 0 15 

0.1 j 

100 2 0 0 300 400 500 6 0 0 700 800 9 0 0 
t i m e (s) 

Figure 6.24: Motor eff iciency of Conventional vehicle in C D C 1U 

73 



-

100 200 300 400 500 600 700 

• he 

co/10 

• nox 

pm 

L aJ 

100 200 

\ r -

400 500 

KM V A U K 

100 200 300 400 500 600 700 800 

Emiss ions (g rams/km) Standards 

HC CO NOx PM 

3.711 4.487 0.807 0 

Acceleration Test 
0-96.6 km/h ($): n/a 

64.4-96.6 krruh(s): n/a 

0-136.8 kmjh (s): n/a 

Max. Accel. (m/sA2): n/» 

Distance in Ss (m): n/a 

Time in 0.4km (3£ n/a 

Max Speed (kmph): n/a 

n/a % 

Energy Use Figure Output Check Plots 

Compare Results VVtth: j Sim Data 

WarningsMessages 

S l ^ H H H i H i 

( Test Data 

M taiS-AOVISORZQ... 

300 

250: 

200 j-

150 j-

100 i 

50 r 

Oh 

-601 

-100 h 

l t i k i - • 

Figure 6.27: Results of Conventional vehicle in CDC 2U 
>1 Operation 

• 4 6 

aa.-

m 
ILL 

m a x to rque curve 

operating points(gear 1) 
operating points(gear 2) 
operating points(gear 3) 
operating points(gear 4) 
operating points(gear 5) 
downshift 2->1 
downshift 3->2 
downshift 4->3 
downshift 5->4 
upsh i f t 1 - > 2 

upsh i f t 2 - > 3 

upshift 3->4 
upsh i f t 4 - > 5 

- 1 5 0 ; — 
500 1000 1500 2000 2500 

Speed (rpm) 
3000 3500 4000 

300 

250 

200 

150 

| 100 
a> 

I 50 
t-

0 

•50 

-100 

-150 

- max torque cur\« 
output shaft 
op. pts(includes inertia & accessories) 

Difference between requested and achieved speeds 

1000 1500 2000 2500 3000 3500 
Speed (rpm) 

Fuel Converter Efficiency 

i 
| 0 2 

i 1 »«»» <* ti •. v 

< J V " " « * . . • * •> * . • • * „ - t
 a 

«V . 5 . 'v it . « »a?5 « » 

100 200 300 400 
time (s) 

500 600 700 300 400 500 
time (s) 

600 700 

Figure 6.24: Motor efficiency of Conventional vehicle in CDC 1U 

74 



6.4.4 Results for CDC 2D Drive cycle 
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6.4.5 Results for NEDC Drive cycle 
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6.4.6 Results for JAPAN 10-15 Drive cycle 
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6.4.7 Results for US 06 Drive cycle 
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6.5 Conclusion 

After analyzing all the simulation results and collected data during the study following 

conclusions can be made. 

• The optimization is really effective in road conditions which shows very 
irregular variation in speed vs. time 

o ex: toyota prius in sri lankan drive cycle 

• Optimized hybrids are more economical in irregularly varying conditions than 
in highways. 

• To maximize the effectiveness of concept hybrid, the sudden changes in power 
demand is essential. 

• It is important to analyze the fuel economy of vehicles using transient drive 
cycles such as cdc as they are behaving differently compared to model drive 
cycles. 

• Series hybrids performing worse than conventional vehicles in such drive 
cycles due to many energy conversions 
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Determination of Maximum Possible Fuel 
Economy of HEV for Known Drive Cycle: 

Genetic Algorithm Based Approach 
R. Suda th Wimalendra* , L a n k a Udawat ta" , E. M. C. P. Ed i r i s inghe and S u d a r s h a n a Karuna ra thna 

Department of Electrical Engineering, Faculty of Engineering 
University of Moratuwa, Sri Lanka 

Emails: rs wimalendraiir/'vahoo.com. 
+Email: lankafmieee.oru 

Abstract—This paper describes a methodological approach to 
investigate the maximum fuel economy that could be achieved by 
a hybrid vehicle with parallel configuration for a known drive 
cycle. A backward looking hybrid vehicle model is used for 
computation of fuel economics. The optimization process 
represents a constrained, multi-domain and time-varying 
problem, which is highly nonlinear. Here, genetic algorithm (GA) 
based approach was used to find out optimum power split 
between two power sources over their driving cycles that make 
maximum possible overall fuel economy for the given drive cycle 
by the vehicle. In this approach using Parallel Hybrid Electric 
Vehicle (I'll EV) configuration, optimization problem is 
formulated so as to minimize the overall fuel consumption. The 
whole set of clectric motor power contribution along the drive 
cycle is then coded as the chromosomes. These results represent 
the maximum fuel economy that could be ever achieved by any 
power management system of a Hybrid Electric Vchiclc, with the 
tested HEV configuration and shall allow setting a benchmark 
against which the fuel economy is measured. 

