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ABSTRACT 

There is a great potential for significant improvement to be made in energy efficiency and 

all-electric drive performance of the different types of existing powertrain architectures, 

such as: 1) traditional internal combustion engine (ICE) powered vehicles; 2) electric 

vehicles (EVs); 3) hybrid EVs (HEVs), which consist of three types according to the power 

flow: 1) series; 2) parallel; and 3) series-parallel; and 4) plug-in HEVs (PHEVs) through 

implementing innovative technologies. Many major car manufacturers have been making 

great efforts to develop an alternative form of transportation that can offer better solutions 

to reduce the serious undesirable impacts to the environment and economy. The new type 

of vehicles will win quick acceptance in the marketplace because of the current high fuel 

cost and greenhouse gas emissions. Today PHEV is more promising in energy efficiency 

than HEV s if the energy storage system (ESS) is recharged by electricity generated from 

dean energy sources, such as wind and solar. 

Most of the existing powertrain architectures need two electric machines (EMs) to function 

as an electric motor and generator respectively. To improve the vehicle all-electric drive 

performance and energy efficiency, the University of Technology, Sydney (UTS) PHEV is 

proposed, which is a series-parallel type. The UTS PHEV requires only a single EM in its 

powertrain to function as an electric motor or generator in different time intervals 

controlled by a special energy management strategy (EMS). This powertrain uses two 

electtic energy sources, which are battery and ultracapacitor packs that can work together 
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to maintain the state of charge (SOC) at a high level in order to improve vehicle all-electric 

drive performance and energy efficiency. 

While the main drive power of the UTS PHEV comes from the electric motor supplied by 

the battery pack, the ICE is needed as a back-up and auxiliary power source. Adding the 

ultracapacitor pack to this powertrain can more effectively capture the regenerative braking 

energy resulting in better energy efficiency and meet large power demand from the electric 

motor, providing better dynamic drive performance and all electric range (AER). In 

comparison with the HEY s, the size of the ICE can be reduced since it is needed just as 

auxiliary drive when there is a need for extra power during fast acceleration or hill 

climbing and for battery charging when the SOC is low during long distance drives. 

In this work, through a power flow analysis of the powertrain, the vehicle main components 

were sized according to the vehicle parameters, specifications and perfonnance 

requiren1ents to meet the expected power requirements for steady state velocity of an 

average typical 5-passenger car. After the sizing process, the components were selected 

based on the parameters and specifications of each component. Then, the model of 

individual components that make up the overall structure of the UTS PHEV powertrain, 

known as UTS PHEV code are derived and implemented numerically in the 

MA TLAB/SIMULINK environment to study their operational performance in vanous 

drive cycles measured under real-life conditions. The accuracy of the model is verified and 

validated by a comparison between the simulation results from the UTS PHEV and the 

Advanced Vehicle Simulator (ADVISOR) codes during a number of standard drive cycles. 
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The simulation results of the selected subsystems from both codes are compared and the 

advantages and disadvantages are discussed. 

Extensive analysis has been conducted on the fuel economy, emissions: 1) hydro carbon; 2) 

carbon monoxide; and 3) nitrogen oxides, electrical consumption, AER, operation cost and 

total lifetime cost computed for different standard drive cycles, developed low and high 

density traffic patterns drive cycles and example of high congestion drive cycle. The main 

objective of the test procedure design is to optimize the power and energy demands 

throughout the system and compare the fuel economy, emissions, electrical consumption, 

AER, operation cost and total lifetime cost of the UTS PHEV code with the existing 

powertrain architectures by satisfying the test procedure inputs. The power balance 

requirements between the battery and ultracapacitor packs in its ESS is also studied by 

testing the effectiveness of the developed EMS using the three different selected standard 

drive cycles. 

The optimization of a power flow management in the UTS PHEV powertrain v1a 

parametric study and genetic algorithn1 method of optimization is implemented in this work 

for several standard drive cycles. The objective of this optimization is to obtain the best 

design variable values by improving the chosen objective functions while satisfying the 

design constraints. Based on the optimization results, there is a significant improvement in 

fuel economy and emissions and the design variable values are within reasonable and 

expected range depending on the applied drive cycles. 
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It can be concluded that the proposed UTS PHEV powertrain can achieve the desired all-

electric drive performance and improve the energy efficiency by using only one EM 

through the implementation of a more sophisticated EMS and ultracapacitor pack so as to 

reduce the negative impacts on global warming, oil depletion and the compulsory standard 

on fuel economy and emissions. 
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Chapter 1 Introduction 

CHAPTER 1 INTRODUCTION 

1.1 Background 

The world today is facing problems of oil depletion, global warming and the compulsory 

standard on vehicle fuel economy and harmful emissions are causing a major transition of 

technology innovations from traditional internal combustion engine (ICE) powered 

vehicles to more energy efficient vehicle powertrains. The purpose of this chapter is to 

provide an overview of oil production and consumption forecasts, the issues of climate 

change and the fuel economy and emissions standards of the vehicle. This chapter also 

elucidates the importance and the objectives of research carried out in this area. 

1.1. 1 Oil depletion 

Through a tudy of the cycle of oil discovery and production, Dr. M. King Hubbert [1], the 

general geology of exploration and production research division from Shell Development 

Company in Texas, made an estimation on patte.ms of oil discovery and production . 

The Hubbert oil discovery and production curves contain the oil areas of onshore and 

offshore resources for 48 continental states of the U. S. This curve depicts the production 

rate in volume and time over years. The region under the curve produces the total ultimate 

volume of oil production. The curve begins with zero production and keeps increasing over 

time until it reaches the peak point. Once past the peak point it decreases back to zero. It 

also looks like a bell shape. The differences between the peak point for discovery and 

production is the tirne lag. Hubbert made the assumption that the curve of oil discovery and 
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production are symmetric. Based on the famous Hubbert curves as shown in Figure 1.1 

Hubert's idealized oil discovery and production curves created in 1997, the world oil 

discovery and production curves were predicted [2 - 5]. 
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Figure 1.1 Hubbert 's idealized oil discovery and production curves [6] 
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L . F. Ivanhoe was a registered geologist, geophysicist, engineer and oceanographer in 

petroleum exploration. Ivanhoe applied his expertise gathered in the field to Huubert' s 

idealized curve. This led to the creation of Ivanhoe's projection. Figure 1.2 illustrates the 

Hubbert world oil discovery and production curves and Ivanhoe's modification curve while 

the Ivanhoe's prediction is shown clearly in Figure 1.3. 
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Figure 1.2 The Hubbett world oil discovery and production curves and Ivanhoe' s 
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The Ivanhoe' s projection curve [7 , 8] shows a similar data for oil di scovery but a different 

curve for oil production. From the Ivanhoe ' s curve it can be concluded that there will be, 

between year 2000 and 2010, a time when the world demand is higher than the world 
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production. This is due to the unstable political issues in Saudi Arabia. In order to make 

sure that the world production will meet the world demand; alternative energy sources 

should be investigated. 

Among many experts who conducted extensive research on oil prediction, Dr. Campbell [9, 

1 0] focused on the peak and decline point of oil production according to the resource 

limitations and its effects. Following that, Dr. Richard Duncan [ 11 , 12] developed a model 

of the Hubbert curves, known as heuristic oil forecasting method. Dr. Campbell used 

Stella, a software package, to implement the method in numerical form. In 1980, Dr. 

Cleveland [13] conducted research on the ecological-economic analysjs of how energy and 

materials are used to meet human needs. 

Figure 1 .4 shows that there is a growing dependence on world oil. Conventional oil 

production is currently decreasing while demand for oil is continuing to increase. This 

unbalanced production and consumption 1nay create a big oil gap, which will affect the 

automotive sector. In Australia, the transportation sector consumes about 80 % of the oil 

produced. Now is the time to addressing this serious problem and find new solutions to our 

energy demand. The declination point of oil production in Australia began in 2001. Figure 

1.5 demonstrates the Australia's oil production and consumption from 1965 to 2025. This 

curve is similar to the bell shape of Hubbert curves and Ivanhoe 's prediction. 
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1.1.2 Global warming 

The Intergovernmental Panel on Climate Change (IPCC) is a body organized by the group 

of leading scientists [16]. The purpose of this organization is to study the global warming 

problem due to the increasing concentrations of greenhouse gas (GHG) emissions released 

by human activities such as transportation, power stations and agriculture. 

The rise in earth's surface temperature is known as global warming and began after the 

industrial revolution. Then, the Kyoto protocol [17] was established in forcing governments 

to reduce the rate of emissions that can contribute to climate change. At present, there are 

149 nations which have ratified the treaty. Figure 1.6 shows the global temperature for both 

the annual and 5-year means from 1880 to 2010. Based on the global measurements the 

global temperature pattern is fluctuating but the overall average temperature trend keeps 

Iising and has re ulted in the global warming issues. 
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Figure 1.6 The global temperature for both the annual and 5-year means [18, 19] 

Introduction 

Figure 1.7 suggests that carbon dioxides (C02) concentrations in the atmosphere are 

correlated with the temperature t1uctuation [ 1 0]. Both figures conclude that the relationship 

of the level of C02 is proportional with the global temperature. This means, as the level of 

C02 is increasing, the global temperature also increasing and the world is getting warmer. 
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Figure 1.7 Level of C02 in the atmosphere [20] 

1.1.3 Corporate Average Fuel Economy (CAFE) standards 

Introduction 

The emissions from vehicles are the main air pollutant jn n1ost industrialized cities. The 

emissions standards for vehicles are required in order to reduce the amount of air pollutants 

that contribute to a negative impact on public health [21, 22]. Elements of the controlled 

emissions include carbon monoxide (CO), hydro carbons (HC), nitrogen oxides (NOx) and 

particulate matter (PM) from the transportation sector. 

Table 1.1 shows the CAFE standards for passenger cars and light trucks model years 1978 

through 2011 in miles per gallon (mpg). The automakers have to follow the CAFE 

standards and keep the total emissions below specified levels, otherwise there will be a 

penalty for failing to meet those standards. Toyota Motor Company, Honda Motor 

Company, General Motors (GM) Company and Nissan Motor Company are famous 

automotive companies that are working on hybrid technology in order to produce vehicles 
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with higher fuel economy and lower emissions. Table 1.2 listed the fuel economy of ten 

available hybrid electric vehicles (HEVs) capable of city and highway drive styles. 

Table 1.1 CAFE standards for each model year 1978 through 2011 [23] 

Fuel economy (mpg) 
Model year Passenger cars Light trucks 

2-wheel drive 4-wheel drive Combined 
1978 18.0 - - -

1979 19.0 17.2 15.8 17.2 
1980 20.0 16.0 14.0 -
1981 22.0 16.7 15.0 -

1982 24.0 18.0 16.0 17.5 
1983 26.0 19.5 17.5 19.0 
1984 27.0 20.3 18.5 20.0 
1985 27.5 19.7 18.9 19.5 
1986 26.0 20.5 19.5 20.0 
1987 26.0 21.0 19.5 20.5 
1988 26.0 21.0 19.5 20.5 
1989 26.5 21.5 19.0 20.5 
1990 27.5 20.5 19.0 20.0 
1991 27.5 20.7 19.1 20.2 -- --------
1992 27.5 - - 20.2 

'---·- - ·- - -- - - --
1993 27.5 - - 20.4 
1994 27.5 - - 20.5 

,---- __._ 
1995 27.5 - - 20.6 ,...-------
1996 27.5 - - 20.7 --
1997 27.5 - - 20.7 --
1998 27.5 - - 20.7 
1999 27.5 - - 20.7 
2000 27.5 - - 20.7 
2001 27.5 - - 20.7 - -
2002 27.5 - - 20.7 
2003 27.5 - - 20.7 
2004 27.5 - - 20.7 - · 
2005 27.5 - - 21.0 
2006 27.5 - - 21.6 
2007 27.5 - - 22.2 
2008 27.5 - - 22.5 
2009 27 .5 - - 23. 1 
2010 27.5 - - 23.5 
2011 30.2 - - 24.1 
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Table 1.2 Fuel economy during the city and highway drive cycles for different HEVs 
model [24] 

HEV model Fuel economy (mpg) 
City Highway 

Chevrolet Silverado 18 21 
Ford Escape 36 31 
GMC Sierra 18 21 
Honda Accord 30 37 
Honda Civic 49 51 
Honda Insight 60 66 
Mercury Mariner 33 29 
Lexus RX 33 28 
Toyota Highlander 33 28 
Toyota Prius 60 51 

Table 1.3 illustrates nine countries with different applied test methods. Every country has 

its own test method to measure the CAFE standards and also the implementation 

requirements . Continuous innovation in powertrain technology IS required to sustain 

increased fuel economy while decreasing fuel emissions. 

Table 1.3 Different test methods used for vehicles around the world [25] 
--r-- -

Country/Region Type Measure Structure Test Implementation Method 
United States Fuel mpg Cars and light trucks U.S. CAFE Mandatory 

European Union C02 g!km Overall light-duty EUNEDC Voluntary fleet 
~an Fuel km!L Weight-based Japan 10-15 Mandatory 

China Fuel L/100- Weight-based EUNEDC Mandatory krn 
California GHG g/rnile Car/LDT1 and LDT2 U.S. CAFE Mandatory 

Canada Fuel L/100- Cars and light trucks U.S. CAFE Voluntary km 

Australia Fuel L/100- Overall light-duty EUNEDC Voluntary km fleet 
Taiwan, South Fuel km/L Engine size U.S. CAFE Tv1 andatory Korea 
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1.1.4 Environmental Protection Agency (EPA) emissions standards 

Under U. S. EPA emissions standards, vehicles are required to meet limits for the 

emissions of CO, HC, NOx and PM. These emissions have a negative impact at both local 

and global level, which will result in health problems [26]. One of the major contributors to 

urban air pollution is the emissions from the transportation sector. Figures 1.8 - 1.11 show 

the emissions standards for passenger cars and light trucks. 
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Figure 1.8 HC emissions standards for passenger cars and light trucks frorn years 1966 
through 2008 [27] 
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through 2008 [27] 
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through 2006 [27] 
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1.2 Research Statement 

In this work, a conceptual powertrain architecture for plug-in hybrid electric vehicles 

(PREYs), known as ·university of Technology, Sydney (UTS) PHEV is briefly introduced. 

Concerning of the optimal power management for UTS PHEV powertrain, the development 

of a computationally efficient mathematical model is needed in order to irnprove the fuel 

economy, electrical consumption, all electric range (AER), emissions, operation cost and 

total lifetime cost, computed based on several standard and developed drive cycles for 

different types of analysis and optimization processes using a genetic algorithm (GA) 

method. Through the development, evaluation and optimization of the UTS PHEV 

powertrain, a vehicle can be designed with reduced fuel and electrical consumptions, 

emissions, operation cost and total lifetime cost thereby minimizing the vehicle's impact on 

the environment and economy. 
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An effective energy management strategy (EMS) applied to the UTS PHEV powertrain 

model can lead to better power flow management in terms of the vehicle all-electric drive 

performance and energy efficiency. An accurate EMS is needed in order to reduce and 

possibly prevent the unused power generated, thus improving the vehicle fuel economy, 

emissions, electrical consumption, AER, operation cost and total lifetime cost. The analysis 

and optimization of UTS PHEV powertrain model will be conducted using various driving 

styles including standard drive cycles and developed low and high density traffic patterns 

and real world drive cycles in the MA TLAB/SIMULINK environment. 

The assumption made for the proposed UTS PHEV powertrain is different from existing 

powertrains. In the UTS PHEV powertrain, the main power source to drive the vehicle is 

the electric machine (EM). The prin1ary energy source of the EM is the battery pack to 

supply continuous power to the vehicle and the secondary energy source is the 

ultracapacitor pack which is used to absorb the power pulses during regenerative braking 

and deliver power for peak acceleration. The ICE is set as a backup power source. It is only 

operated under certain conditions and will not be on all the time in order to minimize the 

vehicle fuel consu1nption, harmful emissions, operation cost and total lifetime cost. Most of 

the power used in this powertrain comes from both energy storages. The size of the ICE 

can be reduced since its power is needed only when the battery state of charge (SOC) level 

is low and to provide required extra torque to assist the EM in order to operate the vehicle 

during high torque drive condition. 
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1.3 Research Objectives 

The mmn objective of this research is to demonstrate a more efficient alternative 

powertrain for hybrid vehicle systems, In terms of the all-electric drive performance, 

energy efficiency and optimal power management, particularly the UTS PHEV with a 

proposed 4-speed automatic transmission (AT) without torque convetter. 

The objectives of this research are summarized as below. 

• Determine the parameters and specifications of each of the UTS PHEV powertrain 

components based on the sizing and selection processes in order to design an 

optimal power management vehicle in terms of all-electric drive performance and 

energy efficiency based on a passenger vehicle using typical vehicle parameters, 

specifications and performance requirements according to the Toyota Prius 

specifications; 

• Derive a detailed model of the UTS PHEV powertrain components and the overall 

structure with a novel 4-speed AT without torque converter, and simulate the 

behaviour of the proposed powertrain in the MATLAB/SIMULINK environment 

using a forward looking 1nodelling approach for different types of analysis; 

• Design a special ENIS for the UTS PHEV powertrain in order to optimize the power 

management in terms of the all-electric drive performance and energy efficiency by 

improving the vehicle fuel economy, emissions, electrical consumption, AER, 

operation cost and total lifetime cost; 

• Verify the UTS PHEV powertrain with a special developed EMS and a proposed 4-

speed AT without torque converter by conducting a performance analysis, 

sensitivity study and comparing the simulation results of the selected components 
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and acquired and required velocities for both the UTS PHEV and advanced vehicle 

simulator (ADVISOR) codes; 

• Analyze a comparative study on the UTS PHEV and conventional HEY powertrains 

fuel economy, emissions, electrical consumption, AER, operation cost and total 

lifetime cost during the standard drive cycles and developed low and high density 

traffic patterns and real world drive cycles in order to investigate the influence of 

the charge tests, battery characteristics, initial and target SOC of the battery, 

effectiveness of the developed EMS and driving distance implemented; 

• Optimize the management of the power needed by the UTS PHEV powertrain under 

several standard drive cycles, thus improving the vehicle all-electric drive 

performance and energy efficiency using the G A optin1ization method in order to 

obtain the best design variable values by improving the chosen objective functions 

while sati sfying the vehicle design constraints; 

• Develop an alternative powertrain, which is the UTS PHEV with a newly proposed 

4-speed AT without torque converter, one EM and ultracapacitor bank in the energy 

storage system (ESS) that can improve fuel economy, emissions, electrical 

consumption, AER, operation cost and total lifetime cost significantly, and also can 

optimize the vehicle power management in terms of the all-electric drive 

performance and energy efficiency. 

1.4 Scope of Research 

This research is focused on the developing a 1nethodology for optimizing the power 

management of the UTS PHEV powertrain by improving the fuel economy, emiSSions, 
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electrical consumption, AER, operation cost and total lifetime cost. The UTS PHEV 

powertrain has only one EM to function as either an electric generator or motor in different 

time intervals specified by a special developed EMS and having an ultracapacitor pack in 

the ESS to capture the regenerative braking and boost the peak power. The size of the ICE 

can be reduced since it is operated under a certain operation mode only. 

The UTS PHEV powertrain ma1n components are sized according to the design 

specifications and requirements of the vehicle and then the component parameters and 

specifications are selected based on vehicle parameters, specifications and performance 

requirements. After that, a detailed modeling of each component and the overall structure is 

developed and simulated in the MATLAB/SIMULINK environment in order to predict the 

behavior of a real system during the standard and developed drive cycles. Then, the code 

verification process of the UTS PHEV powertrain is conducted by comparing its simulation 

results with an existing simulation too], which is the ADVISOR code, pros and cons are 

discussed. This research also intends to investigate the fuel economy, emissions, electrical 

consumption , AER, operation cost and total lifetime cost of the UTS PHEV powertrain 

during the different standard and developed drive cycles. 

Finally, a parametric study on the selected design variables is conducted in order to analyze 

their effect on the vehicle fuel economy. Then, the GA optimization method is applied on 

the developed UTS PHEV powertrain model during two standard drive cycles: 1) urban 

dynamometer driving schedule (UDDS); and 2) highway fuel economy test (HWFET) in 

order to design an optimal power managernent by improving the vehicle all-electric drive 
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performance and energy efficiency. Once the optimization methodology is developed, the 

resulting methodology can be adapted for different vehicle technologies and performance 

constraints. 

1.5 Outline of the Thesis 

This thesis is divided into ten chapters. Contents of the chapters are sub-divided into 

subsections to maintain the flow of the chapters. Figures and tables are presented 

immediately following the paragraph which refers to them and additional information, 

figures and tables to supplement the contents of the chapters are presented in the 

appendices. This thesis is organized as follows. 

Chapter 1 provides an introduction to the problem in addition to background information, 

which consists of the oil depletion, global warming, CAFE standards and EPA ernissions 

standards. This chapter also includes the statement, objectives and scope of the research to 

society, the environment and the world. 

Chapter 2 presents an extensive review of vehicle powertrain architectures, such as ICE 

powered vehicles, electric vehicles (EVs), HEVs, which consists of series, parallel and 

series-parallel types; plug-in HEY s (PHEV s ), UTS PHEV and hybrid development trends 

as well as review of some studies from the past and other researches about the existing 

vehicle models and simulation tools. 
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Chapter 3 explains the details of the UTS PHEV powertrain which include the procedure of 

components sizing and selection for EM, ICE and battery in order to fulfill the vehicle 

parameters, specifications and performance requirements . 

In Chapter 4, the details of the modeling approach used in the UTS PHEV powertrain 

model development are explained, which includes the model of drive cycle profile, driver, 

ESS, which consists of the battery and ultracapacitor packs, EM, wheels, a proposed 4-

speed AT without torque converter, gearbox, vehicle, ICE and finally the overall structure 

of the UTS PHEV powertrain model. 

In Chapter 5, the overview of a special UTS PHEV powettrain EMS development is 

discussed. The power flow management under various drive conditions is explained in this 

chapter. The possible drive conditions is divided into three categories, which are: 1) 

braking for mechanical and regenerative modes; 2) cruising, consists of ICE only, EM only, 

ICE recharge and EM and ICE con1bined 1nodes; and 3) others, includes plug-in charging, 

charging during idle and discharging to supply electrical accessory loads when the ICE and 

EM are in off mode. 

Chapter 6 shows the results of performance analysis, sensitivity study and model 

verification. Different tests , such as acceleration, gradeability and range are simulated using 

the UTS PHEV powettrain model. A sensitivity study is also conducted on the UTS PHEV 

powertrain to analyze d1iving styles, battery internal resistance, EM peak efficiency, 

accessory loads and energy costs. The validation procedure is conducted by comparing the 
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results of standard drive cycles, which are the UDDS and HWFET of the UTS PHEV and 

the ADVISOR codes. The simulation results from each component are also compared. 

In Chapter 7, an analysis of the fuel economy and emissions for different charge tests, both 

fully and partially charged are compared. Then, the fuel economy, emissions, electrical 

consumption and AER are finally presented for the impact of different standard and 

developed low and high density traffic patterns drive cycles, different battery 

characteristics and drive cycles during the Indian urban driving cycle (INDIAN URBAN), 

HWFET and Indian highway driving cycle (INDIAN HIGHWAY) and different initial and 

target SOCs of the battery during the example of high congestion dtive cycle. 

Chapter 8 focuses on a comparative analysis of vehicle power, energy, operation cost and 

total lifetime cost. A case study of the effectiveness of combining batteries and 

ultracapacitors during the selected standard drive cycles is conducted using the UTS PHEV 

powertrain model. Then, the operation cost of fuel and electrical consumption for different 

battery characteristics under the example of high congestion drive cycle is calculated. After 

that, a comparative study on the total lifetirne cost of the UTS PHEV, a conventional 

series-parallel HEY and ICE powered vehicle are estiJnated in order to present the 

significant improvement of the UTS PHEV powertrain. The impact of driving distance on 

the UTS PHEV powertrain energy consumption under the UDDS and HWFET drive cycles 

is also conducted. 
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Chapter 9 reviews a conducted parametric study and optimization algorithms, particularly 

GA method on the UTS PHEV powertrain model during the HWFET and UDDS drive 

cycles. This chapter also shows the results of the effect of design variables on the objective 

functions, which are the vehicle fuel economy and emissions, problem setup and the results 

before and after GA optimization is implemented on the UTS PHEV powertrain model in 

order to show the improvement on the chosen design variables of the optimization method. 

Finally, Chapter 10 concludes this thesis with a general summary of the contributions and 

offers some remarks and suggestions for the way forward. Key areas that require further 

investigations are also presented in this chapter. Literature referred to in this research are 

listed at the end of the thesis together with appendices. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

Society's concern with oil depletion, global warrrung, fuel economy and ermss1ons 

standards have led many automotive manufacturers to produce alternative vehicles such as 

EVs, HEVs and PHEVs, which are more fuel efficient and environmentally friendly 

without sacrificing the comfort and drive performance of current ICE powered vehicles. 

New types of clean and energy efficient vehicle powertrains are urgently needed in order to 

boost vehicle fuel economy, increase the AER, and at the same time mitigate the harmful 

emissions. This chapter presents an overview of existing vehicle powertrain architectures: 

1) ICE powered vehicles; 2) EVs; 3) HEVs, which consists of three basic configurations, 

series, parallel and series-parallel types; 4) PHEV s; and 5) a proposed UTS PHEV. This 

chapter also describes a trend of hybrid development by a few 1najor car manufacturers, 

which are Toyota Motor Company, Honda Motor Company, General Motors Company and 

Nissan Motor Company. Finally, two of the existing simulation tooJs to predict the vehicle 

drive petfonnance and energy efficiency, PSAT and ADVISOR, are also discussed. 

2.2 Vehicle Powertrain Architectures 

To solve the environmental problems and world oil crisis, a major technological transition 

is occurring from the ICE powered vehicles to more efficient electrical vehicles, such as 

EVs, HEVs and PHEVs [28 - 34]. The first EV and HEY were developed by Robert 

Anderson in 1830 and Ferdinand Porsche in 1900, respectively [35]. Pure EV s are most 

efficient, but the travel distance is limited by the energy density of the energy storage 
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device which is mainly a battery for the time being. On the other hand, the HEVs can 

provide a good combination of drive distance and energy efficiency. According to the 

power flow, there exists three types of HEY powertrain configurations, namely series, 

parallel, and series-parallel. With the fast development of battery technology, the PHEV, 

which is mainly powered by electricity, is a cleaner and more energy efficient vehicle 

whilst producing reasonable range according to the ESS capacity, if the ESS is recharged 

by the electricity generated from renewable energy sources. 

2.2.1 Internal combustion engine (ICE) powered vehicles 

Figure 2.1 illustrates schematically a conventional ICE powered vehicle powertrain. In this 

vehicle, the drive power produced by the ICE flows uni-directionally to the wheels via a 

transmission. The ICE can be either a diesel engine of compression ignition (CI) or a 

gasoline engine of spark ignition (SI). Both are relatively cheap and easy to control. Figures 

2.2. and 2.3 show the energy losses in an ICE powered vehicle powertrain during the city 

and highway drive cycles, respectively. Vehicle energy efficiency, which is fuel economy, 

can be improved by reducing losses in the propulsion and non-propulsion systems. When 

the energy efficiency and harmful emissions become a major concern, EV s are introduced. 

Hydraulic 
------ Mechanical 

I Wheels I 
I 

,____Fu_e_I_ra_n_k__..HL-_I_c_E _ ___j~--- Trans-
miSSion 

Figure 2.1 Schematic illustration of an ICE powered vehicle powertrain 
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Figure 2.2 Energy losses in an ICE powered vehicle powertrain during the UDDS drive 
cycle [36] 
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Figure 2.3 Energy losses in an ICE powered vehicle powertrain during the HWFET drive 
cycle [36] 

2.2.2 Electric vehicles (EVs) 

In order to produce vehicles of high energy efficiency and lower emissions, EV s have been 

investigated as an alternative form of transportation [37, 38]. The EV is a vehicle which 

involves electric propulsion and usually operated only in cities where the charging stations 

are available to continue to function. 
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Figure 2.4 illustrates schematically the powertrain architecture of a typical EV, which 

consists of an EM, power electronic converter and controller, and batteries. The EM 

supplies the mechanical power to the wheels, usually through a transmission in order to 

achieve variable speeds with a reasonable machine size. The power electronic converter 

and controller allows the driver to regulate the electrical power to the EM and control the 

speed of the vehicle, and the battery stores the energy in order to provide electric power to 

the EM. 

Battery 
pack 

Power converter 
and controller 

- Electrical 
------ Mechanical 

Motor 

Wheels 

Trans-
mtsston 

Figure 2.4 Schematic illustration of a typical EV powertrain 

EV s can provide the best energy efficiency per unit distance and the least harmful 

entissions which significantly reduces the impact on the environment both directly and 

indirectly. If the electricity used to charge the battery is generated from the renewable 

energy sources, EVs can be considered as zero emission vehicles (ZEVs). However, if the 

electricity is generated from an unclean power source, e.g. coal, the corresponding amount 

of harmful emissions produced in the power generation could be attributed to the EV s. The 

wide use of EV s can reduce the dependence of transport on oil. 
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However, the level of consumer acceptance of EY s is presently low because of the limited 

drive range between recharges (low energy density), high initial cost of the batteries and 

much longer time period required for charging the batteries than refueling gasoline. 

2.2.3 Hybrid EYs (HEYs) 

There is a growing interest in HEY in order to overcome the disadvantages of EY s and ICE 

powered vehicles. The HEY [39, 40] offers the most promising alternative to optimize the 

fuel economy, increase the drive range and reduce emissions due to lower fuel 

consumption. These are the attractive factors for developing HEY s but the major problem 

of energy storage has not been solved. The acceptance of HEY is limited by the high 

purchase cost. Most analysts concluded that the payback period is currently too long to 

induce quick acceptance among consumers without considering the potential for the costs 

to fall and other benefits the HEY s can offer, such as improved vehicle drive performance, 

lower en1issions and time and cost savings resulting from fewer trips to gas stations. 

According to the power flow within the powertrain; there are three types of HEY 

configurations, namely series, parallel and series-parallel [41]. Based on the report about 

the Toyota Motor Company hybrid system [42], the series-parallel type can provide both 

superior fuel efficiency and drive performance, as shown in Table 2.1. 
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Table 2.1 Comparison of different HEY powertrain configuration types 

Performance Fuel economy improvement Drive performance 
Operating High status Continuous Idling Energy efficiency Total Acceleration high power stop recovery operation efficiency 

control output 
Configuratio 
Series s E s s u u 
Parallel s s u s s u 
Series- E E E E s s parallel 
Note: E- Excellent, S - Superior and U- Somewhat unfavorable 

2.2.3.1 Series HEYs 

In a typical series HEY powertrain configuration, the ICE is coupled to the generator to 

charge the battery, and the electric motor drives the propulsion wheels often through a 

trans1nission systen1 as shown in Figure 2.5. By controlling the voltage and frequency, the 

electric motor and hence the vehicle speed are controlled. In normal drives, the electric 

motor is solely supplied by the battery pack. When the battery SOC is low, the ICE and 

generator set will be started to charge the battery pack. When a large amount of power is 

needed, the electric motor draws electricity fro1n both the battery pack and the generator. In 

the series HEY powertrain configuration, all propulsion power must con1e from the electric 

n1otor and the power flows to the wheels in a series manner. This design results in a simpler 

mechanical connection to the wheels and control strategy compared to the parallel HEY 

counterpat1, and in tum, allows 1nore freedom in the component placement. Since the ICE 

is not mechanically coupled to the wheels, isolation of the ICE load from that of the vehicle 

is simplified. It also requires only a constant ratio gear box. The ICE can be optimized to 

work at the most efficient operating point with high vehicle drive performance. It is also 
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possible to use a high speed ICE and generator set to reduce the size and weight of the 

auxiliary power unit (APU). 