Keywords-— Hybrid Electric Vehicles, Optimization, Genetic 
Algorithm 

I. INTRODUCTION 

As a result of the endless interest of the society for 
improved fuel economy & reduced emission without 
sacrificing vehicle performance, safety, reliability, cost of 

ownership and other conventional vehicle attributes, Hybrid 
Technology came in to the world of automobiles, leaving lot 
of research topics to the researchers living all over the globe. 
The pressing environmental concerns and skyrocketing price 
ii!' fuel oils are highly responsible factors for the rapid 
development of this technology within the past two decades. 

Hybrid Electric Vehicles (HEV) have a great potential as 
new alternative means of transportation. The specific benefits 
of HEVs, compared to conventional vehicles, include 
improved fuel economy and reduced emissions. 

Combustion Engine in the optimum operating range while 
making use of regenerative braking during deceleration. 

An extensive set of studies have been conducted over the 
past two decades. In particular, several logic-based control 
strategies and fuzzy logic-based energy management strategics 
for distributing power demand have been suggested [1], [2] & 
[3]. These approaches have been adopted mainly due to their 
effectiveness in dealing with the problems appear in the 
complexity of hybrid drive train via both heuristics (human 
expertise) and mathematical models. 

Recent changcs in the technology of modern vehicles and 
revolutionary development in telematics industry have created 
the possibility for a vehicle to gather online information about 
the road infrastructure and the traffic environment in which it 
is in operation. Several algorithms have been proposed to 
predict the future speed trends, with the use of preview 
information provided by the telematics. Two technologies, 
hybrid and telematics are combined together to create 
"intelligent vehicle" which provides improved fuel economy 
with traffic preview [4]. 

The aim of this study is to find out the maximum fuel 
economy that a PHEV can achieve with any type of HEV 
energy management system. Here, genetic algorithm (GA) has 
beeH used as the technique for optimization which will lead to 
find a global optimum. In fact, though it is needed to find the 
maximum possible theoretical best, in actual practice it might 
not be reachable. However, knowing the maximum possible 
best fuel economy, it can be used as a benchmark value which 
might be useful in setting the standards of HEV. 

Rest of the paper has been organized as follows; In Section 
II, it explains the vehicle model used in this study and briefly 
describes the driving cycle used. Evolutionary computational 
algorithm to find out the maximum fuel economy has been 
presented in Section III, followed by the analysis of the results 
of this study in Section IV. Finally, the Conclusion is 
presented in Section V. 

,1 lybrid systems involving a combination of an Internal 
Combustion Engine (ICE) and elcctric motors (EM) have the 
potential of improving fuel economy, by operating the Internal 
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II. VEHICLE MODEL AND DRIVE CYCLE 

.'/. Modeling the hybrid vehicle 

A parallel hybrid configuration has been taken in Fig. 1 to 
account for modeling the hybrid electric vehicle in this study. 
This configuration consists of an electric motor and internal 
combustion engine that can simultaneously or individually 
drive the transmission (and subsequently propel the vehicle), 
f h e split is determined by the vehicle's hybrid control strategy 
[subject to constraints on the battery state of charge (SOC)]. 
Normally, the EM is used to assists the engine for peak 
acceleration, hill climbing, and extremely fast highway driving 
conditions. Furthermore, the EM can act in reverse mode to 
become a generator during regenerative braking and 
consequently used to recharge the batteries. 

Fig. I B lock d i a g r a m o l ' t h e paral le l hybr id v c h i d c 

The city driving test standard starts from ambient initial 
conditions (known as "cold starts"). However, in this analysis, 
the engine has been assumed to be warm. 

Another constraint during the optimization process is the 
change in, state of battery charge at the beginning and end of 
the cycle in order to prevent misleading fuel economy results, 
arising from excessive use of the electric motor (this would 
result increased fuel usage during the next vehicle run, for 
battery replenishment). 