AC/DC 
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inverter 
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I 
I 
I 

- Electrical 

Hydraulic 
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Wheels 

I 

.____M_o_to_r _ _.J~---
Trans-
nusston 

.___ ___ ----' 

Figure 2.5 Schematic illustration of series HEY powertrain configuration 

This can provide excellent fuel economy, even under the varying loads during urban drives. 

However, because there is no redundancy in the drive system, a failure in the electric drive 

system can render the vehicle incapable of driving. The ability of a series HEY powertrain 

configuration to sustain a long uphill grade at a given speed is determined by the sizing of 

the battery bank and APU, which may not be acceptable under extreme conditions. The 

series HEY powertrain configuration also has the benefit of regenerative braking, which 

can improve the efficiency. On the other hand, the major weakness of the series HEY 

powertrain configuration is the higher weight and cost compared to the parallel HEY 

powertrain configuration because the ICE, generator and motor are arranged in series and 

must all have full capacity. 

Optimal Power Management for the UTS Plug-in Hybrid Electric Vehicle 

28 

A. R. Salisa 



Chapter 2 Literature Review 

2.2.3.2 Parallel HEYs 

Figure 2.6 illustrates the schematic of a parallel HEY powertrain configuration. In the basic 

parallel HEY powertrain configuration, both the electric motor and ICE are coupled to the 

driveshaft of the transmission. In normal drives when the battery SOC is high, the vehicle 

is driven by the electric motor as the main power source, and the ICE can provide some 

extra torque required during acceleration. When the battery SOC is low, the ICE can be the 

main power source and the electric motor can be the auxiliary power source. This design 

also offers the advantage of drive system redundancy. Should either the electric motor or 

ICE drive systems fail, the other system would still be available to propel the vehicle. It has 

also the flexibility in powertrain configuration and gives room to optimize the fuel 

economy and emissions. The ICE operation can be optimized, with the electric n1otor 

shares the power flow to the wheel in parallel. A parallel HEY usually can provide better 

highway fuel econon1y, due to its efficient ICE loading at steady highway speeds, and 

possibly Jess mass than its series counterpart. It also provides the ability to withstand long 

uphill grades. The control strategy and transmission in a parallel HEY powettrain 

configuration is complex, and a full size ICE is required. 

Fuel tank H ICE 
------

- Electrical 

Hydraulic 
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~-~~] h I 
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Figure 2.6 Schematic illustration of parallel HEY powertrain configuration 
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2.2 .3.3 Series-parallel HEVs 

The series-parallel HEV powertrain configuration shown in Figure 2. 7 combines both the 

series and parallel systems in order to maximize the fuel efficiency and vehicle drive 

performance. The ICE can be coupled to either driveshaft of the transmission directly or the 

generator. In the normal drive when the battery SOC is high, the electric motor functions as 

the main power source and the ICE coupled to the transmission through a clutch provides 

extra torque required during accelerations. While the battery SOC is low, the ICE can be 

coupled to the generator and charge the battery bank, in a way similar to the series HEV 

powertrain configuration. This design allows both the ICE and the electric motor to drive 

the vehicle, which is good for vehicle performance. It allows the ICE to charge the battery 

while the electric motor is dtiving the vehicle, which is good for fuel efficiency. 
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pack 
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Trans-
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'------__J 

Figure 2.7 Schematic illustration of series-parallel HEV powertrain configuration 

2.2.4 Plug-in HEV s 

A series-parallel PHEV powertrain configuration as shown in Figure 2.8 combines the 

benefits and characteristics of both EV and HEV. The specialty of the PHEV powertrain 
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[ 43 - 46] is that it can be charged by a charger that plugs-in a standard electricity outlet so 

that at night, the consumer can plug-in the PHEV for the next day's travel. With this 

specialty, the PHEV powertrain can reduce fuel consumption, emissions from the vehicle 

and operation cost. The PHEV powertrain is suitable for urban transport which has many 

stops and braking events, and a short overall travel distance. The PHEV powertrain can be 

built based on any of the three basic series, parallel and series-parallel configurations. 

Fuel tank - Electiical 
Power 
grid Hydraulic 

------ Mechanical -----, 
I 
I 

ACIDC 
I Wheels 

Generator 
I "------------- Trans-DC/AC Motor ~--- mission inverter 

Figure 2.8 Schetnatic illustration of series-parallel PHEV powertrain 

All these conventional powertrains normally need two EMs to function as generator and 

motor, respectively. To improve the vehicle fuel economy, emissions, AER, electrical 

consumption, operation cost and total lifetime cost, a new series-parallel powertrain, as 

known as the UTS PHEV, which needs only one electrical machine to function as either an 

electric generator or motor in different time intervals specified by a special EMS and 

ultracapacitor bank in its ESS is proposed. 
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2.2.5 Hybrid development trends 

Several of the most popular automakers around the world, particularly Toyota Motor 

Company, Honda Motor Company, GM Company and Nissan Motor Company [47], are 

making great efforts to introduce and produce electric and hybrid vehicles into automobile 

market [48, 49]. Table 2.2 listed the existing hybrid design from the Toyota, Honda, GM 

and Nissan Motor companies. 

Table 2.2 Existing electric and hyb1id designs 

Company Hybrid design 
Prius Totoya hybrid system (THS) 

Toyota Motor Prius THS II 
Hymotion PHEV Prius 

Honda Motor Insight 
Civic Hybrid 

General Motors Chevrolet Volt 
Nissan Motor Nissan LEAF 

2.2.5.1 Toyota Motor Company 

Toyota Motor Corporation is one of the most successful automakers in producing and 

selling the hybrid vehicles. Toyota released its first-generation of Prius THS, series-parallel 

powertrain configuration, into the market in Japan in 1997 [50] and started selling it in 

Europe, North America and other markets in 2000. Figures 2.9 and 2.10 illustrate the 

schematic diagram and the simulation model in ADVISOR of the Prius THS, respectively. 

The second-generation Prius, equipped with THS II, was introduced in 2003 with a 

superior fuel economy, improved output power and enhanced vehicle drive performance. 

This system consists of a high power motor, generator and a battery of relatively low 

power. Figure 2.11 illustrates a typical energy flow in the THS II while Table 2.3 lists the 
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differences in component parameters and specifications for the first Prius model (THS, 

1997- 2003) and the second Prius model (THS II, 2003- 2008). 

Torque-
Split Gears 

Figure 2.9 THS schematic diagram [51] 
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<sdo>prius 
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Figure 2.10 THS simulation model in ADVISOR 
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Figure 2.11 Typical energy flow in the THS II [52] 
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Table 2.3 Parameters and specifications of the Toyota Prius THS and THS II [53] 

Item THSI THS II 
Type 1.5 L gasoline 1.5 L gasoline 

Maximum output in 53/4500 57/5000 ICE kW/rpm 
Maxin1mn torque in 115/4200 115/4200 Nrn!rpm 

Type Synchronous AC Synchronous AC 
-------------- ,---------

Maximum output in 33/1040- 5600 50/1200- 1540 Motor kW/rpm --
Maximum torque in 350/0 --- 400 400/0- 1200 Nrn!rpm 

Type Synchronous AC Synchronous AC - -
Maximum output in 15 25 Generator kW 
l\1aximum speed in 6500 10000 

~-

rpm 

Type Nickel metal hydride NiMH (NiMH) 
--1--

Construction 38 each 7.2 V modules 28 each 7.2 V modules 
connected in se1ies 

Battery Ma'l(imum output in 
kW 21 

Voltage in V 273.6 
Capacity in Ah 6.5 
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Figure 2.12 shows a system output companson of the THS and THS II. The THS 

powertrain in the original Prius and the THS II powertrain in the second-generation Prius 

both provide impressive EPA fuel economy and extremely clean emissions as listed in 

Table 2.4. The improvement of the fuel economy between the first and second-generation 

Prius is 15 o/o in the city and 13 %on the highway. The THS II powertrain showed a drastic 

improvement of power performance and fuel economy compared to the THS. 
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~ --~ 
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Figure 2.12 Systen1 output comparison between the THS and THS II [53] 

Table 2.4 Fuel economy of the THS and THS II during the city and highway drive cycles 

THS (2001 - 2003 Prius) THS II (2004 & Later) 
City I 52 mpg City I 60 mpg 

Highway I 45 mpg Highway I 51 mpg 

As the p1ice of oil and vehicle emissions rate are increasing, the development of Hymotion 

PHEV Prius from Toyota Company was begun in 2006 [54]. The Toyota Prius was 

converted into PHEV by adding Al23Systems' Hymotion™ L5 plug-in conversion module 
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(PCM) in the battery system, which can be recharged by plugging it into a standard power 

outlet. A 5 kWh lithium ion (Li-ion) battery pack, which is an additional energy source to 

the original ESS is used for the Hymotion system. Table 2.5 listed the battery parameters 

and specifications of the system. This system is capable of achieving more than double the 

Prius fuel economy with 30- 50 km of AER. 

Table 2.5 Hymotion L5 PCM parameters and specifications 

Battery parameter A123Systems Hymotion PCM Battery 
Chemistry A123 Systems Li-ion NanophosphateTM 
Nominal voltage -190V 
Battery capacity 25 Ah I- 5 kWh 
Weight 85 kg (includes battery cells, on-board electronics, frame) 

2.2.5.2 Honda Motor Company 

In 2000, Honda Motor Company followed the Toyota Motor Company by introducing its 

hybrid version, the Honda Insight and in 2002 Honda Civic hybrid a para1lel type of 

powertrain configuration was introduced. The Honda Insight and Civic Hybrid parameters 

and specifications are summarized in Tables 2.6 and 2.7, while Figures 2.13 and 2.14 

illustrated the powertrain layout and schematic, respectively. 
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Table 2.6 Honda Insight vehicle parameters and specifications [51] 

2-passengersedan 
Vehicle 2 door 

2125-lb curb weight 

ICE 1.0 L, 3-cylinder 
VETC valve control 

EM Brushless permanent magnet DC 
10 kW peak 
Manufacturer: Panasonic 
Nickel Metal Hydride (NiMH) 

Battery Spiral wound cells 
0.9 kWh 
lOkW 
20 kg 

Table 2.7 Honda Civic Hybrid vehicle parameters and specifications [47] 

1.3 L, inline 3-cylinder i-DSI lean-burn single overhead can1shaft 

ICE 
(SOHC) 
M ax power (kW /rpm): 63/5700 
Max torque (Nm/rpm): 119/3300 

Transmission Continuous variable transmission (CVT) or manual transmission 
(MT) 
DC brushless motor 

1-· 

Motor (assist) ~- power: 10 kW 
Max torque: 62 N1n (starter), 103 N1n 

l\1otor Max power: 12.3 kW (MT), 12.6 kW (CVT) 
--

(regeneration) Max torque: 108 Nm 
Battery NiMH 

Figure 2. 13 Honda Insight powertrain layout (51] 
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Figure 2.14 Honda Civic Hybrid schematic [47] 

Based on the fuel economy in the city and on the highway listed in Table 2.8, the Honda 

Insight achieved a fuel consumption rating of 60 mpg and 66 mpg, in the city and on the 

highway, respectively, while the Honda Civic Hybrid attained 49 mpg in the city and 51 

1npg and on the highway. 

Table 2.8 Fuel economy of the Honda Insight and Honda Civic Hybrid during the city and 
highway drive cycles 

Honda Insight Honda Civic Hybrid 
City !60 mpg City I 49 1npg 

Highway I 66 mpg I-i'ighway I 51 mpg 

Optimal Power Management for the UTS Plug-in Hybrid Electric VehicJe A. R. Salisa 

38 



Chapter 2 Literature Review 

2.2.5.3 General Motors Company 

The PHEV 2011 Chevrolet Volt or Chevy from GM is also known as an extended-range 

electric vehicle (E-REV). GM is an American car manufacturer. Figure 2.15 illustrated the 

powertrain schematic of the GM Chevy Volt in series configuration. 
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Cofltro.lh!lt ._._, . 
• • ill 

llo or 

Figure 2.15 GM Chevy Volt powertrain schen1atic 

Tables 2.9 and 2.10 listed the vehicle parameters and specifications and fuel efficiency and 

performance of GM Chevy Volt. Within the series architecture, larger capacity of the 

battery and electric motor with a small ICE are required in order to achieve the target 

performance. The AER of this vehicle is 25 - 40 miles of zero-emission electric-only 

operation, enabled by the large 16 kWh Li-ion battery pack. When battery SOC drops 

below 30 - 35 %, the onboard generator powered by a 1.4 L gasoline ICE engages 

auton1atically to provide up to 310 miles of additional range. The generator's role is to 
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sustain a minimum state of battery charge while the car returns to a location where it can be 

charged via standard electrical outlet. 

Table 2.9 GM Chevy Volt vehicle parameters and specifications 

GM "Family Zero" inline 4-cylinder 
ICE Rated power (hp/kW, SAE net): 84/63 (est.) 

Max rpm: 4800 
3-phase AC induction type 

Traction Motor Rated peak power (kW/hp): 111/149 
Rated peak torque (lbft/Nm): 273/370 

DC Generator High-flux permanent-magnet type 
Rated peak output (kW!hp): 55/74 
Li-ion manganese-spinel 
Total rated energy (kWh/Mj): 16/58 

Battery Total usable energy (kWh/Mj): 9.4/34 
Total pack mass (lb/kg): 3751170 
Total number of cells: 288 

Table 2.10 Fuel efficiency and performance of the GM Chevy Volt 
-· 
EPA city/highway NA at time of publication 
Claimed range, EV mode (mi/km) 25-50/40-80 
Claimed range with range extender (m!lk!fl) +350/483 
Top speed (mph/kn1ih) 1011161 -·----

2.2.5.4 Nissan Motor Company 

The Nissan Motor, Japan's second largest auton1otive company 1nade history with the 

introduction of the Nissan Leading, Environmentally friendly, Affordable, Family car 

(LEAF), which is the first all-e1ectric consumer car. As an EV, the Nissan LEAF produces 

no GHG emissions because it is mainly powered by Li-Ion batteries. Tables 2.11 and 2.12 

listed the vehicle pararneters and specifications and fuel efficiency and pcrformru'1CC of 

Nissan LEAF. According to the expected fuel efficiency and performance results, the 
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LEAF's estimated AER is 105 and 70 miles in a city and on a highway driving conditions, 

respectively. It also has a top speed of over 150 km/h with a 80 kW of electric motor. 

Table 2.11 Nissan LEAF vehicle parameters and specifications 

AC synchronous motor 
Electric Motor Power: 80 kW (110 hp) 

Torque: 280 Nm (210 ftlb) 

Battery 
Li-ion 
Energy: 24 kWh 
Total number of modules: 48 
Total number of cells: 192 

Table 2.12 Summary of the Nissan LEAF's fuel efficiency and performance 

Fuel efficiency 

Driving condition Speed Range 
mph km/h nu km 

City 24 39 105 169 
Highway 55 89 70 110 

Performance 
Top speed 150 kmlh (93 1nph) J 

2.2.5.5 Remarks 

Although both these vehicles the Toyota Prius and the Honda Civic are hybrids and have 

high fuel economy, the fundamental of the powertrain characteristics make the vehicles 

very different. The hybrid vehicles from Toyota Motor Company are more fuel efficient in 

the city than on the highway drive cycles because the ICE can be turned off while the 

vehicle is stopped, as at a traffic light or when the electric motor can provide sufficient 

power to the vehicle. Both of the vehicles from GM and Nissan Motor companies are 

designed to operate on longer AER in order to improve the fuel efficiency and emissions. 

Currently, in order to ensure quick consumer acceptance of the hybrid vehicles in the 
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marketplace, the ESS technology needs to be improved to increase vehicle all-electric drive 

perfonnance and improve energy efficiency. 

2.2.6 University of Technology, Sydney (UTS) PHEV 

The proposed powertrain is known as the UTS PHEV and is a series-parallel type assembly 

[55 - 63]. This powertrain consists of a battery bank, an ultracapacitor bank, a power 

converter, an EM, an ICE and a newly proposed 4-speed AT without torque converter as 

illustrated in Figure 2.16. 

- Electrical 

Ultracapacitor 
Power 

grid 
pack 

I 

I Bidirectional 
ACIDC buck-boost 

converter converter 

I 
Inverter Battery 

pack - I rectifier 

Hydraulic ------Mechanical 

Fuel 
tank 

j 
--1 

~. [Wheels 

.------:__ :_~ Tr~ns-
EM l---_mission 

Figure 2.16 Schen1atic illustration of UTS PHEV powertrain 

Compared with the series-parallel powertrain configuration used by other people, this 

powertrain has only one EM, which functions as either an electric motor as the main power 

source to the wheel propulsion, or a generator when decelerating and/or the battery SOC is 

low. The UTS PHEV powertrain consists of two ESS that can work together to maintain 

the SOC at a high level. The n1ain assumption for this powertrain is that the battery pack is 

used as the primary storage. The main power to drive the vehicle comes from the electric 
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motor supplied by the battery pack. The ICE is needed for back-up and auxiliary power 

source and it will be turned on under certain conditions. 

The secondary storage is the ultracapacitor pack, which acts as a temporary storage. The 

purpose of the ultracapacitor pack is to capture the energy from regenerative braking and 

for peak acceleration which cannot be handled by the battery pack. It can also be used to 

charge the battery when the SOC is low. By adding the ultracapacitor bank in this 

powertrain, the size of the ICE can be reduced since it is needed just for certain cases with 

additional peak power demand supplied by the ultracapacitor pack. 

2.2.7 Remarks 

When comparing the existing and the UTS PHEV powertrain as described above, the series 

powertrain configuration is efficient but to achieve the desired vehicle drive performance, 

the overall weight of the powertrain configuration would be heavy as every component, 

such as the ICE, generator, power converter, battery and motor should supply full power 

capacity. The parallel powertrain configuration weights less as it does not have a generator 

and also there is a possibility for the ICE and electric motor to share the driving power. But 

as the ICE needs to run at different speeds, the efficiency would be lower. The series-

parallel powertrain configuration combines advantages of both the series and parallel 

powertrain configurations and provides a good balance of drive performance and capacity. 

The UTS PHEV powertrain further si1nplifies the structure to achieve the vehicle drive 

performance by using only one EM through the implementation of a more sophisticated 
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EMS and ultracapacitor pack. The proposed 4-speed AT without torque converter enables 

the powertrain to operate in various modes ranging from EV, through to all types of HEY s. 

To perform a quantitative companson, the UTS PHEV · powertrain IS simulated 

numerically. Six indicators, which are fuel economy, emissions, AER, electrical 

consumption, operation cost and total lifetime cost, are chosen to measure the 

characteristics. 

2.3 Survey and Discussion of the Existing Simulation Tools 

Computer modeling and simulation [64, 65] can reduce the expense and length of the 

design cycle of hybrid vehicles by testing powertrain architecture and EMS before the 

prototype construction begins. Various popular codes have been developed to simulate the 

operation of hybrid electric powertrain including powertrain syste1ns analysis toolkit 

(PSAT) and ADVISOR. The PSAT and ADVISOR vehicle simulation programs use a 

forward looking and backward looking modeling approach , respectively. 

2.3.1 The Powertrain Systems Analysis Toolkit (PS.AT) 

The PSA T [ 66] was developed by the Southwest Research Institute, but since August 2000 

Argonne National Research Laboratories is responsible for program maintenance and 

further development. It has been developed in the MA TLAB/SIMULINK environment to 

simulate various vehicle powertrain architectures including ICE powered vehicles , EVs, 

HEY s and fuel cell vehicles. It is a powerful modeling tool for vehicle drive performance, 

fuel economy, component technology comparison, component sizing, control strategy 
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development, drivetrain architecture comparison, drive cycle impact, model validation and 

test data analysis. Figures 2.17 - 2.20 demonstrate the PSAT graphical user interface (GUI) 

of welcome screen, powertrain architecture selection interface, and main block diagram of 

HEV model and simulation process. 

Figure 2.17 PSA T GUI 
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Figure 2.18 PSAT powertrain architecture selection interface [67] 
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Figure 2. 19 Main block diagram for PSAT HEV model [68] 
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PSAT 

Figure 2.20 PSA T simulation process 

Figure 2.21 illustrates a PSA T forward looking modeling approach. The forward modeling 

can more realistically predict system dynamics, transient component behavior and vehicle 

response. In a forward modeling, a driver model follows any selected drive cycle and sends 

a power demand to the EMS. After that, the EMS will send a demand to the propulsion 

con1ponent. Then, the component models respond to the demand and feedback their status 

to the vehicle EMS. Finally, the process repeats to obtain the desired results. 

It is a better modeling approach if the objectives are to accurately model and simulate the 

systems and to develop optimal control algorithm for the system. Once the control 

algorithm is tested and verified in the simulation mode, a physical controller can be 

developed rapidly by interfacing the controller with the simulation model using hardware-

in-the-loop simulation methodology. This is a proven method and if the model is 
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reasonably accurate, the controller can be used directly on the vehicle without major 

modifications to the control algorithm. 

The modeling approach selected is more time-intensive to configure and requires greater 

computational resources compared with the backward looking modeling approach. 

However the 1nain advantages of the forward looking model, which are better in capturing 

the dynamics of the system and at testing the performance of an actual control system, 

become the main factors in selecting this modeling approach. 

Figure 2.21 Forward looking modeling approach [69] 

2.3.2 The Advanced Vehicle Simulator (ADVISOR) 

The ADVISOR is based on MA TLAB/SIMULINK environrnent, originally developed by 

the National Renewable Energy Laboratory (NREL), Department of Energy (DOE), U. S. 

in 2002, to simulate and analyze light and heavy vehicles, including hybrid and fuel cell 

vehicles [70, 71]. It allows the user to perform rapid analysis of vehicle drive performance, 

emissions and fuel economy of conventional, EV s and HEV s. Figures 2.22 - 2.25 show the 

ADVISOR screens of startup, input, simulation setup and results, respectively. 
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Figure 2.22 ADVISOR startup screen 
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Figure 2.25 ADVISOR results screen 

ADVISOR was initially developed as an analysis tool, rather than a detailed design tool. 

ADVISOR utilizes backward looking vehicle simulation powertrain as shown in Figure 
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2.26, in which the required and desired vehicle speeds are used as the inputs to determine 

the required drivetrain torque, speed and power. This modeling approach does not require a 

model of driver behavior. The torque that has to be supplied by the component directly 

upstream is translated by this required force. Similarly, the vehicle's linear speed is 

translated into a required rotational speed. The calculation is performed component by 

component in a backward looking approach, against the tractive power flow direction, until 

fuel use or electrical energy use, which is required to meet the trace is found. 

The disadvantages of the backward looking approach come from its assumption that the 

trace is met and from the use of efficiency or loss maps. This approach is not well suited to 

computing best-effort performance, which occurs when the accelerations of the speed trace 

exceed the capabilities of the drivetrain due to the assumption that the trace is met by the 

backward looking approach. In addition, since efficiency maps are generally produced by 

steady-state testing, dynamic effects are not included in the maps or in the backward 

looking model's estimate of energy use. The fact the backward looking model does not deal 

in the quantities n1easurable in a vehicle is another related limitation. One such example is 

when control signals like throttle and brake position are absent from the model, further 

hindering dynamic system simulation and control systern development. The ADVISOR 

model has been validated and used as a reference model benchmark for the UTS PHEV 

powertrain model. 
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Figure 2.26 Backward looking modeling approach [72] 

2.3.3 Remarks 

Literature Review 

The ADVISOR and PSAT vehicle models contain two separate EMs used as the electric 

motor and generator, respectively, and no ultracapacitor in the ESS unit. This is unlike the 

UTS PHEV powertrain which only needs one EM and an ultracapacitor bank for fast 

charging and discharging during regenerative braking and fast acceleration. Because 

ADVISOR and PSAT do not allow any modification to its vehicle n1odel it therefore 

cannot be adapted to simulate the proposed UTS PHEV powertrain. In order to simulate the 

proposed UTS PHEV, we have derived a n1odel and con1piled a MA TLAB/SIMULINK 

code, known as the UTS PHEV code. 

2.4 Summary 

Based on the literature revtew conducted on the available vehicle powertrains and the 

works of other researchers and successful automakers, a series-parallel type of the PHEV 

(UTS PHEV) with a novel 4-speed AT without torque converter has been proposed as a 

powertrain and a platform for the vehicle model in this work. A forward looking modeling 
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approach using the MA TLAB/SIMULINK environment will be used to design, optimize, 

study and verify this powertrain. For the validation process of the developed UTS PHEV 

code, the ADVISOR code has been chosen as a reference model. According to the selected 

powertrain, the main components sizing and selection of the ICE, EM and battery are 

defined based on the power requirements according to the vehicle paratneters, 

specifications and performance requirements. 
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CHAPTER 3 UTS PHEV PARAMETERS, SPECIFICATIONS AND 

REQUIREMENTS 

3.1 Introduction 

To meet the UTS PHEV powertrain design specifications and requirements, component 

sizing and selection for the EM, ICE and battery was conducted. Based on the vehicle 

power requirements for steady state velocity, the main components of UTS PHEV 

powertrain were sized according to the vehicle parameters, specifications and performance 

requirements. After the sizing process, the components were selected based on the 

specifications and requirements of each component. 

3.2 Components Sizing 

Based on the vehicle parameters, target specifications and performance requirements in 

Table 3.1 [73 - 77], the power requirements of the vehicle can be determined using vehicle 

dynamic equations. For the vehicle performance requirements of 0- 60 mph and 0- 80 

mph, the vehicle starts frmn rest with a battery SOC of 90 % and accelerates to 60 mph and 

80 mph, respectively. The requirement of 40 - 60 mph can be assumed as the passing 

acceleration. The vehicle starts at 40 mph with a battery SOC of 90 o/o and is accelerated to 

60 mph. For the EV range performance requirement, the vehicle starts at a full battery SOC 

and must be able to run along the UDDS drive cycles for 34 miles without ICE operation. 

The final battery SOC must be above 20 o/o, which is a low SOC pre-defined value. 

According to the cumulative distribution of daily driving distance in Australia as shown in 
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Figure 3.1, the percentages of daily driving distance which is less than 50 km for Sydney 

and Adelaide are 64% and 83 o/o, respectively. 

Table 3.1 Vehicle parameters, specifications and performance requirements 

Parameters and specifications 
Vehicle configuration Series-parallel 
Vehicle class Midsize 
Vehicle mass 1379 kg 
Aerodynamic drag coefficient 0.335 
Coefficient of rolling resistance 0.009 
Frontal area 2.00 m2 

Wheel radius 0.282 m 
Accessory load - electrical 500W 
Air density 1.2 kg/m_; 
Gravitational acceleration 9.81 m/sl. 

Performance requirements 
0 - 60 mph 10 s 
40-60 m_ph 5 s 
0 - 80 mph 20 s 
Maximum speed -- _Over 80 m.EE _ __ 
EV range 34 miles (54 km) 

0.3 ~-t-J--------+---------+-----------1 

0.1 r--B---------+-----------t------------1 
0.0 _________ ___,_ ________ ___l__ _______ __J 

0 100 200 300 

Dally distance (km) 

Figure 3.1 Cumulative distribution of daily driving distance in Australia [78] 
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Based on Newton's Second Law of motion: 

F = ma (3.1) 

where F is the driving force, m the vehicle mass and a is the acceleration. This equation can 

be expanding into specific forces of road grade, drag, acceleration and rolling resistance. It 

can be rearranged into the form of: 

F = mgCr,cos8 + 0.5pCdA2 +rna + mgsin8 (3.2) 

The rolling resistance is the product of the m, the gravitational acceleration due to gravity 

(g), the rolling resistance (err) and the grade angle of the road measured from the horizontal 

plane (8). Air drag on the vehicle is presented by the standard drag equation that includes 

the density of air (p ), the drag coefficient of the vehicle (cd) and the frontal area of the 

vehicle (A). Finally, the force resulting frorn the grade of the road is tnerely a product of the 

mass of the vehicle, the acceleration due to gravity, and the sine of the grade angle. With all 

of the dynamic equations derived for the driveljne, the UTS PHEV powertrain model can 

be created in the MATLAB/SIMULINK environment for further analysis and simulation. 
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The power required, Preq for a vehicle as shown In Figure 3.2 IS calculated using this 

equation [79] . 

Preq = Paero +Prall+ Pgrade + Paccel (3.3) . 

Prou = mgCr,cos8v 

p grade = mgsin8v 

Pacce! = mav 

where Paera is a power to overcome aerodynamic drag, Prall is a power to overcon1e rolling 

resistance, P grade is a power for ascending, P accet is a power for acceleration and v is the 

veJocity. 
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Figure 3.2 Vehicle power requirements for steady state velocity 
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Based on the vehicle power requirements for steady state velocity, the main components of 

the UTS PHEV powertrain were sized [80- 82]. 

3.2.1 Electric machine (EM) 

The power requirement of the electric propulsion motor is determined by the maximum 

speed and the maximum gradient at this speed. The maximum gradient is 5 %. The 

designed maximum speed is assumed as 130 km/h. All calculations are undertaken with 

maxtmum mass. To achieve 130 km/h with 5 % gradient, the propulsion motor power 

requirement is: 

PEM(5 %, 130 km/h) = 65.89 kW 

Motor size and cost may be reduced if the speed demand is relaxed. At a 5 % highway 

grade, this is when a crawling lane for trucks is implemented, the allowed speed is usually 

limited to less than 110 kmlh. If the vehicle is designed to run at 100 kmJh with this 5 % 

gradient it will still meet the requirements, but allowing for a smaller propulsion motor: 

PEM, continous = PEM(5 %, 100 km/h) = 44.74 kW 

3.2.2 Internal combustion engine (ICE) 

The ICE requirements are determined by the average power requirements in the series HEV 

concept. Cruising at 110 km/h, the maximun1 velocity on highways, without gradient is 

Optimal Power Management for the UTS Plug-in Hybrid Electric Vehicle 

58 

A. R. Salisa 



Chapter 3 UTS PHEV Parameters, Specifications and Requirements 

assumed to define the average power in the worst case scenario. The continous ICE output 

power requirements is: 

P1cE,continous = PEM(O o/o, 110 kmlh) = 15.19 kW 

The electric output power is 15 kW with an estimated efficiency of 85 o/o, the mechanical 

input power has to be 20 kW. This is the minimum continous ICE power requirement: 

P1cE,continous = 20 kW 

3.2.3 Battery 

There are two main energy storage requirements, which are an available energy and a 

rnaxirnum power. The available energy should be sufficient for 50 km urban traffic in pure 

electric driving mode. The average velocity in cities is about 30 krnlh. In a simplified 

calculation, an average of 50 kmlh is assumed. This is to take into account that the average 

speed is based on a higher speed plateau but with frequent starts and stops. The motor 

power to propel the vehicle at 50 km/h is: 

PEM(O o/o, 50 kmlh) = 2.77 kW 

Assuming an overall dtivetrain efficiency of about 60 %, the required battery storage 

capacity is at least: 
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Ebattery, min= (50 km I 50 krn/h) X (2.76 kW I 0.6) = 4.6 kWh 

The battery power should be sufficient to boost the propulsion motor to its highest power. 

Maximum motor power is 1.5 times continous motor power. 

Pbattery, max = 1.5 x PEM, continous- PicE, continous = 51.91 kW 

In order to achieve full performance, a maximum discharge of 3C (3 times the rated 

capacity) was assumed. The battery storage capacity is determined by this requirement, 

provided it also meets the crite1ia for pure electric range: 

Ebattery = Pbanery,max I 3 X h = 17.3 kWh 

3.3 Selected Components Parameters and Specifications 

Table 3.2 lists the selected main components of UTS PHEV powertrain, which are EM, 

ICE and battery based on each component specifications and requirements during the sizing 

process. 