The baseline vehicle chosen for this study has been a 4 - 1 
production family sedan with a specific Parallel Hybrid 
Electric Vehicle (PHEV) configuration, which has been used 
throughout the study. Following table gives details of its' 
specifications; 

T A B L E 1 
V E H I C L E M O D E L S P E C I F I C A T I O N S 

'ammeter Value 

Total weight 
Chassis weight 
Frontal area 
Coefficient of Drag 
Vehicle length 
Transmission 

1642 kg 
1000 kg 
1.92 m2 

0.32 
5.00 m 

Manual, 5 speed 

Transmission efficiency 
Gear ratios 
Final drive ratio 
Gear changes 

95% (all gears) 
3.5:2.14:1.39:1:0.78 

.3.98 
1 - 2 and 2 - 1 @ 2<fkm/h 
2- 3 and 3 -2 @ 40 km/h 
3- 4 and 4 -3 @ 64 km/h 
4- 5 and 5 -4 @ 75 km/h 

(Permanent Magnet Motor 20kW continuous, 40kW peak, 
Advanced Battery 40kW, 4kWh, 100V) 

It is important to note that the simulation essentially works 
in a reverse direction to what happens in the real scenario - i.e. 
the drive cycle is the input to the vehicle model, and the 
required changes to the vehicle speed arc calculated based on 
the drive cycle. This change in vehicle speed is then converted 
in to engine speed and torque requirements by taking into 
account the current gear ratio (a shifting map is given for the 
model) and the efficiencies of the transmission. The fuel 
consumed is then calculated from a look-up table of fuel rate 
against engine operating point (defined by engine speed and 
torque). The fuel usage map as a function of operating point 
has been evolved from steady state maps and is illustrated in 
Fig. 2. 

Torque (Nm) Eng Speed {rpm) 

Fig. 2. Fuel c o n s u m p t i o n m a p o f the I C E o f tested H E V 

B. Drive cycles 

Driving cycles arc defined as the test cycle used to 
standardize the evaluation of vehicle fuel economy and 
emissions. Driving cycles are speed time sequences that 
represent the traffic conditions and driving behavior in a 
specific area. 

In this optimization study, New European Driving Cycle 
(NEDC), which is commonly used in regulatory work has 
been used and is shown in Fig-3. 



Fig. 3 N e w E u r o p e a n D r i v e C y c l e 

The optimization process now represents a constrained 
multi-dimensional problem that could not be easily solved. In 
order to find a solution to the problem and to optimize fuel 
economy of the Parallel HEV configuration indicated in 
f igure 1, the Genetic Algorithm approach could be employed 
over the above drive cycle as mentioned below; 

III. OPTIMISATION USING GA 

In this section an Evolutionary Computational algorithm has 
been developed to find out the optimum fuel trajectory for a 
known drive cycle using Genetic Algorithm (GA). The GA is 
a stochastic global search method that mimics the metaphor of 
natural biological evolution. GAs operate on a population of 
potential solutions, applying the principle of survival of the 
fittest to produce (hopefully) better and better approximations 
to a solution [5J. In the following sub-section, the architecture 
of GA applied to the fuel economical operation of PHEV is 
presented. 

. I. Domain and Constraints 

Fig. 1 presents a block diagram of a PHV with an EM and 
an ICE. For this particular configuration the ICE and EM 
power are combined downstream of the transmission. 
Alternatively the power could also be combined upstream of 
the transmission. There are live different ways to operate the 
system depending on the flow of energy: 1) provides power to 
the wheel with only ICE, 2) provides power to the wheel with 
only EM or, 3) provides power to the wheel with both ICE and 
EM simultaneously, 4) charges the battery, using part of the 
ICE power and generated power by EM running as a generator 
5) slow down the vehicle by letting the wheel to drive the EM 
as a generator. 

In this analysis, since the drive cycle is known, 
corresponding power demand to achieve the speed trajectory is 
calculated using dynamic equations [6], taking sampling 
period as one second. 

The power at the wheel is given by, 

K ked = Z f°rCe XV = + FmdiHC + Frr + F«ra, ) X V 

= (m xa + mg sin Crr c o s A + 1 / 2 p i f / r C / J A / v 2 ) x v 

where m is the total mass, a is the vehicle acceleration, v is the 
vehicle velocity, A is the angle of slope. Crr is the coefficient 
of tire rolling resistance, CD is the drag coefficient, p is the 
density of air and Af is the frontal cross section area of the 
vehicle. 