Table 3.2 Main components of the UTS PHEV powertrain 

Component Specifications 
ICE 1.5L, 43 kW @ 4000 rpn1 
EM 75 kW AC induction motor 
Battery NiMH, 10.08 kWh, 28 Ah 
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3.3.1 Electric machine (EM) 

EM normally has very high drivetrain efficiency, as high as 90 %. It also produces high 

torque at low speeds, a feature which has many applications in the varied driving 

conditions and need for quick acceleration of personal transportation or climbing high 

grades at low speed such as steep drive-ways. The selected EM parameters and 

specifications are listed in Table 3.3 and Figure 3.3 displays the motor and inverter 

efficiency map used for the UTS PHEV powertrain. The data of the EM has been collected 

from M-file of ADVISOR. 

Table 3.3 The EM parameters and specifications 

0.95 
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:;:,..,. 
g 0 .8 
Q) 

~ 0 .75 
0 .7 

0 .65 

10000 
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Item Value 
Maximum power (kW) 75 
~laximum speed (rpm) 10000 
Maximum torque (Nm) 271 
Maximum current (A) 480 

1--· 

Minimmn voltage (V) 120 
Peak efficiency(%) 92 
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Figure 3.3 The EM and inverter efficiency map according to speed and torque 
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The efficiency map provides the ratio of mechanical energy output to electrical energy 

input as a function of output speed and output torque. One alternative of regenerative 

braking consists of merely operating the motor at a negative torque value; therefore, the 

regenerative braking map is simply the mirror image of the motive map. 

The characteristic torque-speed curve for the EM indicates two of the most important 

features of the EM for application to vehicle use. Even at zero speed, there is a starting 

torque required to start and accelerate the EM itself. Various levels of efficiency are 

achieved for certain driving requirements, namely the speed and torque demand. 

3.3.2 Internal combustion engine (ICE) 

Table 3.4 lists the parameters and specifications of the selected ICE for the UTS PHEV 

powertrain. The ICE model is described with look-up tables or 1naps of efficiency, fuel use 

and emissions, which are HC, CO and NOx which are shown in Figures 3.4 - 3.8, as 

functions of speed and torque of the ICE. The data of the ICE has been collected from M-

file of ADVISOR. From the efficiency map, the ICE demonstrates highest fuel efficiency 

and lowest emissions when running at cruising conditions in a small domain of its torque-

speed curve. 

Table 3.4 The ICE parameters and specifications 

Item Value 
Maximum power 43 kW @ 4000 rom 
Maximum torque (Nm) 102 @ 4000 rpm 
Displacement (L) 1.5 
Mass (kg) 137 
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Figure 3.4 The ICE efficiency map according to speed and torque 

. • : 

.· ~ .. 
2 .5 ...... . ... . .. ~ 

2 . ·· · · ·· ··· ·· ·i· · ·· 

3l ... ······· : .·· 
:; 

g:; 1.5 .. . ...... . . 
:::J 

Q) 
:::J 

Ll-

0 .5 

0 
4000 

Speed (rpm) 

; · .. 

· ·; 

.. . · . 

1000 0 Torque (Nm) 
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Figure 3.8 The NOx map according to speed and torque 

3.3.3 Battery 

The performance, life cycle and safety of HEVs depend strongly on the vehicle's battery. 

Commercial batteries in the market for the HEV include sealed lead-acid (SLA), nickel-

cadmium (NiCd), Ni1\1H and Li-ion types. The energy density and power density of various 

batteries is illustrated in Figure 3.9 and Figure 3.10 shows the potential of battery 

technology for different powertrain architectures of EV, HEV and PHEV application. 
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Fuel Cells 

Ni-MH 
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Figure 3.9 Different batteries energy density and power density [83] 
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Figure 3.10 Different types of batteries made for different vehicular applications [84] 
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If the battery pack of the UTS PHEV powertrain is assumed to achieve 34 miles or 54 km 

during all electric operation, a pack with 10.08 kWh of total energy and 8.064 kWh of 

useful energy is required, assuming that only 80 o/o of the pack capacity is usable on a daily 

basis. Table 3.5 lists the battery parameters and specifications used in the UTS PHEV 

powertrain. The higher the amount of energy storage (or capacity) the battery has, the less 

ICE power will need to be used. This pack is considerably larger than those used in normal 

light vehicles and HEY s because the proposed UTS PHEV powertrain relies primarily on 

EM for driving. Table 3.6 summarizes the average battery pack capacity used in different 

vehicle powertrain architectures. 

Table 3.5 The battery parameters and specifications 

Item Value 
Type NiMH 
Norninal voltage (V) 6 
Nonunal capacity (C/3) (Ah) 28 
Nominal energy (C/3) (Wh) 175 

,_-yy eight (kg) 3.6 

Table 3.6 Battery pack capacity used in different types of vehicle powertrain 

Powertrain Battery pack capacity (kWh) Example 
HEVs 1-2 Toyota Prius: 1.3 kWh 

PHEVs 5-25 Prius conversion: 9.0 kWh 
GM Chevy Volt: 16 kWh 

EVs > 25 Tesla Roadster: 56 kWh 
'--------

3.4 Sumn1ary 

The most critical task to achieve the design specifications and requirements of the vehicle 

is sizing and selecting the UTS PHEV powertrain components. Based on the vehicle 
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parameters, specifications and performance requirements, the individual components that 

make up the overall structure of the UTS PHEV powertrain are chosen. With the defined 

components, modeling of each component can begin in the MA TLAB/SIMULINK 

environment using a forward looking modeling approach. 
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CHAPTER 4 UTS PHEV MODEL DEVELOPMENT 

4.1 Introduction 

Development of the UTS PHEV powertrain model begins with calculation of vehicle 

energy and power requirements for typical driving conditions according to the vehicle 

parameters, specifications and performance requirements. The size and capacity of vehicle 

components are determined through a power flow analysis accordingly to fulfill the UTS 

PHEV powertrain design specifications and requirements. After that, the structure of the 

UTS PHEV powertrain components, such as: 1) drive cycle profile~ 2) driver; 3) ESS, 

consisting of battery and ultracapacitor packs; 4) EM; 5) wheels; 6) a proposed 4-speed AT 

without torque converter; 7) gearbox; 8) vehicle; and 9) ICE, are modeled in the 

MATLAB/SIMULINK environment. Figure 4.1 shows the UTS PHEV powertrain 

uppermost level of n1odeling, which con ists of a drive cycle profile ~ a diver model and a 

vehicle 1nodel. This chapter describes the overall structure of the UTS PHEV powertrain 

model and its cmnponents in detail [85, 86]. 

Drive cycle profile 
Driver model 

Brake 
pedal 

Vehic!J speed 

Vehicle 
model 

Figure 4.1 The UTS PHEV powertrain uppermost level 
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4.2 Drive Cycle Profile Model 

The drive cycle profile model contains a time history data for the desired vehicle speed, 

where several standard drive cycles profile [87- 91], such as: 1) Japanese 10- 15; 2) city-

suburban heavy vehicle route (CSHVR); 3) new European driving cycle (NEDC); 4) 

INDIAN HIGHWAY; 5) UDDS; 6) high speed and high acceleration component of the U. 

S. EPA's supplemental federal test procedure (US06); 7) Unified LA92 (LA92); 8) 

HWFET; 9) INDIAN URBAN; and 10) U. S. EPA federal test procedure (FTP) are 

modeled as look-up tables. These drive cycles consist of multiple accelerations and braking 

events for a particular range of time depending on the type of the drive cycles profile as 

listed in Table 4.1 in terms of duration and distance. Figures 4.2 - 4.11 demonstrate the 

speed traces of a standard drive cycle characteristics. Figure 4.12 depicts the drive cycle 

profile rnodel in the MATLAB/SIM.ULINK environment. The block outputs the desired 

vehicle speed based on the current simulation ti me. 

Table 4.1 The standard drive cycle characteri stic parameters 
r----· 

Item Unit Japanese CSHVR NEDC UDDS 10- 15 
Duration s 660 1781 1179 1369 
Distance km 4.2 10.81 10.9 12.0 

--
Maximum speed km/h 70.0 70.5 120.0 91.] 5 
Average speed km/h 22.7 21.8 33.3 31.6 
Average acceleration rate m/s;_ 0.57 0.31 0.53 0.43 
Idle time s 215 385 293 189 
Number of stops - 7 18 13 14 

Item Unit US06 LA92 HWFET INDIAN 
URBAN 

Duration s 600 1435 765 2689 --
Distance km 12.9 15.8 16.5 17.4 
Maximum speed kmlh 129.2 107.35 96.4 62.2 
Average speed krnih 77.2 39.6 77.6 23 .3 
Average acceleration rate m/sz 0.67 0.5 0.19 0.3 
Idle time s 45 177 6 267 
Number of stops - 5 13 1 52 
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The Japa nese 10 - 15 Drive Cycle 
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Figure 4.2 The Japanese 10- 15 driving schedule. Length 660 seconds, distance 4.2 km, 
average speed 22.7 kmJh 
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Figure 4.3 The CSHVR driving schedule. Length 881 seconds, distance 11.59 km, average 
speed 21.8 km/h 
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-= E -=.... 
-= 
~ 
Q_ 

(/) 

T he N EO C Drive Cyc le 
1 20~------~------~--------~------~--------~--~~--

100 . . .. . - ... . . . . . .... -. - .- .. - . .. - -- ----- . . - , .. --- - --. ----- --- - -- . - - - . - - .. -

80 

6 0 

20 

200 400 600 
Time (s) 

800 1000 1200 

Figure 4.4 The NEDC driving schedule. Length 1179 seconds, distance 10.9 km, average 
speed 33.3 km/h 
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Figure 4.5 The UDDS driving schedule. Length 1369 seconds, distance 12.0 km, average 
speed 31.6 km/h 
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Th e INDIA N HI G H\NAY Drive Cyc le 
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Figure 4.6 The INDIAN HIGHWAY driving schedule. Length 1179 seconds, distance 10.9 
km, average speed 40.0 krnlh 
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Figure 4.7 The US06 driving schedule. Length 600 seconds, distance 12.9 km, average 
speed 77.2 km/h 
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Th e L.A92 Drive Cyc le 
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Figure 4.8 The LA92 driving schedule. Length 1435 seconds, distance 15.8 km, average 
speed 39.6 km/h 
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Figure 4.9 The HWFET driving schedule. Length 765 seconds, distance 16.5 km, average 
speed 77.6 kmJh 
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T h e IND IA N U R BAN D rive C y cle 
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Figure 4.10 The INDIAN URBAN driving schedule. Length 2689 seconds, distance 17.4 
km, average speed 23 .3 km/h 
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Figure 4.11 The FTP driving schedule. Length 2477 seconds, distance 17.67 km, average 
speed 25.67 kmlh 
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~ . mph >> km/h >> m/s Desired spee d 
D nve eye I e 

p rofi I e 

Figure 4.12 Drive cycle profile model in MA TLAB/SIMULINK environment 

4.3 Driver Model 

Figure 4.13 illustrates the driver model in MATLAB/SIMULINK environment. The driver 

model decides the intended speed of the vehicle and controls the electric motor inputs, the 

ICE throttle, the electric generator loads and the mechanical brakes accordingly. The input 

signal to the driver model is actual vehicle speed. To model such behavior, the driver 

controller monitors the differences between the desired and the actual vehicle speed , and 

the error value is fed into a proportional - integral (PI) controller. When the PI controller 

con1putes a negative value, the vehicle brake and if the value is positive, there is a signal 

to the throttle pedal. 

PI 

Error Pdemand 

Discrete 
PI Controller 

Figure 4.13 Driver model in MATLAB/SIMULINK environment 

Optimal Power Management for the UTS Plug-in Hybrid Electric Vehicle 

76 
A. R. Salisa 



Chapter 4 UTS PHEV Model Development 

4.4 Energy Storage System (ESS) Model 

Several types of energy storage devices have been considered for hybrid vehicle 

applications, such as batteries, ultracapacitors [92 - 94], flywheels and accumulators. The 

proposed UTS PHEV powertrain employs the battery and ultracapacitor in its ESS unit to 

work together to meet the needs of high energy density and high power density, 

respectively. The power of the ESS unit is defined as 

PEss (t) = P8 (t )+Puc (t) (4.1) 

where PEss is the power of the ESS unit, PB the power from battery pack and Puc the power 

from ultracapaci tor pack. 

Batteries tend to have high specific energy but low specific power, which is incapable of 

supplying a large request of power in a short time. While the ultracapacitor has low specific 

energy, however, it can supply a large burst of power. If the benefits of the battery and 

u]tracapacitor can be combined together, then the storage and power tlow requirements can 

be met by considering regenerative braking, electric assist and cycle life of the storage 

units. 

4.4.1 Battery model 

Figure 4.14 demonstrates the input and outputs of the battery model. The desired input is 

the power demand of the vehicle. The power demand gives the information of the amount 

of power required by the vehicle from the battery pack. The SOC provides the information 
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of the current, i.e., the amount of energy stored in the battery pack to the energy 

management system controller, which will determine the drive mode suitable for the 

present driving conditions. 

Power demand 

Feedback 
(Previous SOC) 

.. 

... 

.. 
Battery ... 

model 

Memory of SOC 
~ 

Figure 4.14 Input and outputs of the battery model 

Current 

Voltage 

soc 

Figure 4. 15 shows the battery model in MATLAB/SIMULINK environment. The battery 

1nodel consists of four function blocks: 1) open circuit voltage of the battery pack (Vocpack) 

and internal resistance of the battery pack (Rpack) calculation; 2) SOC calculation; 3) output 

current (10 .,t) calculation; and 4) output voltage (Vour) calculation. 
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SOC algorithm 

~---~SOC~vious 

~---~PrequJrt:<! 

PaclcVocn Rint Compute cu nent and voltage 

PbtyiiMed 
Accessory electrical I~ a~ 

Per.gine 

Limitpowet 

Figure 4.15 Battery model in MATLAB/SIMULINK environment 

Figure 4.16 illustrates the block diagram for determining Vocpack and Rpack in 

MATLAB/SIMULINK environment. The function block of Vocpack and Rpack calculation 

shows the 1nethod to calculate V ocpack and R pack for a given previous SOC, temperature and 

power demand, PD from the ESS. For a given type of battery, the open circuit voltage, Vac 

and the charging and discharging resistances, R chg and Rdis. are functions of the SOC and 

temperature. In this function block, look-up tables are used to determine V 0 c, Rchg and Rdis 

by first-order interpolation. The internal resistance of the battery is chosen between R chg 

and Rdis according to the power demanded, i.e. charging or discharging. Finally, the Vocpack 

and Rpack. are obtained by multiplying the number of batteries. 
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T emp 

Rdis 

2 
SOC previous Rchg 

NBMmin 

+ve =disch arging : -ve =cha rging 
3 

Preq uired 

V OCp ad< 

Switch 

Figure 4.16 Block diagram for determining Vocpack and Rpack in MATLAB/SIMULINK 
environment 

Figure 4.17 shows the block diagram of SOC calculation in MATLAB/SIMULINK 

environment. The SOC calculation block calculates the SOC, or the residual capacity in 

units of atnpere-hours (Ah) or amount of charge that remains available for discharge from 

the battery. Note that the columbic efficiency and the maximum capacity are functions of 

temperature. The SOC can be calcu]ated by 

SOC= (Max_ Capacity- Ah _used ) 
Max_ Capacity 

(4 .2) 

The absolute SOC is calculated by dete1mining the remaining coulombs of charge in the 

battery and dividing by the maximum coulombs the battery can store. A value of 0 

indicates the unattainable state of having no charge remaining in the battery, while 1 is the 

unattainable state of having a perfectly charged battery. Attempting to reach either of these 

values in practice would damage the battery and result in a short life. The used capacity is 
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calculate by determining the initial charge stored in the battery and adding to it the charge 

that left the battery. 

The lout produced by the battery pack can be calculated from Vocpack and Pv. By Kirchhoff's 

Law, one can write the voltage equation for the battery pack as 

V our = V ocpack - R pack I out (4.3) 

The corresponding output power of the battery pack can then be calculated by 

p out = Vou t I out = V ocpack I out - R pack I out 
2 

(4.4) 

Under the condition that there is enough energy stored in the battery pack, the output power 

should equal the power demand, and thus, one obtains 

2 
P D = p out = v out I out = v ocpack I out - R pack I out 

Therefore, the l our of the battery can be obtained by solving (4.5) as 

(l, lv 2 4 R P 1 I = \_ t' ocpack - 'J ocpack - .1 pack D j 
out 2R 

pack 
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Figure 4.17 Block diagram of SOC calculation in MATLAB/SIMULINK environment 

4.4.2 Ultracapacitor model 

Figure 4.18 shows the inputs and outputs of the ultracapacitor model. The inputs of the 

ultracapacitor model are the power demand, PD and power braking of the vehicle, and the 

outputs are the actual power output, voltage, current, and SOC of the ultracapacitor pack. 

The positive power represents a discharge process, whereas the negative power IS a 

charging process. Figure 4.19 demonstrates the ultracapacitor model 111 

MATLAB/SIMULINK environment. 

Power demand, 
Power braking 
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(Previous SOC) 
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n1odel 

Memory of SOC 
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Current 
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Figure 4.18 Inputs and outputs of the ultracapacitor model 

Optimal Power Management for the UTS Plug-in Hybrid Electric Vehicle 

82 

A_ R_ Salisa 



Chapter 4 UTS PHEV Model Development 

u[1]· u[3]'u[2] 
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soc 
'------l~Temp (C) 

chk ini soc 

SOC calculation 

Figure 4.19 Ultracapacitor model in MA TLAB/SIMULINK environment 

Similar to Equation (4.6) for the battery model, the ultracapacitor current, lout is a quadratic 

function of Rpacb Vocpack and PD. Figure 4.20 illustrates a block diagram for determining 

Vocpacb Rpack and lour in MATLAB/SIMULINK environment. The voltage at the terminals, 

V 0 u1 of the ultracapacitor is the open--circuit voltage of the ultracapacitor pack, Vocpack minus 

the voltage drop to the internal resistance of the u1tracapacitor pack, Rpach i.e., 

Vout == Vocpack - R pack 1 out 

== R . K num _cell_ series 
Rpack chg K 

num _cell _ parallel 

K num cell_ series R pack == Rdis · --------

K num _cell_ parallel 
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where Rpack is the total internal resistance of the ultracapacitor pack, Rchg the internal 

resistance of the ultracapacitor pack during charging, Rdis the internal resistance of the 

ultracapacitor pack during discharging, Knum_cell_series is the number of cells in the 

ultracapacitor modules that are connected in series, and Knum_cell_parallet is the number of cells 

in the ultracapacitor modules that are connected in parallel. The Rpack of the ultracapacitor 

is different for the charging and discharging processes. 

For the ultracapacitor, the amount of charge stored is directly proportional to the Voc· Then, 

the SOC can be determined in terms of voltages as 

( 4.1 0) 

where V min is the mini1num voltage, and V max the tnaxitnum voltage of the ultracapacitor, 

':vhich are stored in the M-file of the ultracapacitor. The absolute SOC is by nom1alized 

using the maximum and n1inimum SOC to yield the usable SOC of the ultracapacitor pack. 

A value of 0 means the pack has reached its minimum allowable absolute SOC and should 

not be discharged further. A value of 1 means the battery pack has reached its maxin1um 

allowable absolute SOC and cannot be charged any further. 
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4 )--------+1 

Voc 

numbe1 of battery p10 duct 

Figure 4.20 Block diagram for determining Vacpack, Rpack and lour in MATLAB/SIMULINK 
environment 

4.5 Electric Machine (EM) Model 

Figure 4.21 shows the inputs and outputs of the EM model. The inputs of the EM model are 

the power supplied to the motor by the ESS and the velocjty of the vehicle. In Figure 4.22, 

the velocity is first convetted into the rotational speed of the EM, and a switch i used to 

determine whether the vehicle is .moving or idling. If it is moving, then the value of 

rotational speed will bypass the switch. The power supplied, P, will be divided by the 

rotating speed, w, to get the values of torque, r. 

Power .. .. .. r Torque 

EM model 

.. ... ... Velocity Speed 

Figure 4.21 Inputs and outputs of the EM model 
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Figure 4.22 EM model in MA TLAB/SIMULINK environment 

An efficiency 1nap, which was obtained from the 1notor manufacturer, is u. ed a a reference 

in the calculations for values for a look-up table. The values of both rotational speed and 

torque are referred to the look-up table to obtain the value of power loss during the motor 

operation. The data of power loss are stored in the electric motor M-file. Table 4.2 lists the 

EM efficiency data according to speed and torque. 
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Table 4.2 The EM efficiency data according to speed and torque 

~ 0 27.11 54.23 81.34 108.46 135.57 162.68 189.80 216.91 244.02 271.14 
e 

) 

) 

0 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
104.72 0.70 0.77 0.81 0.82 0.82 0.82 0.81 0.80 0.79 0.78 0.78 
209.44 0.70 0.82 0.85 0.86 0.87 0.88 0.87 0.86 0.86 0.86 0.85 

314.16 0.70 0.87 0.89 0.90 0.90 0.90 0.90 0.89 0.88 0.87 0.86 
418.88 0.70 0.88 0.91 0.91 0.91 0.90 0.88 0.87 0.85 0.82 0.81 

523.60 0.70 0.89 0.91 0.91 0.90 0.87 0.85 0.82 0.82 0.82 0.82 
628.32 0.70 0.90 0.91 0.90 0.86 0.82 0.79 0.78 0.79 0.79 0.79 
733.04 0.70 0.91 0.91 0.88 0.80 0.78 0.78 0.78 0.78 0.78 0.78 

837.76 0.70 0.92 0.90 0.8 0.78 0.78 0.78 0.78 0.78 0.78 0.78 

942.48 0.70 0.92 0.88 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 

1047.20 0.70 0.92 0.80 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 
--~-

The net power is obtained after the power loss is deducted fron1 the supplied power. The 

net power again is divided by w to obtain r. The Tourpuc is obtained when the value of inertia 

moment, lmowr, and angular acceleration, a , are deducted, i.e. , 

r = [(Petectr;cat- Pzoss )] -/ a 
output motor 

{J) 
( 4.11) 

4.6 Wheels Model 

Figure 4.23 displays the model of the wheels model in MA TLAB/SIMULINK 

environment. The wheels model converts the torque from gear reduction into a tractive 

force that is sent to the vehicle modeL 
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F=!_ 
R 

(4.12) 

where F is the force on wheel, r the torque from gear reduction and R is the wheel radius. 

The rotational speed of the vehicle is used to provide an output of vehicle speed. The 

vehicle speed is calculated using this equation. 

v= OJR (4.13) 

where vis the vehicle velocity, w the rotational speed in rad/s and R is the wheel radius. 

Force (N)== Torque (Nm)/Wheel radius(m) 

torque f rom 
gear 

~ '--.:::J ----
'tt(rev/s) 

wheel rad 

F::::T/r 
Force on 

wheel 

X --..c:I) 

Product3 
v=wr 

v : Lin~ar speed (m/s) 
w: Rotational spe ed (rad/s) 

r: Wheel radius (m) 
Note: rad/s" m = m/s 

rn/s 

Figure 4.23 Wheels model in MA TLAB/SIMULINK environment 

Optimal Power Management for the UTS Plug-in Hybrid Electric VehicJe 

88 

A. R. Salisa 



Chapter 4 UTS PHEV Model Development 

4.7 A Proposed 4-Speed Automatic Transmission (AT) Model 

To meet its operational needs, apart from the control systems required for the EM and the 

ESS, the UTS PHEV powertrain requires an AT to provide various power propulsion 

modes, varying the gear ratio between the ICE and the wheels, and charging the battery 

pack. In the UTS PHEV powertrain, although playing a secondary role in supplying energy 

in most limited distance drive cases, the ICE has to operate within the region of high fuel 

efficiency and low emissions. Based on the Ravigneaux planetary gear set from an existing 

4-speed AT [95 - 97], a new 4-speed AT without torque converter with dual desired inputs, 

which are from the electric motor and the ICE, and dual outputs, which are to the wheels 

and electric generator is proposed in Figure 4. 24. 

ICE ...... 
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Figure 4.24 Power flow schematic of the new 4-speed AT without torque converter 

The proposed 4-speed AT system without torque converter has six possible various power 

propulsion modes, which are: 1) EM only; 2) EM and ICE combined; 3) ICE only; 4) ICE 
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recharge; 5) regenerative braking; and 6) mechanical braking mode according to the vehicle 

power demand and the SOC level of the ESS. 

4.7.1 EM only mode 

The vehicle is always launched in the EM only mode if the battery SOC is above the 

minimum level. In this mode, the electric motor acts as a sole direct driver when clutch 5 is 

engaged and other clutches are not. The vehicle operates in this mode up to a maximum 

speed defined by the developed EMS, provided the SOC is greater than minimum SOC for 

the battery. Figure 4.25 illustrates the 4-speed AT power flow during the EM only mode . 

81 f 7t<~ l IJ'&• J B2 Ring C5 

I Gear 
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"'7 owe Short 
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Figure 4.25 AT power flow during the EM only mode 
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It should be noted that there is a one-way clutch (OWC) between the ICE and clutches 1 -

4, i.e., the input of the transmission. Another important propulsion mode is when the ICE is 

turned off and clutch 6 is engaged, the electric motor provides sole power inputs into the 

AT, and four gears can be selected for torque magnification. This propulsion mode is of 
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particular importance when starting the vehicle from zero or a low speed, because the 

electric motor can still operate in the high speed range for better efficiency. 

4.7.2 EM and ICE combined mode 

This mode is selected when high torque is required for situations like hard acceleration or 

climbing a grade. This mode is also selected if the vehicle speed becomes more than the 

maximum speed defined by the developed EMS in the EM only mode. The power flow of 

the AT during the EM and ICE combined mode is demonstrated in Figure 4.26. For this 

mode, the ICE driving the wheels together with the electric motor when both clutch 5 and 

one or more of clutches 1 - 4 are engaged. Depending on the vehicle speed, the EMS 

selects the proper gears. 

tl .. 
• • • • • 

Ill •• 

B1flii!H 

• • • • • • 

R!n9 
Gear 

Long Pinion Gear 

Short 

Pit~ ion 

Forward 
Sun 
Gear 

C1 

• • • • • • • • • • 
. - . -.· - - . - . - . - ' -- . - . - - . ~ - . - . - . - - ·-. - . -

•••••••••••••••••••••••••••••• 

• • • • • • • • 
C6 • Ill • • • • • • ... • • • ... • • 

)\/heel 
• • • ••• M/G 

Figure 4.26 AT power flow during the EM and ICE combined mode 
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4.7 .3 ICE only mode 

This mode involves the ICE operating as a sole driver when clutches 5 and 6 are 

disengaged. Figure 4.27 shows the AT power flow during the ICE only mode. The EMS 

ensures that the ICE transmits power to AT at a gear ratio such that the ICE remains in the 

best efficiency region. 
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Figure 4.27 AT power flow during the ICE only mode 

4.7.4 ICE recharge n1ode 

This 1node is activated when the ICE driving the electric generator through clutch 6 when 

the vehicle is either not moving, or in motion. While the ICE is used for driving the wheels, 

four forward drive gears (with ratios ranging from 2.5 to 0.6) and a reverse d1ive ratio 

approximately 2 can be selected by controlling the clutches and bands. These gear ratios 

are to be determined through the design of the Ravigneaux planetary gear set. The excess 

power obtained when the ICE supplies power more than what is required to drive the 
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vehicle and this power is then used to charge the battery. Figure 4.28 shows the power flow 

of the AT during the ICE recharge mode. 
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Figure 4.28 AT power flow during the ICE recharge mode 

4.7 .5 Regenerative braking mode 

Figure 4.29 illustrates the AT power flow du1ing the regenerative braking mode. The 

regenerative braking mode is activated through two methods. First, when clutch 5 is 

engaged, the gear ratio is 1 or fixed, and the wheels drive the electric generator via the ring 

gear. The electric generator speed can be magnified through the transmission, which 

effectively expands the vehicle speed range for the regenerative braking. It is used to 

recover the energy that is consumed in braking to charge the ESS. Second, this mode is also 

activated through clutch 6 with 4 gear ratios, where the ICE is not driven because of the 

owe. In this mode; if the motor torque is not sufficient to brake, the mechanical bra!rJng is 

used in addition. 
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Figure 4.29 AT power flow during the regenerative braking mode 

4.7.6 Mechanical braking mode 

This is a special operation mode, which is when the ESS SOC charged up to maximum 

SOC level and a braking drive condition is activated or for emergency situations. This 

1node is also known as the conventional braking mode. 

4.8 Gearbox Model 

Figure 4.30 shows the gearbox model in MATLAB/SIMULINK environment. The gearbox 

consists of different gears which transmit speed and torque of the EM or ICE to the wheels. 

The torque from EM or ICE model enters the gearbox model and the other input of gearbox 

model is velocity from EM model. Here the torque and speed are manipulated according to 

the gear and the respective gear ratio depending on the control system. These inputs will be 

manipulated to obtain the output torque and speed. 
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r gear = Eff X rEM X gear- ratio (4.14) 

where the Tgear is a gearbox torque, Eff is efficiency and TEM is an EM torque. 

( 1 J OJ ear= . XOJEM 
g gear_ ratzo 

(4.15) 

where W gear is a gearbox speed and WEM is an EM speed. 

T gear = T m oto 1 x g e a 1 1 ati o x efficiency m otor 

Tgear 

P roduc12 

Wgear = (1/ge ar re ductio n)" 'lfl.frnotor 

radls 

3 'r-----------_.----------------~ 

Gear FDR 
Produc15 

Figure 4.30 Gearbox model in MATLAB/SIMULINK environn1ent 

The ratios for each gear of the EM and final drive ratio (FDR) are listed in Table 4.3 . The 

FDR is a constant gear reduction ratio between the transmission and the wheels. Table 4.4 

lists the gear shift schedule of the ICE for speed only. 
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Table 4.3 Gear shift schedule of the EM 

Gear number Gear ratio Vehicle speed (km/h) 
1 3.25 0-43 
2 1.81 43-65 
3 1.21 65- 105 
4 0.75 105+ 

FDR 4.06 

Table 4.4 Gear shift schedule of the ICE 
r· 

Gear number Gear ratio Vehicle speed (krnlh) 
1 3.25 0-15 
2 1.81 15-22 
3 1.21 22-35 
4 0.75 35+ 

FDR 4.06 

4.9 Vehicle Model 

Figure 4.31 illustrates the vehicle model in MA TLAB/SIMULINK environment, where the 

analysis of vehicle model is perfom1ed in tenns of the force equations based on the scalar 

forrn of Newton's second law of motion, i.e., 

(4.16) 

where F is the driving force, m the vehicle mass and a is the acceleration. 

The equation is expanded with the typical set of forces usually acting on the vehicles, 

which are aerodynamic, rolling resistance, inertia and gravitational forces. It is rearranged 

to obtain the following final form, 
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LF = mgC,.,. cosB + 0.5pCdAv2 +rna+ mg sine (4.17) 

where F is the net force to drive the vehicle, g is the gravitational acceleration, C,.r is the 

rolling resistance, e is the grade angle of the road, p is the air density, cd is the drag 

coefficient, A is the frontal area, and vis the velocity. 

Force on 
wheel [N] 
~ ~r~->------lllti 

velo~ity ~f th_e ~ 
vehicle [mls] Pro duct 0 .5x rhoxCd"FA 

-C-

Slope for 
elevation 

Trigonometric 
Function 

Product1 

~c: I ~:~x _ Product2 

Trigonometric 
Function1 

-1/m 

Figure 4.31 Vehicle model in MA TLAB/SIMULINK environment 
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4.9.1 Aerodynamic force 

As a vehicle is propelled, it generates friction with the atmosphere it is travelling through. 

This friction is referred to as the aerodynamic drag. A larger frontal area and higher vehicle 

speed increase the aerodynamic drag resistance. 

(4 .1 8) 

4.9.2 Rolling resistance force 

Rolling resistance is associated with the defotmation of the tires as they rotate. During 

rotation, a section of tire impacts the road, is loaded by the weight of the vehicle, and is 

then unloaded as a new section impacts the road while the vehicle continues to travel 

forward. 

F = mgC,.,. cos B (4.19) 

4.9.3 Inertia force 

The force necessary to overcome the vehicle inertia is the force necessary for accelerating 

the vehicle mass. 

F=ma 
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4.9.4 Gravitational force 

Gravitational force is the force due to grade. The force due to grade is the component of 

gravitational force along a grade. Grade is typically expressed in percent grade. For 

simplicity, it is easier to use an angle for the grade. 

F = mg sine (4.21) 

4.10 Internal Combustion Engine (ICE) Model 

Figures 4.32 and 4.33 illustrate the inputs and outputs of the ICE block set and the ICE 

model in MA TLAB/SIMULINK environment. In the ICE rnodel, whether the ICE should 

be turned on or off is determjned by the power demand and vehicle speed. The ICE model 

calculates the ICE speed and torque transmitted to the EM and the fuel consumption based 

on the data from the ICE input-output look-up table as shown in Tables 4.5 and 4.6. We 

also use other ICE look-up tables to calculate the emissjons, such as l-IC, CO and NOx at a 

specific operating point as shown in Tables 4.7 - 4.9. The data of fuel consu1nption and 

emissions are based on the ICE data from Prius. 

Throttle level 

~..____IC-E m-ode-l ___.t 
Fuel use 

Speed, Torque Emissions 

Figure 4.32 Inputs and outputs of the ICE model 
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ICEoffl s.ilchl 

Figure 4.33 ICE model in MATLAB/SIMULINK environment 

Table 4.5 The ICE efficiency data according to speed and torque 

~ue n) 
8.54 16.95 25.49 34.04 42.44 50.99 59.53 67.94 76.48 85.02 

Spe~~ 
(rad/s) ---· 
104.72 0.13 0.20 0.25 0.28 0.30 0.31 0.33 0.34 0.34 0.34 

1--

130.90 0.14 0.21 0.25 0.28 0.30 0.32 0.33 0.34 0.35 0.35 
157.08 0.14 0.21 0.26 0.28 0.31 0.32 0.33 0.34 0.35 0.35 

1---· 

183.26 0.14 0.22 0.26 0.29 0.31 0.32 0.34 0.34 0.35 0.36 
209.44 0.15 0.22 0.26 0.29 0.31 0.33 0.34 0.35 0.35 0.36 
235.62 0.15 0.22 0.26 0.29 0.31 0.33 0.34 0.35 0.35 0.36 
261.80 0.15 0.22 0.26 0.29 0.31 0.33 0.34 0.35 0.35 0.36 
287 .98 0.1 5 0.22 0.26 0.29 0.3 1 0.33 0.34 0.35 0.35 0.36 
314.16 0.14 0.22 0.26 0.29 0.31 0.32 0.34 0.34 0.35 0.36 
140.34 0.14 0.21 0.25 0.28 0.30 0.32 0.33 0.34 0.35 0.36 
366.52 0.13 0.2 0.25 0.28 0.30 0.31 0.33 0.34 0.34 0.35 
418.88 0.12 0.19 0.23 0.26 0.28 0.30 0.3 1 0.32 0.33 0.34 

--~---
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Table 4.6 The ICE fuel use data according to speed and torque 

~ 8.54 16.95 25.49 34.04 42.44 50.99 59.53 67.94 76.48 85.02 
e 

) 

) 
104.72 0.15 0.20 0.25 0.29 0.34 0.39 0.43 0.48 0.53 0.53 
130.90 0.18 0.24 0.30 0.36 0.42 0.48 0.54 0.60 0.65 0.67 
157.08 0.21 0.29 0.36 0.43 0.50 0.57 0.64 0.71 0.78 0.81 
183.26 0.25 0.33 0.41 0.49 0.57 0.66 0.74 0.82 0.90 0.97 
209.44 0.28 0.37 0.46 0.56 0.65 0.75 0.84 0.93 1.03 1.12 
235.62 0.31 0.41 0.52 0.63 0.73 0.84 0.94 1.05 1.15 1.26 
261.80 0.34 0.46 0.58 0.69 0.81 0.93 1.05 1.16 1.28 1.40 
287.98 0.38 0.51 0.64 0.77 0.90 1.02 1.15 1.28 1.41 1.54 
314.16 0.42 0.56 0.70 0.84 0.98 1.13 1.27 1.41 1.55 1.69 
340.34 0.47 0.62 0.78 0.93 1.08 1.24 1.39 1.54 1.69 1.85 

c--· 

366.52 0.53 0.69 0.86 1.02 1.19 1.35 1.52 1.68 1.85 2.01 
418.88 0.68 0.87 1.06 1.24 1.43 1.62 1.81 2.00 2.19 2.37 

Table 4.7 The ICE HC data according to speed and torque 

~ 8.54 16.95 25 .49 34.04 42.44 50.99 59.53 67.94 76.48 85.02 
e 

) 

) 
,----- --

104.72 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 
---· 

130.90 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.04 
1-· 

157.08 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.05 --
183.26 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 
209.44 0.02 0.02 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.07 
235 .62 0.02 0.03 0.03 0.04 0.05 0.05 0.06 0.07 0.08 0.08 

1---- --~· 
261.80 0.02 0.03 0.04 0.05 0.05 0.06 0.07 0.08 0.08 0.09 
287.98 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.08 0.09 0.10 
314.16 0.03 0.04 0.05 0.05 0.06 0.07 0.08 0.09 0.10 0.11 
340.34 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 
366.52 0.03 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 
418.88 0.04 0.06 0.07 0.08 0.09 0.1] 0.12 0.13 0.14 0.15 
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Table 4.8 The ICE CO data according to speed and torque 

~ 8.54 16.95 25.49 34.04 42.44 50.99 59.53 67.94 76.48 85.02 
e 

) 

) 
104.72 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
130.90 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
157.08 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 
183.26 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 
209.44 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 
235 .62 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
261.80 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
287.98 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.03 
314.16 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.03 
340.34 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 
366.52 0.01 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 
418.88 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.04 

Table 4.9 The ICE NOx data according to speed and torque 

~ 8.54 16.95 25.49 34.04 42.44 50.99 59.53 67 .94 76.48 85.02 
e 

) 
,-------

104.72 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
130.90 0.00 . 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02 

f- · 

157.08 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 
183.26 0.00 0.00 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.03 
209.44 0.00 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03 
235 .62 0.00 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.04 
261 .80 0.00 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.04 0.04 
287.98 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 
314.16 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 
340.34 0.01 0.01 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 
366.52 0.01 0.02 0.02 0.03 0.03 0.04 0.05 0.05 0.06 0.06 
418.88 0.02 0.02 0.03 0.04 0.04 0.05 0.06 0.06 0.07 0.08 
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The difference between the look-up table and transient ICE models for evaluating fuel 

economy and emission has been investigated by M. E. Kosto [98]. The ICE transient 

behavior can cause significant variation in the emissions production, at most, 15 % higher 

using transient analysis due to the severe ICE transients. The foremost significant transient 

occurs from a stopped position, when the vehicle accelerates from 0- 20 mph or 0- 45 

mph. In the UTS PHEV powertrain, these transients are primarily handled by the electric 

motor, as the ICE is inefficient in this range, but in the worst or unusual case, when the 

battery SOC is low, the ICE will be turned on to drive the vehicle, which is minimized by 

the developed EMS, to minimize the ICE running time, fuel consumption, and emissions. It 

is found that the inclusion of a detailed transient ICE model to study the transient effects 

during hard acceleration will not make significant changes to the results that have been 

demonstrated herein. Therefore, our simulation program and other existing most commonly 

used vehicle simulation tools, such as ADVISOR and PSAT, all e1nploy look-up tables to 

model the electiic motor and ICE [99- 1 05]. 

4.1 1 Overall Structure of the UTS PHEV Powertrain Mode] 

By combining the constitutive equations of all components, we obtain a mathematical 

model of the UTS PHEV powertrain model. Figure 4.34 demonstrates the overall structure 

of the UTS PHEV powertrain model is irnplemented in the MATLAB/STh1ULINK 

environment. 
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Figure 4.34 Overall structure of the UTS PHEV powertrain model in 
MATLAB/SIMULINK environment 

4.12 Summary 

This chapter gave an overview of the UTS PHEV powertrain model development, which 

includes a detail modeling of each vehicle component and the overall structure in 

MA TLAB/SIMULINK environment. Each component model has been connected to create 

the entire UTS PHEV systen1 . A complete UTS PHEV system must be designed to meet 

the power requirements according to the vehicle parameters, specifications and 

performance requirements. The complete UTS PHEV powertrain n1odel with a forward 

looking modeling approach to be used for model ve1ification, comparative analysis and 

optimization process. The forward looking approach works by modeling the input of the 

driver to develop the appropriate throttle and braking commands to meet the desired 

vehicle speed. Then, in the next chapter, a special EMS is developed in the 

MA TLAB/SIMULINK environment to control the power flow throughout the syste1n in 

order to increase the all-electric drive performance and energy efficiency while improving 
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the vehicle emissions, fuel economy, AER, electrical consumption, operation cost and total 

lifetime cost. 
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CHAPTER 5 UTS PHEV ENERGY MANAGEMENT STRATEGY 

DEVELOPMENT 

5.1 Introduction 

This chapter discusses the development of a special EMS designed to suit the structure of 

the UTS PHEV powertrain model in the MATLAB/SIMULINK environment. The 

developed EMS functions under three main conditions which are braking, cruising and 

others. The developed EMS consists of six operation modes: 1) mechanical braking; 2) 

regenerative braking; 3) EM only; 4) EM and ICE combined; 5) ICE only; and 6) ICE 

recharge, which are based on the vehicle: 1) power demand, either in braking or cruising; 

and 2) ESS SOC level, which are high, moderate and low. Then, the UTS PHEV 

powertrain model with a special EMS is nun1erically simulated In the 

MATLAB/SlMULINK environment for different analysis In teims of fuel economy, 

emissions, AER, electrical consumption, operation cost and total lifetime cost. 

5.2 Overview 

The developed EMS [106 - 116) aims to improve the fuel economy, emissions, AER, 

electrical consumption, operation cost and total lifetime cost of the vehicle. The all-electric 

drive performance and energy efficiency of the vehicle largely depends on the type of EMS 

applied. There are two basic types of EMS, which are thermostat and power follower 

control strategies. Based on the basic control strategies, a special EMS is developed for the 

UTS PHEV powertrain [ 117 - 126]. 
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Specifically for the UTS PHEV powertrain block diagram as shown in Figure 5.1, a smart 

EMS to control the power flow among the components in the powertrain of the UTS PHEV 

has been developed. The EMS controls the power flow under various drive conditions, such 

as moderate and high cruising, regenerative and mechanical braking, and standstill while 

the vehicle is waiting at the traffic lights or in a traffic jam or simply idling when it stops. 

Among numerous different combinations of power flow paths, an optimal power 

distribution in the vehicle is determined to minimize the power losses during the energy 

transferring process from the energy storage units to the wheels in order to achieve the 

highest energy efficiency and longest all-electric drive performance. 

~---------------------------------------------~ 

Driver 

ICE 
power 

ICE 

Power 
demand 

Gear 

EMS 
.... 

EM 
power .. 

Transrrussion 
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ESS 
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EM 

.. 

Wheel 
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Figure 5.1 Block diagram of the UTS PHEV powertrain 
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Figure 5.2 shows various operation modes of the proposed EMS to control the distribution 

of power among the components according to the vehicle power demand in cruising and 

braking and the SOC level of the ESS. Figure 5.3 illustrates the flow chart of developed 

EMS drive conditions, which are cruising or braking, depending on the vehicle power 

demand. 

High 
soc 

Moderate 
soc 

Braking I 
I 

Cruising 
···················~·························~···················~ 

I 

Mechanical : 
braking n1ode : EM only mode . EM and ICE 

I I ----------------r------------ --------; combined 
: EM only or ICE : mode 

Regenerative I recharge mode I r----------------r-------------------
braking mode : ICE recharge : ICE only Low 1 1 

1 mode : mode soc ~------------~------------~~ ______________ _. 
Negative Moderate High 

Power Demand of Vehicle 

Figure 5.2 The EMS modes of operation 

Cruising mode 

Braking mode 
L _________________________________ ~ 

Figure 5.3 Flow chart for the EMS drive conditions 
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This EMS includes the following six modes of operations: 1) mechanical braking; 2) 

regenerative braking; 3) EM only; 4) ICE recharge; 5) EM and ICE combined; and 6) ICE 

only mode. The mechanical braking mode is activated if the SOC of both energy storage 

devices and/or the brake position is high. During the regenerative braking mode, the 

allocation of absorbed regenerative power depends on the percentage of brake position as 

well as on the SOC level of both storage units. 

The functionality of the controller is significantly more complex for vehicle cruising. When 

the ESS SOC is low and the acceleration is low, the ICE will propel the vehicle while 

charging the energy storage devices in ICE recharge mode. In this mode, the ICE operates 

at its optimum point, which is determined by the optimization sche1ne. At the optimal 

operating point, the ICE has good efficiency and less emissions, which were determined by 

speci fied weighting coefficients. The difference between the power den1and and the 

maximum ICE power is used to charge the energy storage units. However, if the vehicle 

acceleration is high, then the ICE will not have an opportuni ty to charge the ESS, and the 

vehicle will use the ICE only mode to operate. For this 1node, when the ICE is operated at 

the high torque and low speed to start up, a significant increase in emissions would occur. 

However, for the UTS PHEV powertrain, this mode of operation is the worst-case scenario 

or the emergency case, such as in case of fai lure of the electric drive system. The proposed 

EMS intends to minimize occurrences of this drive mode and provides an additional 

reliability to the overall systen1s due to its powertrain. 
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If the vehicle is cruising and the ESS has a moderate SOC, then the vehicle can be either 

ICE recharge or EM only mode. ICE recharge mode occurs if the vehicle was previously in 

ICE recharge mode. Similarly for EM only mode, if the vehicle was previously in the EM 

only mode, then it will stay in the EM only mode until the SOC is low, and when the 

vehicle stops, it turns on the ICE to enter recharge mode. The EM only mode will be 

activated when the SOC level is high, where the EM drives the vehicle in this mode of 

operation. 

However, if the power demand is beyond the maximum power of the EM, both the ICE and 

the EM will operate together to fulfill the vehicle power requirement. In EM and ICE 

combined mode, the power of the EM is set as the maximum power, whereas the balanced 

power must come fron1 the ICE to help the EM in propelling the vehicle under the 

condition that the ICE operates at its optimum performance points in terms of fuel economy 

and emissions. The ICE is responsible for providing the difference between the power 

demand and the maximum EM power. 

5.3 Braking Drive Conditions 

Figure 5.4 shows the flow chart for braking drive condition, which is the mechanical or the 

regenerative mode. This mode is dependent on the ESS SOC level and percentage of brake 

pressure (BP). The mechanical braking mode is activated when the ESS SOC level is high, 

leaving no room for the ESS to capture the regenerative braking energy and when the 

percentage of brake pressure is more than 80 o/o or hard deceleration during the worst -case 

scenario or the emergency case. 
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Regenerative 
braking tnode 

No 

Mechanical 
braking mode 

Figure 5.4 Flow chart for the braking dtive conditions 

5.3.1 Mechanical braking n1ode 

Duting this mode, a conventional or n1echanical braking process is issued by the EMS . This 

mode is needed for safety reasons in the case of an emergency. 

5.3.2 Regenerative braking mode 

Du1ing the deceleration process, which is a braking drive condition as shown in Figure 5.5, 

the vehicle generates the kinetic energy to produce electricity that can be stored in the 

ultracapacitor pack using the EM as an electric generator. This process is known as a 

regenerative braking event. The battery pack can also be recharged by the ultracapacitor by 

activating the power converter if the SOC level of the battery is low to make sure that the 
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battery SOC is always at high level. Figure 5.6 shows the power demand during the 

regenerative braking mode, while the negative power goes into the ESS. 

• • • • • • • • 

Ultracapacitor pack 

• • • • • • • • • • 
~ ..................• 

................ a. 
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Fuel tank I ~ 
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Transmission 

l [ Wh::_l]..--- ....._ ____ __,_-- { ~heel J 
Figure 5.5 Power f1ow of the UTS PHEV powertrain during the regenerative braking mode 
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Figure 5.6 Power demand during the regenerative braking mode 
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5.4 Cruising Drive Conditions 

Figure 5.7 shows a flow chart for the cruising drive condition, which consists of the 

following modes: 1) EM only; 2) ICE only; 3) ICE recharge; and 4) EM and ICE 

combined. In this drive condition, when the battery SOC is less than the high battery SOC 

level, the EM only or EM and ICE combined mode will be activated depending on the 

vehicle power demand. If the power demand is less than the EM maximum power, the 

EMS will activate the EM only mode to supply the power required by the vehicle. On the 

other hand, if the power demand is more than the EM maximum power, the EM will still 

provide its maximum power with assistance from the ICE to supply the balance of the 

power demand. This n1ode is known as EM and ICE co1nbined. 

Both the ICE only and the ICE recharge modes will be initiated when the battery SOC is 

Jess than the low battery SOC level. If the power demand is less than the ICE optimum 

power, the balance of the power will be used to recharge the ESS under ICE recharge 

n1ode. Otherwise, the ICE will supply the vehicle power demand during the ICE only 

mode, where the energy efficiency is low if the vehicle speed is low. 
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EM and ICE 
combined mode 

ICE recharge 
mode 

Figure 5.7 Flow chart for the cruising drive conditions 

5.4.1 EM only mode 

Figure 5.8 illustrates the power flow of the UTS PHEV powertrain when it is in the EM 

only mode operation. The SOC level of the battery is assumed approximately 100% when 

it is fully charged. For this EMS, the high battery SOC level is set as 90 % while the low 

battery SOC level is set as 20 %. The initial ultracapacitor SOC level is pre-defined as 30 

% in order to give room for the regenerative braking energy event. In this mode, the ICE 

will not be turned on as long as the battery has not reached a low SOC level or the power 

required by the vehicle does not exceed the maximum power of the EM capability as 

shown in Figure 5.9. The maximum power of the EM is determined by its maximum 

torque. During light acceleration at low speeds and normal driving conditions, the vehicle 
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is powered by the battery pack while for peak accelerations, when more power is required 

in a short time, the ultracapacitor pack will supply the power to the EM to drive the vehicle. 

In this mode, the battery can charge the ultracapacitor by activating the power converter 

while discharging its power to the motor and at the same time, the battery also can be 

charged by the ultracapacitor pack. The ICE is not in operation during this mode since the 

EM can fulfill the power required by the vehicle, which is less or equal to the maximum 

power provided by the EM. 

Power 
Charger ~I Battery pack I I Ultracapacitor pack I grid 

.... ll ..... 
• • A A • • • • • II • • • • • • • • • • 
II ~ ..................• 
• .. 
II 
11. II. II II II II II II II II II .. . ~ , 

• 
[ Fuel tank J ~ Power converte~ 

---~--- ---- --- - - -- - - - - ------ ---- -- ~;; ---------~----., 
ICE Electric machine --- -- .. ~-- ---....------------' 
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Figure 5.8 Power flow of the UTS PHEV powertrain during the EM only mode 
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Figure 5. 9 Power demand during the E~1 only n1ode 

5.4.2 ICE only mode 

... 

For the worst case or unusual case of the vehicle operation, which is when the SOC of the 

battery has reached a low pre-defined level, the ICE will be turned on to drive the vehicle at 

any speed required as shown in Figure 5.1 0. During this operation mode, the ICE operating 

point is not operating at capacity when the battery SOC level and vehicle speed are low. 

The occunence of this mode is controlled and minimized by the EMS. In comparison with 

the HEY s, the size of the ICE can be reduced since it is needed just as auxiliary drive when 

there is a need for extra power during fast acceleration or hill climbing in the EM and ICE 

combined mode and for battery charging when the SOC is low during long distance drives 

in the ICE recharge mode. Figure 5.11 de1nonstrates the power demand of the vehicle when 

it is in the ICE only mode operation. 
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Figure 5.10 Power flow of the UTS PHEV powertrain during the ICE only mode 
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Figure 5.11 Power demand during the ICE only mode 

5.4.3 ICE recharge mode 

Figure 5.12 illustrates a power flow of the UTS PHEV powertrain during the ICE recharge 

mode. In this mode, the default output power of the ICE to run the vehicle is set as the 

Optimal Power lVlanagement for the UTS Plug-in Hybrid Electric Vehicle 

117 

A. R. Salisa 



Chapter 5 UTS PHEV Energy Management Strategy Development 

optimal output power, which has the best operating point and 1naximum efficiency as 

shown in Figure 5.13 . If the power demand of the vehicle is less than the optimal output 

power, the remainder of the power will be used to charge the ESS. In this condition, the 

EM will act as an electric generator to charge the ESS. When the high SOC level is 

reached, the ICE will be turned off and the EM will run the vehicle using the required 

power from the ESS. 
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Figure 5.12 Power flow of the UTS PHEV powertrain during the ICE recharge mode 
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Figure 5.13 Power demand during the ICE recharge mode 

5.4.4 EM and ICE combined mode 

Figure 5.14 illustrates a power flow of the UTS PHEV powertrain during the EM and ICE 

combined mode. During full acceleration, such as c1imbing a hill, where the power demand 

is n1ore than the rnaximtnn EM power, both the ICE and EM will be turned on to supply 

their combination of power to drive the vehicle, as illustrated in Figure 5.15. When the 

power demand is less than the maximum EM power, the ICE will be turned off and the 

demanded power will be supplied by the EM alone. The ICE power source is from the fuel 

and the EM power source is from the battery or ultracapacitor packs, or the combination of 

both energy storage units. 
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Figure 5.14 Power flow of the UTS PHEV powertrain during the EM and ICE connbined 
mode 
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Figure .'l.15 Power demand during the EM and ICE combined mode 
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5.5 Other Drive Conditions 

There are many different and combination paths for power to flow in the vehicle. It is 

important to have a good power flow distribution in the vehicle during the plugging-in to 

the standard power outlet, waiting for the traffic light or traffic jam and when the vehicle is 

totally stopped for optimum working conditions. A good distribution of power flow leads to 

a good EMS of the vehicle. 

5.5.1 Plugging-in charging mode 

Normally the vehicle will be plugged in at night time for the next day operation as shown 

in Figure 5.16. During the plugging-in process, the battery bank will be charged from the 

standard power outlet until it is fully charged or reached approximately 100 % SOC level. 

The battery also can transfer its energy to the ultracapacitor pack by activating the power 

converter for the next peak acceleration. The initial SOC level of the ultracapacitor pack 

should not be fully charged because reserve capacity is required for regenerative braking 

events. 
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Figure 5.16 Power flow of the UTS PHEV powertrain during the plugging-in mode 

5.5.2 Charging during idle n1ode 

The power flow in the vehicle while waiting for the traffic light or traffic jam is 

demonstrated in Figure 5.17. When the vehicle speed is zero while waiting for change in 

signal or stuck in a gridlock, the ICE will be turned on to take this opportunity to recharge 

the ultracapacitor pack using the EM as an electric generator. Under these conditions, the 

EM speed is not zero but in idling situation. The ultracapacitor can also activate the power 

converter to transfer its energy to the battery pack. 
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Figure 5.17 Power flow of the UTS PHEV powertrain duting the traffic light or the traffic 
jan1 n1ode 

5.5.3 Discharging to supply electrical accessory loads when EM and ICE are in off mode 

Figure 5.18 shows the power flow of the UTS PHEV powertrain among the components 

during the stop event. When the vehicle is totally stopped, both the EM and ICE are not 

operating. All the accessory loads like radio, light and air conditioner in the vehicle will be 

powered by the battery pack. 
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Figure 5.18 Power flow of the UTS PHEV powertrain when the vehicle is totally stopped 

5.6 Summary 

This chapter gives an overview of the UTS PHEV powertrain EMS develop1nent, which 

includes detailed rrwdeling of six modes of operations under the braking and cruising drive 

conditions: 1) mechanical braking; 2) regenerative braking; 3) EM only; 4) ICE recharge; 

5) EM and ICE cornbined; and 6) ICE only mode and other possible drive conditions, 

which consists of three operation modes: 1) plugging-in charging; 2) charging during idle; 

and 3) discharging to supply electrical accessory loads when EM and ICE are off. The 

developed EMS is integrated in the overall structure of the UTS PHEV powertrain model in 

MA TLAB/SIMULINK environment in order to implement various analyses. Then, in the 

next chapter, a few tests, such as acceleration, gradeability and range test, sensitivity study 
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and a comparative study on components simulation results between the ADVISOR and 

UTS PHEV codes are presented. 
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CHAPTER 6 PERFORMANCE ANALYSIS, SENSITIVITY STUDY AND MODEL 

VERIFICATION 

6.1 Introduction 

The acceleration, gradeability and range tests are implemented on the overall structure of 

the UTS PHEV powertrain model with a specially developed EMS for the performance 

analysis. Then, the impact of driving style, battery internal resistance, EM peak efficiency, 

accessory loads and energy cost of the electricity and fuel on the UTS PHEV powertrain 

AER, electrical consumption, fuel economy, emissions and operation cost are studied 

during a few standard drive cycles. After that, simulation results of the UTS PHEV and the 

ADVISOR powertrain subsystems, such as vehicle speed and force, battery current, 

voltage, power and SOC, ultracapacitor current, voltage, power and SOC (only available 

from the UTS PHEV code as the ADVISOR code has no ultracapacitor in its ESS), EM 

speed, torque and power, wheel speed and torque and the acquired and required speeds, aTe 

simulated and verified in the MA TLAB/SIMULINK environment during the UDDS and 

HWFET drive cycles. This chapter describes the performance analysis and sensitivity study 

of the UTS PHEV powertrain model and performs model verification of selected 

subsystems between the ADVISOR and the UTS PHEV powertrain codes. 

6.2 Implementations of Different Tests 

Three different tests were implemented on the UTS PHEV powertrain model. This model 

undergoes the acceleration, gradeability and range tests, which address the vehicle 

perfmn1ance of the UTS PHEV powertrain model. 
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6.2.1 Acceleration 

The acceleration test is a simple test that evaluates the overall vehicle performance. The 

test does not reveal the performance of individual components in the manner that the full 

drive cycle tests. To run the acceleration test, three pairs of speeds of 0 - 80 mph, 0 - 60 

mph and 40 - 60 mph, are used as listed in Table 6.1. The test involved a determination of 

the top speed of the vehicle and a measurement of the time required to accelerate from one 

speed to another, the maximum acceleration capability of the vehicle is determined from 

these results. The AER of the UTS PHEV powertrain also is measured by setting the initial 

battery SOC to fully charged, which is 100 % and then running the vehicle until the low 

battery SOC is reached. 

Table 6. J Acceleration si1nulation results for the UTS PHEV powertrain model 
----

Attribute Value 
1---

129 krnfh I Top speed: 
Top speed to be maintained (80 mph) I 
Full acceleration: 11 s Time from 0 kmlh to 96.6 km/h (60 mph) 
Passing acceleration: 5 s Time from 64.4 kmJh (40 ~)to 96.6 kmlh (60 mph) 
Al1 Electric Range: 

I 

54km 
Maximum distance traveled starting fully charged to a low pre-defined battery (34 
soc miles) 

As shown in Figure 6.1, the vehicle is capable achieving 0 - 28 m/s in 11 s. The vehicle is 

set to full throttle until it achieved a target velocity of 100 kmlh. The acceleration is better 

than a typical conventional vehicle with the same propulsion power output and this is 

mainly due to the availability of maximum torque from 0 rpm from the electric motor. In 
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conventional vehicle with ICE, the maximum torque is only developed after 2000 rpm and 

there is also a time delay in gear shifting. 

25 

20 

~ 
-~ 15 

(..) 
0 

~ 
10 

5 

6.2.2 Gradeability 

5 10 15 
time, s 

Figure 6.1 The acceleration velocity profile 

20 25 

The gradeability simulation is sintilar to the acceleration simulation in that the output is 

simply the vehicle performance results. The vehicle power requiren1ents for the velocity of 

100 km/h that were achievable by the UTS PHEV powertrain model were determined for 

various grades. A maximum of 5 % is presented for the testing. The results for the 

gradeability test are presented in Table 6.2. Based on the presented results, the vehicle 

power requirement to drive the vehicle is increasing as the grade increasing. 
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Table 6.2 Vehicle power requirements for different gradeability values at the speed of 100 
km/h 

Grade(%) Power requirement (kW) 
0 11.96 
1 18.52 
2 25.07 
3 31.62 
4 38. 17 
5 44.70 

6.2.3 Range 

The last simulation to which the UTS PHEV powertrain model was subjected is a range 

test. The constant30 drive cycle as shown in Figure 6.2 is used in this range test, whereas 

the velocity is constant at 30 mph or 13.41 m/s for 50s period. This speed is n1aintained for 

the duration of the cycle, set to last 60 minutes. The battery SOC is set to 100 o/o at the 

beginning of the test. The results of the range test are presented in Table 6.3 . 
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Figure 6.2 The constant30 drive cycle 
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Table 6.3 Range simulation results for the UTS PHEV powertrain model 

Parameters UTSPHEV 
Constant velocity (mph) 30 
Distance travelled (1niles) 30.24 
Total energy consumption (kWh) 3.1474 
Final SOC 60.97 

The final SOC of the battery during an hour travelled is 60.97 % and the distance travelled 

in this range test is approximately 30.24 miles . 

6.3 Sensitivity Study 

The UTS PHEV powertrain AER, electrical consumption, fuel economy, emissions and 

operation cost are closely related to parameters such as vehicle mass, components 

parameters and specifications, vehicle parameters and performance requirements. The fuel 

econon1y, emissions, AER, electrical consumption and operation cost examined in this 

study is determined by the driving style, battery internal resistance, EM peak efficiency, 

accessory loads and energy cost of the electricity and fuel. This study focuses on the 

impacts of these fac tors on fuel econorr1y, ernissions, AER, electrical consumption and 

operation cost of the UTS PHEV powertrain. 

6.3.1 Driving style 

This study demonstrated the UTS PHEV powertrain has impact on the AER, electrical 

consumption, fuel economy and emissions sensitivity to the driving style or aggressiveness 

of the drive cycle. The UDDS and INDIAN HIGHVv'A Y drive cycles were used in this 

study. Based on the results shown in Tables 6.4 and 6.5, the AER covered by the UTS 
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PHEV powertrain is decreasing as the drive cycle multiplier factor keeps increasing during 

both drive cycles. The drive cycle multiplier factor indicates various levels of driving 

aggressiveness, in which standard or existing drive cycles are scaled by multiplying the 

speed traces by, for example, 1.2, 1.4 and 1.6. This approach alters the velocities, 

accelerations and distances of the drive cycle [127]. The fuel economy and emissions are 

improved when the drive cycle is in cautious driving style or at low multiplier factor. This 

is because less energy is needed to repeatedly accelerate the vehicle and most of the energy 

comes from the power grid. 