Power demand corresponding to each sampling period is 
split between two power sources. Here, it is also assumed that 
the ICE is in continuous operation throughout the drive cycle, 
even when the motor is providing the total power requirement 
for moving of the vehicle and also when the vehiclc is at stand 
still. 

The SOC of the battery pack decides whether the required 
power contribution of the EM is possible or not. If the 
batteries are completely charged EM cannot be allowed to 
operate as a generator and on the other hand if the batteries are 
completely discharged, positive power contribution from EM 
is not possible. It is also required to keep the SOC within a 
certain upper and lower limit in order to avoid damage to the 
battery pack. In this analysis initial SOC is considered as 50%. 
In order to have meaningful result (fuel economy), SOC at the 
end of the cycle should not vary much from the initial value 
and at any time of operation, the battery SOC should not go 
outside the specified minimum and maximum limits (40% & 
80%). 

B. Population and Individuals 

There are variables equivalent to the total number of 
operating seconds of the drive cycle and each variable 
represents the power contribution from EM during the 
corresponding sampling period. The individuals which 
composes the population of the current generation consists of 
contribution from EM at each second. EM power can have any 
value between maximum motor power and maximum 
generator power (generation is represented by negative sign). 

C. Chromosomes 

Chromosome composes of string of binary numbers 
corresponding to EM power at each second. 
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Fig. 4. E x a m p l e o f E M con t r i bu t i on ( T o p ) , C h r o m o s o m e ( B o t t o m ) . T h i s 
c o m p o s e s o f s t r ing o f b inary n u m b e r s w h i c h r ep re sen t E M p o w e r at each 
s e c o n d s o f the dr ive cyclc . 

XI. X2 ....arc the binary representation of EM power at 
each second. In this approach, for New European Drive Cyclc, 
there are 1200 variables to be optimized. The precision of 
variables depend on the size of binary coding of the variables. 
In this study, each variable has been represented by a binary 
value of 06 (six) bits. 

D. Fitness Function 

The fitness function calculates the total fuel consumption 
with respect to ICE power trajectory. Here, the EM power at 
each second is taken as the decision variable. Since the power 
demand is known the ICE power can be calculated. For 
negative power request (braking), the ICE power is considered 
zero and the sum of motor and mechanical braking power 
would be taken as equal to power demand. Flowever for 
positive power demand, the sum of ICE and EM power should 
be equal to the power demand. 

Once the ICE power is known, the corresponding engine 
torque and speed can be calculated taking gear ratios and 
efficiencies of transmission in to account. Then empirical 
model, based on test data is used for fuel consumption 
calculation. Two look up maps are in this model, engine 
torque and foci consumption. Engine torque map decides 
engine torque limit at each speed, while fuel consumption map 
(Fig. 2) decides fuel rate (g/s) of engine speed and torque 

In this study, the objective function is defined as follows: 

./(X) = £ FCi + MkW(N K + NP) 

Where, FCi is the fuel consumption during second and J{x) 
is the total fuel consumption plus the penalty. 
M is the number of generation and W is the weighting 
coefficient. NB and NP quantify magnitudes of constraints. 

Some of the chromosomes which represent the EM power 
trajectory in the problem space are invalid, as the battery SOC 
and the rale of change of power at some instants may exceed 
the limits. To represent the poorness of the chromosome in 
such a situation, a penalty is introduced in to the objective 
function J(x), similar to that used in constrained optimizations 
treated under penalty function conccpt in evolutionary 
computational techniques. Here, ND and NP are the number of 
instants that the battery SOC and the rate of change of power 
cxcced the limits within the drive cyclc corresponding to a 
chromosome. Here, 10 and 1.2 have been used for 'W ' and 'k ' 
respectively. 

E. Selection 

Once the individuals have been assigned a fitness value, 
they could be chosen from the population, with a probability 
according to their relative fitness, and could be recombined to 
produce the next generation. Selection is the mechanism for 
selecting the individuals with greater fitness over the low 
fitted ones to produce new individuals for the next population. 
In this study, individuals have been selected from the 
population using roulette wheel selection, in which the 
probability to chose a certain individual is proportional to its 
fitness. 