Table 6.4 Electrical consumption and AER for different drive cycle multiplier factor 

Drive cycle 1.0 (default 1.2 1.4 1.6 multiplier factor) 
factor Electtical Electrical Electrical Electrical 

consun1p- AER consump- AER consun1p- AER con sump- AER 
Drive tion (mi) tion (n1i) tion (mi) tion (rru) 
Cycle (Wh/mi) (Wh/mj) (Wh/mi) (Whln1i) I 

UDDS 237 34 310 26 351 23 403 20 __ ,__ 

INDIAN 175 46 244 33 310 26 424 19 HIGHWAY 
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Table 6.5 Fuel economy and emissions for different drive cycle multiplier factor 

Drive cycle 1.0 (default factor) 1.2 
ultiplier Emissions (g/mi) Emissions (g/mi) 

factor Fuel Fuel 
economy HC co NOx 

economy HC co NOx Drive (mpg) (mpg) 
Cycle 

UDDS 101 0.227 0.214 0.050 71 0.2981 0.3030 0.0790 
INDIAN 142 0. 108 0.152 0.041 94 0.1984 0.2290 0.0680 HIGHWAY 

Drive cycle 1.4 1.6 
ultiplier Emissions (g/mi) Emissions (g/mi) 

--
factor Fuel Fuel 

economy HC co NOx 
economy HC co NOx Drive (mpg) (mpg) 

Cycle 
UDDS 55 0.3663 0.3939 0. 1104 45 0.4257 0.4743 0. 1382 

INDIAN 68 0.2592 0.3164 0.0999 46 0.3692 0.4683 0.1535 HIGHWAY 

6.3.2 Battery internal resistance 

Figures 6.3 and 6.4 how the battery internal resistance, Rinr of Li-ion and NiMH batte1ies 

at different SOC levels. According to the charging and discharging of the Rim from Li-ion 

and NiMH batteries, the Rinr is high at the lower charged states for the Li-ion and for the 

NiMH battery chemistries, the lowest R;11r exist at approximately 40 - 60 % SOC with 

increasing tendencies at either end of the SOC range. As can be seen, the R inr of NiMH 

during charging and discharging are similar to each other. 
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Battery Internal Resistance 
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Figure 6.3 Li-ion battery R;111 (solid line: discharging, dash line: charging) 
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Figure 6.4 NiMH battery R;11r (solid line: discharging, dash line: charging) 

To investigate the effects of battery R;nr on AER and electrical consunJpiion, sir11ulations 

were performed by gradually increasing the R;nr of a Li-ion battery pack of the UTS PHEV 
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powertrain up to four times as in Table 6.6. A battery with high Rint consumes more power 

internally and reaches the cutoff voltage earlier under load. 

Table 6.6 The Li-ion battery Rint 

RchR (Ohm) Rdis (Ohm) 

Rint X 1 R int X 2 Rint X 3 Rint X 4 Rint X 1 Rinr X 2 Rint X 3 Rinr X 4 
0.0372 0.0744 0.1116 0.1488 0.2160 0.4320 0.6480 0.8640 
0.0204 0.0408 0.0612 0.0816 0.0455 0.0909 0.1364 0.1818 
0.0163 0.0326 0.0488 0.0651 0.0252 0.0503 0.0755 0.1007 
0.0133 0.0265 0.0398 0.0530 0.0148 0.0296 0.0444 0.0592 
0.0139 0.0278 0.0417 0.0556 0.0152 0.0303 0.0455 0.0606 
0.0175 0.0350 0.0525 0.0700 0.0166 0.0331 0.0497 0.0663 
0.0175 0.0350 0.0525 0.0770 0.0172 0.0343 0.05 15 0.0687 

The electrical consumption in Table 6 .7 shows a linear and gradual increase with battery 

Rint · At three times the baseline, electrical consumption through UDDS d1ive cycles 

increase by 5 %. From the obtained results, it should be noted that when the Rint increases, 

the AER is decreased. The vehicle fuel economy, simulated with the NiMH battery as listed 

in Table 6.8 is decrementing as the Rim increases as in Tab]e 6.9. On the other hand, the 

e1niss ions rates are increasing when the Rint is increasing. 

Table 6.7 Electrical consumption and AER for different battery Rinr of the Li-ion battery 
r-· 

R int Rinr X 1 RintX 2 Rinl X 3 
Electrical Electrical Electrical 
con sump- AER consump- AER con sump- AER 

Drive tion (mi) tion (mi) tion (mi) 
cycle (Wh/mi) (Wh/mi) (Wh/mi) 
UDDS 315 25.6 321 25.1 330 24.4 

HWFET 288 28.0 294 27.4 303 26.6 
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Table 6.8 Fuel economy and emissions for different battery R;111 of the NiMH battery 

~ 
Rint X 1 R;m X 2 

Fuel Emissions (g/mi) Fuel Emissions (g/mi) 
economy HC co NOx 

economy HC co NOx 
v 

(mpg) (mpg) e 
UDDS 101 0.227 0.214 0.050 76 0.3026 0.2843 0.0656 

HWFET 89 0.185 0.241 0.081 76 0.21 72 0.2821 0.0945 - . 

~ 
RintX 3 R;11,X 4 

Fuel Emissions (g/mi) Fuel Emissions (g/mi) 
economy HC co NOx 

economy HC co NOx 
v 

(mpg) (mpg) e 
UDDS 66 0.3472 0.3243 0.0742 62 0.3701 0.3463 0.0794 

HWFET 74 0.2245 0.2923 0.0981 73 0.2254 0.2932 0.0983 

Table 6.9 The NiMH battery R;nr 

R chR = Rdis (Oh1n) 
Rint X 1 Rint X 2 Rint X 3 R;m X 4 
0.0633 0.1266 0.1899 0.2532 
0.0343 0.0686 0.1028 0.1370 
0.0322 0.0644 0.0966 0.1288 
0.0300 0.0600 0.0898 0.1198 

--
0.0294 0.0588 0.0881 0.1174 --
0.0288 0.0576 0.0863 0.1150 

--r-·---
0.0284 0.0568 0.0852 0.1136 
0.0291 0.0582 0.0872 0.1162 
0.0312 0.0624 0.0935 0.1246 
0.0334 0.0668 0.1001 0.1334 --
0.0318 0.0636 0.0953 0.1270 

6.3.3 Electric machine (EM) peak efficiency 

EM is known to be efficient, generally above 90 % peak conversion efficiency as opposed 

to 35 % or less for most ICE. Results of decreasing an EM's peak efficiency on AER and 

electrical consumption, in increments of 5 o/o, are sumn1arized in Table 6.1 0, fuel economy 

and emissions results are summarized in Table 6.11 during the UDDS and HWFET drive 
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cycles. They relate the effect of motor peak efficiency on UTS PHEV fuel economy, 

emissions, AER and electrical consumption. 

Table 6.10 Electrical consumption and AER for different EM peak efficiency 

Peak 17 = 90 o/o 17 = 85% 17 = 80 o/o 17 = 75 o/o 
Eff, 

Electrical Electrical Electrical Electrical 
17 AER consump- AER consump- AER consump- AER 

Drive consump- (mi) tion (mi) tion (mi) tion (mi) 
cycle tion (Whlmi) (Whlmi) (Whlmi) (Whlmi) 
UDDS 212 38 230 35 252 32 260 31 

HWFET 212 38 224 36 237 34 260 31 
--

Table 6.11 Fuel economy and emissions for different EM peak efficiency 

Peak 17 = 90% 17 = 85 % 
Eff, Fuel Emissions (g/mi) Fuel E1nissions (g/n1i) -----

17 economy economy Drive HC co NOx HC co NOx 
cycJe (mpg) (mpg) 

UDDS 106 0.2138 0.2024 0.0472 101 0.2219 0.2130 0 .0506 
HWFET 90 0.1835 0.2400 0.0809 89 0.1858 0.2414 0.0809 

Peak 17 = 80% 11 = 75% 
--c--

Eff, 
Fuel Emissions (g/mi) Fuel Emissions (g/mi) 

------ ---=,------

11 economy economy Drive HC co NOx HC co NOx 
cycle (mpg) (mpg) 

------ ----------
UDDS 97 0.2328 0.2210 0.0516 96 0.2390 0.2240 0.0512 --------- --
HWFET 89 0.1865 0.2407 0.0801 89 0.1869 0.2395 0.0791 ----

Increasing motor peak efficiencies over small increments shows that reduction in electrical 

consumption over standard drive cycles is marginal, with an expected reduction of 3 - 8 % 

for every 5 o/o peak efficiency gain of the EM during the UDDS and HWFET drive cycles. 

Based on the simulation results, the change in Eivi peak efficiency does not contribute 
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significantly to variation vehicle fuel economy and ermss1ons, especially during the 

HWFET drive cycle. 

6.3.4 Accessory loads 

Accessory loads can have significant impact on a vehicle's fuel economy, emissions, AER 

and electrical consumption. The power needed to operate accessory loads, such as the air-

conditioning compressor and lights, is significant. To analyze the impact of air-

conditioning, which is the largest of the accessory loads, on the range of an electric vehicle, 

electrical consumption, fuel economy and emissions simulations were conducted using the 

UTS PHEV powertrain model. Electrical consumption and AER for different accessory 

loads are listed in Table 6.12 for the UDDS and HWFET drive cycles. Results for fuel 

econo1ny and emissions are summarized in Table 6.13. 

Table 6.12 Electrical consumption and AER for different accessory loads 

Loads 300 W 500 W(default loadf------~--
~---------.-------~-------------+---------~~--~----~-----

Electrical Electrical 
Consun1p- AER Change from 500 Consump- AER Change from 500 

Drive tion (mi) W case (%) tion (mi) W case (%) 
Cycle (Whlmi) (Wh/mi) 
UDDS 234.4 34.4 2.3 240.0 

HWFET 217.4 37.1 1.6 220.9 
Loads 1000 W 

Electrical Electrical 
Consump- AER Change from 500 Consump-

Drive tion (mi) W case (o/o) tion 

33.6 
36.5 

AER 
(mi) 

Change from 500 
W case (o/o) 

Cycle (Whlmi) (Wh/mi) 
~~--~~~----~+---~--------------~~----~-+----------------------

UDDS 257.6 31.3 6.8 300.9 26.8 20.2 
HWFET 229.1 35.2 3.6 255.4599 31.6 13.4 
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Table 6.13 Fuel economy and emissions for different accessory loads 

300W 500 W (default load) 

~ Fuel Emissions (g/mi) Fuel Emissions (g/mi) 
economy HC co NOx 

economy HC co NOx v 
(mpg) (mpg) e 

UDDS 104 0.2190 0.2061 0.0477 101 0.227 0.214 0.050 
HWFET 91 0.1823 0.2370 0.0794 ·. 89 0.185 0.241 0.081 

1000W 2000W 

~ Fuel Emissions (g/mi) Fuel Emissions (g/mi) 
economy HC co NOx economy HC co NOx v 

(mpg) (mpg) e 
UDDS 89 0.2488 0.2420 0.0588 80 0.2744 0.2700 0.0667 
HWFET 85 0.1922 0.2518 0.0850 79 0.2048 0.2711 0.0919 

Differences in accessory load have a far greater in1pact on vehicle electrical consumption 

and range. The peak air-conditioning load of 2000 W (compared to the base electrical load 

of 500 W) reduces AER over the UDDS drive cycle by 22 % and 15 % for the HWFET 

drive cycle. According to the obtained results, as the power of accessory loads IS 

increasjng, the fuel economy is decreasing while escalating the vehicle emissions rate. 

6.3.5 Energy costs 

Table 6.1 4 listed the energy cost of electricity and fuel of the UTS PHEV powertrain 

during 50 miles distance travelled during the UDDS and HWFET drive cycles. Based on 

the obtained results, as the electricity and fuel prices increase, the operation cost of the 

vehicle also increases during a fixed distance travelled of 50 miles . 

Optimal Power Management for the UTS Plug-in Hybrid Electric Vehicle 

138 

A. R. Salisa 



Chapter 6 Performance Analysis, Sensitivity Study and Model Verification 

Table 6.14 Operation cost for different electricity and fuel prices during 50 miles distance 
travelled 

~ 
$2.00/gallon fuel, $0.04/kWh $2.50/gallon fuel, $0.09/kWh 

electricity electricity (default cost) v 
e Electricity Fuel Energy cost Electricity Fuel Energy cost 

UDDS 0.32 0.78 1.10 0.73 0.98 1.71 
HWFET 0.32 0.56 0.88 0.73 0.69 1.42 

~ 
$3.00/gallon fuel, $0.14/kWh $3.50/gallon fuel, $0.19/kWh 

electricity electricity 

Electricity Fuel Energy cost Electricity Fuel Energy cost v 
e 

UDDS 1.13 1.18 2.31 1.53 1.37 2.90 
HWFET 1.13 0.83 1.96 1.53 0.97 2.50 

'----· 

6.3.6 Remarks 

The driving patterns, battery internal resistance, EM peak efficiency and accessory loads do 

have significance impacts on the UTS PHEV powertrain EV range, electrical consumption, 

fuel economy and en1issions depending on the implemented sensitivity factors . The 

different energy costs of fuel and electricity also contribute a significant impact on the UTS 

PHEV powertrain operation cost. 

6.4 A Comparison of Simulation Results between the ADVISOR and UTS PHEV 

Codes 

In terms of modeling, a difference between ADVISOR and the UTS PHEV codes is that 

ADVISOR utilizes the backward looking vehicle simulation, whereas the UTS PHEV 

powertrain model performs a forward looking vehicle simulation. For the comparative 

study, the UTS PHEV and ADVISOR codes are si1nulateu using one drive cycle of 

HWFET and UDDS, respectively. The simulation results from the UTS PHEV and 
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ADVISOR codes for the HWFET and UDDS drive cycles in terms of vehicle speed and 

force, battery current, voltage, power and SOC, ultracapacitor current, voltage, power and 

SOC (only available from the UTS PHEV powertrain), EM speed, torque and power, wheel 

speed and torque and the acquired and required speeds will be illustrated and discussed. 

According to the simulation results, the star lines represent the data from ADVISOR code 

and the required speed of the vehicles, and the solid lines show the result from the UTS 

PHEV code and the vehicle acquired speed. 

6.4.1 Standard drive cycles 

Two standard U.S. EPA dtive cycles for city and highway are simulated by ADVISOR and 

the UTS PHEV codes, which are the HWFET and UDDS drive cycles. 

6.4.2 Vehicle performance 

Figures 6.5 - 6.8 illustrate the vehicle speed and traction force of the HWFET and lJDDS 

drive cycles obtained by the ADVISOR and the UTS PHEV codes. The HWFET drive 

cycle consists of a mild initial acceleration for about 100 s from zero velocity until the 

vehicle attains the highway velocity. Once the highway velocity level is reached, the 

vehicle velocity vruies from 20 to 23 m/s followed by a steep drop to 12 m/s at 300 s and 

then a rapid increase to nearly 26 m/s. The drive cycle ends as the vehicle slows down to 

zero velocity at 765 s covering 16.5 km (10.26 miles) at an average speed of 77.6 km/h 

(48.5 mph). The UDDS drive cycle is recorded under typical ci ty driving conditions, and it 

lasts for 1369 s covering a distance of 12 km (7.45 miles) with an average speed of 31.6 
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kmlh (19.75 mph) and a maximum speed of 26 m/s. As expected, the results obtained by 

the two different codes compare favorably with each other. 

V e h ic le Speed 
30~----~------~----~------~----~------~----~----~ 

2 5 

20 

10 . . ... . . 

5 

100 200 300 400 
Time (s) 

500 600 700 

Figure 6.5 The vehicle speed during HWFET drive cycle 
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Figure 6.7 The vehicle speed during UDDS drive cycle 
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Figure 6.8 The vehicle force duting ·unns drive cycle 
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6.4.3 Energy storage system (ESS) 

The simulation results of the battery and ultracapacitor current, voltage and power for the 

HWFET and UDDS drive cycles are shown in Figures 6.9- 6.20. The peak currents are 

due to the high power demand to achieve fast vehicle accelerations · during the respective 

periods. The negative values on the graph represent the regenerative braking events during 

the braking periods in the cycle. As shown in the battery and ultracapacitor voltage graph, 

the voltage increases during the regenerative braking and decreases during high current 

discharge when the power demand from EM is at its peak. 
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Figure 6.9 The battery current during HWFET drive cycle 
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Figure 6.10 The battery voltage during HWFET drive cycle 
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Figure 6.11 The battery power during HWFET drive cycle 
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Figure 6.12 The ultracapacitor current duting HWFET drive cycle 
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Figure 6.13 The ultracapacitor voltage during HWFET drive cycle 
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Figure 6.14 The ultracapacitor power during HWFET drive cycle 
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Figure 6.15 The battery current during UDDS drive cycle 
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Figure 6.16 The battery voltage during UDDS drive cycle 
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Figure 6.17 The battery power during UDDS drive cycle 
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Figure 6.18 The u]tracapacitor current during UDDS drive cycle 
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Figure 6.19 The ultracapacitor voltage during UDDS drive cycle 
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Figure 6.20 The ultracapacitor power during UDDS drive cycle 

As illustrated in Figures 6.21 and 6.22 the battery SOC obtained by the two codes for the 

HWFET and the UDDS drive cycles, the overall trends of the energy consumption and 

generation between the UTS PHEV ·code and the ADVISOR code match reasonably well. 

However, there is some discrepancy between the battery SOC results of the UTS PHEV 

code and the conventional HEY in the HWFET and UDDS drive cycles. This is because the 

UTS PHEV code has a better EMS and can capture more regenerative braking energy with 

the existing of ultracapacitor banlc As shown in Figures 6.23 and 6.24 by the ultracapacitor 

SOC, the energy consumption and generation of the ultracapacitor are faster than that of the 

battery bank. This is because the ultracapacitor is able to supply power demand in a short 

time. 

The ADVISOR code uses the acquired and required velocities as inputs to determine the 

required drivetrain torque, speed and power, which is not realistic. In the UTS PHEV code, 
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a PI controller is chosen as the driver model, which decides whether to accelerate or to 

brake to follow the drive cycle closely. The PI controller was selected since it could 

provide a better match between the required and acquired vehicle speed patterns in both 

HWFET and UDDS drive cycles. The UTS PHEV code is more realistic, and the existing 

error, such as overshoot in the model, is taken into account. 
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Figure 6.21 The battery SOC during HWFET dtive cycle 
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Figure 6.23 The ultracapacitor SOC during HWFET drive cycle 

Optimal Power M anagement for the UTS Plug-in Hybrid Electric Vehicle 

151 

A . R. Sali sa 



Chapter 6 Performance Analysis, Sensitivity Study and Model Verification 

U lt rac apa c it or SOC 

09 

0 .8 

0 .7 . . ~ .. . . ... . 

(_) 
0.6 0 . ····· · . . . 

(/) 

0.5 

0.4 

0.3 

0 .2 
0 200 400 600 800 1000 1200 1400 

Time (s) 

Figure 6.24 The ultracapacitor SOC during UDDS drive cycle 

6.4.4 Electric 1nachine (EM) 

The EM speed, torque and power of the ADVISOR and lJTS PHEV codes for the HWFET 

and UDDS drive cycles are included in Figures 6.25 -- 6.30. As shown in the simulation 

results , when the vehicle accelerates, the required EIVI torque increases, and when the 

vehicle reaches the relatively stable highway velocity level, a much smaller torque is 

required to overcome the resistance and air drag to the vehicle. The average power demand 

from the EM is 8 kW at the highway velocity level and the peak power demand is 24 kW 

during acceleration. The trend of torque and power results from the two codes matches 

reasonably well. 
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Figure 6.25 The EM speed during HWFET drive cycle 
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Figure 6.26 The EM torque during HWFET drive cycle 
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Figure 6.27 The EM power during HWFET drive cycle 
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Figure 6.28 The EM speed during UDDS drive cycle 
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6.4.5 Wheels 

As shown in Figures 6.31 and 6.32, the wheel speed and torque requirement for the 

HWFET drive cycle of the two codes, a maximum wheel torque of 600 Nm is required to 

accelerate the vehicle from standstill to the highway speed. The required torque then 

reduces since the HWFET drive cycle only consists of mild acceleration and decelerations. 

The overall results and trends match very closely. However, it is noted that there are 

several differences between the magnitudes of the wheel torque, which can be attributed to 

the difference between the two vehicle models. The wheel speed and torque required during 

the UDDS drive cycle are plotted in Figures 6.33 and 6.34. 
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Figure 6.34 The wheel torque during UDDS drive cycle 

6.4.6 Remarks 

As shown in Figures 6.35 and 6.36, the acquired and required speeds of the vehicle during 

the HWFET and UDDS drive cycles are similar to each other. 1 he results obtained by the 

UTS PHEV code fol]ow the desired drive cycle speed very well for both standard drive 

cycles. In con1bination with the previous discussions, it can be concluded that the results of 

the UTS PHEV code are correct and that the components of the vehicle subsystems are 

correctly sized as the vehicle is capable of achieving performance requirements to a target 

velocity. 
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6.5 Summary 

This chapter gave an overview of the UTS PHEV powertrain performance analysis and 

sensitivity study, and model verification between the UTS PHEV and ADVISOR codes. 

The sensitivity study was conducted to investigate the effect of driving patterns, battery 

internal resistance, EM peak efficiency, accessory loads and energy cost on AER, electrical 

consumption, fuel economy, emissions and operation cost. The subsystems results of the 

UTS PHEV code for both HWFET and UDDS drive cycles have been compared with the 

results from other vehicle simulation programs, ADVISOR code and the results are within 

reasonable and expected range of the actual typical behavior of these subsystems. Then, in 

the next chapter, an analysis of fuel economy, emissions, electrical consumption and AER 

is studied under: 1) partial charged test (PCT) and fully charged test (FCT); 2) impact of 

different standard and developed low and high density traffic patterns dtive cycles; 3) 

impact of battery characteristics and drive cycles~ and 4) impact of different initial and 

target SOCs of the battery during the developed real world drive cycle. 
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CHAPTER 7 FUEL ECONOMY, EMISSIONS, ELECTRICAL CONSUMPTION 

AND ALL ELECTRIC RANGE ANALYSIS 

7.1 Introduction 

This chapter pre·sents a comparative study on the fuel economy, emiSSions, electrical 

consumption and AER using different standard drive cycles and different developed low 

and high density traffic patterns and real world drive cycles. Using two different charge 

tests, which are fully and partially charged, the fuel economy and emissions are computed, 

analyzed and compared for the two standard drive cycles, the high speed highway drive 

cycle and the low speed city drive cycle, proposed by the U. S. EPA and their combination 

according to the weighted percentage of each drive cycle for the UTS PHEV and 

conventional series and parallel HEV s powertrains. 

Then, the analysis on the influence of different standard and developed low and high 

density traffic patterns drive cycles on AER, electrical consurr1ption, fuel economy and 

emissions is carried on the UTS PHEV and conventional series-parallel HEV powertrains. 

The low and high density traffic patterns are developed from the standard drive cycles in 

order to experience the aggressiveness of the different traffic conditions. After that, the fuel 

economy and emissions of the UTS PHEV powertrain is investigated for the impact of 

different battery characteristics and applied drive cycles. Lastly, the influence of different 

initial and target SOCs of the battery on AER, electrical consumption, fuel economy and 

emissions during the developed real world drive cycle is tested using the UTS PHEV 

powertrain. 
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7.2 Fully and Partially Charged Tests 

The objective of this analysis is to compare the fuel economy and emissions, such as HC, 

CO and NOx for different vehicle powertrains among the conventional HEV s, series and 

parallel, and the UTS PHEV, through the simulation based on HWFET, UDDS and 

combinations of both drive cycles [ 128 - 131]. Table 7.1 listed the characteristics of the 

UTS PHEV, a conventional series HEV and a conventional parallel HEV powertrains, 

which are used in this analysis. For the UTS PHEV powertrain, the EMS plays a critical 

role to manage the power flow proper! y in order to achieve excellent all-electtic drive 

performance and high energy efficiency and also to optimize the power and energy 

demands throughout the system. 

Table 7.1 Vehicle and components parameters and specifications used in the FCT and PCT 
analysis ,-------------~n UTSPHEV Conventional series Conventional 

Item __ HEV I parallel HEY 
-· --

1.5 L, 43 kW@ 1.0 L, 41 kW@ 1.0 L, 41 kW@ 
ICE 4000 rpn1 5700 rpm 5700 rpn1 
EM: 

--r· 

Motor 75 kW AC 75 kW AC induction 75 kW AC induction 
induction motor motor motor 

Generator - 75kW -
ESS: 

Battery NiMH, 10.08 SLA, 3.75 kWh, 25 SLA, 3.75 kWh, 25 
kWh, 28 Ah Ah Ah 

Ul tracapaci tor Maxwell, 122 Wh, 
2.1 Ah - -

Transn1ission 4-speed AT 5-speed MT 4-speed AT 
Aerodynamic drag 0.335 0.335 0.335 coefficient 
Coefficient of rolling 0.009 0.009 0.009 resistance 
Frontal area 2.00 mL 2.00 m2 2.00 m2 

Wheel radius 0.282 m 0.282 m 0.282 m 
Vehicle mass 1379 kg 1373 kg 1350 kg 

Optima] Power Management for the UTS Plug-in Hybrid Electric Vehicle A. R. Salisa 

162 



Chapter 7 Fuel Economy, Emissions, Electrical Consumption and AJl Electric Range Analysis 

The combined drive cycles for this analysis are determined by weighting percentage: (a) 

the city at 55% and the highway at 45o/o; (b) the city at 45% and the highway at 55%; (c) 

the city at 75% and the highway at 25o/o; and (d) the city at 25o/o and the highway at 75o/o as 

summarized in Table 7 .2. 

Table 7.2 Weighting percentage of combined drive cycles 

Combined drive cycle UDDS (o/o) HWFET(%) 
A 55 45 
B 45 55 
c 75 25 
D 25 75 

Fueleconomy combinedA = ___ 0 ___ 5_5 _______ 0_.4_5 ___ _ (7.1) 
------+-------
Fueleconomy ritY Fueleconomy highway 

FueleconomycombinedB =-
1 

0.45 0.55 
(7.2) 

+ 
Fue !economy riry Fue lee on omy highway 

FueleconomycombinedC = ---0-.7-5-
1 

0.25 
(7.3) 

------+ -----· 
Fuelecnomyciry Fueleconomyhighway 

1 
Fuel economy rombinedD = ---------------0.25 0.75 

(7.4) 
------+-------
Fueleconomy ciry Fueleconomy highway 
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The analysis on fuel economy [132] is based on two tests: 1) PCT; and 2) FCT, as 

demonstrated in Figures 7.1 and 7.2, respectively. 

soc 

Fully charged 1 OOo/o - · - · - · - · - · - · - · - · - · - · - · - · - · - · - · - · -

High SOC 90% 

Initial SOC 30o/o 

Low SOC 20o/o 

Distance 

Figure 7.1 Schematic diagram of the PCT 

Fully charged 100% 

High SOC 90% 

Final SOC 50% 

Low SOC 20% 

soc 

Distance 

Figure 7.2 Schematic diagram of the FCT 
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The purpose of the PCT is to measure the vehicle's fuel economy in a hybrid operating 

mode, such as after the ESS of the PHEV is depleted to a low threshold operating level. In 

the PCT test, the final SOC should go back to the same level as the initial SOC at the start 

of the simulation. The fuel economy of the PCT is calculated as 

D 
Fueleconomy PCT = --

Vfoet 
(7.5) 

where D is the test distance in miles, and V;i~et is the volume of fuel consumed in gallons. 

The FCT measures the fuel economy of the PHEV when the initially fully charged ESS is 

permitted a net discharge over the duration of the simulation. In the FCT, the initial SOC is 

set at 100 % and decreases as the vehicle is driven electrically. Tbe fuel economy of the 

FCT is calculated by 

D 
Fueleconomy FCT = ---

£ charg e V fuel + ----=--
£gasoline 

(7.6) 

where Echarge is the required electrical recharge energy (in kWh), and Egasoline is a 

conversion factor equaling to 33.44 kWh/gallon, representing the energy-equivalency of 

gasoline and electricity. The energy content of a gallon of gasoline is expressed in terms of 

electrical energy at 33.44 kWh per gallon to derive this value. Note that this approach 

converts the electrical recharge energy into an energy equivalent volume of gasoline to add 

to the actual volume of fuel consumed. 
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Table 7.3 compares the fuel economy and emissions In the PCT for different vehicle 

powertrains during different drive cycles, while the FCT for different drive cycles of the 

UTS PHEV is listed in Table 7.4. The SOC, fuel economy, and emissions were observed. 

In this analysis, each powertrain used a different type of EMS. The UTS PHEV is 

simulated using a specially developed EMS. Note that the SOC values are part of the EMS 

parameters. Although they are not related to component sizing, they have a direct impact on 

the vehicle fuel economy and emissions. 

Table 7.3 Fuel economy and emissions for the PCT 

Powertrain ESS Fuel economy (mpg) Emissions (grams/mile) 
HC co NOx 

UDDS 
Series HEV Battery pack 55 0.266 0.468 0.232 

!--------- - - ~------

Parallel HEV Battery pack 54 0.330 0.372 0.130 
UTSPHEV Battery and ultracapacitor pack 101 0.227 0.214 0.050 1----------- - - - '-·---------------------·-

HWFET --c-------------
Series HEV Battery pack 50 0.241 
Parallel HEV Battery pack 66 0.240 -----
UTSPHEV Battery and ultracapacitor pack 89 0.185 

UDDS (55 %) and HWFET (45 %) ------
Series HEY~ Battery pack 53 0.254 ----
Parallel HEV Battery pack 59 
UTSPHEV Battery and ultracapacitor pack 95 

UDDS (45 %) and HWFET (55%) 
Series HEV Battery pack 52 
Parallel HEV Battery pack 60 
UTSPHEV Battery and ultracapacitor pack 94 

UDDS (75 %) and HWFET (25 %) 
Series HEY Battery pack 54 
Parallel HEY Battery pack 57 
UTSPHEV Battery and ultracapacitor pack 98 

UDDS (25 %) and HWFET (75 %) 
Series HEY Battery pack 51 
Parallel HEY Battery pack 63 
UTSPHEV Battery and ultracapacitor pack 92 
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Table 7.4 FCT fuel economy and emissions during 40 miles distance travelled of the UTS 
PHEV 

Drive cycle Energy usage Fuel economy (mpg) Emissions (grams/mile) 
(kWh, gal) HC co NOx 

UDDS (100 %) 8.064 kWh, 0.1669 gal 98 0.093 0.900 0.022 
HWFET (100 %) 8.064 kWh, 0.0761 gal 126 0.031 0.041 0.014 
UDDS (55%) 8.064 kWh, 0.1259 gal 109 0.049 0.086 0.018 HWFET ( 45 o/o) 
UDDS (45 o/o) 8.064 kWh, 0.1160 gal 112 0.044 0.072 0.017 HWFET (55 o/o) 
UDDS (75 o/o) 8.064 kWh, 0.1435 gal 104 0.062 0.144 0.019 HWFET (25 %) 
UDDS (25 %) 8.064 kWh, 0.0979 gal 118 0.037 0.054 0.015 HWFET (75 %) 

Based on the PCT analysis results, a significant improvement in the fuel economy and 

emissions is obtained from the UTS PHEV powertrain and the following observations can 

be made. The fuel economy of the UTS PHEV powertrain is improved by about 84% from 

the series HEV and by 87 % from the parallel HEY for the UDDS drive cycle, 78 % from 

the series HEV and 35 o/o from the parallel HEV for the HWFET drive cycle. Another 

i1nprovement of 79 % compared to the se1ies HEV and 61 % from the parallel HEV for the 

c01nbination of both drive cycles of 55 % UDDS and 45 o/o HWFET, 81 %from the series 

HEV and 57 o/o from the parallel HEV for the combination of both drive cycles of 45 % 

UDDS and 55 o/o HWFET. The following figures show 81 %improvement from the series 

HEV and 72 % from the parallel HEV for the combination of both drive cycles of 75 % 

UDDS and 25 o/o HWFET and 80% from the series HEV and 46% from the parallel HEV 

for the combination of both drive cycles of 25 % UDDS and 75 o/o HWFET. Most of the 

e1nissions for the UTS PHEV powertrain are reduced compared to the conventional HEVs. 
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The same travel distance of 40 miles is used in FCT analysis for every applied drive cycle 

and the initial battery SOC is fully charged, which is about lOOo/o. From the analysis results 

of FCT, the fuel economy of the UTS PHEV powertrain for FCT is improved in 

comparison with the PCT analysis. This is because most of the energy used to drive the 

vehicle cornes from the power grid, which is cheaper and cleaner if the electricity is 

generated from renewable energy sources. Since less fuel is consumed in the FCT analysis, 

most of the harmful emissions are also reduced. 