F. Crossover 

Crossover is the method of merging the genetic information 
of two individuals to produce new individuals. Here, multi 
point crossover which performs multiple-point crossover 
between pairs of individuals contained in the current 
population have been used, according to the crossover 
probability and return of a new population after mating. 

G. Mutation 

In natural evolution, mutation is a random process where 
one allele of a gene is replaced by another to produce .a new 
genetic structure. In GAs, mutation is randomly applied with 
low probability, and modifies elements in the chromosomes. 
In this study, we have used mutation probability as 0.0001. 
The positive effect of mutation is the preservation of genetic 
diversity such that the local maxima can be avoided. 

In this study, the population of GA has been initialized with 
500 randomly selected individuals around zero (i.e. no 
contribution from EM throughout the drive cycle) and 
maximum number of generations have been set to 1000. 
Further improvement of the accuracy of the variables and the 
convergence rate can be achieved by increasing the size of the 
binary coding of variables and the number of individuals in a 
generation with the penalty of simulation run. The extreme 
expansion of the individual numbers would tend to..a direct 
search method. 

IV. RESULTS AND ANALYSIS 

Fig. 5 shows the optimization process history for the driving 
cycle. As it could be seen in this figure, the rate of 
convergence is faster for the first 100 generations and then the 
convergence rate is slower. It has taken almost 1000 
generations to converge to the optimum value. This is justified 
by the fact that this optimization process consists of 1200 
variables as EM contributions at each second which is 
considered as decision variable and each variable has 2° 
different values. Since the battery SOC at any instant should 
be kept within the desired range, for every individual (i.e. EM 
power trajectory) the battery SOC at every second is 
calculated and if the SOC falls outside the limits at anv instant, 



a penalty which represents the amount by which the 
constraints are violated by the chromosome is added to the 
fitness value, in order to reduce the probability of selecting it 
to form the next generation. Therefore, considerable amount of 
chromosomes in each generation will subject to this constraint 
and it will also be one of the reasons for slowing down of 
convergence. As each generation composes of 500 
individuals, evaluation of fitness function including the 
objective function and constraints for one generation may take 
an average of about 20 minutes for a 3.0 GHz Pentium 
computer. 

In Table II, the optimum fuel economy for the selected drive 
cycle is compared with that of a conventional vehicle. This 
indicates that a maximum of about 30% improvement can be 
achieved by a Parallel HEV, compared to a conventional 
vehicle. It is obvious that fuel economy varies with the driving 
cycle and hence the results obtained through this study are 
valid only for the selected drive cycle. 

Tme (Sec) 

Fig . 6 . P o w e r d e m a n d to a c h i e v e t h e s p e e d p r o f i l e . 

Drive Cycle NEDC 
Fuel' Economy 
(L/lOOkm) 

Conventional 
Vehicle 10.3 

Fuel' Economy 
(L/lOOkm) 

Parallel HEV 7.23 
Improvement 
with HEV (%) 

30 

generation 

Fig . 5. H i s t o r y o f g e n e t i c a l g o r i t h m o p t i m i z a t i o n p r o c e s s . 

Time (sec) 

Fig . 8. B a t t e r y S O C v a r i a t i o n o v e r t h e d r i v e c y c l e . 

'flic Power demand to achieve the given speed profile and 
the optimum contribution from the EM are indicated in figures 
6 and 7 below. 

Fig. 8 shows the battery SOC variation throughout the drive 
cycle. It could be observed that, the SOC at any instant is 
within the upper and lower limits and the SOC difference at 
the beginning and the end of the cycle is just 2%. 

T A B L E II 

F U E L E C O N O M I E S F O R C O N V E N T I O N A L A N D O P T I M I S E D H Y B R I D 

V E H I C L E 

F ig . 

200 400 600 800 1000 
Time (Sec) 

7. C o n t r i b u t i o n f r o m E M o v e r t h e d r i v e c y c l e . 
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V. CONCLUSIONS AND REMARKS 

In this paper, the methodological approach to find out 
maximum fuel economy of a PHEV for a known cycic is 
presented. In this approach, an optimization problem is 
formulated in order to employ genetic algorithm for the best 
solution. Variables are defined to find out optimum power 
contribution from EM and ICE. The objective function is 
defined in order to minimize fuel economy and to keep the 
battery SOC within the desired range throughout the drive 
cycle. In this study we do not consider the limitations in 
switching of electric motor between motor mode and generator 
mode. The result from the GA optimization is the maximum 
fuel economy that can be achieved by an HEV with selected 
configuration for the selected drive cycle. 

The results of this GA optimization are useful to measure 
the effectiveness of a power management system of an HEV. 

The development in automobile and telematics industry has 
enabled the power management systems to be more intelligent. 
Hybrid technology and telematics have combined together to 
create "intelligent vehicle" to make more accurate predictions 
about the possible speed trends well ahead of the current 
times, enabling more effective decisions on the power split of 
the two power sources, in order to bring the overall fuel 
economy of the vehicle close to its' maximum point. 

In future, authors wish to research and investigate the 
possibility of employing real time genetic algorithm with less 
number of chromosomes and optimum code lengths. This will 
enable applications to optimize such situations online, to 
achieve the theoretical maximum possible fuel economy 
through optimally employed telematics. 
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V. CONCLUSIONS AND REMARKS 

In this paper, the methodological approach to find out 
maximum fuel economy of a PHEV for a known cycle is 
presented. In this approach, an optimization problem is 
formulated in order to employ genetic algorithm for the best 
solution. Variables are defined to find out optimum power 
contribution from EM and ICE. The objective function is 
defined in order to minimize fuel economy and to keep the 
battery SOC within the desired range throughout the drive 
cyclc. In this study we do not consider the limitations in 
switching of electric motor between motor mode and generator 
mode. The result from the GA optimization is the maximum 
fuel economy that can be achieved by an HEV with selected 
configuration for the selected drive cycle. 

The results of this GA optimization are useful to measure 
the effectiveness of a power management system of an HEV. 

The development in automobile and telematics industry has 
enabled the power management systems to be more intelligent. 
Hybrid technology and telematics have combined together to 
crcatc "intelligent vehicle" to make more accurate predictions 
about the possible speed trends well ahead of the current 
times, enabling more effective decisions on the power split of 
the two power sources, in order to bring the overall fuel 
economy of the vehicle close to its' maximum point. 

In future, authors wish to research and investigate the 
possibility of employing real time genetic algorithm with less 
number of chromosomes and optimum code lengths. This will 
enable applications to optimize such situations online, to 
achieve the theoretical maximum possible fuel economy 
through optimally employed telematics. 
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Appendix B: 

Colombo drive cycle data 



CDC 1U CDC 1D CDC 2U CDC 2D 
Time (s) Speed(km/h) Speed(km/h) Speed(km/h) Speed(km/h) 

1 0.0 0.0 0.0 0.0 
2 2 7 2.0 0.2 0.0 
3 5.3 4.0 0.3 2.2 
4 5.3 5.3 3.5 5.0 
5 5 3 6.5 6.7 8.2 
6 8.8 6.3 13.0 10.0 
7 12.3 6.0 19.0 16.0 
8 18.3 6.3 25 0 22.0 
9 24.3 6.5 31.0 28.0 

10 26.1 5.5 37 0 27.5 
11 27.8 4.4 33.3 27.0 
12 28.4 4.6 29.6 27.7 
13 29.0 4.7 30.8 28.4 
14 29.8 4.9 32.0 28.4 
15 30.5 5.1 33.2 28.4 
16 30.8 3.4 34.4 29.1 
17 31.0 1.7 35.4 29.7 
18 31.5 1.7 36.4 30.7 
19 32.0 1.7 36.9 31.7 
20 32.3 1.9 37 4 31.7 
21 32 5 2.0 38.2 31.7 
22 33.6 3.3 39.0 31.2 
23 34.7 4.5 40.2 30.7 
24 35.2 6.8 41.4 31.6 
25 35.6 9.1 41.4 32.5 
26 36.1 9.7 41.4 31.4 
27 36.5 10.3 41.6 30.2 
28 36.4 12.7 41.8 31.2 
29 36.3 15.0 44.3 32.2 
30 36.8 16.4 46.7 33.0 
31 37.2 17.7 49.9 33.8 
32 37.2 17.5 53.0 34.0 
33 37.1 17.2 53.2 34.2 
34 37.2 13.6 53.4 35.4 
35 37.2 10.0 54.2 36.5 
36 34.2 8.5 55.0 36.8 
37 31.1 7.0 56.1 37.1 
38 28.3 6.8 57.1 37.1 
39 25 5 6.6 56.8 37.1 
40 27.5 8.1 56.5 37.1 
41 29.5 9.6 55.9 37.1 
42 30.6 12.6 55.3 37.9 
43 31.7 15.6 54.9 38.7 
'44 32.0 14.6 54.4 39.4 
45 32.2 13.6 54.4 40.1 
46 32.5 9.9 54.4 39.9 
47 32.7 6.2 54.0 39.7 
48 33.9 6.3 53.6 39.6 
49 35.0 6.3 53.0 39.4 
50 34.7 5.3 52.3 38.9 
51 34.3 4.2 52.4 38.4 
52 33.3 3.8 52.4 38.4 
53 32.3 3.3 54.2 38.4 
54 30.4 3.2 56.0 34.7 
55 28.4 3.1 57.0 31.0 
56 24.7 2.8 57.9 27.9 
57 21.0 2.4 57.3 24.7 
58 16.9 1.6 56.7 23.7 
59 12.7 0.7 54.4 22.7 
60 8.7 0.4 52.0 19.2 
61 4.6 0.0 45 2 15.7 
62 2.5 0.0 38.3 11.9 
63 0.3 0.0 33.8 8.0 
64 0.5 0.9 29.2 7.7 
65 0.7 1.7 24.7 7.3 
66 3.5 0.9 20.1 9.9 