According to the obtained results of fuel economy based on a different drive cycles 

weighting percentage, the UTS PHEV powertrain is more efficient in situations where a 

higher percentage of miles driven in the UDDS drive cycle than on the HWFET drive 

cycle. In the UDDS drive cycle, where the traffic is moving slow and the driving style is 

cautious for most of the time travelled, the UTS PHEV can save significant amounts of 

energy used and reduce harmful emissions. It can be concluded that the UTS PHEV 

powertrain is more suitable for city driving cycle compared to highway because there are 

more opportunities to recover the regenerative braking energy during stop-and-start events 

and most of the energy used to move the vehicle c01nes from the power grid, which 

minimizes the ICE running time, fuel consumption and emissions. 

Apart from that, the UTS PHEV powertrain will support and can be used for a daily driving 

range of about 34 mjles (56 km) in city drive cycle by primarily using the energy from its 

ESS driving in electric-only mode with the backup ICE disengaged, but if the vehicle 

travels a distance greater than 34 miles, then it would then work as an HEY. The electric 
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energy is provided by both energy storage units until the low predefined SOC threshold is 

reached. 

A specially developed EMS for the UTS PHEV powertrain contributes to the improvement 

in fuel economy and emissions as each powertrain uses a different type of EMS. The 

ultracapacitor pack in the ESS also contributes to the improvement in fuel economy and 

emissions of the UTS PHEV powe11rain since the series and parallel HEVs only have a 

battery pack in their ESS, whereas the UTS PHEV powertrain has battery and 

ultracapacitor packs in the ESS. The ultracapacitor pack is used for fast charging and 

discharging, which can overcome the limitations of the battery pack. This developed EMS 

enables the vehicle to operate the ICE in the most efficient region and recover more energy 

through the regenerative braking. 

It also can be concluded that the UTS PHEV powertrain further simplifies the structure to 

achieve the drive perfonnance by using only one EM through the irnplerrtentation of a more 

sophisticated EMS. The improvement of the fuel economy and emissions is achieved as the 

main assumption for this powertrain is that the battery pack is used as the primary storage, 

which supplies the main power to drive the vehicle, while the ICE is needed for back-up 

and auxiliary power source. 
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7.3 Impact of Different Standard and Developed Low and High Density Traffic Patterns 

Drive Cycles 

The purpose of this analysis is to investigate the influence of driver behavior or 

aggressiveness at different levels and to investigate the impact of low and high developed 

density traffic patterns for the UTS PHEV and a conventional series-parallel HEV 

powertrains with regard to fuel economy, emissions, AER and electrical consumption. 

Table 7.5 lists the vehicle and components parameters and specifications used in this 

analysis. 

Table 7.5 Vehicle and components parameters and specifications of the UTS PHEV and a 
conventional series-parallel HEV powertrains 

~ UTSPHEV Conventional series-parallel 
I HEV 
ICE 1.5 L, 43 kW@ 4000 rpm 1.5 L, 57 kW @ 5000 rpm 
EM: 

'-· 

T---50 kW synchronous AC Motor 75 kW AC induction motor 
~-

Generator -- 25 kW synchronous AC 
ESS: 

Battery 
~-------------·-----!<..-

NiMH, 10.08 kWh, 28 Ah NiMH, 1.3 kWh, 6.5 Ah 

-- Ultracapacitor Maxwell, 122 Wh, 2.1 Ah -

Transmission 4-speed automatic Continuous variable 
transmission (AT) transmission (CVT) 

Aerodynamic drag 0.335 0.3 coefficient 
Coefficient of rolling 0.009 0.009 resistance 
Frontal area 2.00 m2 1.746 m2 

Wheel radius 0.282 m 0.287 m 
Vehicle mass 1379 kg 1332 kg 
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7 .3.1 Influence of different standard drive cycles 

Several standard drive cycles have been considered to evaluate the benefits of the proposed 

UTS PHEV and a conventional series-parallel HEV powertrains. The main objective of test 

procedure design is to maintain the ability to analyze mileage and emissions rates, electrical 

consumption and AER results of both powertrains by satisfying the test procedure inputs, 

which are different standard drive cycles. 

Results of fuel economy and e1nissions under different standard drive cycles listed in Table 

7 .6, demonstrates the equivalent fuel economy of both powertrains varies greatly. As 

expected, the fuel economy and emissions of the UTS PHEV are better compared to a 

conventional series-parallel HEV powertrains. This is because the characteristics and 

applied EMS for both powertrains are different. 

Table 7.6 Fuel economy and emissions under eight djfferent standard drive cycles 

Powertrain UTS PHEV 3:-r:~---------------- Conventional se1ies-parallel HEV 
--,---· 

Fuel Emissions Fuel 
economy (grmns/mile) economy 

Drive cycle (mpg) HC CO NOx (mpg) 
- · 
Japanese 1 0 - 94 0.261 0.230 0.048 41 15 
CSHVR 85 0.281 0.253 0.055 40 
NEDC 70 0.305 0.310 0.081 48 
INDIAN 142 0.108 0.152 0.041 55 HIGHWAY 
US06 58 0.286 0.371 0.125 34 --
LA92 81 0.253 0.266 0.072 38 
INDIAN 104 0.231 0.208 0.043 42 URBAN 
FTP 59 0.408 0.368 0.082 45 
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Emissions 
(grams/rnile) - ----=- -------

HC co NOx 

0.591 0.590 0.148 

0.449 0.466 0.152 
0.377 0.402 0.138 

0.314 0.355 0.133 

0.279 0.370 0.231 
0.391 0.463 0.203 

r--· 

0.472 0.498 0.154 

0.405 0.464 0.161 
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According to the results of UTS PHEV powertrain, the fuel economy varies from 58 mpg 

in the US06 cycle to 142 mpg in the INDIAN HIGHWAY cycle, corresponding to a 59% 

increase in vehicle fuel consumption. As expected, the emissions vary greatly from cycle to 

cycle. Even greater variation can be seen in the vehicle's exhaust emissions when different 

standard drive cycles are implemented. The CO emissions vary from 0.152 grams/mile for 

the INDIAN HIGHWAY to near 0.371 grams/mile for the US06 cycle, nearly a three fold 

increase. The major reason for this dramatic emissions increase is more frequent high 

power driving episodes in the US06 drive cycle. 

Table 7.7 shows that the modeling results of electrical consumption and AER from the 

UTS PHEV powertrain change greatly among these cycles. The specific electrical 

consumption varies from as low as 167 Wh/mile in the Japanese 1 0-15 cycle to as high as 

317 Whlmile in the fTP cycle, approximately a 47 o/o increase. The electric driving range 

also varies greatly, from as high as about 48 miles in the Japanese 10- 15 to only about 25 

miles for the FTP cycle, corresponding to a 48 o/o decrease. 

Table 7.7 Electrical consun1ption and AER under eight different standard drive cycles 

~ Electrical consumption (Wh/rnile) e 
-----------------

Japanese 10- 15 167 
CSI-IVR 197 
NEDC 240 
INDIAN HIGHWAY 175 
UDDS 237 
US06 300 
LA92 260 
HWFET 224 
INDIAN URBAN 215 
FTP 317 
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AER (miles) 
1---------

48 
41 
34 
46 
34 
27 
31 
36 
38 
25 
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7.3.2 Influence of developed low and high density traffic patterns drive cycles 

The objective of this analysis is to compare the fuel economy, emissions, electrical 

consumption and AER of the UTS PHEV and a conventional series-parallel powertrains for 

the developed low and high density traffic patterns. Table 7.8 lists the developed density 

traffic patterns, which are low and high in terms of duration and distance. The types of 

density traffic patterns are developed from the standard drive cycles as shown in Figures 

7.3 and 7.4. 

Table 7.8 The characteristics of low and high density traffic patterns drive cycles 

Density traffic Low High patterns 
Standard drive HWFET + NEDC + INDIAN HIGHWAY + INDIAN 
cycle UDDS l JRBAN + CSHVR 
Time (s) 3320 5352 
Distance (mi) 24.5 24.8 

r--------
Driving style ------------ Aggressive Cautious 

The L ow Density Traffic Pattern D rive Cycle 
35 .-------.--- -----:------.----.---

30 

25 

~ 2 0 ..s 
-a 
OJ 

~ 15 
(I) 

10 

5 - . 

Time (s) 

Figure 7.3 The low density traffic pattern drive cycle 
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The High Density Traffic Pattern D r ive Cyc le 
25~------~------~--------~------~--------~-------, 

20 ,__ . ·--~ . .. . . .. . ... . ................. . ... . . . -- .. - .. -
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Figure 7.4 The high density traffic pattern drive cycle 

Table 7.9 lists the vehicles fuel econon1y, emissions, AER and electrical consumption of 

the UTS PHEV and a conventional series-parallel HEY during a low and high density 

traffic patten1s drive cycle . The objective of this analysi is to determine the characteristics 

of each powertrain. The results of AER and electrical consumption highlight the 

differences in tem1s of congestion level between the different driving styles. As expected, 

specifically for the UTS PHEV powertrain, the cautious driving style requires lower 

electrical consun1ption and has a longer AER compared to the aggressive driving style 

during the high density traffic pattern drive cycle. This is due to 1nore regenerative braking 

energy captured during stop-and-start events in the high density traffic pattern drive cycle. 

Based on the fuel economy analysis results, the aggressive driving style of the UTS PHEV 

has lower fuel economy because more energy is required to repeatedly accelerate the 

vehicle. The fuel economy of a conventional series-parallel HEV is higher during low 
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density traffic pattern compared to the high density traffic pattern. This is because the 

primary source of a conventional series-parallel HEY powertrain is an ICE and it is more 

efficient at a high and constant vehicle speed. 

Table 7.9 Fuel economy, emissions, AER and electrical consumption during the developed 
low and high density traffic patterns drive cycles 

~ 
UTSPHEV Conventional series-parallel HEV 

rn 
Low High Low High 

m 
Fuel economy (mpg) 84 105 55 46 
Emissions (grams/mile): 

HC 0.234 0.219 0.317 0.435 
co 0.257 0.206 0.337 0.443 

NOx 0.073 0.047 0.123 0.134 
AER (miles) 31 36 8 5 r---
Electrical consumption (Wh/mile) 260 224 98 156 

According to the sitnulation results, the UTS PHEV powertrain has a significant 

improvement in the fuel economy, emissions, AER and electrical consumption for both 

driving styles compared to a conventional series-parallel HEY. This is because the UTS 

PHEY powertrain has larger ESS, which can support longer AER and uses less fuel to 

travel by optimizing the energy consumption fro111 power grid, thus reducing the harmful 

emissions from the vehicle. At the same ti1ne, the UTS PHEY powertrain also has the 

advantages of ultracapacitors, which can absorb regenerative braking energy and provide 

peak power during hard acceleration. 
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7.4 Impact of Battery Characteristics and Drive Cycles 

This analysis describes work done to investigate the impacts of battery energy of the UTS 

PHEV powertrain fuel economy and emissions. Three different driving cycles were used: 

1) INDIAN URBAN; 2) HWFET; and 3) INDIAN HIGHWAY. The distances used in this 

study were 20, 30 and 40 miles or 16.1, 32.2 and 64.4 krn, respectively. Battery power was 

defined to follow the drive cycles speed trace up to 20 % SOC and the battery energy was 

determined by the desired AER. The energy requirements affected the battery capacity with 

a maintained bus voltage at a determined level. The main parameters of various AER 

vehicles for the INDIAN URBAN, HWFET and INDIAN HIGHWAY dtive cycles are 

summarized in Table 7.1 0. As battery capacity increased with AER, the vehicle became 

heavier. 

Table 7.10 Main parameters of various AER vehicles for the INDIAN URBAN, HWFET 
and INDIAN HIGHWAY drive cycles 

INDIAN URBAN 
AER (mi) 20 30 40 
AER (km) 32.2 48.3 64.4 
Vehicle mass (kg) 1300 1343 1390 
Battery energy stored (kWh) 6.3142 8.4632 J 0.6123 
Battery usable energy (kWh) 4.2982 6.4472 8.5963 
Battery module 38 50 63 

HWFET 
AER (mi) 20 30 40 
AER (km) 32.2 48.3 64.4 
Vehicle mass (kg) 1300 1347 1397 
Battery energy stored (kWh) 6.4398 8.6517 10.8636 
Battery usable energy (kWh) 4.4238 6.6357 8.8476 
Battery module 38 51 65 

INDIAN HIGHWAY 
AER (mi) 20 30 40 
AER (km) 32.2 48.3 64.4 
Vehicle mass (kg) 1282 1318 1354 
Battery energy stored (kWh) 5.4903 7.2274 8.9645 
Battery usable energy (kWh) 3.4743 5.2114 6.9485 r--
Battery module 33 43 53 
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Table 7.11 lists the fuel economy and emissions for the INDIAN URBAN, HWFET and 

INDIAN HIGHWAY drive cycles. The least amount of fuel a vehicle can consume on a 

given cycle and distance is directly related to the battery energy. Higher battery energy 

means higher fuel displacement (i.e., more fuel is saved by the UTS PHEV powertrain than 

an ICE powered vehicle, whose input energy comes from fuel only). However, when the 

distance driven is below the AER, as it was for 20-AER and 30-AER vehicles for 10 miles 

on each drive cycle, longer range vehicles tend to be slightly penalized because of their 

higher mass. 

Table 7.11 Fuel economy and emissions for INDIAN URBAN, HWFET and INDIAN 
HIGHWAY drive cycles 

--
INDIAN URBAN 

AER (mi) 20 30 40 
AER (km) 32.2 48.3 64.4 --
Fuel econorny (mpg) 76 89 105 r---
Emissions (grams/mi): HC 0.3151 0.2685 0.2298 

co 0.2827 0.2405 0.2057 
NOx 0.0597 0.0506 0.0430 

HWFET 
AER (mi) 20 30 40 
AER (km) 32.2 48.3 64.4 
Fuel economy (mpg) 83 88 90 --------
Emissions (grams/mi): HC 0.1995 0.1899 

co 0.2593 0.2457 
NOx 0.0869 0.0820 

INDIAN HIGHWAY 
AER (nu) 20 30 
AER (km) 32.2 48.3 
Fuel economy (mpg) 107 123 
Emissions (grams/mi): HC 0.1916 0.1650 

co 0.2007 0.1754 
NOx 0.0524 0.0467 
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7.5 Impact of Different Initial and Target SOCs of the battery during the Example of 

High Congestion Drive Cycle 

This study is focused on the AER, electrical consumption, fuel economy and emissions at 

different initial and target SOCs of the battery on the UTS PHEV powertrain during the 

example of high congestion drive cycle as shown in Figure 7 .5. The example of high 

congestion drive cycle has been developed with the combination of INDIAN URBAN, 

urban dynamometer driving schedule for heavy-duty vehicles (UDDSHDV) and INDIAN 

HIGHWAY drive cycles in order to represent a typical daily trip on busy roads. The 

distance covered by one dtive cycle is 23.7 miles with 4632 seconds of duration. Figure 7.6 

plots the battery SOC history and vehicle speed for the EV mode over the example of high 

congestion drive cycle. 

(f) 

E 

The Example of High Congestion Drive Cycle 
60~-.-----~--~----.----:----.-----~--~~--.------

: / 1 50 .... -- .. . .. --:-· ..... :-....... : ....... · ....... -
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Figure 7.5 The example of high congestion drive cycle 
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Figure 7.6 Battery SOC history over several example of high congestion drive cycles 

For the analysis on vehicle AER and electrical consumption, each test is started in the EV 

mode with a high SOC, and the battery is allowed to discharge to a low SOC level. Before 

the stmt of the virtual vehicle test with the UTS PHEV powertrajn subject to several cycles 

of the example of high congestion dtive cycle, the battery was charged to a high SOC level. 

The vehicle was n1n in the EV mode until a pre-determined low SOC, 20 %, wa reached. 

For the different initial SOCs analysis, the vehicle was run with different initial SOCs from 

I 00 % to 70 %, with an interval of 10 %, while for the different target SOCs test, the test is 

repeated from 20 % to 50 % SOC at an interval of 10 o/o SOC. Tables 7.12 and 7.13 list the 

AER and electrical consumption for different initial and target SOCs during the example of 

high congestion drive cycles, respectively. 
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Table 7.12 Electrical consumption and AER for different initial SOCs during 50 miles 

Initial SOC f.. SOC Electrical consumption (Wh/mile) AER (miles) 
1.00 0.80 201.6 40 
0.90 0.70 201.6 35 
0.80 0.60 208.6 29 
0.70 0.50 219.1 23 

Table 7.13 Electrical consumption and AER for different target SOCs 

Target SOC f.. SOC Electrical consumption (Wh/mile) AER (miles) 
0.20 0.80 201.6 40 
0.30 0.70 196.00 36 
0.40 0.60 201.6 30 
0.50 0.50 219.1 23 

Colmnns 2 of the tables show the t-.SOC (the difference between the initial and the target 

SOCs) for the different target SOCs. For the entire initial and target SOCs in the charge-

depleting mode, the vehicle was operated in the EV mode from a high SOC until the target 

SOC was reached. Hence, the higher the initial SOC and the lower the target SOC, the 

greater the distance can be covered by the vehicle in the EV mode, potentially increasing 

the fuel displacement. Figure 7.7 indicates a linear increase of the EV range with L\SOC, 

corresponding to the battery initial and target SOCs during the example of high congestion 

drive cycle. 

Opti mal Power Management for the UTS Plug-in Hybrid Electric Vehicle 

180 

A. R. Salisa 



Chapter 7 Fuel Economy, Emissions, Electrical Consumption and All Electric Range Analysis 

AER for different initial and target SOCs 
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Figure 7.7 The AER increase corresponding to the battery initial and target SOCs 

The high and lower SOC for the battery is based on the effect on battery life of operation at 

different SOCs. The fuel economy and emissions were calculated for a high SOC set at 100 

%, 90 %, 80% and 70 o/o under 50 n1iles distance travelled and a low SOC set at 50%, 40 

o/o , 30% and 20 %, respectively, after an electric-only discharge of the battery. Tables 7.14 

and 7.15 list the impact of different battery internal resistance during charging and 

discharging processes from the initial and target SOCs of the battery on the vehicle fuel 

economy and emissions. 

Table 7.14 Fuel econon1y and emissions for different initial SOCs during 50 miles 

Initial SOC ~soc 
Energy usage Fuel economy (mpg) 

Emissions (grams/mile) 
(kWh, gal) HC 

1.00 0.80 8.064, 0.3042 92 0.1269 
0.90 0.70 7 .056, 0.4283 78 0.1859 
0.80 0.60 6.1496, 0.5734 70 0.2353 
0.70 0.50 5.9093, 0.5981 65 0.2656 
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Table 7.15 Fuel economy and emissions for different target SOCs 

Target SOC ~soc Fuel economy (n1pg) Emissions (grams/mile) 
HC co NOx 

0.20 0.80 98 0.2353 0.2196 0.0500 
0.30 0.70 83 0.2683 0.2594 0.0626 
0.40 0.60 90 0.2522 0.2381 0.0552 
0.50 0.50 88 0.2610 0.2454 0.0562 

According to the obtained results from this analysis, the initial and target battery operation 

at 100 o/o to 70 o/o and at 20 % to 50 o/o SOC has an i1npact on vehicle fuel economy and 

emissions because of the different battery internal resistance during charging and 

discharging processes at different percentage and the variations in ~SOC, which represents 

a vehicle fuel displacement. From the results of fuel economy and emissions for different 

initial SOCs during 50 miles distance, the higher the initial SOC wi1l improve the vehicle 

energy consumption and emissions. The fuel econon1y and emissions for different target 

SOCs are different according to the applied internal resistance and L\SOC. Based on the 

results, the fuel economy and emissions are improved when the target SOC is at 20 o/o. 

Thus, the setting of the initial and low limit target SOC is a compromise between battery 

"life" and "perfom1ance". 

As a conclusion, the chosen initial and target SOC of the ESS has significant effects on the 

vehicle AER, electrical consumption, fuel economy, and emissions. Different initial and 

target SOCs are analyzed by the UTS PHEV simulation n1odel using the developed real 

world drive cycle and the best target SOC of 20 % is obtained by optimizing the AER, 

electrical consumption, fuel economy and emissions of the vehicle. 
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7.6 Summary 

Based on the fuel economy and emissions comparison for the FCT and PCT tests during 

the UDDS, HWFET and combined drive cycles, the UTS PHEV powertrain fuel economy 

is improved and the emissions are reduced significantly compared to the conventional 

series and parallel HEVs. The fuel economy, emissions, electrical consumption and AER of 

the UTS PHEV and a conventional series-parallel powertrains are different during the 

different standard and developed low and high density traffic patterns drive cycles. This is 

because the energy consumption and regeneration of the vehicle are different for every 

applied drive cycle. The AER, fuel economy, emissions and electrical consumption also 

depending on the driver's behavior in handling the vehicles and traffic density of a drive 

cycle. Comparing the simulation results, the UTS PHEV powertrain uses less energy from 

fuel, which has improved the AER, fuel economy, emissions and electrical consumption. 

Based on the analysis of the impact for different battery characteristics and drive cycles, it 

can be conc1 uded that, the higher the size of the battery means less fuel is used to operate 

the vehicle because most of the energy to operate the vehicle comes from the ESS, thus 

increasing the fuel economy while reducing emissions. From the analysis on the influence 

of different initial and target SOCs of the battery on AER, electrical consumption, fuel 

economy and emissions during the example of high congestion drive cycle, the selection of 

initial and target SOCs are related to the battery charging and discharging internal 

resistance. In the next chapter, more analysis on vehicle power, energy, operation cost and 

total lifetime cost will be conducted using the UTS PHEV and a conventional seties-

parallel powertrains . 
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CHAPTER 8 VEHICLE POWER, ENERGY, OPERATION COST AND TOTAL 

LIFETIME COST ANALYSIS 

8.1 Introduction 

This chapter presents a study on the UTS PHEV powertrain power, energy, operation cost 

and total lifetime cost. Firstly, the effectiveness of the developed EMS on vehicle power 

and energy demands is studied by testing the power balance requirements between the 

battery and ultracapacitor packs using the different standard drive cycles. This analysis will 

demonstrate the operation of the developed EMS on vehicle power and energy demands. 

After that, the vehicle operational cost of fuel and electricity consumption for different 

battery characteristics is analyzed during the developed real world drive cyc1e. Then, an 

analysis on a daily and annual operational cost is conducted in order to estimate the total 

lifetime cost of the vehicle at different fuel prices during the developed low and high 

density traffic patterns drive cyc1es for different powertrains. Finally, the impact of driving 

distance for the UDDS and HWFET drive cycles on the UTS PHEV powertrain energy 

consumption is investigated. 

8.2 Case Study of the Effectiveness by Combining Batteries and Ultracapacitors 

The UTS PHEV powertrain model is simulated for the three different standard drive cycles 

of 600 second duration, which are FTP, HWFET and INDIAN HIGHWAY. In the three 

scenarios, the power demand profile, battery and ultracapacitor power, power split profile, 

battery and ultracapacitor energy and vehicle acquired and required speeds are analyzed. 
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The block diagram of power balance requirements between the battery and ultracapacitor is 

illustrated in Figure 8.1. 

Drive cycle Vehicle 
model 

Battery 

Ul tracapaci tor 

Figure 8.1 Block diagram of power balance requirements 

8.2.1 The FTP drive cycle 

The UTS PHEV powertrain model is subjected to the first 600 seconds of the FTP drive 

cycle. This cycle is developed to describe the normal driving style characteristic, which has 

a few stop-and- tart events, not too aggressive and nonnally used for light-duty vehicles. 

Figure 8.2 illustrates this speed profile. 
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Figure 8.2 The FTP speed profile for 600 s 
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For the speed profile, Figure 8.3 shows the power demand generated by the UTS PHEV 

powertrain model. The speed profile demanded a peak positive power of 34 kW during 

motoring, peak negative power of 25 kW during regenerative braking, and an average 

power of 15 kW for the whole period. Figure 8.4 shows the proportion of battery power to 

meet the load demands. 
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Figure 8.3 The FTP power demand profile 
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The task of the uJtracapacitor pack is then to exude and absorb power that the battery pack 

is unable to handle so as to meet the power balance requirements. Figure 8.5 shows the 

proportion of power handled by the ultracapacitors, and Figure 8.6 dernonstrates the power 

split between the battery and ultracapacitor compared to the demanded load power. As can 

be seen, the negative or regenerative and peak power den1ands are handled by the 

ultracapacitor pack. The energy profile of the battery and ultracapacitor using the FTP 

driving characteristic is shown in Figure 8.7. As illustrated in Figure 8.8, the FTP acquired 

and required speeds are similar to each other. 
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Figure 8.5 The FfP ultracapacitor power 
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Figure 8.6 The FfP power split profile (dashed line: ultracapacitor, thick solid line: battery 
and star line: power den1and) 
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Figure 8.8 The FfP acquired and required speeds (solid line: acquired, star line: required) 
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8.2.2 The HWFET drive cycle 

The UTS PHEV powertrain model subjected to the first 600 seconds of the HWFET 

driving characteristic speed profile. The HWFET drive cycle was developed to describe a 

driving pattern without stop-and-start events on a highway route with high speeds. Figure 

8.9 depict~ this speed profile. 

The HWFET Drive C ycle 
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Figure 8.9 The HWFET speed profile for 600 s 

For this speed profile, the power demand generated by the model is shown in Figure 8.1 0. 

The speed profile demands a peak positive power (1notoring) of 27 kW, peak negative 

power (regenerative) of 18 kW and an average power of 11 kW for the whole period. The 

proportion of battery power is shown in Figure 8.11. 
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Figure 8.10 The HWFET power demand profile 
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Similar to the case of FTP driving characteristic, the ultracapacitor handles the remaining 

power demand to maintain the power equilibrium. The proportion of power handled by the 

ultracapacitors for this scenario is shown in Figure 8.12. Similarly, Figure 8.13 shows the 
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power split between the battery and ultracapacitor compared to the demanded load power, 

and Figure 8.14 illustrates the battery and ultracpacitor energy during the HWFET driving 

characteristic drive cycle. As shown in Figure 8.15, the HWFET acquired and required 

speeds are comparative. 
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Figure 8.12 The HWFET ultracapacitor power 
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Figure 8.13 The HWFET power split profile (dashed line: ultracapacitor, thick solid line: 
battery and star line: power demand) 
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Figure 8.14 Energy of the HWFET drive cycle (solid line: battery, dashed line: 
ultracapacitor) 
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Figure 8.15 The HWFET acquired and required speeds (solid line: acquired, star line: 
required) 

8.2.3 The INDIAN HIGHWAY drive cycle 

The UTS PHEV powertrain model is simulated for the first 600 seconds of an INDlAN 

HIGHWAY speed profile as illustrated in Figure 8.16 to represent a cautious dtiving style. 

The IND IAN HIGH WA.Y Drive Cycle 
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Figure 8.16 The INDIAN HIGHWAY speed profile for 600 s 
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With this third speed profile, the power demand generated by the model is shown in Figure 

8.17. The speed profile demands a peak positive power of 21 kW during motoring, peak 

negative power of 24 kW during regenerative braking, and an average power of 10 kW for 

the whole period. The proportion of battery power is shown in Figure 8.18. 
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Figure 8.17 The TN DIAN HIGHWAY power dem.and profile 
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Figure 8. 18 The INDIAN HIGHWAY battery power 
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The proportion of power handled by the ultracapacitors for this scenario is shown in Figure 

8.19. Similarly, Figure 8.20 shows the power split between the battery and ultracapacitor 

compared to the demanded load power, and Figure 8.21 demonstrates the battery and 

ultracapacitor energy during the INDIAN HIGHWAY driving characteristic drive cycle. As 

illustrated in Figure 8.22, the results obtained by the INDIAN HIGHWAY acquired and 

required speeds compare favorably with each other. 

ru 
5 
C> 

-0 .5 f- .. 

-'I 

o_ - 1 .5 

-2 

U ltracap ac itor Power 

. ....... -

...... . .. ... . . ......... .. .. -

....... ·-

-2.5~--~--~------~i--------~------~--------~------~ 
0 100 200 3 00 

T ime (s) 
4 00 500 

Figure 8.19 The INDIAN HIGHWAY ultracapacitor power 
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Figure 8.20 The INDIAN HIGHWAY power split profile (dashed line: ultracapacitor, thick 
solid line: battery and star line: power demand) 
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Figure 8.21 Energy of the INDIAN HIGHWAY drive cycle (solid line: battery, dashed 
line: ultracapacitor) 
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Figure 8.22 The INDIAN HIGHWAY acquired and required speeds (solid line: acquired, 
star line: required) 

8.2.4 Remarks 

This analysis explicated the underlying principle behind vehicle power and energy 

management strategy of the UTS PHEV powertrain. Using the UTS PHEV powertrain 

model, three different standard drive cycle characteristics were presented to dem.onstrate 

power and energy demands under variations in the drive cycles. The analysis objectively 

described the advantages of a strategic power and energy management system to arbitrate 

the power delivery and energy content of hybrid energy systems. 

Based on the simulation results of power balance requirements between the battery and 

ultracapacitor in the UTS PHEV powertrain, it can be concluded that different drive cycles 

have different driving style characteristics according to the acceleration and deceleration 

events during the driving schedule. In this study, the INDIAN HIGHWAY drive cycle can 
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be considered as a cautious driving condition because more power and energy was handled 

significantly by the ultracapacitor pack in order to capture regenerative braking energy. For 

the HWFET drive cycle, most of the power and energy to move the vehicle comes from the 

battery pack because of the constant speed profile. The driving style of the HW~T drive 

cycle is aggressive due to fewer braking events during the cycle. From this analysis, one 

can conclude that an effective EMS, which controls the power balance between 

con1ponents in the vehicle powertrain is really important in order to improve the vehicle 

all-electric drive performance and energy efficiency. 

8.3 Vehicle Operational Cost for Different Battery Characteristics 

This analysis is focused on the operational cost during 40 and 80 n1iles distance travelled 

for different battery characteristics during the developed real world drive cycle for the UTS 

PHEV powertrain. The assun1ptions used to generate the annual operational cost estin1ates 

were fuel and electricity costs of $2.50/gal and $0.09/kWh, respectively, and an annual 

driving distance of 15,000 nliles. Table 8.1 lists the fuel economy and enlissions for 

different battery characteristics during the developed real world drive cycle. It can be seen 

that the fuel economy and enlissions improve as the AER and battery usable energy 

Increases. 
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Table 8.1 Fuel economy and emissions for different battery characteristics 

AER (mi) 20 30 40 
AER (km) 32.2 48.3 64.4 
Vehicle mass (kg) 1293 1336 1379 
Battery usable energy (kWh) 3.9956 5.9933 7.9911 
Fuel economy (mpg) 77 85 98 
Emissions (grams/mi): HC 0.2896 0.2610 0.2353 

co 0.2788 0.2536 0.2196 
NOx 0.0674 0.0615 0.0500 

As the results in Table 8.2 listed, the change does not produce a large gap in the operational 

cost estimate of the UTS PHEV powertrain, but it does provide more accurate and useful 

information about the distribution of energy use between fuel and electricity. The UTS 

PHEV powertrain is typically characterized by a "UTS PHEV x" notation, where "x" 

generally denotes the vehicles AER, defined as the distance in miles that a fully charged 

UTS PHEV powertrain can drive on stored electricity before needing to operate its ICE. 

According to this definition , a UTS PHEV20 can drive 20 all-electric miles (32 km) on the 

test drive cycle before the first ICE activation. 