67 6.2 0.0 13.8 12.4 
68 8.1 0.2 7.5 14.7 
69 9.9 0.3 4 6 17 0 
70 13 3 1.0 1.7 19 4 
71 16.6 1.7 1.6 21.7 
72 18.5 1.1 1.4 23.6 
73 20 4 0.5 2.3 25.4 
74 19.5 0.8 3.1 25.9 
75 18.5 1.0 6.9 26.4 
76 17.7 0.8 10.6 26.4 
77 16.8 0.5 15.6 26.4 
78 17.5 0.5 20.6 26.2 
79 18.1 0.5 25.1 2S.0 
80 16.6 0.9 29.5 26.1 
81 15.1 1.2 33.4 26.1 
82 11.7 6.1 37.2 26.1 
83 8.2 11.0 40.1 26.1 
84 7.5 17.3 42.9 26.3 
85 6.7 23 6 45.6 26.4 
86 9.0 23.6 48 3 27.1 
87 11.2 23.6 50.0 27.7 
88 13.7 24.1 51.7 27.7 
89 16.2 24 6 52.2 27.7 
90 18.2 17.3 52.6 29.9 
91 20.2 10.0 52 2 32.0 
92 22 1 5.0 51.7 35.4 
93 23.9 0.0 51.2 38.7 
94 25.6 0.3 50.7 38.9 
95 27.3 0.5 50.2 39.0 
96 28.4 0.8 49.7 37.9 
97 29.4 1.0 48.6 36.7 
98 30.0 2.9 47.4 32.9 
99 30.5 4.8 46.4 29.0 

100 30.5 7.7 45.4 29.4 
101 30.5 10.6 43.9 29.8 
102 29.3 13.5 42.4 31.3 
103 28.1 16.3 40.5 32.7 
104 27.4 18.9 38.6 35.1 
105 26.6 21.4 38.2 37.4 
106 26.6 23.9 37.7 39.6 
107 26.5 26.4 38.6 41.8 
108 26.5 27 9 39.4 43.6 
109 26.4 29 4 40.6 45.4 
110 26.6 30.9 41.7 45.9 
111 26.8 32.3 42.9 46.4 
112 25.5 32.8 44.1 46.4 
113 24.2 33.2 44.6 46.4 
114 22.3 32.2 45.1 46.9 
115 20.4 31.2 44.8 47.4 
116 20.0 30.2 44.4 47.3 
117 19.6 29.2 44.6 47.1 
118 20.9 27.3 44.7 47.3 
119 22.1 25.4 43.6 47.4 
120 25.1 23.5 42.4 44.8 
121 28.1 21.6 41.6 42.1 
122 30.3 21.6 40.7 40.1 
123 32.4 21.5 40.7 38.1 
124 34.3 21.4 40.7 38.9 
125 36.1 21.3 40.9 39.7 
126 37.4 22.0 41.1 40.4 
127 38.7 22.7 41.1 41.0 
128 40.5 23 4 41.0 41.9 
129 42 2 24.0 41.2 42.7 
130 43.0 25.4 41.4 43.4 
131 43.8 26.8 41.1 44.0 
132 44.6 28.2 40.7 45.4 
133 45.4 29.6 41.1 46.7 
134 45.8 29.8 41.4 47.1 
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