Table 8.2 Vehicles daily and annu,al operational cost under same distance of 40 and 80 

miles 

~) UTS PHEVx 
It 20 30 40 20 

--!----- r-· 
Distance travelled (miles) 40 40 40 80 
Fuel used (gallon) 0.4328 0.2786 - 0.9201 
Electrical energy used (kWh)) 4.3508 5.9933 7.9911 18.0240 
Daily fuel cost ($) 1.08 0.70 - 2.30 
Daily electricity cost ($) 0.39 0.54 0.72 1.62 
Daily operation cost ($) 1.47 1.24 0.72 3.92 
Annual fuel cost($) 405.00 262.50 - 431.25 
Annual electricity cost ($) 149.25 202.50 270.00 303.75 
Annual operation cost ($) 55 1 .25 465.00 270.00 735.00 
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From the operational cost of fuel and electrical consumption analysis, the annual 

operational cost for the UTS PHEV powertrain is decreasing during 20, 30 and 40 miles of 

AER, respectively by increasing the size of the battery. This is because most of the energy 

usage to operate the vehicle for the UTS PHEV powertrain comes from the electricity, the 

higher the battery capacity, the greater the amount of energy that can be stored. At the same 

time, there are two types of energy storage units working together in order to optimize the 

energy usage of the vehicle. Based on this analysis, the difference in cost of operation of 

the UTS PHEV powertrain with different battery characteristics exist because of the price 

of electricity is far cheaper compared to fuel ptice. This analysis concluded that the UTS 

PHEV powertrain is able to reduce the operation cost of the vehicle besides of improving 

its AER, fuel econon1y, emissions and electtical consumption as the battery size is 

increased. 

8.4 Vehicle Total Lifetime Cost for Different Powertrains 

The purpose of this cmnparative study between the UTS PHEV, a conventional series-

parallel HEY and an ICE powered vehicle is to optimize the vehicle energy efficiency and 

all-electric drive performance throughout the system. Table 8.3 lists the vehicle and 

components parameters and specifications for each powertrain. The analysis of the 

influence for developed low and high density traffic patterns drive cycles on the fuel 

economy, emissions, AER, electrical consumption, cost of operation and total lifetime cost 

is carried on each powertrain model. The different density traffic patterns drive cycles, 

being low and high levels are used in order to demonstrate the different level of 

aggressiveness or driving style of different traffic conditions. 
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Table 8.3 Vehicle and components parameters and specifications 

~ UTSPHEV Conventional series- ICE powered 
parallel HEV vehicle m 

ICE 1.5L,43kW@ 1.5 L, 57 kW@ 5000 1.8 L, 100 kW@ 
4000 rpm rpm 6000 rpm 

EM: 

Motor 75 kW AC 50 kW synchronous 
induction motor AC -

Generator -
25 kW synchronous -AC 

ESS: 

Battery NiMH, 10.08 NiMH, 1.3 kWh, 6.5 
kWh, 28 Ah Ah 

-

Ul tracapaci tor Maxwell , 122 Wh, 
2.1 Ah - -

Transmission 4-speed AT CVT 4-speed AT 
Aerodynamic drag 0.335 0.3 0.335 coefficient 
Coefficient of rolling 0.009 0.009 0.009 resistance --------------- -------...,--

1.746 tiT 2.00 mz Frontal area 2.00 n1"" 
Wheel radius 0.282 m 0.287 m 0.282 m 
Vehicle mass 1379 kg 1332 kg 1295 kg 
----------~----------~-

For a further analysis, a comparative study on a daily and annual operation cost was 

conducted during 40 miles distance travelled under the developed low and high density 

traffic patterns drive cycles. The reasonable daily trip is assumed as 40 miles distance 

covered from house to workplace and back to the house. Before the start of the virtual 

vehicle test subject to several drive cycles, the battery was charged to a high SOC level. 

The vehicle was run in the EV mode until a pre-determined low SOC was reached. The 

assun1ptions used to generate the annual energy cost estimates were fuel and electricity 

costs of $2.50/gallon and $0.09/kWh, respectively, and an annual driving distance of 

15,000 miles. 
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Based on the vehicle daily and annual operation cost listed in Table 8.4, since the UTS 

PHEV powertrain uses less fuel to travel the same distance, it can save about 33 o/o and 53 

% annually for the low and high density traffic patterns drive cycles, respectively, 

compared to a conventional series-parallel HEV. During the low and high congestion, the 

annual operational cost saving of the UTS PHEV powertrain is around 56 o/o and 7 5 o/o 

compared to the ICE powered vehicle. Based on this analysis, it can be concluded that the 

UTS PHEV powertrain is more suitable for city driving cycle, where the traffic is moving 

slow and there are more opportunities to recover the regenerative braking energy during the 

stop-and-start events and most of the energy used to move the vehicle comes from the 

power grid, which is a lot cheaper compared to the fuel price. 

Table 8.4 Vehicles daily and annual operation cost under same distance of 40 miles (fuel 
price at $2.50/gallon) 

--
~~nsity UTSPHEV Conventional series- ICE powered 

raffic pattern parallel HEV vehjcle 

Item -~ Low High Low High Low High 

I -- --- f--· 

Fuel used (gallon) 0.19 0.11 0.72 0.85 1.08 1.60 
Electrical energy used 8.064 8.064 0.780 0.780 - -(kWh) 
Daily fuel cost ($) 0.48 0.28 1.80 2.13 2.70 4.00 

---· 
Daily electricity cost ($) 0.73 0.73 - - - -
Daily operation cost ($) 1.20 1.01 1.80 2.1 3 2.70 4.00 

---··-
Annual fuel cost ($) 176.25 105.00 675.00 798.75 1012.50 1500.00 
Annual electricity cost 273 .75 273.75 - - - -
($) 
Annual operation cost 450.00 378.75 675.00 798.75 1012.50 1500.00 ($) 

In order to measure a total lifetime estimated cost during 10 years of ownership for 

different types of powertrain, the maintenance cost for different repair categories, such as 
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oil, tire, transmission, ESS and miscellaneous costs as shown in Table 8.5 is estimated 

[133]. The ESS is referred to both battery and ultracapacitor as such both are considered in 

the lifecycle costs. The purchase and annual maintenance cost as listed in Table 8.6 needs 

to be included in the total life~ime cost calculation, in order to obtain a reasonable and 

practical estimated lifetime cost. 

Table 8.5 Estimated maintenance cost for different repair categories over the lifetime of the 
vehicle 

ts:: UTSPHEY Conventional series-parallel ICE powered 
HEY vehicle y 

Oil $ 50.00 I 5000 $ 50.00 I 5000 miles $ 50.00 I 3000 
miles miles 

Tire $ 440.00 I 60000 $ 440.00 I 60000 miles $ 440.00 I 60000 
miles miles 

Transmission $ 2000.00 I 10 $ 2000.00 I 10 years $ 2000.00 I 10 years years r----------------

ESS $ 7500.00/10 $ 6450.00 I 10 years $ 120.00 I 4 years years 
r-------- -----------r----
Miscellaneous $ 300.00 I year $ 300.00 I year $ 300.00 I year 

'---·---------

Table 8.6 Purchase and annual maintenance estimated costs 

~ UTS Conventional series-
E PHEY parallel HEY 
Purchase cost 28000.00 25000.00 
Annual oil cost 150.00 150.00 
Annual tire cost 110.00 110.00 
Annual transmission cost 200.00 200.00 
Annual ESS cost 750.00 645.00 
Miscellaneous cost 300.00 300.00 
Total annual maintenance 1510.00 1405.00 estimated cost 
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The main objective of this study is to estimate the total lifetime cost of each powertrain at 

different fuel prices according to the year of ownership. The total lifetime cost is calculated 

by considering the vehicle purchase cost, annual operational costs at a range of different 

fuel prices as listed in Table 8.7 and estimated maintenance cost. The high density traffic 

pattern drive cycle is used in this analysis in order to highlight the benefits of the UTS 

PHEV powertrain. Figures 8.23 - 8.27 graphically demonstrate the significance of time and 

fuel cost for each powertrain. 

Table 8.7 Annual operational cost using different fuel prices during the high density traffic 
pattern drive cycle 

~~el ptice ($) 
Powertrain ----

2.50 3.50 4.50 5.50 6.50 
!----· 

UTSPHEV 378 .73 419.98 461 .23 502.48 543.73 
Conventional series-parallel HEY 798.75 1117.50 1436.25 1755.00 2073.75 
ICE powered vehicle 1500.00 2100.00 2700.00 3300.00 3900.00 

- - '----
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Figure 8.23 Total lifetime cost by fuel price at $2.50/gallon 
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From the estimated total lifetime cost analysis, when one gallon of fuel costs $2.50, the 

UTS PHEY and a conventional series-parallel HEY powertrains become more costly to 

own than the ICE powered vehicle. When one gallon of fuel costs $3 .50, the UTS PHEY, a 

conventional series-parallel HEY and an ICE powered vehicle are comparable at the end of. 

the ten year period. At thi s point, the UTS PHEY and ICE powered vehicle cost the same to 

operate at ten years of ownership. However, when one gallon of fuel costs $4.50, the UTS 

PHEY powertrain becomes a more economic alternative to the conventional series-parallel 

HEV and ICE powered vehicle after seven years of operation. 

From this characterization and comparison study between the lTTS PHEY, a conventional 

series-parallel HEY and ICE powered vehicle, it can be concluded that driving 15, 000 

miles per year at a fuel price of $3.50 per gallon will generally cost the equivalent of 

driving 15, 000 miles in a conventional eries-parallel HEY and an ICE powered vehicle. 

At higher fuel price and in situations where a higher percentage of miles are driven in the 

high density traffic pattern drive cycle rather than on low, the ·uTS PHEY powe11rain 

proves to be more cost effective than the conventional series-parallel HEY and ICE 

powered vehicle. 

8.5 Impact of D1iving Distance on the UTS PHEV Powertrain Energy Consumption 

The energy consumption, such as electrical energy consumed and fuel consumption of the 

UTS PHEY powertrain with an AER of 30- 40 miles depending on the type of drive cycle 

and driving style or aggressiveness. Two standard drive cycles, which are the UDDS and 

HWFET were analyzed, each of them repeated a number of times to assess the impact of 
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driving distance on the energy consumption. The battery bank stores 10.08 kWh of which 

8.064 kWh is usable with the minimum SOC of 20 o/o. Table 8.8 lists the UTS PHEV 

powertrain energy consumption by distance for each drive cycle of the UDDS and 

HWFET, respectively. 

Table 8.8 UTS PHEV energy consumption by distance for the UDDS and HWFET drive 

cycles 

Electrical Fuel Electrical 
UDDS Distance Duration (s) energy used consumption (miles) consumed 

(kWh) (gal) (Whlmi) 

1 7.5 1369 1.7116 - 228 
2 15.0 2738 3.1429 - 210 
3 22.5 4107 5.2446 - 233 
4 30.0 5476 7.0308 - 234 
5 37.5 6845 8.0640 0.0864 215 
6 45.0 8214 8.0640 0.2693 179 

1-------------- -------
7 52.5 9583 8.0640 0.4522 154 ----------
8 60.0 10952 8.9058 0.4951 148 

--r-- --
9 67.5 12321 10.1088 0.495l 150 

----
10 75.0 13690 I 11.3062 0.4951 151 

Electrical Fuel Electrical 
HWFET Distance Duration (s) energy used consumption (miles) consumed 

(kWh) (gal) (Wh/mi) 

1 10.26 765 2.2347 - 218 
2 20.52 1530 4.5037 - 219 
3 30.78 2295 6.8000 - 221 
4 41.04 3060 8.0640 0.0941 196 .____ 

5 51.30 3825 8.0640 0.3008 157 
6 61.56 4590 8.0640 0.5076 131 
7 71.82 5355 8.0640 0.7144 112 -----------1--· 

8 82.08 6120 9.1365 0.7875 111 
9 92.34 6885 11.7825 0.7875 128 
10 102.6 7650 15.9970 0.7875 156 
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From the obtained results, driving a short distance, which is less than 30 miles during each 

drive cycle, will always deliver the best fuel economy because the UTS PHEV powertrain 

mostly performed in EV mode, where a large fraction of fuel would be saved. Note that 

during the UDDS and HWFET drive cycles, the electrical consumption decreases until the 

gth cycle and after that it finally increases again during the 91
h cycle. This is because the 

ICE is turned off and most of the energy used to move the vehicle comes again from the 

power grid. 

8.6 Summary 

Based on the analysis of the effectiveness of combining batteries and ultracapacitors on 

power and energy demands during the different standard driving characteristics drive 

cycles, it was observed that the EMS plays an impottant role on the power balance 

requirements between both of the ESS bank of the vehicle. Frmn the operation cost of fuel 

and electrical consumption analysis, the UTS PHEV powertrain has significantly reduced 

annual operation cost during the developed real world drive style for different required 

AER. This is because the UTS PHEV powertrain has two types of energy storages, which 

consists of the battery and ultracapacitor banks and sources, which are fuel and electricity, 

that work together in order to optimize the energy usage of the vehicle. In the total lifetime 

cost analysis, comparison of the sin1ulation results of AER of the UTS PHEV powertrain 

subject to dtive cycles of different density traffic patterns, one can readily conclude that the 

AER of high density traffic pattern drive cycle is significantly better than that for drive 

cycles at low density traffic pattern. Because of the effective regenerative braking, the UTS 

PHEV powertrain uses less energy than the conventional series-parallel HEV and ICE 
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powered vehicle, especially in drive cycles of high density traffic pattern, which leads to 

significant improvement of the fuel economy, emissions, AER, electrical consumption, 

energy cost and total lifetime cost of the vehicle. Finally, the UTS PHEV powertrain 

energy consumption is different depending on the driving distance covered according to the 

driver behavior and driving style characteristics. This work lays a foundation for the 

optimization of powertrain and the EMS of the UTS PHEV in order to obtain the best 

design variable values by improving the chosen objective functions while satisfying the 

vehicle design constraints. 
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CHAPTER 9 OPTIMIZATION OF ENERGY MANAGEMENT STRATEGY 

9.1 Introduction 

This chapter gives an overview of the optimization design process for the UTS PHEV 

powertrain with developed EMS in order to satisfy the chosen objective functions, which 

are vehicle fuel economy and emissions in the MA TLAB/SIMULINK environment. The 

vehicle drive performance for this analysis is set as a constraint. Nine design variables have 

been selected in order to investigate their effect on the objective functions based on the 

paran1etric study and GA optimization method. In the parametric study, the effect of 

coupling design variables on the vehicle fuel economy will be analyzed during the HWFET 

and UDDS dri e cycles. Then, the GA optimization method is implemented on the UTS 

PHEV powertrain model with the developed EMS. The purpose of the GA optimization is 

to obtain the best value for the design variables and calculate the rate of change on the 

objective functions, which are fuel economy and emissions before and after the GA 

optimization method is implemented. Two standard drive cycles, the HWFET and UDDS 

will be evaluated for this work. 

9.2 Overview 

Optinuzation [134- 137] is a process of searching the minimum and maximum limits of an 

objective function while at the same time satisfying certain constraints on the design 

variables and also selecting the best configuration at every iteration. In other words, it is a 

process that removes the bad design points while maintaining the good design points. A 

model-in-the-loop approach is used in the design optimization process, as illustrated in 
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Figure 9 .1. As shown in the middle of the diagram, the UTS PHEV powertrain is modeled 

in MA TLAB/SIMULINK environment as a simulation tool. In this process, the objective 

functions are evaluated by the vehicle simulation tool. There are several existing simulation 

tools available, such as ADVISOR or PSA T that can be used for hybrid vehicles analysis. 

Design 

/ constraints 

,, 
Simulation Tool 

Optimization .. (UTS PHEV 
algorithms ... 

powertrain model) 
~ .. 

~ Objective 
functions 

Figure 9.1 Model--in-the-loop design optimization process 

Initially, the UTS PHEV powertrain model simulation utilizes initial values of the design 

variables as default values, and from there the nun1erical values of the objective function or 

target results are obtained. In this case, the values are fuel consumption and e1nissions, 

which are reflected by four parameters including fuel economy, HC, CO and NOx levels. 

In the meantin1e, the constraint function, which is the vehicle drive performance of the UTS 

PHEV powertrain, is evaluated continuously. 

These simulated results are then fed back to the optimization algorithm, which generates a 

new set of values for the design variables. Subsequently, the UTS PHEV powertrain model 
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is simulated again to get the values for the objective function and the constraint functions. 

The simulation results are fed back to the optimization algorithm, again, to generate 

another new set of design variables. This iteration process repeats until we have reached 

some stopping criteria for the optimization process. Notice that the design variables are 

restricted within their bounds during this process. 

9.3 Parametric Study 

The effect of various combination vehicle design variables for, 1) the power rating of the 

EM and vehicle FDR; 2) the power rating of the ICE and vehicle FDR; 3) the power ratings 

of the EM and ICE; 4) the number of modules for battery, Bmod and ultracapacitor, UCmod; 

and 5) the low and high SOC levels of battery (Bsooo and Bsochi) and ultracapacitor 

( UCsocio and UCsochi) on the objective functions are studied here. The fuel economy is 

taken as the .objective function and their variations are studied subject to changes in design 

variables related to the UTS PHEV powertrain component sizes and levels [ 138, 139]. 

The UTS PHEV powertrain with the developed EMS is simulated during the HWFET and 

UDDS dtive cycles in order to measure the fuel econon1y of the vehicle according to the 

different sizes and levels of design variables. For this analysis, the best values of the design 

variables obtained from this study can maximize the fuel economy while the acquired 

speed has to agree well with the vehicle required speed in satisfying the vehicle drive 

performance as illustrated in Figure 9.2 according to the applied drive cycle. In this work, 

the vehicle fuel economy is measured when the final battery SOC reached the same level as 
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the initial battery SOC at the start of the simulation, in order to obtain the accurate results 

that can balance the vehicle fuel used and electrical consumption from the power grid. 

Req u ired an d Acqui red Spee d s 
16 
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12 
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~ 
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2 

0 
0 5 ·1o 15 2 0 25 

Time (s) 
'-------------------------------------

Figure 9.2 Vehicle required and acquired speeds (solid line: acquired speed, dashed line: 
required speed) 

9.3.1 The power rating of the EM and vehicle FDR 

Figures 9.3 and 9.4 show the plot for fuel economy obtained for different power rating of 

the EM and vehicle FDR during the H\VFET and UDDS drive cycles, respectively. The 

power rating of the EM is varied from 45 kW to 105 kW by 10 kW increments and the 

vehicle FDR is set as 3.06, 3.56, 4.06, 4.56, 5.06, 5.56 and 6.06 as the power rating of the 

EM is varied. 
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Figure 9.3 Fuel economy dependence on the power rating of the EM and vehicle FDR 
during the HWFET drive cycle 
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Figure 9.4 Fuel economy dependence on the power rating of the EM and vehicle FDR 
during the UDDS drive cycle 
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As can be seen, the vehicle fuel economy during the HWFET and UDDS drive cycles are 

vary when the power rating of the EM and vehicle FDR are changing. The plot of fuel 

economy dependence on the power rating of the EM and vehicle FDR indicates that the 

value of fuel economy is higher for EM power rating between 45 kW and l 05 kW and 

vehicle FDR changed from 3.06 to 4.06 during the HWFET drive cycle. The optimum fuel 

economy is achieved at an EM power rating between 55 kW to 75 kW and vehicle FDR 

from 3.56 to 4.56 during the UDDS drive cycle. The obtained vehicle fuel economy in this 

study also depends on the EM efficiency map according to the speed and torque and 

vehicle speed based on the applied drive cycle. This relationship also can affect the 

production of vehicle emissions. 

9.3.2 The power rating of the ICE and vehicle FDR 

From the plot of fuel economy dependence on the power rating of the ICE and vehicle FDR 

during the HWFET and UDDS drive cycles as illustrated in Figures 9.5 and 9 .6, it shows 

that the fuel economy varies as the ICE power rating and vehicle FDR changed from 10 

kW to 70 kW and 3.06 to 6.06, respectively. 
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Figure 9.5 Fuel economy dependence on the power rating of the ICE and vehicle FDR 
during the HWFET drive cycle 
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Figure 9.6 Fuel economy dependence on the power rating of the ICE and vehicle FDR 
during the UDDS drive cycle 
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From the plots, the fuel economy reached a maximum value at an ICE power rating of 40 

kW and vehicle FDR at 3.56 for the HWFET drive cycle and during the UDDS drive cycle 

the maximum fuel economy is obtained when the ICE power rating is at 50 kW and 4.06 of 

the vehicle FDR. The values of the vehide fuel economy from this study are also affected 

by the ICE efficiency map, which determined by the speed and torque and the vehicle 

speed of the HWFET and UDDS drive cycles. 

9.3.3 The power rating of the EM and ICE 

Figures 9.7 and 9.8 show the dependence of the fuel economy with respect to EM and ICE 

power ratings during the HWFET and lJDDS drive cycles. The power ratings of the EM 

and ICE are varied between 45 kW to 105 kW and 10 kW to 70 kW by 10 kW increments 

for both EM and ICE power ratings. For the HWFET drive cycle, the fuel economy reached 

the optimal value for an EM power rating from 45 kW to 105 kW and ICE power rating at 

40 kW and EM power rating from 75 kW to 105 kW and ICE power rating at 50 kW during 

the UDDS drive cycle. In this study, the vehicle fuel econon1y is also dependent on the EM 

and ICE efficiency maps based on the speed and torque. 
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Figure 9. 7 Fuel economy dependence on the power ratings of the EM and ICE during the 
HWFET drive cycle 
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Figure 9.8 Fuel economy dependence on the power ratings of the EM and ICE during the 
UDDS drive cycle 
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9.3.4 The number of modules for battery and ultracapacitor 

The dependence of the fuel economy on the number of Bmod and UCmod during the HWFET 

and UDDS drive cycles are demonstrated in Figures 9.9 and 9.10. Based on the plots, there 

are variations in fuel economy that can be seen when the number of Bmod and UCmod is 

varied from 40 to 70 and 25 to 175 modules, respectively. This is due to the different power 

density and energy density of the battery and ultracapacitor. 
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Figure 9.9 Fuel economy dependence on the number of Bmod and UCmod during the HWFET 

drive cycle 
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Figure 9.10 Fuel economy dependence on the number of Bmod and UCmod during the UDDS 
drive cycle 

From the plots, the different number of Bmod and UCmod chosen demonstrate a significant 

effect in the vehicle fuel economy during the HWFET and UDDS drive cycles. During the 

HWFET drive cycle, a small gap in fuel economy can be seen when the number of UCmod 

varies from 25 to 175 rnodules. The fuel economy for the HWFET is increasing as the 

number of Bmod is increasing. This plot concluded that during the HWFET drive cycle, only 

a small amount of regenerative braking energy can be captured by the ultracapacitor pack. 

From the UDDS drive cycle, the fuel economy is higher for the number of Bmod between 50 

to 65 modules and the number of UCrnod from 25 to 100. 

9.3.5 The low and high SOC levels of battery and ultracapacitor 

Similarly, Figures 9.11-9.14 show the dependence of the fuel econon1y on the Bsocto and 

Bsochi and UCsocto and UCsochi during the HWFET and UDDS drive cycles. The low and 
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high SOC levels vary from 0.1 to 0.4 and 0.6 to 0.9 for both battery and ultracapacitor, 

respectively. From the plots of fuel economy dependence on the Bsocto and Bsochi and 

UCsocto and UCsoch;, it can be concluded that the fuel economy varies according to the 

applied internal resistance at different SOC values based on the applied drive cycle, either 

in the HWFET or UDDS. 
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Figure 9.11 Fuel economy dependence on the Bsocto and Bsochi during the HWFET drive 
cycle 
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Figure 9.12 Fuel economy dependence on the Bsocto and Bsochi during the UDDS drive 
cycle 
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Figure 9.13 Fuel economy dependence on the UCsocto and UCsochi during the HWFET 
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Figure 9.14 Fuel economy dependence on the UCsoc10 and UCsochi during the UDDS drive 
cycle 

9.3.6 Remarks 

Based on this study, the variations of selected vehicle design sizes and levels do affect the 

obtained fuel economy. Frotn the obtained results, the changes in vehicle fuel consun1ption 

rates are more significant in the UDDS compared to the HWFET drive cycles. This 

analysis shows that the UTS PHEV powertrain with the developed EMS is suitable for city 

use in order to obtain more fuel economy and less emission are produced. 

9.4 Optimization Algorithm 

Various optimization algorithms [140, 141] are available to be used for solving 

sophisticated design problems, such as divided rectangles (DIRECT) [9], simulated 

annealing (SA) [142, 143], GA and particle swarm optimization (PSO) [144, 145]. In this 

study, the GA is selected and used to optimize the vehicle fuel economy and emissions for 

Optimal Power Management for the UTS Plug-in Hybrid Electric Vehicle 

225 

A. R. Salisa 



Chapter 9 Optirrilzation of Energy Management Strategy 

the UTS PHEV powertrain with the developed EMS during the HWFET and UDDS drive 

cycles. 

9.4.1 Genetic algorithm 

The GA [146- 153] is used in the model-based design optimization. It can be summarized 

briefly as illustrated in the flow chart of Figure 9.15. Evaluation process starts with forming 

initial random population of individuals instead of a single solution. After that, a group of 

chromosomes that make up a population and each chromosome consists of several genes or 

design variables are selected based on the fitness function. The performance for each 

chromosome is evaluated by the fitness function. Then, the potential solutions or survival 

need to go through the crossover and mutation operations, in order to produce a new 

population. The iteration is continuous until a termination condition is satisfied. Figure 9.16 

illustrates the population based search of the GA. 

·---·----
Fitness function 

evaluation 

Figure 9.15 Flow chart of the GA 
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Fitness 

Individual 

Generation 

Figure 9. 16 Population based search of GA 

9.4.2 Optimization problem setup 

Tables 9.1 and 9.2 list a set of parameters and vehicle drive performance constraints used in 

this optimization process. The first work to operate the GA for the UTS PHEV powertrain 

optimization problem is to choose appropriate chromosome representation. Chromosome 

representation desc1ibes each individual of the population in GA. Based on the analysis of 

UTS PHEV powertrain n1odel and optimization variables, we define the chromosome with 

the following genes: 

Chromosome=Genes( JCE,EM,Bmod,Bsochi, BsocLo, UCmod, UCsochi, UCsocLo,FDR) (9.1) 

For each individual chromosome, the fuel economy and emissions are calculated, over a 

specific drive cycle, which is the HWFET or UDDS. The corresponding fitness function 

values are then calculated through a linear interpolation of the obtained results. 
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Table 9.1 Paran1eters used in GA optimization 

Parameters Value 
Population size 100 
Crossover probability 70% 
Mutation probability 6 o/o 
Maximum generation counted 300 

Table 9.2 Vehicle performance constraints used in GA optimization 

Performance constraints Value 
0-60 mph 10 s 
40-60 mph 5s 
0-80 mph 20 s 
Maximum acceleration Over 80 mph 

The main objectives of analysis using GA optinlization is to minimize the fuel consumption 

and ernissions of the vehicle, which is computed, based on the HWFET and UDDS drive 

cycles. Table 9.3 shows the nine initial or default design variables used in this study. The 

first two define the power ratings of the ICE and El\!1. The third, fourth and fifth variables 

define the number of Bmod, Bsocto allowed and Bsoozi allowed. The sixth, seventh and eighth 

define the nun1ber of UCmocJ, UCsocJo allowed and UCsochi allowed as well. Note that the 

SOC values are part of the EMS paran1eters. Although they are not related to component 

sizing, they have a direct impact of the fuel used and emissions of the UTS PHEV 

powertrain design. The ninth variable defines vehicle FDR. Each design variable is also 

restricted within a lower and an upper bound as given in Table 9.4. Table 9.5 lists the 

targets and weights of the UTS PHEV powertrain fuel economy and emissions used in this 

analysis. 
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Table 9.3 Initial design variables 

Design variable Initial value 
ICE 43kW 
EM 75kW 
Bmod 60 
Bsochi 0.9 
Bsoeto 0.2 
UCmod 100 
UCsochi 0.9 
UCsocto 0.2 
FDR 4.06 

Table 9.4 Upper and lower bound design variables 

~ D Lower Upper 

ICE 
~,.. . 

10000 70000 
EM 45000 105000 
Bmod 40 70 --
Bsochi 0.6 0.9 
Bsocto 0.1 0.4 
UCmod 25 150 

1------ - --------------- ----
UCsochi 0.1 0.4 
UCsocto 0.6 0.9 
FDR 3.06 6.06 

Table 9.5 Targets and weights of the UTS PHEV powertrain fuel economy and emissions 

Objectives Target Unit Weight, wi Value UDDS HWFET 
Fuel economy 101 89 mpg WJ 0.7 

HC 0.227 0.185 glmi w2 0.1 
co 0.214 0.241 g/mi W} 0.1 
NOx 0.050 0.081 g/mi w4 0.1 

9.4.3 Optimization results 

The optimization algorithm, GA, is looped with the UTS PHEV powertrain model and the 

optimization is carried out. For this step, the initial or default and the bounds for the design 
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variables are considered. The GA algorithm is allowed to run for 300 function evaluations. 

Table 9.6 show the final values of the nine design variables after optimization for the 

HWFET and UDDS drive cycles. We notice that the rating of the EM during the UDDS 

and HWFET drive cycles is down-sized to a lower rating, implying that down-sizing of the 

EM has been achieved. It can be seen that the power rating of the EM for the UDDS drive 

cycle is higher compared to the HWFET drive cycle. This is because the main power 

source to drive the vehicle during the UDDS drive cycle is the EM, in order to reduce the 

vehicle fuel consun1ption and emissions. During the HWFET drive cycle, the power rating 

of the EM is lower than the power rating of the EM for the UDDS drive cycle. Under the 

HWFET drive cycle, the EM and ICE will work together to supply power to the vehicle if 

the vehicle power demand is higher than the EM maximum power. On the other hand, the 

ICE is greatly reduced for each applied drive cycle. The ICE will be turned on only for 

unusual or worst-case scenario as a secondary power source to drive the vehicle. Given the 

vehicle drive performance constraints, the trade-off of ICE down-sizing and EM down-

sjzing can be realised by adjusting the lower and upper bounds of the design variables. 

The mass of the vehicle changes as the design variables change because the mass of the 

vehicle depends directly on some design variables. In particular, of the chosen nine design 

variables, four design variables, which are power rating of ICE, EM and Bmod and UCmod 

affect the mass of the vehicle. 
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Table 9.6 Final design variable values for the UDDS and HWFET drive cycles 

Design variable Unit Initial value UDDS HWFET 
ICE kW 43 33 34 
EM kW 75 65 45 
Bmod Module 40 49 59 
Bsochi - 0.9 0.84 0.84 
Bsocto - 0.2 0.35 0.35 
UCmod Module 100 141 66 
UCsochi - 0.9 0.67 0.67 
UCsoCto - 0.2 0.28 0.13 
FDR - 4.06 3.06 3.03 

Figures 9.17 and 9.18 show the convergence behaviour of the normalized objective 

function in 300 generations during the HWFET and UDDS drive cycles obtained from the 

GA optimization process. From the plots, it can be seen that the GA optimization 

consistently converges towards a minimum objective function . 

The H'VV'FET Drive Cyc le 
0.315 .-------,--------,-------r-----~---:r-----, 

0 .31 -- - - - - - - . - - -. - - . - - - - -- -

------- -

--- ---

--.- -.·--- --- -

--- - - -- ---

0 .285 - - --- . - - -- -.- --- -

i 
0 50 100 150 200 250 300 

Number of generations 

Figure 9.17 The normalized objective function values versus number of generations during 
the HWFET drive cycle 
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Figure 9.18 The normalized objective function values versus number of generations during 
the UDDS drive cycle 

A comparison of the fuel economy and emissions before and after the optirnization is given 

in Table 9.7 for the HWFET and UDDS drive cycles. Based on the si1nulation results, the 

fuel econon1y and emissions of each d1ive cycle is significantly improved over those before 

optimjzation, especially the fuel econo1ny . The strategy based on an optimjzation algorithm 

such as GA improved all four objectives simultaneously. The improvement of fuel 

econmny has been achieved in the UDDS and HWFET drive cycles with 16.5 % and 4.3 % 

better compared to the results before applied optirnization. 
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Table 9.7 Fuel economy and emissions comparison for the UDDS and HWFET drive 
cycles 

Description Fuel economy (mpg) Emissions (grams/mile) 
HC co NOx 

UDDS 
Before 101 0.227 0.214 0.050 
After 121 0.215 0.178 0.031 
Fuel economy improvement (o/o) 16.5 

HWFET 
Before 89 0.185 0.241 0.081 
After 93 0.195 0.232 0.071 
Fuel economy improvement(%) 4.3 

9.5 Summary 

Based on the parametric study conducted, the selected vehicle design variables do affect the 

fuel econon1y and can be optimized in order to get the best design variables. From the 

obtained results of GA opti1nization n1ethod implemented, the chosen final design variables 

can significantly improve the UTS PHEV powe11rain fuel economy and emissions while 

satisfying the chosen vehicle design constraint. The final design variable values of the UTS 

PHEV powertrain with a proposed 4-speed AT without torque converter frorr1 each drive 

cycle of UDDS and HWFET are reasonable and within the expected range depending on 

the applied driving style. The next chapter will conclude and summarize this thesis. The 

conclusions, contributions and future direction of this research, will be discussed in that 

chapter. 
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CHAPTER 10 CONCLUSIONS, CONTRIBUTIONS AND FUTURE WORK 

This chapter concludes the thesis. It summarizes the main contributions of this research and 

presents a future direction to extend the research. 

10.1 Conclusions 

The results of the vehicle performance analysis for the UTS PHEV powertrain, which 

consists of the acceleration, gradeability and range tests, are within reasonable and 

satisfactory range. From a conducted sensitivity study on the UTS PHEV powertrain, it is 

found that the driving style, battery internal resistance, EM peak efficiency, accessory loads 

and energy cost have an impact on the vehicle AER, electrical consumption, fuel economy, 

emissions and operation cost. Based on the model verification analysis with the ADVISOR 

code, the obtained results of the UTS PHEV powertrain subsysten1s code with a proposed 

4-speed AT without torque converter in terms of battery and ultracapacitor current, voltage, 

power and SOC, EM speed, torque, and power, vehicle speed and force and wheels speed 

and torque for both HWFET and UDDS drive cycles are within reasonable and expected 

range of actual typical behavior of these subsystems. The components of the vehicle 

subsystems are realistically sized as the vehicle is capable of achieving drive performance 

to a target velocity. From the obtained results and previous discussions, it can be concluded 

that results of the UTS PHEV code are realistic and promising. 

Based on the fuel economy and emiSSions companson between the UTS PHEV and 

conventional series and parallel HEY s powertrains using PCT and FCT methods, the fuel 
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economy for the UDDS, HWFET and combined drive cycles with different weighting 

percentage is improved and the emissions are reduced significantly. This work lays a 

foundation for the optimization of powertrain with the developed EMS. Comparing the 

simulation results of AER, fuel economy, emissions and electrical consumption of the UTS 

PHEV and a conventional series-parallel powertrains subject to different standard and 

developed low and high density traffic patterns drive cycles, one can readily conclude that 

the AER, fuel economy, emissions and electrical consumption all vary according to the 

vehicle powertrains, EMS, drive cycle characteristics and the drivers behavior. A 

significant improvement in AER, fuel economy, emissions and electrical consumption of 

the UTS PHEV powertrain is achieved based on the obtained results. This is because of 

regenerative braking and the EMS which effectively manages and controls the power flow 

in the system. According to the impact of battery characteristics and drive cycles analysis, 

the fuel replacen1ent does affect the battery energy and driving cycles implemented. From a 

futther analysis on the influence of different initial and target battery SOCs on AER, 

elect1ical consurnption, fuel economy and emissions during the example of high congestion 

drive cycle, the selected initial and target SOCs do related the battery life and performance. 

According to the analysis of the effectiveness of combining batteries and ultracapacitors on 

power and energy demands during the different standard drive cycles, it was observed that 

the developed EMS plays an important role on the power balance requirements between 

both of the energy sources of the vehicle. Fro1n analysis of the UTS PHEV powertrain 

operation cost of fuel and electricity consumption for different battery characteristics 

during the example of high congestion drive cycle, it can be concluded that the UTS PHEV 
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powertrain is able to reduce the operation cost of the vehicle energy besides improving its 

AER, fuel economy, emissions and electrical consumption. Based on the analysis of the 

vehicle total lifetime cost for different powertrains, even though the UTS PHEV has a high 

purchase price and maintenance cost, if it is used for city driving with the optimized 

electricity usage, the total lifetime cost will become equal compared to the conventional 

series-parallel HEY and ICE powered vehicle after ten years of ownership when the fuel 

price reached $3.50/gallon. Additionally it has a better fuel economy, emissions, AER and 

electrical consun1ption compared to the other powertrains. Finally, from the obtained 

results of the impact of driving distance on the UTS PHEV powertrain energy consumption 

analysis, the amount of the UTS PHEV energy consumption is also depending on the 

driving distance and driver's aggressiveness. 

Based on the parametric study of the selected vehicle design variables, the variations in size 

and level of the design variables do affect the obtained fuel economy according the applied 

drive cycle. Fr01n the optimization results of GA, the fuel consumption and emissions, such 

as HC, CO and NOx of the UTS PHEV powertrain are decreased significantly after the 

implemented GA optimization during the UDDS and HWFET drive cycles. The best value 

for the design variables of ICE and EM power rating, nurnber of Bmod and UCmod, FDR, 

Bsocto and Bsochi and UCsocto and UCsochi are varied according to the applied drive cycles 

within the chosen upper and lower bound values. 

While the main drive power of the UTS PHEV powertrain comes from the electric motor 

supplied by the battery pack, the ICE is needed as a back-up and auxiliary power source. 
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Adding the ultracapacitor pack in this powertrain can more effectively capture the 

regenerative braking energy, resulting in better energy efficiency, and meet large power 

demand from the motor, resulting in better dynamic vehicle drive performance. In 

comparison with the conventional HEVs, the size of the ICE can be reduced since it is an 

auxiliary drive when there is a need for extra power during fast acceleration or hill 

climbing and for battery charging when the SOC is low during long distance drives. 

It also can be concluded that the UTS PHEV powe11rain can achieve the desired vehicle 

drive performance by using only one EM through the implementation of a more 

sophisticated EMS and ultracapacitor bank so as to improve the vehicle fuel economy, 

emissions, AER, elect1ical consumption, operation cost and total lifetime cost. 

10.2 Contributions 

The specific research objectives of this thesis, as set out in section 1.3, were achieved as 

follows. 

1. Determine the parameters and specifications of each of the UTS PHEV powertrain 

components based on the sizing and selection processes in order to design an 

optimal power management vehicle in terms of all-electric drive performance and 

energy efficiency based on a passenger vehicle using typical vehicle parameters, 

specifications and performance requirements according to the Toyota Prius 

specifications, 

This was achieved by 
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• Sizing the UTS PHEV powertrain components correctly in order to achieve 

most of the vehicle all-electric drive performance and energy efficiency 

based on the design specifications and requirements of the vehicle, and 

• Calculating the power requirements for steady state velocity using vehicle 

dynamic equations. 

2. Derive a detailed model of the UTS PHEV powertrain components and the overall 

structure with a novel 4-speed AT without torque converter, and simulate the 

behaviour of the proposed powertrain in the MATLAB/SIMULINK environment 

using a forward looking modelling approach for different types of analysis, 

This was achieved by 

• Deriving and modeling the UTS PHEV powertrain components using 

forward looking modeling approach in MA TLAB/SIMULINK environment 

in order to conduct a number of analysis of the vehicle fuel economy, 

en1issions, electrical consumption, AER, operation cost and total lifetime 

cost during the standard and developed drive cycles. 

3. Design a special EMS for the UTS PHEV powertrain in order to optinlize the power 

management in terms of the all-electric drive performance and energy efficiency by 

improving the vehicle fuel economy, emissions, electrical consumption, AER, 

operation cost and total lifetime cost, 

This was achieved by 
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• Designing the EMS of the UTS PHEV powertrain in order to optimize the 

vehicle power and energy management by improving the all-electric drive 

performance and energy efficiency, and 

• Demonstrating the method of developing a special EMS of the UTS PHEV 

powertrain with a proposed 4-speed AT without torque converter in order to 

optimize the power n1anagement among the components under various 

standard and developed drive cycles especially in the low and high density 

traffic patterns characteristics drive cycles. 

4. Verify the UTS PHEV powertrain with a special developed EMS and a proposed 4-

speed AT without torque converter by conducting a performance analysis, 

sensitivity study and con1paring the simulation results of the selected components 

and acquired and required velocities for both the UTS PHEV and ADVISOR codes, 

This was achieved by 

• Conducting a perfonnance analysis, sensitivity study, validation and 

verification process for the UTS PHEV powe1train code by comparing its 

simulation results with the ADVISOR code and if there is a discrepancy 

between the codes, a detailed explanation is discussed. 

5. Analyze a comparative study on the UTS PHEV and conventional HEY powertrains 

fuel economy, emissions, electrical consumption, AER, operation cost and total 

lifetime cost during the standard drive cycles and developed low and high density 

traffic patterns and example of high congestion drive cycles in order to investigate 
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the influence of the charge tests, battery characteristics, initial and target SOC of the 

battery, effectiveness of the developed EMS and driving distance implemented, 

This was achieved by 

• Presenting a significant improvement 1n fuel economy, electrical 

consumption, emissions, AER, operation cost and total lifetime cost of the 

UTS PHEV powertrain by bringing a special EMS and a new concept of 4-

speed AT without torque converter. 

6. Optinlize the management of the power needed by the UTS PHEV powertrain under 

several standard drive cycles, thus improving the vehicle all-electric drive 

performance and energy efficiency using the GA optimization method in order to 

obtain the best design variable values by improving the chosen objective functions 

while satisfying the vehicle design constraints, 

This was achieved by 

• Conducting a parametric study on the effect of variations in size and level of 

the vehicle design variables on the fuel economy, 

• Applying GA optimization method on the developed UTS PHEV powertrain 

model during a few standard drive cycles, the HWFET and UDDS, in order 

to design an optimal power n1anagement by improving the vehicle all-

electric drive performance and energy efficiency, and 

• Adapting the developed optimization methodology for different vehicle 

technologies and performance constraints. 
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7. Develop an alternative powertrain, which is the UTS PHEV with a newly proposed 

4-speed AT without torque converter, one EM and ultracapacitor bank in the energy 

storage system (ESS) that can improve fuel economy, emissions, electrical 

consumption, AER, operation cost and total lifetime cost significantly, and also can 

optimize the vehicle power management in terms of the all-electric drive 

performance and energy efficiency. 

This was achieved by 

• Proposing a new hybrid powertrain by introducing a novel UTS PHEV 

powertrain with a proposed 4-speed AT without torque converter, which 

consists of only one EM to function as an electric motor or generator at 

different time intervals and has an ultracapacitor bank in its ESS to capture 

more regenerative braking and boost the peak power during fast 

acceleration, 

• Introducing two energy sources 111 the ESS, which are the battery and 

ultracapacitor banks that can work together in order to 1naintain the SOC of 

the battery at high level controlled by a special EMS, 

• Reducing the size of the ICE of the vehicle without sacrificing vehicle drive 

perfo1mance and comfort of the cunent ICE powered vehicles since the ICE 

will be turned on only when necessary, when the battery SOC is low or 

du1ing the hard acceleration whereas the extra torque is needed to assist the 

EM to drive the vehicle, 

• Proposing UTS PHEV powertrain can reduce a daily operation cost under 

the city drive cycle since the AER covered is about 34 miles during the 
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UDDS drive cycle. The consumer only relies on electrical energy if the 

travel distance is less than 34 miles per day depending on driving styles and 

they can also plug it in to the standard power outlet when it is not in use, 

• Minimizing the total lifetime cost, which includes the cost of the purchase, 

annual energy and maintenance of the UTS PHEV powertrain compared to 

the conventional series-parallel HEV and ICE powered vehicle, and 

• Introducing an efficient solution to society, environment, economy and 

world by developing the UTS PHEV powertrain, which results tn less 

dependence on oil and reducing the effect of global warming. 

10.3 Future Work 

The capability of optimal power management for the UTS PHEV powertrain can be further 

enhanced by incorporating some new features and methods to overcome certain drawbacks. 

The recommendations for future study would be useful to continue to provide more 

improvements in optin1izing the power management, energy efficiency and all-electric 

drive performance in the UTS PHEV powertrain. 

It is suggested the UTS PHEV powertrain model is expanded to include a detailed 

acceleration control in order to improve the vehicle response to driver's demand to follow 

the speed shift schedule. Imperfect acceleration tracking will contribute to inaccurate 

simulation results of the vehicle, since an error in these will propagate throughout the rest 

of the vehicle model. A more sophisticated control design method is needed to obtain better 

tracking. 
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The overall structure of the UTS PHEV powertrain can be further improved if 

consideration is given to the transient analysis in the model and most of the subsystems 

model were completed and integrated. _It is also recommended to revise and validate the 

simulation results from the UTS PHEV powertrain with the experimental data when the test 

data from an actual vehicle is available. 

In the aspect of optimization process, a detailed and more sophisticated optimization 

methodology needs to be implemented on the UTS PHEV powertrain with the developed 

EMS, in order to. obtain the accurate design variable values that can improve the defined 

objective functions while satisfying the constraints. The optimization results will be more 

promising if the UTS PHEV powertrain model and EMS are tested using various 

optimization methodology. 

This work paves the way for future research to develop the optimal power management for 

the UTS PHEV powertrain, which would be practically viable for implementation. 
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APPENDIX B: Electric Machine (EM) Data 

mc_description='Westinghouse 75-kW (continuous) AC induction motor/inverter'; 

SPEED AND TORQUE RANGES 

mc_map_spd=[O 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000]*(2*pi/60); 

(rad/s) 

mc_map_trq=[-200 -180-160-140-120-100-80-60-40-20 ... 

0 20 40 60 80 100 120 140 160 180 200]*4.448/3.281; (N*m) 

EFFICIENCY AND INPUT POWER MAPS 

efficiency 1nap indexed ve11ically by rnc_map_spd and horizontally by mc_map_trq 

mc_eff_nlap=[ ... 

0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

0.78 0.78 0.79 0.8 0.81 0.82 0.82 0.82 0.8] 0.77 0.7 0.77 0.81 

0.82 0.82 0.81 0.8 0.79 0.78 0.78 

0.85 0.86 0.86 0.86 0.87 0.88 0.87 0.86 0.85 0.82 0.7 0.82 0.85 

0.87 0.88 0.87 0.86 0.86 0.86 0.85 

0.82 

0.86 

0.86 0.87 0.88 0.89 0.9 0.9 0.9 0.9 0.89 0.87 0.7 0.87 0.89 0.9 0.9 0.9 0.9 

0.89 0.88 0.87 0.86 

0.81 0.82 0.85 0.87 0.88 0.9 0.91 0.91 0.91 0.88 

0.91 0.9 0.88 0.87 0.85 0.82 0.81 
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0.82 0.82 0.82 0.82 0.85 0.87 0.9 0.91 0.91 0.89 0.7 0.89 0.91 

0.9 0.87 0.85 0.82 0.82 0.82 0.82 

0.79 0.79 0.79 0.78 0.79 0.82 0.86 0.9 0.91 0.9 0.7 0.9 0.91 0.9 0.86 

0.79 0.78 0.79 0.79 0.79 

0.78 0.78 0.78 0.78 0.78 0.78 0.8 0.88 0.91 0.91 0.7 0.91 0.91 

0.8 0.78 0.78 0.78 0.78 0.78 0.78 

0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.8 0.9 0.92 0.7 0.92 0.9 0.8 0.78 

0.78 0.78 0.78 0.78 0.78 

0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.88 0.92 0.7 0.92 0.88 

0.78 0.78 0.78 0.78 0.78 0.78 0.78 

0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.8 0.92 0.7 0.92 0.8 0.78 

0.78 0.78 0.78 0.78 0.78 0.78]; 

find indices of we11-defined efficiencies (where speed and torque> 0) 

pos_trqs=find(mc_map_trq>O); 

pos_spds=find(mc_map_spd>O); 

compute losses in well-defined efficiency area 

[T1,wl]=meshgrid(mc_map_trq(pos_trqs),mc_map_spd(pos_spds)); 

mc_outpwr1_map=Tl. *w1; 

mc_losspwr_map=( 1./mc_eff_map(pos_spds,pos_trqs)-1 ). *mc_outpwr1_map; 

to compute losses in entire operating range 
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ASSUME that losses are symmetric about zero-torque axis, and 

ASSUME that losses at zero torque are the same as those at the lowest positive torque, and 

ASSUME that losses at zero speed are the same as those at the lowest positive speed 

mc_losspwr_map=[ fliplr(mc_losspwr_map) mc_losspwr_map(: , 1) mc_losspwr_map]; 

me _losspwr_map= [me _losspwr_map( 1,:) ;me _losspwr_map]; 

compute input power 

[T, w ]=meshgrid(mc_map_trq,mc_map_spd); 

mc_outpwr_map=T. *w; 

mc_inpwr_map=mc_outpwr_map+mc_losspwr_map; 

LIMITS 

max torque curve of the motor indexed by mc_map_spd 

mc_max_trq=[200 200 200 175.2 131.4 105.1 87.6 75.1 65.7 58.4 52.5]* ... 

4.448/3.281; 

mc_max_gen_trq=-1*[200 200 200 175.2 131.4 105.1 87.6 75.1 65.7 58.4 52.5]* .. . 

4.448/3.281; 

mc_ovei1rq_factor=1.8; 

Inc_max_crrnt=480; (A) 

mc_min_ volts=120; (V) 

OTHER DATA 
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mc_inertia=O; (kg*m/\2) 

mc_mass=91; (kg) 

mc_cp=430; (JikgK) 

mc_tstat=45; (C) 
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APPENDIX C: Internal Combustion Engine (ICE) Data 

fc_description='Priusjpn 1.5L (43kW) from FA model and ANL test data'; 

SPEED AND TORQUE RANGES 

fc_map_spd=[lOOO 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 4000]*2*pi/60; 

(rad/s) 

lbft2Nm=1.356; conversion from lbft to Nm 

fc_map_trq=[6.3 12.5 18.8 25.1 31.3 37.6 43.9 50.1 56.4 62.7 68.9 75.2]*lbft2Nm; (N*m) 

FUEL USE AND EMISSIONS MAPS 

Fuel_idle (g/s)= 0.5693 

CO_idle (g/s)= 0.0068 

HC _ _idle (g/s)= 0.0073 

NO_idle (g/s)= 0.0000 

fuel use map indexed vertical1y by fc __ map_spd and horizontally by fc_map_trq 

fuel use from Feng An's model calibrated with actual data for Prius_jpn (Atkinson cycle) 

engtne 

fc_fuel_map = [ 

0.1513 0.1984 0.2455 0.2925 0.3396 0.3867 0.4338 0.4808 0.5279 0.5279 0.5279 

0.5279 
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0.1834 0.2423 0.3011 0.3599 0.4188 0.4776 0.5365 0.5953 0.6541 0.6689 0.6689 

0.6689 

0.2145 0.2851 0.3557 0.4263 0.4969 0.5675 0.6381 0.7087 0.7793 0.8146 0.8146 

0.8146 

0.2451 0.3274 0.4098 0.4922 0.5746 0.6570 0.7393 0.8217 0.9041 0.9659 0.9659 

0.9659 

0.2759 0.3700 0.4642 0.5583 0.6525 0.7466 0.8408 0.9349 1.0291 1.1232 1.1232 

1.1232 

0.3076 0.4135 0.5194 0.6253 0.7312 0.8371 0.9430 1.0490 1.1549 1.2608 1.2873 

1.2873 

0.3407 0.4584 0.5761 0.6937 0.8114 0.9291 1.0468 1.1645 1.2822 1.3998 1.4587 

1.4587 

0.3773 0.5068 0.6362 0.7657 0.8951 1.0246 1.1540 1.2835 1.4129 1.5424 1.6395 

1.6395 

0.4200 0.5612 0.7024 0.8436 0.9849 1.1261 1.2673 1.4085 1.5497 1.6910 1.8322 

1.8322 

0.4701 0.6231 0.7761 0.9290 1.0820 1.2350 1.3880 1.5410 1.6940 1.8470 1.9999 

2.0382 

0.5290 0.6938 0.8585 1.0233 1.1880 1.3528 1.5175 1.6823 1.8470 2.0118 2.1766 

2.2589 

0.6789 0.8672 1.0555 1.2438 1.4321 1.6204 1.8087 1.9970 2.1852 2.3735 2.5618 

2.7501 ]; (g/s) 
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[T, w ]=meshgrid(fc_map_trq, fc_map_spd); 

fc_map_kW=T. *w/1 000; 

fc_fuel_map_gpkWh=fc_fuel_map./fc_map_kW*3600; 

fc_eff_map = [ 

0.13 0.20 0.25 0.28 0.30 0.3 1 0.33 0.34 0.34 0.34 0.34 0.34 

0.14 0.21 0.25 0.28 0.30 0.32 0.33 0.34 0.35 0.35 0.35 0.35 

0. 14 0.21 0.26 0.28 0.31 0.32 0.33 0.34 0.35 0.35 0.35 0.35 

0.1 4 0.22 0.26 0.29 0.31 0.32 0.34 0.34 0.35 0.36 0.36 0.36 

0.15 0.22 0.26 0.29 0.3 1 0.33 0.34 0.35 0.35 0.36 0.36 0.36 

0. 15 0.22 0.26 0.29 0.31 0.33 0.34 0.35 0.35 0.36 0.36 0.36 

0.15 0.22 0.26 0.29 0.31 0.33 0.34 0.35 0.35 0.36 0.36 0.36 

0.15 0.22 0.26 0.29 0.31 0.33 0.34 0.35 0.35 0.36 0.36 0.36 

0.14 0.22 0.26 0.29 0.31 0.32 0.34 0.34 0.35 0.36 0.36 0.36 

0.14 0.21 0.25 0.28 0.30 0.32 0.33 0.34 0.35 0.36 0.36 0.36 

0.1 3 0.20 0.25 0 .28 0.30 0.31 0.33 0.34 0.34 0.35 0.36 0.36 

0.12 0.19 0.23 0.26 0.28 0.30 0.31 0.32 0.33 0.34 0.35 0.35 ] ; 

Min bsfc = 224 

Max Eff = 0.36 

ECO (g/s) from FA model 

fc_co_map=[ 
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0.0099 0.0129 0.0160 0.0190 0.0221 0.0252 0.0282 0.0313 0.0344 0.0344 0.0344 

0.0344 

0.0119 0.0158 0.0196 0.0234 0.0273 0.0311 0.0349 0.0388 0.0426 0.0435 0.0435 

0.0435 

0.0140 0.0186 0.0232 0.0278 0.0323 0.0369 0.0415 0.0461 0.0507 0.0530 0.0530 

0.0530 

0.0160 0.0213 0.0267 0.0320 0.0374 0.0428 0.0481 0.0535 0.0589 0.0629 0.0629 

0.0629 

0.0180 0.0241 0.0302 0.0363 0.0425 0.0486 0.0547 0.0609 0.0670 0.0731 0.0731 

0.0731 

0.0200 0.0269 0.0338 0.0407 0.0476 0.0545 0.0614 0.0683 0.0752 0.0821 0.0838 

0.0838 

0.0222 0.0298 0.0375 0.0452 0.0528 0.0605 0.0681 0.0758 0.0835 0.0911 0.0950 

0.0950 

0.0246 0.0330 0.0414 0.0498 0.0583 0.0667 0.0751 0.0836 0.0920 0.1004 0.1067 

0.1067 

0.0273 0.0365 0.0457 0.0549 0.0641 0.0733 0.0825 0.0917 0.1009 0.1101 0.1193 

0.1193 

0.0306 0.0406 0.0505 0.0605 0.0704 0.0804 0.0904 0.1003 0.1103 0.1202 0.1302 

0.1327 

0.0344 0.0452 0.0559 0.0666 0.0773 0.0881 0.0988 0.1095 0.1202 0.1310 0.1417 

0.1471 
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0.0442 0.0565 0.0687 0.0810 0.0932 0.1055 0.1177 0.1300 0.1423 0.1545 0.1668 

0.1790 ]; 

EHC (g/s) from FA model 

fc_hc_map=[ 

0.0079 0.0085 0.0091 0.0097 0.0103 0.0109 0.0115 0.0121 0.0127 0.0127 0.0127 

0.0127 

0.0083 0.0091 0.0098 0.0105 0.0113 0.0120 0.0128 0.0135 0.0142 0.0144 0.0144 

0.0144 

0.0087 0.0096 0.0105 0.0114 0.0123 0.0132 0.0140 0.0149 0.0158 0.0163 0.0163 

0.0163 

0.0091 0.0101 0.0112 0.0122 0.0132 0.0143 0.0153 0.0164 0.0174 0.0182 0.0182 

0.0182 

0.0095 0.0107 0.0118 0.0130 0.0142 0.0154 0.0166 0.0178 0.0190 0.0202 0.0202 

0.0202 

0.0099 0.0112 0.0125 0.0139 0.0152 0.0165 0.0179 0.0192 0.0206 0.0219 0.0222 

0.0222 

0.0103 0.0118 0.0133 0.0147 0.0162 0.0177 0.0192 0.0207 0.0222 0.0236 0.0244 

0.0244 

0.0108 0.0124 0.0140 0.0156 0.0173 0.0189 0.0205 0.0222 0.0238 0.0254 0.0267 

0.0267 
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0.0113 0.0131 0.0149 0.0166 0.0184 0.0202 0.0220 0.0237 0.0255 0.0273 0.0291 

0.0291 

0.0119 0.0139 0.0158 0.0177 0.0196 0.0216 0.0235 0.0254 0.0273 0.0293 0.0312 

0.0317 

0.0127 0.0147 0.0168 0.0189 0.0210 0.0230 0.0251 0.0272 0.0293 0.0313 0.0334 

0.0345 

0.0146 0.0169 0.0193 0.0217 0.0240 0.0264 0.0288 0.0312 0.0335 0.0359 0.0383 

0.0407 ]; 

ENO (g/s) from FA model 

fc_nox_map=[ 

0.0000 0.0000 0.0014 0.0031 0.0047 0.0064 0.0080 0.0096 0.0113 0.0113 0.0113 

0.0113 

0.0000 0.0013 0.0034 0.0054 0.0075 0.0095 0.0116 0.0136 0.0157 0.0162 0.0162 

0.0162 

0.0003 0.0028 0.0053 0.0077 0.0102 0.0127 0.0151 0.0176 0.0201 0.0213 0.0213 

0.0213 

0.0014 0.0043 0.0072 0.0100 0.0129 0.0158 0.0187 0.0215 0.0244 0.0266 0.0266 

0.0266 

0.0025 0.0058 0.0091 0.0123 0.0156 0.0189 0.0222 0.0255 0.0288 0.0321 0.0321 

0.0321 
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0.0036 0.0073 0.0110 0.0147 0.0184 0.0221 0.0258 0.0295 0.0332 0.0369 0.0378 

0.0378 

0.0047 0.0089 0.0130 0.0171 0.0212 0.0253 0.0294 0.0335 0.0376 0.0417 0.0438 

0.0438 

0.0060 0.0105 0.0151 0.0196 0.0241 0.0286 0.0331 0.0377 0.0422 0.0467 0.0501 

0.0501 

0.0075 0.0124 0.0174 0.0223 0.0272 0.0322 0.0371 0.0420 0.0469 0.0519 0.0568 

0.0568 

0.0093 0.0146 0.0199 0.0253 0.0306 0.0360 0.0413 0.0466 0.0520 0.0573 0.0627 

0.0640 

0.0113 0.0171 0.0228 0.0286 0.0343 0.0401 0.0458 0.0516 0.0573 0.0631 0.0688 

0.0717 

0.0166 0.0231 0.0297 0.0363 0.0428 0.0494 0.0560 0.0626 0.0691 0.0757 0.0823 

0.0888 ]; 

fc _pm_Inap=zeros( size(fc _fuel_map)); (g/ s) 

fc_o2_map=zeros(size(fc._fuel_map)); (g/s) 

LIMITS 

fc_max_trq=[57 60.5 62.5 64 65.9 67.2 68.5 69.8 71.1 72.4 73 .7 75.2]*lbft2Nm; 

OTHER DATA 

fc_fuel_den=0.749* 1 000; o/o (gil), density of the fuel 
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fc_fuel_lhv=42.6* 1000; o/o (1/g), lower heating value of the fuel 

fc_inertia=O.l; % (kg*m"2), rotational inettia of the engine; unknown 

fc_inertia=O; 

fc_mass=max(fc_map_spd. *fc_max_trq)/(0.285* 1 000); o/o (kg), mass of the engine 

fc_air_fuel_ratio=14.5 
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APPENDIX D: Battery Data 

ess_description='Ovonic 28Ah NiMH HEY battery'; 

SOC RANGE 

ess_soc=[O:.l: 1]; 

ess_tmp=[O 22 40]; (C) 

LOSS AND EFFIClENCY 

ess_max_ah_cap=[ 

28 

28 

28]; (A *h) 

ess_coulombic_eff=[ 

1 

1 

1]*0.99; 

Appendices 

ess_r_dis=[0.01266 0.00685 0.00644 0.00599 0.00587 0.00575 0.00568 0.00581 0.00623 

0.00667 0.00635 

0.01266 0.00685 0.00644 0.00599 0.00587 0.00575 0.00568 0.00581 0.00623 

0.00667 0.00635 

Optimal Power Management for the UTS Plug-in Hybrid Electric Vehicle 

258 

A. R. Salisa 



Appendix D 

0.01266 0.00685 0.00644 0.00599 0.00587 0.00575 0.00568 0.00581 0.00623 

0.00667 0.00635]*5; (ohm) 

ess_r_chg=ess_r_dis; (ohm) 

ess_voc=[12.5 12.8 13.1 13.3 13.4 13.4 13.5 13.6 13.7 13.9 14.2; 

12.5 12.8 13.1 13.3 13.4 13.4 13.5 13.6 13.7 13.9 14.2; 

12.5 12.8 13.1 13.3 13.4 13.4 13.5 13.6 13.7 13.9 14.2]/10*5; (V) 

LIMITS 

ess_n1in_ volts=0.87* 1.05*5; (V) 

ess_max_ volts=1 .65 *0.95*5; (V) 

OTHER DATA 

ess_module_n1ass=3 .6; (kg), mass of a single -6 V module 

ess_module_volume=0.195*0.102*0.81; (m/\3), length X width X height 

ess_module_num=50; 
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APPENDIX E: Ultracapacitor Data 

ess_description='Max well ultracapitor, data from Burke, 1995'; 

SOC RANGE 

ess_soc=[O 1]; 

ess_tmpuc=[O 22 40]; (C) 

LOSS AND EFFICIENCY 

ess_max_ah_capuc=[2.1 2.1 2.1]; (A*h) 

ess_coulombic_effuc=[ .99 .99 .99]; 

ess _r_ disuc= [ 

0.000206 0.000206 0.000206 0.000206 0.000206 0.000206 

0.000206 0.000206 0.000206 0.000206 0.000206 0.000206 

0.000206 0.000206 0.000206 0.000206 0.000206 0.000206 

ess_r_chguc=[ 

0.000206 0.000206 0.000206 0.000206 0.000206 0.000206 

0.000206 0.000206 0.000206 0.000206 0.000206 0.000206 

0.000206 0.000206 0.000206 0.000206 0.000206 0.000206 

(ohm); 

ess_ vocuc=[ 

0.5 1.0 1.5 2.0 2.5 2.8 3.0; 
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0.5 1.0 1.5 2.0 2.5 2.8 3.0; 

0.5 1.0 1.5 2.0 2.5 2.8 3.0]; (V) 

LIMITS 

ess_rnin_ voltsuc= 1; 

ess_max_ voltsuc=3.0001; 

OTHER DATA 

ess_module_massuc=0.408; (kg), mass of a single n1oduJe 

ess_module_numuc=25; 
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